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Abstract

The flow in a hydraulic installation can be affected by various conditions such as starting or stopping the
pumps or turbines and the changes in the valve setting. During such conditions, there arise situations in wich
pressures and velocities in pipes can be determined by mathematical models in order to verify if their extreme
values are within the admissible range. One of the reasons for the transient behavior is the presence of air
confined during these alterations. When the pipes are not properly designed or if it is not completely full or air
bleeding, large amounts of air may be confined in the system. Pockets of air can cause severe transient behavior
if such pockets deslocate from one place to the other giving rise to local acceleration and consequently large
velocities and pressures. The higher pressure may be of the order of 15 times the static pressure in the system.
Thus, this paper considers pratical and safe procedure (rigid or elastic models) that permit calculation of transient
pressures given that there is no analytical solution available. This study also conducts a sensitivity analysis on the
various factors involved in the problem.
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1. INTRODUCAO

O transiente hidraulico ¢ governado pelas equacdes da quantidade de movimento
(momentum) e da continuidade. A solugdo dessas equagdes permite a determinacdo de
pressdes e velocidades em fungdo do tempo e, dai, a interpretagdo fisica do fendmeno
relaciona a causa (manobra) ao efeito (transiente hidraulico) fornecendo subsidios para
otimizagdo do projeto. Uma das causas da potencializagdo do transiente pode ser devido a
presenca de ar aprisionado durante o fenémeno.

O conceito golpe de ariete é usado como sinénimo do transiente hidraulico quando se
considera, no equacionamento do fendmeno, a elasticidade da tubulagdo e a compressibilidade
do liquido (modelo elastico). Se tais fatores sdo desprezados diz-se que a situagdo transitoria
corresponde a uma oscila¢do de massa (modelo rigido).

Se uma tubulagdo ndo estiver satisfatoriamente projetada ou ndo for adequadamente
cheia e purgada, grandes quantidades de ar poderdo ficar aprisionadas. Contrariamente aos
efeitos benéficos de pequenas quantidades de ar disperso, grandes bolsdes podem ser a fonte
de transientes severos, caso estes bolsdes se desloquem de um local para outro, haja visto que
o ar age como uma mola, proporcionando aceleragdes locais que resultam em altas
velocidades e, subseqiientemente, em altas pressdes transientes.
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Particularmente, nestes sistemas que contém ar confinado, as sobrepressdes podem
ocorrer devido ao rapido enchimento da tubulagdo, ou a partida de uma bomba. As
sobrepressdes geradas, conforme comprovado teoricamente, podem ser até 15 vezes maiores
que as pressoes estaticas do sistema.

Em conseqiiéncia, ha a necessidade do estabelecimento de metodologias de aplicagao
pratica e segura (modelos rigido e elastico) que permitam estimar a magnitude das pressoes
transitorias, pois nao ha solugdo analitica para este problema.

2. OBJETIVOS

O proposito do presente trabalho ¢ de efetuar um estudo analitico dos fendmenos
transitorios ocasionados por bolsas de ar confinadas em condutos for¢ados, com o intuito de
comparar os modelos elastico, rigido de coluna liquida variavel e rigido de coluna liquida
constante, visto que ndo ha solugdo analitica para esta situagdo fisica. Dentro deste estudo sera
realizada uma analise de sensibilidade com relagdo aos fatores intervenientes no sistema
hidraulico (coeficiente politropico, tempo de abertura da valvula, fator de atrito, carga
hidraulica disponivel, comprimento inicial da bolsa de ar, didmetro do conduto e o angulo
entre o eixo da tubulagdo com o nivel de referéncia horizontal).

3. MODELOS MATEMATICOS

Este item tem como intuito apresentar os modelos matematicos a serem empregados
no sistema hidraulico da figura 01 que ¢ semelhante ao proposto por Martin (1976), e realizar
um estudo comparativo analitico entre estes modelos. No lugar do reservatorio para
proporcionar carga hidraulica poderia ser perfeitamente usado um conjunto motor-bomba.

S SO

Valvula A

ferface

I/ Agua Agua-Ar \

Reservatério

Figura 01 - Esquema idealizado para o estudo analitico do efeito do ar aprisionado

Por limitagdes do nimero de paginas no presente artigo, ndo sera realizada a dedugao
de algumas equagdes. No entanto, tais dedugdes podem ser encontradas na bibliografia citada.

Para simular as condi¢des transitorias devido a abertura da valvula do esquema da
figura 01, as seguintes hipoteses basicas sdo feitas:
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a) A massa de ar na bolsa permanece constante durante o fendomeno.

b) No comportamento da bolsa de ar ¢ assumido que a expansdo e contragdo da bolsa de ar
seguem a equagdo politropica para um gas ideal.

c) A interface Ar/ Agua ocupa toda a segio transversal do tubo e ¢ suave e normal ao eixo do
conduto.

Admitindo que X seja a variagdo do comprimento da coluna liquida, e V a velocidade
da interface, as hipdteses a) e ¢) permitem estabelecer a seguinte expressdo como sendo a
equagdo da continuidade:

= (01)

A seguir serdo apresentados os modelos rigido de coluna liquida variavel (MCLV),
rigido de coluna liquida constante (MCLC) e o elastico.

3.1. Modelo Rigido
Quando ha pequenas variagdes na carga do transitorio hidraulico, € possivel considerar

o conduto como indeformavel e o liquido como incompressivel, caracterizando assim a
oscilagdo de massa. Desta forma, a equagdo fundamental para o modelo rigido é:

v - g v il Vi) X K f V?
dt "(L+x)'{HT_H°.'(V } }(L+x)'g'se"“{2-(i.+x)+2-0}v‘|vl_2-(l_+x) i

onde:

D : diametro do conduto (m);

Hy : carga de pressdo absoluta do reservatorio com relagdo a interface ar / dgua (m):

K : coeficiente de perda de carga localizada da valvula (adim.);

f : fator de atrito de Darcy-Weisbach (adim.);

v : volume da bolsa de ar (m3);

X : comprimento de varia¢do da coluna liquida (m);

H' = H+ H, : carga de pressdo absoluta da bolsa de ar (m);

n : coeficiente politropico que varia de 1,0 (lento processo isotérmico) a 1,4 (rapido processo
adiabatico) (adim.);

Yo : volume inicial da bolsa de ar (m®);

Hy : carga de pressdo inicial relativa da bolsa de ar (m).

E escrito V.|V| ao invés de V7, para que se tenha o sentido real do escoamento durante

o transitorio. Na eq.(02) verifica-se claramente que a diferenga de carga nos extremos do
conduto € utilizada para acelerar o liquido no seu interior e vencer as perdas.

As condigdes iniciais (t = 0) sdo:

H"(0) = Hy; V(0) = 0; ¥(0) = Vo; x(0) = 0.

A eq.(02) juntamente com as condi¢des de contorno representam um sistema de
equagdes diferenciais ordinarias (EDOs) ndo lineares cuja solugdo analitica é impossivel,
sendo necessaria, para resolver o problema transitorio, a aplicagdo de um esquema numérico
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que possibilite a obtengdo da solugdo aproximada. Assim, o sistema de equagdes foi integrado
numericamente pelo método de Runge-Kutta de 4° ordem. Este sistema de oscilagdo de massa
em que € considerado a variagdo do comprimento da coluna liquida com o tempo, é
denominado de modelo rigido de coluna liquida variavel (MCLV). Tal modelo também foi
estudado por Guarga et al. (1994), Abreu et al. (1991) e Chaudhry (1989).

No modelo rigido de coluna liquida constante (MCLC) para a abertura instantinea da
valvula (K = 0), proposto por Martin (1976), nao ¢ considerada a variagao da coluna liquida (x
=0) na equacdo do momentum, assim como a carga cinética ¢ desprezada em face aos outros
termos da equagao (VE;’Zg = 0). Portanto, 0 MCLC é um caso particular do MCLV.

3.1.1. Forma Adimensional do Modelo Rigido

Para tornar adimensional as equagdes para o modelo rigido € necessario definir valores
numéricos de referéncia para cada uma das variaveis que aparecem nas equagoes. A situagao
da condigdo inicial é sempre uma boa indicagdo para a defini¢do dos valores de referéncia,
pois embora estes possam ser escolhidos arbitrariamente, deverdo ser bem definidos para cada
problema especifico que se esta analisando.

Assim, na adimensionaliza¢do das variaveis x, t, V, V e H' efetuou-se as seguintes
mudangas de variaveis:

x=%-L;t=t-t,;V=V-V,; V=V.V,; H =H"-H}
em que tg € Vg sdo um tempo e uma velocidade de referéncia cuja determinagdo surge da
propria andlise dimensional efetuada. As varidveis com ” correspondem aos seus valores
adimensionalizados. Portanto, tg € Vg sdo respectivamente:

L-V, 2 g'HT"vO - .
L P ) Al
g Hy ’

Desta forma, a equagdo do momentum do modelo de oscilagdo de massa
adimensionalizado é¢:

dv 1 1 X Taelle . T |54 T ,

—_—= 1= = —-T,. - : —= V. |V|=——— V* 03

dt  (1+%) {1 n,.v%} T+ 5) [2.(14”“()+ 2] | 2.(1+ %) (03)
onde:
m; : numero adimensional independente (1 < i< 7).

H'T Y, Lsena v, a
=—im=f-=im=n =m0 ,== =K n, =

T T D 4 H, s DL Tty Ty g-H;

a : celeridade (m!sz).

Com isto, duas situagdes do fenomeno fisico que esta sendo estudado através do
modelo rigido, serdo semelhantes se as condigdes de contorno forem similares e os
adimensionais, m;, forem respectivamente iguais para as duas situagdes. Tal condigido de
semelhanga governa a extrapolagdo dos resultados de ensaios em modelo para o prototipo.
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3.2. Modelo Elastico

O modelo elastico corresponde a situagdo fisica do escoamento transiente na qual sdo
consideradas conjuntamente, sob a agdo das variagdes de pressdo, os efeitos de deformagido da
tubulagdo no regime elastico e do liquido que se comprime e se dilata segundo uma condi¢do
isotérmica definida a cada instante pelo seu modulo de elasticidade volumétrico. Geralmente,
esse regime elastico ocorre quando ha grandes variagdes de carga, caracterizando assim o
golpe de ariete.

Na analise do golpe de ariete deverdo ser verificadas as equagdes diferenciais parciais
da conservagdo da massa e da quantidade de movimento (momentum) para a determinagdo
das pressoes (ou cargas) e velocidades (ou vazdes) em fungdo da posigdo e do tempo.

Para representar a fase transitoria do liquido na tubulagdo com o comprimento da
coluna variavel, as equagdes do momentum e da conserva¢do da massa, sdo escritas,
respectivamente, a seguir:

. _],., __.EQ Q Q. s

L: 5 +g +2 r+g-sena=0 (04)
.. _Q a_u i N _

L,: =0 (05)

onde:
Q ¢ vazdo em m’/s, e A a area da secdo transversal do conduto em m>.

Sabe-se que devido a presenga de termos ndo lineares, uma solugdo explicita para
essas equagdes nao € disponivel. Portanto, um método numeérico € recomendado para resolver
essas equagdes, no caso o0 método das caracteristicas.

No método das caracteristicas as equagdes diferenciais parciais (EDPs) sdo antes
convertidas em equagdes diferenciais ordinarias (EDOs), as quais sdo entdo resolvidas por um
método de diferencgas finitas. Uma vez que as caracteristicas representam o curso de ondas ou
perturbagdes que se deslocam, esse € o método mais apropriado para analisar sistemas
descritos por equagdes do tipo hiperbdlicos.

Assim, ao aplicar o método das caracteristicas e em seguida o método de diferencas
finitas nas eqgs.(04) e (05), para finalmente adimensionalizar as equagdes resultantes, obtém-
se:

C': H,=Ce~B-Q; (06)
c: H,=C,+B-Q, : (07)
onde
C = Fi - (B-R-JQ))- Qs + 7B 8 &, = Ay +(B-R Q) Qp - 7, B
Ber. nS,R Bn:;.Af

Desta forma, a eq.(06) ¢ valida ao longo da linha de caracteristicas positivas RP e a
eq.(07) ¢ valida ao longo da linha de caracteristicas negativas SP. Os indices R e S indicam os
valores das variaveis conhecidos a montante e a jusante, respectivamente, do ponto P, no
intervalo de tempo anterior. O contorno de montante ¢ uma simples valvula, e o de jusante é
tratado como uma bolsa de ar de massa unica.
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4. ANALISE DE SENSIBILIDADE

Na maior parte dos projetos de engenharia em que a anadlise dos transientes deve ser
estudada, a ocorréncia da sobrepressdo ¢ de fundamental importancia. Desta forma, uma
analise de sensibilidade dos diferentes parametros que podem afetar a sobrepressao ¢ muito
importante de ser realizada.

Observando os modelos matematicos, nota-se que a sobrepressio depende dos
seguintes parametros fundamentais: relagao de Hy /Hp ou wt;; coeficiente politropico n ou m;3;
inclinagdo do tubo o ou my; tempo de abertura da valvula e fator de atrito f ou .

O coeficiente politropico n varia de 1,0 (processo lentamente isotérmico) a 1.4
(processo rapidamente adiabatico). A variagdo da relagdo da carga maxima (H},,, / Hy) em

fungdo do coeficiente politropico ou 13 € mostrada na figura 02:

13

114 g = n
[——100

¥ i—1.20|
x {148
£
£ xl
n
i
T 5+

3 4

1 -

1.0 15 20 25 3.0 as 4.0

nl = Ht*/Ho*

Figura 02 - Influéncia do coeficiente politropico n ou mt; com relagdo a sobrepressao maxima
(7 = 0,00; my = 0,0; s = 1,00; =, = 0,0)

Neste grafico verifica-se que valores de w3 maiores proporcionam menores
sobrepressoes. Observa-se também, ¢ claro, que a medida que m; é maior, a sobrepressdao
aumenta. Com relagdo a inclinagdo do tubo (o) ¢ mostrado na figura 03, que conforme a
inclinagdo do conduto aumenta com a horizontal, a sobrepressado eleva-se.

® 8 & 8

w

Hmax sgmx‘ﬂn'

1.00 1.50 2.00 250 3.00 3.50 4.00 4.50
n1 = Ht*/Ho"

Figura 03 - Influéncia da inclinagdo do conduto o ou 1y com relagio a sobrepressdo maxima
(m,=0,00; my = 1,2; s = 1,00; m, = 0,0)
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Um caminho para atenuar as altas pressoes transitorias no sistema hidraulico analisado
¢ uma manobra lenta de abertura da valvula. Em geral a magnitude da sobrepressao depende

do tipo de lei de fechamento do registro.
A figura 04 mostra um grafico adimensional da sobrepressdo com relagdo ao fator de

atrito, usando parametro ;. E o fator de atrito € representado pelo parametro adimensional 7.

40 P

35

Hmax* = Hmax*/Ht*
a 8 B 8

(=]

o
t

1 2 3 4 5 6 7 8 9 10
nl=Ht"/Ho*

Figura 04 - Influéncia da inclinagio do fator de atrito f ou 7, com relagdo a sobrepressio maxima
(m; = 1,20; my = 0,0; s = 1,00; 7, = 0,0)

Como nota-se na figura acima, quanto menor o fator de atrito, maior a sobrepressao.

5. ESTupO DE CASO -

Com a finalidade de validagdo do modelo elastico e rigido os mesmos foram aplicados
numericamente ao exemplo de Guarga et al. (1994). Para isto, as solugdes obtidas neste
trabalho sdo comparadas com as de Guarga et al. (1994).

Seja a instalagdo indicada na figura 01 com os seguintes dados: L = 100 m; D = 200
mm; H‘T=3l,10 m; H;=10,40 m; f=0,020; n = 1,20; Vo = 4,00 m’; a = 1000 m/s; o = 0°
(tubulagdo horizontal) e K = 0 (abertura instantanea da valvula).

Os modelos elastico e rigido sdo gerados na figura. 05, na qual sdo apresentados os
valores das cargas de pressdo absoluta e velocidade de escoamento variando com o tempo,
devido a oscila¢do de massa provocada pela abertura instantanea da valvula de montante.

40 - 6.0
| AT |
O B L \ /;7{\‘ ' s
a0 / V“K"‘ - // \\\ 40
!" ! \{( H*m.?‘\ﬁ__%‘._
| /
25 7 3.0
Ml AR\ i
E f / A \ >
15 ; - .'-I. \ ] - 1.0
10 % : 0.0
|\ \ p
5 | - :\*./_ ~ / 1.0
0 e 2.0
0 5 10 15 20 25 30 35 40
Tempo(s) | — Modelo Elastico |
—— Modelo Rigido

Figura 05 - Modelos Rigido e Elastico aplicados ao sistema hidraulico da figura 01
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6. CONCLUSOES

O estudo de caso, como relatado anteriormente, também foi estudado por GUARGA et
al. (1994) e, o seu resultado apresentado no referido artigo, ao ser comparado com a figura 05,
verificou-se que a solugdo ¢ idéntica ao modelo rigido, haja visto que foi empregada esta

modelagem.
Ao serem analisados os dois modelos, através de outros ensaios computacionais por

ora nao publicados, conclui-se que dependendo da situagdo, o modelo rigido pode ser aplicado
perfeitamente no lugar do elastico com diferengas toleraveis.

Com relagdo a analise de sensibilidade verificou-se que parametros como carga
hidraulica disponivel, coeficiente politropico, inclinagdo do conduto, tempo de abertura da
valvula e fator de atrito afetam a sobrepressao.

Desta forma, conclui-se que os modelos matematicos rigido e elastico aqui estudados
possuem uma boa acuracia com relagdo a técnica numérica empregada.

No entanto, tais metodologias devem ser validadas experimentalmente, haja visto que
hipoteses simplificadoras de calculo sdo necessdrias para a modelagem matematica. Estes
ensaios experimentais serdo realizados no laboratério de hidraulica da Escola de Engenharia
de Sao Carlos pelos autores do presente trabalho.
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Abstract

A simplified modelling of the interaction between the continental lithosphere and the asthenosphere
underneath it is proposed; in this model the lithosphere is considered as a rigid slab moving over and onto
a viscous layer, that represents the asthenosphere. The asthenosphere, laying underneath the lithosphere,
is represented as a fluid of very high viscosity; also the thinner lithospheric layer forming the ocean floor
layer has been supressed, Teaving in its place a free surface. The transient Stokes flow resulting from the
translation of the rigid slab is modelled and solved by a Boundary Integral equation based on Lorentz
reciprocal theorem.

Keywords
Movimento de placas tectonicas / Plate tectonics, escoamento de Stokes / Stokes flow, Método da Integral
de Contorno / Boundary Integral Method.

1. INTRODUCAO

A litosfera é a camada sélida mais externa do globo terrestre, formando os conti-
nentes e o solo dos oceanos, sendo sua parte superior denominada de crosta. O material
que forma a litosfera ocupa esta posi¢gao no globo terrestre por ser constituida de mate-
rial mais leve, de modo que este flutua por empuxo sobre o material abaixo. A camada
abaixo da litosfera, denominada astenosfera, é formada por material mais pesado e
ductil, correspondendo a parte superior do manto. Este material rochoso, que compoe a
base da litosfera e astenosfera, quando submetido a altas temperaturas e tensoes, tende a
longo prazo a sofrer deformagoes permanentes e a se comportar como um fluido escoando
a baixissimo mimero de Reynolds (Re — 0); este material se deforma continuamente
devido as tensoes geradas pelo movimento de deriva da crosta.

A interagdo entre a crosta e as camadas abaixo sdo atribuidas certas fei¢oes na
conformacao topografica e constituicao dos continentes. Entre estas feicoes podemos
mencionar a formagao de cadeias de montanhas nas bordas dos continentes, como a
Cordilheira dos Andes na Ameérica do Sul e as Montanhas Rochosas na América do
Norte, e ainda, possivelmente, a formacao de bacias sedimentares, como as que ocorrem

1
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na costa leste e nordeste do Brasil. Existe ainda o transporte de materiais entre a crosta
e as camadas adjacentes que ocorre, principalmente, através do fenomeno de subduccao
de placas da crosta, onde placas oceanicas se introduzem sob outras placas e afundam
na astenosfera. Existem ainda possivelmente outros fenomenos que levam ao transporte
no sentido inverso.

O interesse no presente trabalho é investigar o quanto uma modelagem simples para
a interacao entre a base da litosfera e a astenosfera pode ajudar na compreensao de
fenomenos tectonicos. A modelagem proposta supoe que a crosta, localizada no topo da
litosfera continental, é rigida e tem uma fronteira bem definida com a base da litosfera,
composta de material mais dictil. A base da litosfera e a astenosfera sao supostas como
sendo constuidas por fluidos com viscosidade extremamente elevada. A crosta oceanica
é fina o suficiente a ponto de nao resistir as tensoes da base da litosfera e astenosfera e
nao sera considerada. Vamos estudar, em resumo, o problema esquematizado na figura
abaixo, em que a placa sélida com reentrancias representa a crosta, na parte superior da
litosfera continental, que avanga ou recua sobre um fluido abaixo e a frente desta, que
representa a base da litosfera e a astenosfera, com solo oceédnico ausente. Note ainda
que a curvatura do planeta é desprezada.

U 0 G
HBéT

] | C

D L4

T aboed

|

Figura 1. Geometria do problema em estudo.

2. MODELAGEM MATEMATICA

O problema esbocado na figura 1 representa o escoamento produzido pelo movimento
impulsivo de uma placa sélida com uma dada espessura, movendo-se com velocidade
constante U, de cerca de 5 cm/ano, sobre uma camada espessa de fluido; a placa afunda
no fluido até uma profundidade H, de 40 km aproximadamente, que é menor que sua es-
pessura como mostrado na figura 1. O fluido, abaixo e a frente da placa, tem viscosidade
it de aproximadamente 4 x 10'® kg/m/s e densidade p de 3.2 kg/m?, cujas magnitudes
variam tao amplamente a ponto de impedir resultados precisos de cédlculos computa-
cionais. Para resolver este problema, vamos introduzir medidas de comprimento, massa
e tempo mais adequadas para uma melhor compreensao do fenomeno em estudo. Desta
forma, definimos a espessura de submersao da placa H, a velocidade da placa U e a
densidade do fluido p como sendo, respectivamente, as unidades de comprimento, ve-
locidade e densidade do problema em estudo. Neste sistema, o tempo ¢ medido em
unidades de £ (~ 0.8 milhdo de anos), as aceleragbes em unidades de IJD‘H—’} (~12.4 m/s?)

e as pressoes em unidades de % (~ 1.6 MPa). O ntiimero de Reynolds, com base nestes

valores, ¢ igual a:

__ pHU
7

Um nimero de Reynolds tao baixo permite que a hipétese de escoamento de Stokes
seja valida em uma escala de milhares de quilometros. Sendo o escoamento bidimen-
sional, limitamos o escoamento a direita da placa e abaixo desta por uma superficie
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rigida, permitindo a obtencao de uma solucao vélida em toda a regiao fluida. Em par-
ticular, estamos interessados em casos em que a profundidade d é muito grande, com a
superficie livre se extendendo, na horizontal, por varias profundidades d.

Em um escoamento de Stokes, o campo de velocidades u e a pressao p satisfazem as
seguintes equagoes adimensionais em toda a regiao fluida:

V.u=0, ~Vp+g+ Viu=0. (2)

As condigoes de contorno nas fronteiras do escoamento sao dadas em termos de veloci-
dades u e tensoes f onde, em notacao indicial:

fi= [—péz‘j + ﬁi(g—z ¥ 3—2)]"; (3)

Desta forma, os contornos da regiao em estudo podem ser divididos em quatro partes
descritas abaixo, de acordo com a figura 1:
i) O trecho entre os pontos G e O representa a superficie livre, onde a componente
tangencial da tensao é nula e a componente normal assume o valor da pressao exercida
por material acima desta superficie. Supondo que esta pressao tem valor uniforme
po neste trecho, vamos sem perda de generalidade considerar pp = 0 e dai obter a
condigao para a tensao na superficie livre, f = (0,0). Neste trecho, as incégnitas sao as
componentes da velocidade u.
ii) O trecho entre os pontos O e D corresponde ao contorno da placa rigida em con-
tato com o fluido, onde devem valer as condigoes de impenetrabilidade e de nao-
escorregamento, u = (U,0). Neste trecho, as incognitas sdo as componentes da tensiao
f.
iii) O trecho entre os pontos D e E representa uma regiao longe o suficiente da por¢ao
frontal da placa, de forma que o escoamento possa ser suposto como o que ocorre entre
duas placas infinitas e paralelas, a superior movendo-se com velocidade U e a inferior
em repouso. A velocidade no espago entre as placas apresenta entao um perfil linear,
= (U(1+H—:R),0), onde —(d+ H) < y < —H. A tensdo na placa superior, na superficie
fluida vertical e no fundo pode ser determinada utilizando-se a equagao 3 em conjunto
com a condigao de velocidade linear dada acima, neste mesmo item iii); esta tensao é
entao f; = (uU/d)w;;n;, onde:

= (3}
1 0/°
iv) O trecho entre os pontos E e G se compoe de um fundo rigido horizontal e de uma
parede vertical. Nesta regiao valem a condi¢ao de nao-escorregamento e impenetrabili-
dade, u = (0,0), e a tensao é calculada como uma incégnita do problema.

O problema de valor de contorno formulado pelo sistema de equagoes 2 e pelas
condicgoes de contorno descritas nos itens i), ii), iii) e iv) desta se¢ao sera referido como
problema principal e estudaremos sua solucdo na seccao 4. Note que o problema em
estudo nao contém derivadas temporais, embora seja um problema de evolugao e as ve-
locidades sejam derivadas materiais das posi¢oes das particulas fluidas. O escoamento
fica inteiramente determinado, em qualquer instante, pela geometria dos contornos da
regiao fluida e pelas condicoes impostas ao campo de velocidades e tensoes sobre estes
contornos, caracterizando um problema de regime quase-estatico. A evolugao do escoa-
mento pode entao ser calculada a partir de um esquema Euleriano:

x(€,t + At) = x(€,t) + u(&, ) At + O(At?), (4)

onde £ é o parametro que descreve o contorno da superficie livre.
3
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3. REFORMULACAO DO PROBLEMA PRINCIPAL

Nos escoamentos de Stokes em que a aceleragao da gravidade desempenha um papel
expressivo, no presente caso devido a superficie livre, o problema é reformulado de
acordo com Pozrikidis (1988), de modo que a gravidade seja transferida das equagoes
governantes do fenomeno para as condigoes de contorno. Embora no presente caso
esta transferéncia nao seja indispensdvel, este procedimento simplificarda a aplicacao
da condicao de contorno dinamica na superficie livre e permite a reversibilidade do
escoamento.

Esta reformulagao do problema principal se baseia na decomposigao do escoamento
como a superposicao de dois componentes: um basico e um perturbado, representados,
respectivamente, por ~ e ~ . Isto é permitido pois o problema principal, constituido
pelas equagoes governantes e suas condigoes de contorno, € linear. Tem-se portanto para
todo o dominio fluido que:

u=1i+, f=f+f (5)

O escoamento bésico é suposto em repouso em todo o dominio fluido, 1 = 0, e com
tensao hidrostdtica em todas as fronteiras, f = —(g.x) n, satisfazendo trivialmente o
sistema de equagoes 2.

O escoamento perturbado, com solucdo i e f, deve satisfazer:

Vi=0, -Vp+ Vi =0, (6)

com condicoes de contorno para a velocidade de perturbacao t idénticas aquelas do
problema principal, expressas nos itens ii), iii) e iv), j4 que 1 = 0 e, por consequéncia
de 5, i = u. As condi¢oes de contorno para a tensao de perturbacio f diferem das do
problema principal devido a auséncia da componente hidrostdtica na pressao. Assim,
substituindo as devidas expressoes de f e f em 5, produz-se a condi¢ao de contorno
para f na superficie livre: f = (g.x) n. E desta maneira que a aceleragao da gravidade
g entra no problema, através da condicao de tensao f nula na superficie livre para o
escoamento principal. A condigao de contorno para a tensao no trecho DE também
é alterada, tornando-se, f; = ‘{‘gw,-jnj. Portanto, devemos determinar os valores de 1
e f que satisfacam o sistema de equacgoes 6, com condicoes de contorno nas fronteiras
rigidas descritas pelas expressoes de velocidade e tensao resumidas acima nesta secao.

4. SOLUGCAO DO PROBLEMA DE VALOR DE CONTORNO

O escoamento perturbado pode ser resolvido em forma adimensional através da
seguinte equagao integral, (ver Higdon (1985)):
TiT3Tk _

mxm) = 5o [ [0 fixa) - 2y xa) - 4" )i as), (@)

onde i,j,k = 1,2; i e f sdo a velocidade e a tensdo de perturbacido no contorno; n é o
vetor normal unitdrio; X,, € X, Sa0 0s vetores posi¢ao; r; = X — Xm; T = |13,

Uma aproximacao da solugao é obtida a partir da definicao de uma malha de pontos
nodais em todos os contornos da regiao fluida, mostrada na figura 1. O contorno da
regido fluida x, a velocidade i e a tensdo f sdo entdo parametrizados por meio de splines
cubicos naturais passando pelos pontos nodais (ver Liggett & Salmon (1981) e Riess
& Johnson (1982)). Desta forma, a equacdo integral 7 pode ser aproximada por um
sistema de equagoes lineares para os valores das incégnitas na malha de pontos nodais;
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estas incégnitas sao as tensoes f nas superficies rigidas e as velocidades i na superficie
livre. Resolvendo-se o sistema de equacOes lineares obtém-se uma aproximagao para
o campo de velocidades e tensoes em todo o contorno da superficie fluida. A partir
do conhecimento do campo de velocidades e tensdes nos contornos, podemos obter o
campo de velocidades @i no interior da regiao fluida, bastando para isto substituirmos
na equagio 7 o fator ;- por L.

A solucao do problema principal, exposta na secao 2, serda obtida aplicando-se as
solugoes do escoamento perturbado as expressoes 5. A evolugao temporal do problema

é obtida a partir da equacao 4.

5. IMPLEMENTACAO COMPUTACIONAL

Solu¢oes numeéricas preliminares mostram que a solugao do sistema de equagoes 2
exige uma malha bastante refinada, e exige ainda que o ponto D da figura 1 esteja
bastante longe (a véarios comprimentos H) do ponto O; estas condigbes restringem o uso
de méaquinas de pequeno porte para a obtencao de resultados confidveis. Além disto os
resultados parecem ser sensiveis a uma razao entre as extensoes horizontal e vertical do
contorno, sendo melhores para razoes maiores, ou seja, a regiao mostrada na figura 1
deve ter, idealmente, o aspecto de uma faixa longa, na dire¢ao horizontal, e estreita,
na diregao vertical. Os resultados apresentados sao obtidos no Cray J90 do Nicleo de
Computacao Avancada da Coppe/UFRJ.

Duas simulagoes sao calculadas com a geometria descrita na figura 1; na primeira a
placa avanga para a direita com velocidade U, dada na sec cao 2 do presente trabalho,
enquanto que na segunda ha um recuo com velocidade —U. Note que a placa possui duas
superficies horizontais, a mais curta com um comprimento de 10H e a segunda semi-
infinita; as duas faces verticais em contato com o fluido tém comprimento de 0.5H.
A limitagao de recursos computacionais for¢a a coloca¢ao de um fundo plano a uma
profundidade de 9H e a parede vertical inicialmente, no tempo t = 0, a uma distancia de
100H; idealmente estes valores deveriam ser maiores, especialmente o segundo. Como
este ¢ um problema de evolugao, solugées do problema de valor de contorno devem
ser obtidas a cada passo de tempo; deste modo o nimero de passos de tempo que
podem ser computados esta limitada pelos recursos computacionais; o tempo de CPU
disponivel permite computar satisfatoriamente 12 passos de tempo; o tempo de maquina
é de cerca de 9000 seg CPU para cada caso. As simula¢ées sao realizadas por um
periodo de aproximadamente de 5.2 milhoes de anos, embora idealmente devéssemos
obter resultados para um tempo total que fosse pelo menos 10 vezes maior.

6. ANALISE DOS RESULTADOS

As figuras 2 e 3 mostram, respectivamente, a deformacao sofrida pela superficie livre
devido ao movimento de avango e recuo da placa rigida a velocidades U e —U. Podemos
observar na figura 2 que a placa avanga horizontalmente 6.5H sobre a camada fluida
que emerge, causando uma elevagao considerdvel de no maximo 0.843H (37.2 km) para
o intervalo de tempo considerado (6.5 u.t.). Este resultado revela que o confinamento
do escoamento de Stokes através do fundo e da parede propicia uma forte elevacao da
superficie livre. Esta afirmacao é ratificada pela elevacao observavel na regiao proxima
a parede. Desta forma, pode-se assumir que a perturbacao gerada pela placa rigida irda
se propagar por uma extensao muitas vezes maior que o dominio em estudo.

Analogamente, na figura 3 observamos a formagao de uma depressao na superficie
livre, revelando profundidades de até 0.809H (= 32.36 km). Este resultado é inferior

5




MODELAGEM DA TECTONICA DE PLACAS NA . ..
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Figura 2. Evolugao da superficie livre ocorrida com o avanco da placa rigida; foram realizados 13
incrementos temporais de 0.5 u.t., totalizando 5200000 anos.

em modulo quando comparado & maxima altura atingida quando a placa se desloca
com uma velocidade positiva. Investigando-se mais detalhadamente esta ocorréncia,
verificou-se que a diferenca entre os picos dos casos de velocidade positiva e negativa
(para um mesmo intervalo de tempo) aumenta a medida que fazemos o avanco no
tempo. Esta diferenga mostra que, decorridos 1.0 u.t., o pico com a placa avangando
é 0.9 % maior que o respectivo valor com a placa recuando, sendo este valor de 4.2 %
quando passados 6.5 u.t. Diante destas evidéncias podemos afirmar que a parede exerce
uma consideravel influéncia sobre a solugao do problema proposto, pois ela representa
um obstaculo para o movimento do fluido que se desloca a montante da placa quando
esta estd avancando, ao mesmo tempo que ela atua sobre o escoamento reverso (placa
recuando), promovendo uma espécie de sucgao na regiao fluida, o que justificaria o
aparecimento de profundidades inferiores, em moddulo, as alturas encontradas para o
caso de velocidade positiva.

Os resultados apresentados sao obtidos sem considerar uma redefinicao da dis-
tribuicao de pontos nas superficies do contorno a cada passo no tempo. No entanto,
até este ponto na evolugao temporal verificamos que a massa total variou de menos de
0.1%. A partir de 7.0 u.t. os resultados obtidos sao menos confidveis, com a presenca de
pequenas oscilagoes no perfil da superficie livre proxima a placa. Outra caracteristica
observavel no grafico 2 é o avancgo de fluido sobre a placa, visivel a partir de 2.5 u.t.,
onde temos o 1° ponto nodal da superficie livre ultrapassando o ponto O em termos da
coordenada z.

Ainda para o caso da placa avancando, nota-se que a crista da ondulacao formada
vai assumindo um aspecto pontudo que nao se observa para a velocidade negativa;
nao esta descartada a hipdtese de que esta seja apenas um efeito da relativa proxi-
midade da parede vertical. Naturalmente a aceleracao da gravidade contribui para
que os perfis tenham formatos diferentes. A gravidade e o movimento da placa sao
os agentes da deformagao na superficie e aqui ocorrem algumas questées. Uma destas
questoes é a possibilidade de existéncia de estado estacionario para a placa recuando;
neste estado, o cavado produzido a jusante da placa, que recua, manteria um perfil esta-
cionario devido ao escoamento, por gravidade, de fluido a jusante do cavado. Uma outra
questao relaciona-se com o resultado de variacoes na velocidade da placa, avan¢ando

6
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Figura 3. Evolugao da superficie livre ocorrida com o recuo da placa rigida; foram realizados 13
incrementos temporais de (.5 u.t., totalizando 5200000 anos.

ou recuando. O efeito combinado destas varia¢oes com a acao da gravidade, onde flui-
do em porc¢oes mais altas da superficie se derrama em direcao as depressoes, poderia
possivelmente produzir ondulagées na superficie livre. Para os movimentos de avango
da placa a crista sobe continuamente, de acordo com a figura 2, uma questao é avaliar
em quanto tempo o efeito de alcamento da superficie livre, produzido pelo movimento
da placa, vai se equilibrar com o escoamento para baixo governado pela gravidade.
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Figura 4. Distribuicdo da tensdo tangencial no trecho horizontal AB considerando-se U > 0; a
malha utilizada é de 0.25H.

As figuras 4 e 5 mostram as distribui¢oes das tensoes tangencial e normal no trecho
horizontal AB da placa que avanca sobre o fluido; é perceptivel na figura 4 a inversao
de sinal da tensao tangencial, denotando a reversao do escoamento e indicando a pre-
senca de uma célula de recirculagdo. Moffatt (1964) mostra que em um escoamento
de Stokes podemos obter sucessoes infinitas de vértices lentos, podendo este fenémeno
ocorrer até mesmo junto a uma superficie livre. No presente caso poderiamos afirmar
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Figura 5. Distribui¢do da tensdo normal no trecho horizontal AB considerando-se U > 0; a malha
utilizada é de 0.25H.

que se encontra junto a reentrancia do ponto B uma sucessao de vértices lentos que
podem ter um importante papel no transporte de material entre diferentes camadas da
litosfera e astenosfera. Isto é bastante interessante, ja que tais vortices podem produzir
a recirculagao de material entre diferentes camadas do manto, de especial interesse em
nosso estudo.

Outra caracteristica notada na figura 5 é o aumento da tensao normal, com valores
positivos, para a placa avangando sobre o fluido; esta tensao tende a levantar a parte
da frente da placa ou a encurva-la para cima. Note que inicialmente (0.5 u.t.) a tensao
normal é praticamente dominada pela acao hidrostdtica, tornando-se nitida a agao da
massa quando decorridas 3.5 u.t., onde podemos notar valores positivos para a tensao
normal. Outra caracteristica observavel nos graficos 4 e 5 é a presenga de picos de
tensao nas quinas A e B; efeito semelhante foi também constatado no trabalho de
Higdon (1985). Sabe-se que nestes pontos temos uma mudanga abrupta na inclinagao,
o que introduz uma descontinuidade muito forte nesta regiao, independentemente da
malha utilizada.
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Abstract
The generation of large amplitude waves by a wave-maker in a canal is simulated with a Boundary In-
tegral numerical code. The ¢ode is based on Potential Theory and the free surface boundary conditions,
dynamical and kinematical are taken as completely nonlinear. Results allow for assessments of experi-
mental and theoretical work. Short and long waves are generated according to the analytic motions, for
the wave-maker, derived in the classic work of Ursell, Dean and Yu 1959, based on linear approximations.
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1. INTRODUCTION

/
¥ Y

Fig. 1. Schematic representation of wave generation by piston type wavemaker. The non-inertial
system XY move with velocity U(t) and X'Y" is the inertial system.

A precise and efficient numerical code simulating a canal equiped with a piston type
wave maker has been developed, see J.T.A. Chacaltana & A. F. Teles da Silva (1997).
On an ideally long and wide canal, see figure 1 above, we work with a velocity
potential ¢ such that: -gf =gy %‘3 =wv; ¢ is the solution of the following initial and

boundary value problem :
Vi =0 (1)

which is the governing equation valid on the whole fluid region;
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which are respectively the nonlinear dynamic and kinematic condition valid on the free
surface; note that u = (u,v) and R = (X,Y) are respectively the velocity at the free
surface and a parametrization of the free surface. The conditions for ¢ at the wave-
maker, the bed and the far end of the canal are, respectively:

¢ 99 4

The motions start from rest and hence the initial conditions for R and ¢ at the free
surface are: :

R = (X,0), =0 (5)

0, ¢=0 (4)

The solution for the transient problem stated above corresponds to a run of the wave-
maker-canal system. Results are presented in nondimensional form; we use a system of
units in which the acceleration of gravity, g, is the unity of acceleration; the undisturbed
depth h of the canal is the unity of length. Consequently the units of time and linear
velocity are respectively M and /hg.

In such an experiment, several undesireable characteristics of real test-tanks are
absent. One the main problems with experimental test-tanks is that reflections from
the beach at the far end of the canal are unavoidable for most test-tanks in use; test-
tank beaches should ideally absorb the entire wave energy but there is always some
reflection, which contaminates the wave field. Another common problem is that it is
difficult to seal the space between the moving piston and the walls of the canal; it
is repported, Madsen, (1970), that leakage of water through the gap may lead to a
significant loss in wave-height; according to Madsen an unsealed area of 0.29% of the
wetted board area leads to a loss of wave height of the order of 2.8%. Another problem
to be dealt with is viscosity at the wall and at the bed; viscosity attenuates waves
and introduces vorticity, formed in boundary layers, into the flow; vorticity is always
present in real flows and in principle there is nothing wrong with it; the problem is
that the flow cannot be scalled properly, Teles da Silva and Peregrine, (1990), discuss
a classical experiment in which results change qualitatively according to the amount of
water, (depth of the test-tank), in each experiment; the point is that the shallower the
water the most prominent becomes the boundary layer at the bed and the vorticity shed
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Fig. 2. Numerical results compared with the analytical solution of Ursell et al. (1959) for simple
harmonic motion by piston wavemaker. This numerical results were obtained in order to reproduce
the wave-height given by equation (6). In this picture k is the wavenumber, h is the depth,
H is the predicted wave height and S is the stroke of the piston type wavemaker.
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from it. A not less important problem to be dealt in real test-tanks is 3-dimensional
effects which appear in the form of transverse waves; these cross waves may be excited
in different manners and an important one is the leakage through the space between
piston board and wall, already mentioned.

Despite the features outlined above, test-tanks are far more versatile and in a way
- easier to handle than computations; nevertheless numerical simulations are an important
tool in the design of experiment in test-tanks and in the assessment of accuracy in results.
In the present work we look at the generation of wave trains, in a test-tank, as described
in the classical work of Ursell, Dean an Yu, (1959).

2. RESULTS

In this paper computed solutions of the transient problem stated above are used in
the assessment of the linear theory, for wave-generation by wave-makers, as presented
in the classic work of Ursell, Dean and Yu (1959); in this work the authors present
a relationship between the stroke S of the wavemaker, that is the full length of the
periodic excursion of the wave-maker, and the wave height H of waves to be generated;
for a piston-tyvpe wave-maker this is:

H  2(cosh(2kh) — 1) (6)

S sinh(2kh) + 2kh
where k is the wave number and A is the depth. The wave-maker motion is governed
by

L d

U= %Sosin(at) (7)

o is the frequency associated with the wave number k through the dispersion re-

lationship. Figure 2 reproduces the curve of kh against %; waves obeying the lin-

earised version of the boundary value problem stated above appear as points on this
curve. Numerical experiments have been conducted for a range of values of kh; namely
kh = 0.1,0.5,1.0,1.5, 2.0, 2.5, 3.0, 3.5, 4.0, for each of these values two wave-trains, with
wave-height H of 0.1 and 0.2, marked in figure 2 respectively by diamonds and plus
signs are generated. These two sets of wave-trains appear to produce two new curves on

the —g— x kh diagram; these new curves appear to match with linear curve for kh fre-
quencies in the range of approximately 0.5 to 1.5. For values of kh increasing above
these values wave-lengths get shorter and waves get steeper, and nonlinear, because the

wave-height is fixed at H = 0.1 and H = 0.2; for this range we get waves which are
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Fig. 3.a Schematic representation of the free surface at ¢ = 63.9044 units of non-dimensional
time. In this numerical experiment we take the case E experimental data of Chaplin (1984). These
experimental data in non-dimensional units are: H = 0.0424 and kh = 3.43, so that we have
A =1.8318 and T = 3.3962.
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Fig. 3.b Time history of the free surface registered by four stations at locations 0.5\, 1.5\,
2.5 and 3.5 from the piston wavemaker. A remarkable convergence in the harmonic oscillation
of the wave height is observed after 10 periods for the piston movement. In this numerical
experiment we consider H = 0.0424 and kh = 3.43, so that we have A = 1.8318 and

T = 3.3962.

lower in the diagram. For values with a value of kh below 0.5 waves become longer
and in this way some nonlinearity appears; these waves can be better approximated by
cnoidal wave theory. The nonlinearity on this side, lower values of kh, is weaker than
the nonlinearity for higher values of this parameter; the reason is that slopes are gentler.
This explains why the departure from the linear curve in figure 2 is less pronounced for

lower values of kh.

A 25 3n 42 Sh 6A A BA 9% 104 1A 123
X

Fig. 4.a Schematic representation of the free surface at ¢ = 130.713 = 107 units of non-
dimensional time. In this numerical experiment we consider H = 0.1 and kh = 0.5, so that we

have A = 12.5664 and T = 13.0713.
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2.1 Wave gage readings

In order to get the value of H for each wave train, numerical wave gages have
been placed at different positions along the canal. A typically linear wave produced in
a test-tank experiment, Chaplin, 1984, with a wave height of 0.0424 and a kh value of
3.43. Figure 3a shows at time ¢ = 63.9044 time units a profile which is typical, of
this type of experiment, with bore like little long waves at the front followed by the
wave train; the wave train shows, typically, a first and last wave that are larger than
the ones in between. Wave gage readings at positions at distances 0.5, 1.5, 2.5 and 3.5
wavelengths measured from the mean position of the wave-maker are shown in figure
3b; all the readings agree after 15 wave periods and we get a very steady wave train
with a wave-height over stroke ratio that produce a point right over the linear curve in
figure 2.

2.2 Steeper waves

The linear theory overpredicts the ratio % for the shorter waves; figures 4a and 4b
shows profile and wave-gage readings for the wave with H = 0.1 and kh = 3.5; this
wave appears as a point below the linear curve. For H = 0.2 the wave with kh = 3.0
breaks; it is important to remark that the highest possible nonlinear wave for this value
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Fig. 4.b Time history of the free surface registered by the station located at A from the piston
wavemaker. In this numerical experiment we consider H = 0.1 and kh = 0.5, so that we have

A =12.5664 and T = 13.0713.

of kh is of about H = 0.2935, computed as in Teles da Silva and Peregrine 1988, which
is unstable; and a steady wave with this value of kh and H = 0.2 is certainly stable, as
it is just of about two thirds of the highest wave for this value of kh; so it can certainly
be generated by a more appropriate, higher order, wave-maker motion.

2.3 Longer waves

As apparent in figure 2, for lower values of kh the departure from the linear pre-
diction is slighter, as compared with higher values of kh, unless we get too close to
kh = 0. Figures 4a and 4b show the wave profile and wave-gage readings for waves
of kh = 0.5, taken from a distance of one wave-length from the mean position of the
wave-maker; the presence of higher order free harmonics is just discernible from figure
5a, these higher harmonics appear in readings of wave-gages set further down the canal.
Computing the evolution of a higher wave, kh = 0.5, H = 0.2 we get more higher order
free harmonics as shown in figures 5a and 5b, notice that these harmonics are discernible
from the wave-gage readings at a distance of one wave length from the mean position of
the wave-maker. If instead of increasing the wave-height we keep it fixed and increase
the wave length considering a wave-train with kh = 0.1 and H = 0.1; we get after some
time a free surface profile infested with high order free harmonics as shown in figure
ba; figure 6b shows the readings for wave-gages at points placed at a distance of 1, 2,
3 and 4 wave-lengths from the mean position of the wave-maker; the readings for the
first wave-gage show a regular wave-train the amplitude of which is used to place the
point kh = 0.1 and H = 0.1 in the diagram of figure 2. Readings for the wave-gages
placed further downstream show the wave-train breaking apart in high order harmonic
components. Figure 7 is a space time-diagram of the generation of a small amplitude
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Fig. 5.a Schematic representation of the free surface at t = 196.065 = 157 units of non-
dimensional time. In this numerical experiment we consider H = 0.2 and kh = 0.5, so that we

have A = 12.5664 and T = 13.0713.
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Fig. 5.b Time history of the free surface registered by four station at locations A, 2A, 3\ and 4\
from the piston wavemaker. In this numerical experiment we consider H = 0.2 and kh = 0.5,

so that we have A\ = 12.5664 and T = 13.0713.

solitary wave; this is obtained through a wave-maker motion obeying:

3. DISCUSSION

Results of experiments in the numerical wave-tank in a first place validate the code
as results for typically linear wave trains accurately agree with the predictions of the
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Fig. 6.a Schematic representation of the free surface at t = 629.3642 = 107" units of non-
dimensional time. In this numerical experiment we consider H = 0.1 and kh = 0.1, so that we

have A = 62.8319 and T = 62.9364.
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Fig. 6.b Time history of the free surface registered by four stations at locations A, 2A, 3\ and 4\
from the piston wavemaker. In this numerical experiment we consider H = 0.1 and kh = 0.1,

so that we have A = 62.8319 and T = 62.9364.
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Fig. 7. Generation of solitary wave by piston type wavemaker.

theory: such accuracy cannot easily be obtained in real experiments because of intrinsic
difficulties associated with real fluid flows, such as the setup of experiments and the
calibration of measuring devices. And in a second place the numerical experiments
tell about bounds for the application of the linear theory for potential flows in the
programming of wave-maker motions. Results in figure 2 show that higher waves can
behave linearly for moderate values of kh. For higher values of kh the departure from
linear behaviour is quite conspicuous; waves go under the linear curve as they are quite
steep. For lower values of kh the departure from the linear curve,'ﬁgure 2, is slight,
waves appear to get a little over the curve. Although things, for these lower values of
kh are a bit elusive; the wave in figure 6, for instance, with values of kh = 0.1, H = 0.1,
produces a point almost exactly over the curve of figure 2, (the wave-height is taken
from measurements at a distance of one wave-length from the mean position of the wave
board), although no wave-train of this wave-height is produced, as seen in figures 6a and
6b. Even though, certainly, a linear steady wave with this value of kh, kh = 0.1, can be
produced for a small enough value of H; and naturally longer waves in shallower water
can be better generated piston motions based on solutions of the K de V equation as
shown in Synolakis (1990); the wave in figure ?? has been generated by such motions.
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Abstract

A novel pressure-based methodology is proposed and implemented to approximate the solution of the partial
differential equations that model radial Stokes flows between two parallel disks. Eigenfunction expansions and
Green’s function representations are combined to obtain directly the pressure distribution for a variety of inflow
boundary conditions. The velocity field is accurately recovered from the pressure distribution. This methodology
was implemented numerically and validated with both exact solutions and numerical spectral element results. By
exploring the analytical characteristics of the method, we extract additional information on the behavior of the
solution in terms of the inflow functions and we prove rigorously the existence and uniqueness of solutions.
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1. INTRODUCTION

Figure 1: Radial source flow between two stationary parallel disks.




In this paper, we present the validation and additional results of a novel methodology,
proposed in Oliveira (1997), to approximate the solutions of partial differential equations that
model the Stokes flow between two parallel disks (Fig. 1). This investigation addresses a
more fundamental view of radial flows and the fact that the associated geometry renders a
mathematical problem tractable with semi-analytical approaches.

Previous semi-analytical approaches in radial flows are mainly based on analytical
techniques with the objective of predicting the pressure distribution and boundary layer
separation. Series expansions were utilized to include inertial effects in the analytical models.
The region near to the inlet radius was the main source of discrepancy between analytical
models and experiments (e.g., Jackson and Symmons, 1965). Ishizawa (1966) combined series
expansions to represent the inlet region with the integral method to represent the rest of the
domain in order to construct a very elaborate method to account for inertia. However,
Ishizawa’s approach was not able to predict correctly flow separation and two-dimensional
vortical structures (Raal, 1978). This disagreement is probably due to the inherent inaccuracy
of the integral method. Chatterjee (1986) used classical integral transforms to solve the Stokes
flow problem for the idealized case of the radial Stokes flow between two infinite parallel
disks with axial inflow from a pipe. -

Our initial goal was to provide a semi-analytical solution to the two-dimensional
axisymmetric Stokes flow problem for a variety of physically meaningful inflow boundary
conditions. From such initial motivation, this pressure-based methodology has evolved, which
is the central issue of this paper. This formulation was first implemented in a symbolic
software (Oliveira and Amon, 1996) so as to take advantage of the symbolic manipulations
and simpler programming. However, more complex inflow boundary conditions and the
interest in extending the method required a fully numerical implementation.

This paper describes briefly this method in section 2 and presents results to validate its
numerical implementation in section 3 as well as additional results regarding solution

properties in section 4.
2 GENERAL DESCRIPTION: PRESSURE-BASED METHOD
This paper describes a novel semi-analytical pressure-based method which we developed

to solve the radial Stokes flow for a variety of inflow boundary conditions. As a preliminar

step, we present in this section the main ideas of the method as well as our motivation for



proposing it. We refer to Oliveira (1997) for more details (governing equations, boundary
conditions, etc.), which are not included due to space constraints. Nevertheless, the governing
equations are the non-dimensional incompressible Navier-Stokes equations written in
cylindrical coordinates. The Reynolds number, Re, is defined as Ve R,/v, where Ve is the
mean velocity at the inlet, R, is the dimensional inner radius and v is the kinematic viscosity.
Ve and s, the distance between the two parallel disks, are used to obtain the non-dimensional
equations. Arbitrary non-dimensional inflow functions f(x) and g(x) are prescribed at the
entrance of the domain Q := (r}, r;) x (0, 1). We assume axisymmetry and also that the flow
leaves the domain with zero axial velocity under atmospheric pressure. Then, the governing

equations can be re-written by changing variables so as to make the boundary conditions
homogeneous. By assuming initially that f, g € {w(x) CE(O. 1): w(0)=0, w(1)=0} and I;g dx

= 1, we conclude the formulation of the problem, which is solved by the pressure-based
method.

This pressure-based method focuses on the pressure field as the important variable of the
problem, as it is the case in most of the applications in lubrication. Therefore, instead of
following traditional nlathematical and numerical approaches (see e.g., Girault and Raviart,
1986) where emphasis is given to the velocity field (or to streamfunctions and/or vorticity),
we formulate the problem having the pressure as the important variable to solve for. There are
a couple other reasons for such a choice. The first comes from the fact that this alternative
approach has not been investigated previously and, therefore, we lack knowledge about its
potential for providing additional insight. The mathematical problem associated with this
method is simpler than the one related to other approacﬁes. since we avoid working with
multiple (divergence-free) function spaces. The pressure-based method requires basically the
theory of L* spaces, from Functional Analysis, and the theory of integral equations and
eigenfunction expansions. These ideas amount for a simpler framework, since the troublesome
continuity requirement becomes the fundamental governing equation, which is satisfied
‘weakly” and the linear momentum equations are ‘inverted’ through Green’s function integral
representations. In addition, the well-known problem of compatibility between spaces of
velocity and pressure (see detailed discussion in Oliveira, 1997), which is present in most
numerical schemes, does not exist in the proposed pressure-based method.

In a summarized view of the method, we invert the linear momentum equations by.

means of Green’s function integral representations for both components of the velocity field.



Then, we use an eigenfunction expansion to approximate the pressure distribution. Finally, to
satisfy the incompressibility constraint, we enforce mass conservation in a weak sense. Thus,
if v = G(p) denotes the vector form of the Green’s function integral equations, and if “V.v =
0” represents the weak form of the mass conservation equation, then we obtain a weak form in
terms of the pressure field and input data: “V-G(p) = 0”. This weak form completely describes
the pressure field and can be seen as an integral equation of the form K(p) = h, where h is a
function of the Green’s functions and input data. By substituting the eigenfunction expansion
for the pressure, we obtain a linear system of equations for the pressure coefficients. Then, the
matrices of coefficients and right-hand side vector are formed. This system is solved by LU-
decomposition. All integrations involved are solved either symbolically or numerically by
Gauss-Legendre integration. To speed-up calculations, all functions evaluations are performed
only at the collocation points used in the numerical integration. Then, after solving the system,
we obtain an approximation for the pressure distribution. This approximation allows us to
recover the velocity field, since v = G(p). It turns out that the most efficient way to recover the
velocity field is to calculate the axial component from the Green’s function representation and
obtain the radial component of the velocity from the integral transformed momentum

equations in the radial direction (Oliveira, 1997). :
3. VALIDATION

To evaluate the performance and robustness of the proposed pressure-based approach,
we choose inflow conditions that generate flow separation and recirculation zones at the
entrance of the flow domain. This extreme case is chosen to test our accuracy in predicting the
flow field at the ‘stiff” region close to the geometric singularities. We impose complex inflow
functions corresponding to a two-dimensional flow given by the functions: f (x) = -2 X +2x
* and g(x) = -110 x” (x - 1). This flow condition induces an adverse pressure field at the
entrance region, which rapidly readjusts to a one-dimensional field. Figure 2 shows a
comparison between the pressure isolines obtained with the pressure-based semi-analytical
approach and a spectral element numerical solver (see Patera, 1984; Amon, 1993). The
pressure-based approximate solution was obtained with 20 x 30 modes and 139 x 289
collocation points for integrations. The spectral element Stokes solution utilizes 48 macro-
elements with 7 x 7 internal collocation points per element. In the spectral-element case, we

utilized a refined mesh at the inlet of the computational domain so as to confine any effects



due to the geometric singularity at the entrance of the domain. The comparison is fair, except

close to the singularities at (0, 0.5) and (1, 0.5), where extremely steep gradients are present.

(a) Pressure-based approximation (b) Spectral-element approximation
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Figure 2- Comparisoii of isobars: pressure-based method versus spectral-element method.
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Figure 3- Comparison of velocity vectors: pressure-based versus spectral element method.



Lastly, we show in Fig. 3 the velocity vectors obtained by the pressure-based semi-
analytical method (left figure) and through the spectral-element solver (right figure). The
recirculation zone is properly captured by the pressure-based solution and there is good
agreement with the spectral-element solution. The velocity components in the pressure-based
approximation are calculated from the pressure approximation in the following way: the axial
component of the velocity is calculated by means of Green’s function integral representation
and the radial component is obtained by a normalized eigenfunction expansion and the Fourier
coefficients obtained from the integral transformed version of the linear momentum equation

for creeping flow in the radial direction.

4. SOLUTION PROPERTIES

This section contains results which are consequences of the formulation of the radial
Stokes flow problem and the pressure-based method. They are obtained with the motivation of
extracting the most information out of the mathematical structure of the problem and its
solution. The main issues are the establishment of the well-posedness of the problem
(existence, uniqueness and continuous dependence of the solution with the input data) and
additional information on the behavior of the solution in terms of the input data. We refer to

Oliveira (1997) for details on the assumptions involved as well as the mathematical proofs.

Fact 1: (Exact Closed Form Solution)
Let u,, v, and p, denote the solution of the Stokes problem. Let f(x) and g(x) denote the
inflow boundary conditions corresponding to the axial and radial velocity components,

respectively. If f(x) = 0 Vx € [0,1] then it follows that:
(i) g(x)=6(x— x? 5

(i) v, (x,r) = LSi(x - x° ) and u (x,r)=0; and
M

2
(iii) By 0and p, = 12n ]n(fz—].
ox Re r



FACT 2: (Pressure Approximation = Velocity Approximation)
Let u, v and p be the solution to the Stokes problem. If the pressure approximation (psp)
converges in H'(Q), then the following estimates hold for the approximations of the axial

(ugp) and radial (v,p) velocity components :

(x,r)| <M, Re %— % , where M, € (0, ») and (x,r) € Q

}u(.r,r) —u

ap
2

P _ Dy

——{ ,where M, € (0, ®) and (x,r) € Q

‘v(x,r) - vup(x,r)‘ <M, Re e 2

where Re is Reynolds number and || ||, is the L’-norm with respect to Q.

Fact 3: (Exponential Decay of the Axial Component of the Velocity)
Suppose p € {w(x, r) € H(Q) | w(x, r,) = 0}. Then the axial component of the velocity
decays exponentially to zero as the radial coordinate is increased, after a few radii from the

inflow region.

-

Fact 4: (Decay of the Radial Component of the Velocity to the Exact Solution)
Suppose that p belongs to the set ®:={w(x, r) € H'(Q) | w(x, r,) = 0}. Then the radial
component of the velocity decays to the exact solution as the radial coordinate is increased,

after a couple radii from the inflow region.

Fact 5: (Existence and Uniqueness)
If v, p € H(Q) x H(Q)x H'(Q), then there exists a unique solution of the Stokes

problem.
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Abstract

The control of the separation on two-dimensional boundary layers at low Mach numbers is analyzed by
time-accurate numerical solutions of the compressible Navier-Stokes equations. The control strategy is
based on the application of a variable suction/blowing in the proximity of the separation. Open-loop
unsteady suction/blowing actuations show the sensitivity of the flow to the control strategy. A simple
closed-loop proportional control has been implemented, that uses a tangential shear stress sensor for
the feedback control, and that controls the normal velocity at the actuator position. Parallel numerical
simulations were performed with the AVBP library on a 32-processor Meiko C'S-2, and on a 4-processor
IBM SP2. Results show the effectiveness of the control approach in stabilizing the flow and suppressing
the periodic shedding of vortices.

Keywords
Active control, boundary layer separation, numerical simulation.
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1. INTRODUCTION

The control of boundary layer separation is a problem encountered in many important
practical applications. such as airplane wings. car airfoils, diffusers, etc. Prevention of
separation often improves the performance of such devices by increasing pressure recovery,
enhancing lift and reducing total drag. Both experimental and numerical simulations have
been applied for study of the active control of laminar boundary-layer flows. Joslin et al
(1994) provide an overview of such techniques as they apply to the control of instabilities
in laminar boundary-layers. Experimental investigations using controlled suction in two-
dimensional airfoil models have shown (Alrefai & Acharya, 1995) the feasibility of the
application of leading-edge suction for flow control in pitching airfoils.

Our interest is to numerically simulate the control of the separation on model problems
that are geometrically simple, but contain most of the physical features and difficulties
associated with separated flows in real applications. Two basic geometric configurations
that have these qualifications have been presented in a previous work (Hernandez ef al.

1
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1996). The first configuration is the flow of a two-dimensional boundary layer which
separates due to an imposed adverse pressure gradient. The second is the separation
of a two-dimensional boundary layer over a corner. In both cases the flow is laminar
upstream of the detachment point, and the flow becomes unsteady in the proximity of
the detachment point. Comparisons between the two model problems allow to distinguish
the effects due to the adverse pressure gradient in the flat plate on the first case from
the geometrical effects due to the corner on the second case. In this work we will show
results on the numerical simulations of the two-dimensional boundary layer separation
control on the first case. Results for the second case are available in Hernandez (1996).
The plan of the paper is as follows. In the next section, details are given concerning
the computational problem and algorithms that are used in the numerical simulation.
In section 3.1 we provide results for the uncontrolled-problem. and we show the effect
of a suction/blowing forcing in the stable boundary layer without pressure gradient. In
section 3.2 we show the results of the use of a proportional control.

2. NUMERICAL METHODS

The simulations are performed using the AVBP software library. which has been
developed at CERFACS. The program has been validated previously for the two and three
dimensional laminar Navier-Stokes equations. The flow solver used for the discretization
of the governing equations is based on a finite-volume method, and has the ability to
handle unstructured grids of arbitrary cell type.

The underlying numerical approximation is a second order centered differences cell-
vertex scheme with the conservative flow variables associated with the vertices of the cells.
The discretized equations are solved using a standard explicit four stage Runge-Kutta
scheme. As well as being optimized for scalar and vector architectures, the flow solver
has been fully parallelized, ported and tested on a wide range of distributed memory ma-
chines. For the parallel implementation we adopt a master-slave paradigm with message
passing based on standard libraries such as PVM and PARMACS. For the application
the global computational domain is sub-divided using a Recursive Inertia Bisection algo-
rithm. The resulting set of non-overlapping domains contains a well-balanced number of
elements in order to achieve an acceptable parallel efficiency.

The computational grid consists of 200 x 100 nodes, the free-stream Mach number is
M. = 0.2 and the Reynolds number is Reg = 230, based on the momentum thickness
© at the detachment point and the outer velocity. The boundary condition at the upper
boundary is imposed using a soft “non-reflecting” condition (Rudy and Strikwerda, 1980).
When the pressure gradient is established, it imposes a suction at the upper boundary,
such that a mass fraction S (typically, S = 0.22) of the inflow leaves the domain through
a small region in the upper boundary.

Two parameters are used to define the bondary conditions at the upper boundary.
One corresponds to the suction parameter, S defined as the fraction of the entering flow
removed through the upper boundary. This parameter defines the total difference of
pressure encountered between the inflow and the outflow. A second scale parameter,
L,, defines the lenght over which the pressure changes from the inflow condition to the
outflow condition. A smooth hyperbolic tangent pressure profile is used, given by:

p(r):po+41—p(1 _ (1= §)2)(1 + tanh((z — 2,)/Ly)) (1)

2
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For the current computations, the values L, = 0.25, and r, = 3.5 where chosen.
The pressure profile is applied at 1 = 0 to the top boundary. To decrease the effect of
reflections at the outlet boundary, an “exit zone” approach has also been applied. together
with a fully non reflecting boundary condition. The grid is progressively stretched in the
buffer region. and viscosity dumps considerably the vortical structures before they leave
the domain. Figure 1 shows schematically the domain of computation.

(PR 1 S—
.. EE—m—————
[ #
14 .
! 3
NON-REFLECTING BOLNDARIES ——
—_— / Nt
F :
T
i».-—-—-_.«
" OUTFLOW
INFLOW | 10— sUrTES
| ) REGION
/ 18 NONSLIP WALL
| ¥ | I (EXIT ZONE)
/
i ~ —_——
¥ —
X [ \ [
0 40 a0 —— M)
ACTUATION AND
LEADING EDGE SENSOR REGION

Figure 1: Schematic of the domain of computation.

A polynomial ﬁtt.ir;g to the Blasius flat plate boundary layer in the absence of pressure
gradient is used for both initialization of the flow field and as the inflow velocity boundary
condition at the left boundary. The left boundary of the domain is located at a distance
Arg = 6.0, downstream from the leading edge of the flat plate. The figure also shows
the location of the actuation and sensor region used to control the flow.

3. RESULTS

For low values of the pressure gradient the flow separates forming a closed and steady
separated bubble. However, as the pressure gradient is increased, the flow becomes
unsteady, with periodic shedding of vortices. Figure 2 shows the vorticity, x-velocity, and
pressure fields for the boundary layer with pressure gradient for the case S = 0.22.
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Figure 2: (a) Vorticity, (b)x-velocity and (c)pressure fields, for limit-cycle shedding on a boundary
layer with adverse pressure gradient. S = 0.22.
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Vortices are visible as regions of high vorticity (vorticity blobs), and as regions of
low pressure. In figure 3. the time evolution of the near wall velocity and pressure at a
downstream location shows the periodic separation of the flow as vortical structures pass
by the specified location. The impulsive application of the pressure profile at ¢ = 0 results
in a transient regime that lasts until about ¢ = 5. After that time, the flow continues to
evolve more smoothly until it reaches either a steady state or a quasi-periodic behavior.
Since vortical structures cause both a local reduction in the wall shear stress and a local
pressure drop, there is a strong correlation between the two that can be explored in order
to control the separation.

3.1 Active Control

The behavior of the boundary layer is affected by the presence of perturbations in the
flow. Periodic disturbances are typical in many applications. Also, since the behavior
of the basic flow is almost periodic, it is important to include in the study the behavior
of the flow under the influence of periodic disturbances. Two types of perturbations are
of interest: perturbations coming from upstream, and perturbations originating at the
wall close to the detachment point. The perturbations originating at the wall seem more
easily applicable to real cases. and more adequate for close-loop control. In this work.
perturbations originating at the wall close to the detachment point were introduced by
means of suction and blowing in a region of the wall centered at * = 4 and of unit length.
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Figure 3: The time evolution of the near wall velocity and pressure at a downstream location
(z = 5.0).

(a) __!_-:_ r e ———— e e s e e}
(b) = S 8 o SRR o
ol e ins L

Figure 4: (a) Vorticity, (b) x-velocity, and (c) pressure field S = 0.0, with sinusoidal perturbation
S, = 0.022,f = 0.25.
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The suction normal velocity at the actuator v, is given by
vp(2,t) = s(a) * sin(27 ft) (2)

The function s(z) is chosen to be a parabolic profile that produces a total mass flux
of S, = 0.022, and f = 0.25. When this periodic perturbation was applied to the
boundary layer over the flat plate with no pressure gradient (S = 0, see figure 4), it
was found that Tollmien-Schlichting (TS) waves could be observed downstream of the
excitation point. Figure 5 shows the time evolution of the actuation velocity v,. and
the pressure and tangential velocity at a point located downstream and close to the wall
(z = 5.y = 4x107?) It can be seen that when the actuation velocity is negative (suction),
the tangential velocity increases (and so does the wall shear stress, 7,,), and conversely,
when v, is positive, 7, decreases, with a time lag due to the distance from the point
where the perturbation is introduced to the monitored point.
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Figure 5: The evolution in time of (a)the actuator normal velocity and the tangential velocity at a
downstream location,(b) wall pressure at » = 5. Periodic suction and blowing in a Blasius boundary
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layer without imposed pressure gradient (5 = 0.)

However, an important feature is that, in spite that the mean injection/suction is
zero, there is an average increase in 7,,. Applying the same perturbation in the adverse
pressure gradient case (S = 0.22) results in the locking of the shedding frequency with
the frequency of excitation, as long as the frequncy of excitation is not too far from
the natural frequency as observed in the non-perturbed case. Applying a steady suction
results in a reduction of the thickness of the boundary layer, therefore increases the

stability of the flow.
3.2 Proportional Control

Based on the observations made on the excited separated flow, a feed-back (closed-
loop) control scheme, has been implemented to simulate the effect of this control on
the separation. The objective of the control in this case is to keep the flow steady and
attached. reducing the size of the separation bubble, and avoiding the periodic shedding
of vortices. The type of feedback law used is based on the observation that the removal
of low momentum and/or reverse-flow fluid in the separation region can prevent lift-up

A
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of the shear layer and prevent vortex formation, as observed in boundary layers over
pitching airfoils (Alrefai et al. 1995).

The position of the sensor and actuator region for the proportional control imple-
mented are schematically represented in figure 1. The control region has a unit lenght.
and is centered at x = 4. It can be noted that sensor and actuator are located at the same
point. The control law . which prescribes the wall-normal velocity boundary conditions
at the control region, is given by:

Twl(T) — T[)|
To

vn(z,1) = — s(x)] (3)

The function s(z) is a parabolic profile. The magnitude of s(x) was chosen based on
the results of the sensitivity of the flow to perturbations, to have the same amplitude
(S, = 0.022) as the case S = 0 shown in figure 4. The set-point of the controller is
given by 7o, which is the desired shear stress at the sensor/actuator location, and is
chosen to be approximately the value found at the location of the sensor/actuator in the
case of the laminar boundary layer in the absence of adverse pressure gradient (Blasius
profile). Since the actuation is exerted by suction/blowing at the wall, the actuation does
not perturb substantially the sensor, which measures shear stress at the suction point.
Additionally. since sensor and actuator are located at the same point. there is no need to
compensate for time delay effects between sensor and actuator signals in the controller.

Two different test were performed with the controller. In the first ‘case, the controller
is turned on since the beginning of the simulation, and therefore prevents the formation
of the shedding vortices before thev grow (case CA).

Figure 6 shows the vorticity, x-velocity. and pressure fields for the controlled case.
using eq (3). It can be seen that the separated region is considerably small, and there is
no periodic shedding of vortices.
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Figure 6: (a) Vorticity, (b) x-velocity, and (c) pressure fields for steady state controlled flow 5 = (.22
(cases CA and CB).

Figure 7 shows the time history of the suction at the center of the actuator location
(x = 4), and the velocity at a point close to the wall at a downstream location (x = 5).
In the second case (CB). the controller is turned on after the flow has reached a quasi-
periodic state, with strong shedding of vortices.

In the figure 8 it can be seen that, shortly after the time at which the control is
switched on (¢t = 20), the flow becomes more steady and the backflow is eliminated at the

e
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downstream location. The steady state solution for case CB is essentially the same that
in the case CA. The final suction velocity required for the control in both cases is quite
small, as compared to the far-field velocity. However the second case requires a much
higher initial suction velocity than the first case (about three times larger). The most
relevant fact is that the controller is able to re-establish the steady controlled regime even
after the oscillatory regime has been reached.
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Figure 7: The evolution in time of (a) the actuator normal velocity (v,,) and the tangential velocity
(1)) at (z = 5), and (b) the wall pressure at (x = 5). Case CA: proportional controller started at
t.=0.
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Figure 8: The evolution in time of (a) the actuator normal velocity (v, controlled) and the tangential
velocity ({7, controlled) for the controlled case together with the tangential velocity for the uncon-
trolled case ({/; uncontrolled) at x = 5, and (b) the wall pressure for the controlled and uncontrolled
cases (P, controlled and uncontrolled) at # = 5. Case CB: proportional controller started at t = 20.

It is possible that a feed-back control scheme actuating by means of a variable (un-
steady) suction/blowing may result in a improvement in the efficiency of the actuation,
therefore requiring less actuation energy to keep the flow under control. Also, it is possi-
ble to use the pressure as the sensor signal, as long as sensor and actuator are placed at
a certain distance. These experiments are currently in progress.
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4. CONCLUSIONS

The numerical simulation of the control of separation on a two dimensional boundary
layver which separates due to an imposed adverse pressure gradient has been performed.
Results of the simulations show that by adopting a simple scheme of shear sensor and
injection/suction actuator and a simple feedback law, it is possible to stabilize the sepa-
ration bubble, and reduce its size considerably. The simulated flow shows that there is no
vortex shedding in the controlled case, and the flow is essentially steady. Very promising
results were obtained, even though the adopted law was not optimized. Future work
will focus on the design of better control laws, and on the extension of this analysis to
turbulent boundary layer separation. The application of neural network techniques to
this problem will be addressed.
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Abstract

The paper presents simulations of cascade flows using the two-dimensional Navier-Stokes equations. An implicit,
approximate factorization method which allows the simulation of flows regardless of the speed regime is adopted.
Spatial discretization of the governing equations uses a central difference algorithm. Boundary conditions are
implemented based on one-dimensional characteristic relations for the Euler equations. Numerical tests are
performed for flows in axial eompressors with DCA profiles.
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1. INTRODUCAO

O presente trabalho descreve parte dos esfor¢os no sentido de se desenvolver a
capacidade de simular as equagdes de Navier-Stokes bidimensionais com aplicagdes a
escoamentos em grades de compressores axiais. O objetivo final do esfor¢o de
desenvolvimento € obter ferramentas numéricas que permitam estudar correlagdes de perdas
de pressao total em compressores axiais.

A solugdo numérica das equagdes governantes sera realizada por uma técnica de
diferengas finitas baseada no algoritmo desenvolvido por Martins(1994). Este método ¢ um
aprimoramento do algoritmo original de Beam & Warming (1976,1978) no sentido de
permitir a simulagdo de escoamento em uma faixa mais ampla de velocidades. Para
escoamento com alto numero de Reynolds, usa-se a aproximagdo da camada fina com
objetivo de simplificar a implementagdo do método numérico e diminuir o tempo de
computagao.

As derivadas espaciais das equagdes sdo aproximadas por operadores de diferengas
finitas centradas e, para marcha no tempo ¢ utilizado o esquema de Euler implicito. Para
discretizagdo dos termos viscosos sdo usados diferengas centradas de ponto meédio. A
implementagdo das condigdes de contorno € baseada no conceito das relagdes caracteristicas
das equagdes ndo viscosas da gasdindmica em uma dimensdo. O estudo descrito neste
trabalho consiste em
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aplicar a metodologia Martins(1994) para escoamentos em grades do tipo DCA (Double
Circular Arc) de compressores axiais com escoamento subsonico.

2. DESENVOLVIMENTO

O método utilizado neste trabalho, faz-se uma mudanga das variaveis dependentes, em
que a pressdo substitui a densidade como varidvel principal. Este artificio ¢ usado pois a
variagao de pressdo € relevante em todas as faixas de numeros de Mach.

Assim, depois de substituir densidade por pressido e temperatura, usando a equagio de
estado, pode-se reescrever as equagdes na forma de lei de conservagdo, num sistema de
coordenadas curvilineas, como segue:

'-"J‘Q(1;r)+c’3F(@*)Jr aG(q)zRe-l os
ot ok on on

(1

O vetor de variaveis primitivas € dado por,
q -—

P

: )
Vv

v if

O vetor de variaveis conservadas pode, entdo, ser escrito como

2
T
ﬂ
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=J L9, .
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T
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O vetor de fluxo viscoso pode ser escrito como:
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A nomenclatura é a usualmente utilizada em mecanica dos fluidos computacional (CFD),
como p para densidade, ¥ e v componentes da velocidade cartesiana, Re ¢ o numero de

Reynolds, Pr é¢ o numero de Prandtl, P ¢ a pressdo, I’ € a temperatura, a € a velocidade do
som, p coeficiente de, viscosidade,y calor especifico do ar, R constante do gas e U,V

componentes contravariantes de velocidade.

3 - IMPLEMENTACAO NUMERICA

As equagdes governantes foram discretizadas utilizando um método de diferengas finitas
implicito, com um esquema de fatoragdo aproximada em forma de delta. O método de Euler
implicito é usado para marcha no tempo, e diferengas centradas sdo usadas para aproximagao
das derivadas espaciais. O resultado do esquema ¢ de segunda ordem de precisdo no espago,
mas somente de primeira ordem de precisao no tempo. O algoritmo pode ser escrito na forma
de operador como

L:Lqu"-—-(D")"(R: +R) (7
onde os operadores sao definidos como

L =1+A(D")"'8, 4" —g , MV A,
L, =1+A(D")"'8.B"—~AtRe'§ M"—¢, AV, A

n

R, =— A8, F" + H, (8)
R, =—A3 G"+H, +At Re™' 3,5,
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Nas equagdes acima, 55 e 811 sdo operadores de diferengas centradas, Vg, Vq e Ag,

A11 sdo operadores de diferengas “backward” e “forward”, respectivamente, 5, ¢ um

operador de diferengas centradas de ponto médio, A, B e D sdo matrizes jacobianas de fluxo
nao viscoso e M é a matriz jacobiana de fluxo que contém os termos viscosos. Na defini¢ao
dos operadores utilizados no algoritmo, ja foram incluidos os termos de dissipagdo artificial
necessarios a estabilidade numérica. Foi empregado o modelo de dissipagdo ndo linear, pois
mostrou ser mais adequado. A adig¢do de termos de dissipagao artificial modifica o sistema de
equagoes original; do lado direito do algoritmo, esses termos sdo uma combinagdo de termos
de segunda e quarta ordem, com o objetivo de manter a tridiagonalidade das matrizes a serem
invertidas.

4 - CONDICOES DE CONTORNO

A implementagdo das condigdes de contorno foram baseadas nas relagdes caracteristicas
em uma dimensdo das equagdes da gasdinamica. As condigdes de contorno utilizadas para a
superficie solida para escoamentos permanentes, ¢ assumido gradiente de pressdo nulo na
dire¢do normal a superficie e escoamento considerado tangente na parede. A velocidade ¢
extrapolada impondo-se condigdo de escoamento normal nulo sobre a superficie, com isso
obtém-se as componentes cartesianas de velocidade fazendo V = 0 e extrapolando U por

u B T < 7 A
M g

A temperatura foi calculada assumindo-se gradiente nulo normal a parede (parede
adiabatica). Para as fronteiras externas foram utilizadas condigdes de contorno ndo
reflexivas, baseadas nas relagdes caracteristicas unidimensionais ( Azevedo et al., 1992).
Elas originam-se das equag¢des de Euler bidimensionais, em coordenadas cartesianas, e
assumem uma "operagdo" em x, e sdo dadas por:

op 1op Jép lGp

t a’ot Ox a*dx

ov ov

—_———

t ox

(10)

a—p+pa———(u+a)a P

51 ox P9%x

op ou_ op ou

T Tk a)(a 3 aJ

onde a € a velocidade do som.
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Assim, para fronteira de entrada subsonica, trés condigdes podem ser fixadas( pressao,
angulo de escoamento e temperatura) e uma extrapolada( velocidade). Para uma fronteira de
saida subsonica, uma condi¢do deve ser fixada( pressdo) e trés extrapoladas( velocidades e
densidade). Para a condigdo de periodicidade foi utilizada da seguinte maneira: o vetor das
varidveis conservadas para j=1 antes e depois do bordo de ataque € igual ao vetor das
variaveis conservadas em j= jmax antes ¢ depois do bordo de fuga.

5. RESULTADOS E COMENTARIOS

A solugdo numeérica apresentada refere-se a escoamento em grades de perfis do tipo
DCA (Double Circular Arc) sem arredondamento dos bordos de ataque e fuga para
compressores axiais com entrada e saida subsonica. Uma das malhas tipicas utilizada
apresenta 69 pontos na diregdo & e 19 pontos na diregdo m ( malha "grossa") e a outra
apresenta 193 pontos na diregdo £ e 43 pontos na diregdo n ( malha "fina") . Para os casos
testados o angulo de escoamento ¢ de 47,5° e angulo de ataque de zero graus, angulo de
montagem da grade 47,5° e razdo de espagamento 0,45, como pode ser visto pela fig. 1.

wit o

Figura 1 - Malha Grossa

A fig. 2 mostra os vetores velocidades na regido entre as grades do perfil DCA utilizando
uma malha grossa. Pela figura nota-se que existe uma formagao de vortices na parte superior
do perfil. Estes vortices parecem estar associados a se ter um aerofolio com bordo de ataque
afilado e com angulo de ataque diferente de zero. :

Figura 2 - Vetor Campo de velocidades - Caso: ndo viscoso

A fig. 3 mostra o campo de velocidades, ou seja, o0 numero de Mach em toda a regido
entre as pas. O numero de Mach para este caso foi considerado 0,8. Pela fig. 3 percebe a

5
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existéncia de uma regido de baixa velocidade( regido em azul), onde ocorre a separagdo do
escoamento.

Cam po de Velocidade s

11.75

Nume ro de Mach

11.50

Bro v

11.25

10.0 10.% 1.0

Figura 3 - Distribuigdo do Numero de Mach - caso ndo viscoso

A fig. 4 mostra os vetores de velocidades entre as grades do perfil DCA, considerando
escoamento viscoso laminar, utilizando-se uma malha grossa com um numero de Reynolds da
ordem de 5,0 x 10°. Este numero de Reynolds é possivel, pois estamos trabalhando com as
equagoes de Navier-Stokes com média de Reynolds, onde os termos de flutuagdo sdo
desprezados, bem como os efeitos de turbuléncia. O numero de Reynolds € utilizado para
termos uma idéia da velocidade, ele ndo define o tipo de escoamento.( ndo diz respeito as
caracteristicas fisicas do escoamento). Para este numero de Reynolds, o qual pertence a uma
zona de transi¢do, ndo esta sendo aplicado nenhum modelo de turbuléncia. Do mesmo modo,
nota-se a presenga de formagao de vortices.

Figura 4 - Vetor Campo de velocidades - Caso: viscoso

A fig. 5 mostra o campo de velocidades, ou seja, o nimero de Mach em toda a regidao
entre as pas. O numero de Mach para este caso foi considerado novamente de 0,8. Pela fig. 5
percebe a existéncia de uma regido de baixa velocidade( regido em azul), onde ocorre a
separagao do escoamento.
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Figura 5 - Distribui¢do do Numero de Mach - Caso viscoso

A perda de pressdo total definida neste trabalho é dada pela relagdo entre as diferengsa
de pressdo total na entrada e saida pela diferenga de pressdo total na entrada pela pressdo
estatica na entrada. A pressdo total encontrada para o caso ndo viscoso foi de 0,027 enquanto
para o caso viscoso foi de 0,068. O resultado obtido experimentalmente encontrado para o
caso viscoso com turbuléncia em AGARD-AR-275 foi de 0,046. Como pode ser visto os
resultados sdo da mesma ordem de grandeza, levando-se em conta que no método utilizado
neste trabalho nao foi implementado o modelo de turbuléncia.
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Abstract

The unsteady, viscous, supersonic flow over a spike-nosed body of revolution was numerically investigated by
solving the Navier-Stokes equations. The time-accurate computations were performed employing an implicit
algorithm based on the second-order time accurate LU-SGS scheme with the incorporation of a subiteration
procedure to maintain time accuracy. Self-sustained oscillations for a Mach number of 3.0 and Reynolds number of
7.87 x 10°%m were observed in the numerical computations, for a spike length to shoulder height ratio of 1.74,
confirming the experimental result. The numerical result predicted correctly the discrete frequency range as well as
the sound pressure intensities. The flow structure is also presented and discussed.

Keywords

unsteady flow; supersonic flow; spike-nosed body; time-accurate computations; Newton-like subiterations.

1. INTRODUCTION

Spike-nosed configurations have been studied for application on a variety of practical
configurations. A fixed spike placed on the nose of blunt bodies to reduce drag, on ablating
reentry vehicles to alleviate heating on the body surface, in projectile configurations as a
standoff distance, etc. The flow field around such configurations was observed to exhibit the
phenomenon of self-excited shock oscillations, causing some harmful effects to vehicles by
excessive noise levels and structural loadings. This phenomenon is highly unstable, and the
necessary conditions for it to occur are the presence of a shear layer with an inflection point in
the velocity profile, a reflecting surface, and the appropriate spike length to permit in phase
reflections of pressure waves. If these conditions are met, highly organized oscillations of the
impinging flow are sustained by feedback of upstream pressure propagation through the
subsonic separated region to the shear layer origin, and by amplification of the disturbances
until a limit cycle is reached.

An experimental investigation performed by Calarese and Hankey(1985) revealed the
unstable shock structure as consisting of a strong detached bow shock at the spike’s tip which
then collapses into a conical shock that intersects a quasi normal shock near the body’s
shoulder. It was also given evidence that the shock oscillates axially in a symmetric fashion
with respect to the spike as well as in an asymmetric fashion for certain configurations and
flow conditions.

The experiments showed that the onset of shock oscillations only occur for a certain
range of the protruded spike length at fixed values of the spike and forebody diameter. It was
also observed that once the shock oscillations are induced by the spike outward motion, they
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sustain themselves even when the spike reaches a length which would require the onset of a
stable shock configuration. The same occurring when the spike is retracted, i.e., the existing
stable shock configuration tends to remain unchanged for spike lengths which would require
the onset of shock oscillations. This indicates that a hysteresis phenomenon occurs.

Numerical solutions of the Navier-Stokes equations for flows over spike-nosed bodies
have been obtained by many authors. Shang, et. al.(1980), investigated the longitudinal mode
of oscillations, the pressure amplitude of the disturbance as well as the shear layer and shock
wave systems. Mikhail(1991 and 1996) investigated the flow over projectiles with a spike-
nosed configuration and tripping rings. Although these efforts succeeded in simulate this
complex unsteady flow, it was used an explicit algorithm in these works. Due to stability
requirements, explicit algorithms impose a very severe limit in the time step to advance the
numerical solution which can be much smaller than the time step required by the physics of
the problem. To overcome this difficulty, an implicit time-accurate algorithm is employed in
the present work and the time step is dictated by the physics of the problem. Computed
spectral power estimates of pressure time history results are compared with experimental data
for validation purposes. Instantaneous pressure and Mach contours are presented to describe
the unsteady oscillatory shock motion.

2. MATHEMATICAL FORMULATION
2.1 Governing Equations

The compressible laminar flow over a spike-nosed body is governed by the Navier-
Stokes equations. These equations for axisymmetric and two-dimensional flow can be
expressed in the following strong conservation form, where the dependent variables p, u, v,
and Ei, are density, co;nponents of velocity in the x and y coordinate directions, and total
energy, respectively, p being pressure, 7 being temperature, and ¢ denoting time:
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where u is molecular viscosity, and =1 or 0 for axisymmetric and two-dimensional flow,
respectively.

The equation of state for a perfect gas, p = p R T is used for closure, and the dependence
of molecular viscosity on temperature is given by Suhterland’s law.

Equation (1) is then transformed to the &-n computational plane in conservation law
form.

2.2 Numerical Algorithm

The present time-accurate numerical method is based on the observation that a 8-form of
the governing unsteady equations may be constructed with various combinations of the flux
formulae and their Jacobeans. Furthermore a suitable choice of the factorization procedure
yields a scheme with fast convergence and low computational time per iteration.

Eq. (1) can be written in difference form as

3
[*51+AI(D§2-+DH§O)]8@"
=580 A D - B+ D, @GN+ L@ -G+ By @

where a second order accurate Euler three-point backward time discretization is used. The
inviscid and viscous fluxes are linearized by:

prtl=pnidagr, pPtl=pn

and the inviscid flux Jacobean matrix defined as

_ab
Q_aé

similarly for 6’, 6‘,, and ﬁ

A finite volume approach is used in the treatment of the spatial discretization of the
fluxes. Second order central differences are used in the left hand side. A fourth order artificial
dissipation is added to the right hand side to control the undesired effect of odd and even point
decoupling characteristic of central differences.

In the present two-dimensional algorithm, the lower-upper symmetric-Gauss-Seidel
factorization scheme proposed by (Yoon, S. and Kwak, D., 1992) is used. The advantage of
this factorization is that the construction of the diagonal of the L and U matrices permits a
scalar inversion, leading to a very efficient and vectorizable algorithm. The Jacobean matrix

A=AT+ 2 is approximated by

A==1A+rA)

1
2
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where
rA) = max[ |4 (4)|]
and /1(2) is the eigenvalue of the Jacobean matrix 4. A similar procedure is applied to the

Jacobean matrix B. . . .
With these approximations the factorization matrices are given by

3 + +
L=G+MnT-A (,’«ll._l,].+3i‘j_1)
D=(%+Arr)l

3 . .
U=G+A r 1+ At (2i+1,j+ ﬁi,j-'rl)

where

r=nrd)+rB)
Equation (2) can thus be written as

L DU 80" = RHS[Eq.(2)] 3)
The solution is then obtained in three steps as follows

50" =L RHS

80" =Ds0" - @)

s0"=ul 50"

This scheme has given good results for steady flow calculations (Yoon and Kwak, 1992).
However, for unsteady flow calculations the approximation of the flux Jacobean matrices and
the linearization procedure reduce the accuracy of the time discretization. To overcome this
difficulty a procedure presented in Matsuno (1989) is introduced. At each time step a Newton-
like sub-iteration procedure is performed until convergence is achieved for each time step,
while maintaining the unsteady form of the governing equations in the RHS of the algorithm.
The idea of sub-iterations is that the governing equations may be iterated in pseudo time for
each physical time-step; at convergence of the pseudo time iterations (sub-iterations), the
linearization and factorization errors go to zero, and the full temporal accuracy of the
numerical discretization is recovered. This can be obtained by adding a pseudo time derivative
of the dependent variable vector to Eq.(1) and using a backward first-order accurate time
difference formula to discretize the pseudo time derivative. Applying an Euler implicit
scheme at the (n+1) time level, it may be written in difference form as

3
LD'USY"Y =5 (0" - 0"+ RHS of Eq. (2)
v=0,1,2,3,..

where
SOV = Qn,v-l'l oY

here v denotes the pseudo time level. For v=0, 'V = ', and the algorithm reduces to the
steady state formulation of Yoon and Kwak (1992). At convergence of the sub-iteration
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procedure 80’ Y — 0 and the accuracy of the solution at each time step is the accuracy of the
discretized unsteady governing equations. The solution is obtained in three steps, given by

50" =L"1 RHS
SQ“ = D BQ‘
spv=uls50"

For the steady flow problem only a single time-level sequence is used. As discussed above,
the iterations for the unsteady problem are conducted in both physical time and pseudotime
using the same numerical method.

3. RESULTS

The geometry of the spike-nosed body is formed by a truncated cone with nine degree half-
angle and a 0.038]1 m hemisphere-cylinder nose. The flow conditions for these computations
are free stream Mach number of 3.0, stagnation temperature of 310.8 K, and unit Reynolds

number of 7.87x106/m. The numerical grid, shown in Fig. 1, is formed by 121x81 grid points
in the stream-wise, and radial directions respectively, with clustering in the regions of large
flow gradients and close to the body surfaces. The computed results are compared with
experimental data (Calarese and Hankey, 1983) in the form of power spectral densities of
pressure time history sampled at the body's frustrum. In Figs. 2 and 3 the computed pressure
and Mach contours for four instants in time are presented to illustrate the oscillatory behavior
of the flow. At the first instant, time ¢{, a strong bow conical shock convects downstream

towards the body's shoulder. As this shock structure convects downstream it intersects a quasi
normal shock near the body's shoulder , instant 77. It then eventually interacts with the body's

TN
T

|

1

1lf

Figure 1. Numerical grid, 121x81 grid points.
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shoulder and causes a pressure wave to be reflected upstream. This reflected pressure wave
causes the shock structure to move upstream, instant 73, and with its movement a pressure

relieving effect originates in the shoulder region, instant 74. The reduction in pressure in the
region between the body and the shock structure induces the downstream movement of the
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Figure 2. “Instantaneous pressure contours for Spike-Nosed body solution.
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Figure 3. Instantaneous Mach contours for Spike-Nosed body solution
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Figure 4. Pressure time history.

shock structure, and the cycle is repeated in a periodic fashion.
Figure 4. displays the pressure time history sampled at the body’s frustrum close to its

shoulder. It can be observed that the periodic variation emerges roughly after about 0.0022
seconds time lapse. The oscillatory behavior persisted thereafter and maintained its amplitude

A Calarese®
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Figure 5.  Spike-nosed body spectral power estimate.
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and wave form without a dramatic damping or decaying being recognized. after the transients
of the solution initialization are surpassed

Computed spectral power estimates of pressure time history, obtained by applying the
MEM, are compared with experimental data for two time intervals, Az = 0.3946 and 0.7892
sec in Fig. 5. The results of computations with the small time step predict the first nine
frequency modes in very good agreement with the experimental data. The amplitudes of the
first five modes, where the power spectral density is defined as:

PSD =20 log] 0 ( ‘;’{‘;e"] (5)

where p() is the stagnation pressure behind a normal shock, are in good agreement with the

experimental data. The computed amplitudes for the sixth, eighth, and ninth, modes do not
show the same good agreement. Nevertheless, the experimental trend where the even-odd
amplitudes exhibit different levels of decay is well captured. The computations with the larger
time step, twice the smaller one, show good agreement only for the first three modes.
However, as the frequency level increases it loses accuracy or does not resolve the modes.
This illustrates that although the code is robust enough to solve the problem with a large time
step, the physics of the problem is what dictates the size of the time step, and care must be
taken in the determination of the physical time step.

4. CONCLUSIONS

The flow field over a spike-nosed body was numerically simulated by solving the time
dependent Navier-Stokes equations. The implicit algorithm employed resulted very robust,
allowing the time step to advance the solution be dictated by the physics of the problem. Self-
sustained oscillations were observed in the numerical simulation reproducing the oscillatory
motion observed in the experiments. The numerical solution predicted accurately the
frequency of oscillations and amplitudes of the fundamental modes of oscillation. The present
work demonstrated the ability of the present numerical algorithm to study unsteady flows.
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Abstract

The use of thermal energy as a means of enhancing flight performance of blunt bodies at hypersonic
speeds is investigated. The “Directed-Energy Air Spike” (DEAS) inlet concept proposes the beamed transmission
of concentrated energy forward of a moving vehicle in order to change the bow shock configuration from a
detached normal (strong) shock wave to an oblique, parabolic-shaped (weak) shock wave. This new approach
provides low aerodynamic drag and heating, or also deflects the oncoming air into an annular hypersonic inlet.
The compressed inlet air can either be accelerated to produce thrust or decelerated to extract onboard electric
power. A 6-in. diameter blunt body model was fabricated and pressure transducers are installed at its surface and
equipped with 6-in. long slender plasma torch at the stagnation point. This model has been installed in the RPI
24-in. diameter Hypersonic Shock Tunnel and used to test the Directed-Energy Air Spike concept. Pitot pressures
have been measured at the maximum diameter annular region of the blunt body. Surface pressure and pitot rake
pressure surveys as well as the Schlieren photographs will be presented for Mach number 10 with 15-25 kW
power at the tip of the spike

Keywords
Directed-Energy Air Spike (DEAS), Hypersonic Flows, Hypersonic vehicle

1. INTRODUCTION

In an attempt to travel at ever increasing velocities in an efficient manner, Myrabo and
Raizer (1994) have recently proposed the “Directed-Energy Air Spike” (DEAS). The DEAS
inlet concept enables active control of external aerothermodynamics for an advanced
hypersonic transatmospheric vehicle by replacing directed energy for mass, conventionally in
the form of a sharp nosed structure.

One major advantage of the directed-energy air spike over a solid mass spike is that it
has no weight. In addition, the propulsion system design of a transatmospheric vehicle using
the DEAS inlet presents two more advantages: 1) employs a detached parabolic bow shock
wave to contain a rarefied, “hot air pocket” that substantially reduces the flow Mach number
impacting the vehicle forebody; and 2) directs the incident hypersonic air flow toward the
periphery of the craft where the annular inlet of the magnetohydrodynamic (MHD) slipstream
accelerator is located.
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The directed-energy air spike in front of a craft may be created by a shock wave
propagating from a weak laser-supported detonation (LSD) wave. The pressure at the LSD
wave front, being higher than atmospheric pressure, deflects the incident air flow from the
axial direction and forces it to flow over the spike to the periphery of the craft (Figure 1).

The feasibility of transatmospheric flight is limited by phenomena such as
aerodynamic drag and heating, as well as related thermal management problems. Traditional
blunt nosed hypersonic vehicles generate a strong detached, normal shock wave in the nose
region, which produces a high aerodynamic drag and low aerodynamic heating. On the other
hand, a traditional slender body with a sharp leading edge produces a conical, weak attached
shock wave (with low drag), but significant heating is created at the tip of this forebody .

; To resolve these difficulties, an efficient

Do | transatmospheric hypersonic vehicle design has to
* P2 | s suwrormen combine a low drag coefficient (to maximize the net
3 | / DETONATION (LED) WAVE . .
e propulsive thrust) with low heat transfer rates (to
coonsssonagran f |/ A1\ csugmscrwaz | Minimize thermal protection system mass).

One lightweight alternative to carrying
structural mass to induce oblique shocks that reduce
aerodynamic drag and heating, was proposed by
Weraror | several authors in the late 50's and early 60's: i.e.,
slender protruding spikes (Bogdonoff and Vas, 1959
and Crawford, 1959).

The new approach of the “directed-energy air
spike” inlet (Myrabo and Raizer, 1994) proposes the
use of beamed eletromagnetic power to accomplish the
same functions. The DEAS concept eliminates the
need to carry the structural mass associated with a
physical solid spike while at the same time enjoying
the advantages of having one. The directed-energy air spike inlet creates a detached oblique
(parabolic-shaped) shock wave that provides three basic functions: a) decrease in the
aerodynamic drag; b) decrease in heat transfer rates, and; c) deflection of the oncoming air
into an annular hypersonic inlet. This inlet air can either be subsequently accelerated by an
MHD slipstream accelerator to produce thrust, or decelerated to extract onboard electric
power.

X

Figure 1. Direct-Energy Air Spike inlet concept.

The vehicle geometry in Figure 1, consists of a ‘double Apollo disc’, wherein the
upper and lower contours are identical and are scaled directly from the Apollo command
module’s lower heat shield. A physical spike is used in the present investigation to inject the
power necessary for running the “directed-energy air spike”. This simplifies the experimental
apparatus. A 6-in. diameter model of the vehicle was constructed, equipped with a 6-in. long
slender plasma torch to heat the incident Mach number flow in the RPI 24-in. diameter
hypersonic shock tunnel (Minucci and Nagamastu, 1993).

Without the plasma torch, the model is a simple blunt body in hypersonic flow. Note
that the experimental model apparatus used herein to investigate the DEAS concept, is simply
a spiked blunt body in hypersonic flow, when plasma torch is not supplied with either electric
power as cooling gas. Bogdonoff and Vas (1959) experimentally studied the such flowfields
around flat-faced and hemispherical-nosed axisymmetric bodies at a Mach number of about
14 in helium flow. They found that forebody pressure levels decreased by an order of
magnitude and the heat transfer fell to a fraction of what it was without the spike.
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Crawford (1959) has confirmed the above observations. He also concluded that the
physical spike reduces the drag-to-heat transfer ratio, thus compromising the use of such an
artifact for reentry flight where a high drag-to-heat ratio is necessary.

Computational investigations have simulated flow phenomena over spiked
hemispheres at Mach 7 and Mach 6.8 by the use of a TVD scheme (Kubota et al., 1994, and
Fujita and Kubota, 1992). The pressure results agree very well with the experimental data.
Recently, Yamauchi et al. (1995) numerically simulated the supersonic flow over a spiked
blunt body and found that the drag was reduced when compared to the blunt body with no
spike. These researchers characterize the flowfield by a conical shock wave from the tip of the
spike, a separated region in front of the blunt body, and the resulting reattachment shock
wave, as shown in the Figure 2.

The present model of the plasma torch with gas flowing
inside the spike but no power at the tip of the spike, will
produce a flowfield which is formed by exhausting an
underexpanded sonic jet in a direction opposite that of the
hypersonic mainstream. This flowfield, was studied by Moraes
(1985).. The pressure distribution indicates that the jet works as
an aerodynamic spike (in analogy to a solid spike). It produces a
reduction of the static pressure on the body front surface by
inducing a flow separation, and so reduces the drag of the body,
due to reduced dynamic pressure in the separated flow.

When the plasma torch on the DEAS model is operating,
the arc at its tip is simulating the breakdown of air and
subsequent blast wave caused by the focused microwave or laser
energy. By comparing the two flowfields (i.e., resulting from the unpowered spiked blunt
body, and the powered blunt body), the effect of the heat addition may be determined.

A theoretical approach to optimizing DEAS/vehicle integration is reported by Myrabo
et al. (1994). The analysis determined the flow conditions inside the directed-energy air spike
and enabled a heat transfer analysis to be performed.

' An experiment (Marsh et al. 1996) was
conducted in the RPI 24-in diameter hypersonic
shock tunnel with an axisymmetric 6-in. diameter
blunt-bodied model, equipped with a 6-in. long
electrically-heated plasma torch to verify the
theoretical directed-energy air spike concept (Myrabo
and Raizer, 1994), at Mach 10 flow with a stagnation
temperature of 800 K. The Schlieren photo in Figure
3 proves that the bow shock wave is substantially
deflected from a conical into a parabolic shape, when
heat is added.

Figure“l Spiked blunt body flow.

Figure 3. Schlieren photo with powered torch.
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Next. the 6-in. diameter blunt body model was equipped with pressure transducers and

re-installed in the hypersonic shock tunnel. Figure 4.
The flow field and the pressure distributions over the
model were determined for Mach number 10 flow
and a stagnation temperature of about 1000 K, with
and without the arc discharge. Schlieren photographs
revealed the shock wave and separated shear layer, as
created by the Air Spike (Diaz et al. 1996). Toro et
al. (1997) extended the previous work to higher
. Mach numbers (Mach numbers of 10-20).

Sie The surface and the pitot pressure

Figure 4. Photo of the model with the plasma torch. experimenlal data for Mach number flow 10 are
presented using 15 kW and 25 kW at the tip of the spike. The purpose of this experimental
investigation is to show the change of oblique weak shock to parabolic shape weaker shock.

2. EXPERIMENTAL APPARATUS

The test apparatus was designed to simulate the effects of a directed-energy air spike
with an electrically-heated plasma torch, and to enable the measurement of pressure drag
reductions across a blunt Lightcraft forebody at hypersonic speeds. This pressure data was
simultaneously obtained in two regions: across the Lightcraft forebody surface, and within the
outer annular slipstream region (which comprises the external compression air inlet for the
Lightcraft’s engine).

Lightecraft Model and El‘eCIricallv-heated plasma

The same Lightcraft model used in the earlier works (Marsh et al. 1996, Diaz et al.
1996 and Toro et al. 1997) was employed for this investigation. Piezoelectric pressure
transducers were installed into the above mentioned regions, in order to quantify the
aerothermodynamic effects of the Air Spike phenomena.

The first region comprises the Lighteraft forebody (i.e., stagnation surface) where
static and stagnation pressure data were first measured for the torchless Lightcraft model.
Next static pressure data was obtained for the Lightcraft model fitted with the plasma torch
(Figure 5).

When the model was tested as a blunt body with no spike,
eight piezoelectric pressure gauges were used to measure the
[ ] static pressure along the frontal surface. The pressure gauge at the
: central stagnation point was installed only when the model was
. not fitted with the torch. Therefore, when the Lightcraft model
was tested under the Air Spike configuration, seven pressure
I gauges were used. Additional pitot pressures are taken within the
annular air inlet region of the Lightcraft. As mentioned above this
slipstream annulus region is located just outside the Lightcraft
model’s perimeter.

Fig. 5. Model with torch installed.
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The stagnation point of the Lightcraft model was fitted with an electrically-heated
plasma torch measuring 6-in. long and 0.25-in. external diameter. The torch is fitted with an
axial tungsten cathode and a cylindrical copper anode; both are insulated by a short annulus
made of Macor (Figure 5). The plasma torch is designed for a choked airflow existing at the
tip, in order to prevent ‘arc blow-back’ during the hypersonic test.

The high current discharge across the torch

anode/cathode gap is generated by a Miller model
SRH-333 portable, direct-current welding unit. This
unit uses magnetic relays and rheostats that vield
noticeable start-up transient behavior, at time scales
long compared with the hypersonic flow run time.
Therefore, it was necessary to momentarily short-
s | 5 ] circuit the current before energizing the plasma
torch. Figure 6 shows the plasma torch circuit, a
: brief description of it can be found in the previous
Y P S— proof-of-concept work (Marsh et al. 1996).

RPI 24-in. Hypersonic Shock Tunnel

The RPI 24-in. diameter Hypersonic
- - | ] Shock Tunnel, Figure 7. was used to obtain
e S P,-E/// . the Mach number 10 flow for the present

]| ‘ experiment. It was designed, built and used

— |/ testsection .
- \\"’EL : at the General Electric Research and

0 i | Development Center and was subsequently
£ — ) donated to RPI. Minucci (1993) describes in
@l \_ " detail the five components of this facility: the
| — driver tube section, the DDS (Double
Diaphragm Section), the driven tube section,
the nozzle, and the dump tank. The facility 1s

Figure 7. RP1 24-in. Hypersonic Shock Tunnel.

capable of generating reservoir enthalpies up
to 6.5 MJ/kg when operating in the equilibrium interface mode with helium in the driver
section. The driver tube contain the high pressure expanding gas, ps. Air or Helium was used
for the present experiment.

The driver and driven tubes are separated by a double diaphragm section (DDS). This
section houses one diaphragm at either end. The DDS section controls the rupture of the
diaphragms that initiate the shock wave. Stainless steel diaphragms are used to separate the
driver and driven gases.

For the present investigation, the driven tube was pressurized to about 14.6 psia (p»)
for low Mach number 10. In addition, this section contains the ports for the instrumentation
used to analyze the flow, as well as a clamping section that holds a third diaphragm which
separates the driven tube from the nozzle and dump tank section. This diaphragm allows the
dump tank to have a pressure several orders of magnitude lower than the pressure in the
driven tube (p;), facilitating flow establishment in the hypersonic nozzle. Aluminum
diaphragms were used in the clamping section.

A 15-degree half angle conical nozzle is attached at the end of the driven tube and
protrudes inside the dump tank. By using different nozzle throats located in the clamping
section, the nozzle area ratio can be varied, to produce nominal Mach numbers from 8 to 25.
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The 5-ft. diameter. 200-cubic foot dump tank serves as a large vacuum tank which
houses the test section with the model. Two windows in the test section allow flow field
visualization via a single pass, spark gap light source Schlieren system located adjacent to the
exterior of the dump tank.

Several shock tube conditions are monitored in order to determine free stream
conditions of the nominal flow Mach number. This data is subsequently transmitted to two
RPI-developed flow programs: one to determine reservoir conditions in the reflected region of
the driven tube: a second program to use these reflected conditions, and the measured free
stream pitot pressure, in order to determine free stream flow parameters. These programs were

developed for the RP1 Hypersonic Shock Tunnel by Minucei (1991).

The shock tube parameters that are measured are: 1) the elapsed response time
between two heat gauges; 2) reservoir pressure PS5 located at the position of the nozzle
entrance at the end of the driven tube: 3) reservoir/reflected pressure transducer P2P35 located
upstream from the aluminum diaphragm; and 4) the free stream pitot probe in the test section
located at the same planar position as the stagnation point of the Lightcraft plasma torch.

Shock tube and free stream data as well as Lightcraft and pitot rake pressure data is
collected with an 18 channel Tektronix Testlab 2520 Data Acquisition System. Data to
determine the arc power is collected with a separate Nicolet digital oscilloscope, in order to

avoid electromagnetic interference between the high noise arc welding supply current and the
pressure transducer signals.

3. RESULTS

- - The present experiment was conducted at free
; stream Mach number 10 for the following
configurations: a) blunt body with no spike; b) spiked
blunt body with no gas (inside de spike), ¢) spiked
blunt body with cooling gas flowing in a direction
opposite that of the hypersonic flow, and d) spiked
blunt body with cooling gas and heat at the tip by arc.

STAEAM IMPACT PHESSURE

BT

P Ve —.— &4 ¥ | In'b’and ‘c’ cases no power is supplied at the plasma
J‘(: \| | torch. The arc power ranged from 15 to 25 kW, with
'.-' . | mass flow rates of air through the torch tip between

—_— ~ }| 0.15and 0.20 g/s for Mach number 10 flow.

be  se  os vee 1) When the bare 6-in. diameter model (i.e.,

Figure 8. Pressure at blunt body surface. with no spike) is tested in the 24-in. diameter
hypersonic shock tunnel, the experimental results

were found to agree very well with the analytical results from modified Newtonian theory.

Also, the Schlieren photo for Mach number 10 flow shows that the shock is symmetrical, and

the stand-off distance of 0.8 cm agrees with theoretical calculation, (Figure 9);

200




Figure 10. Schlieren photo for spike with no gas flow

Figure 9. Blunt body Schlieren photograph.

2) When the model 1s fitted with the
powerless torch, the flow field is very similar to
the well known spiked blunt-body experiments in
which a conical shock structure is attached to the
tip of the torch. The Schlieren photo in Figure
10, reveals the location of the reattachment point,
and the oblique shape of the shock wave;

3) When mass (cooling gas flowing in a
direction opposite that of the hypersonic tlow) is
injected through the powerless torch at Mach
— : N - number 10 flow. note from the Schlieren photo in
Figure | 1. Schlieren photo for spike with gas flow. i ) _

: Figure 11 that the shear layer becomes turbulent,

but the position of the bow shock wave is not substantially changed.

Figure 12. Schlieren photo for power on [5kW. Figure 13. Schhieren photo for power on 25kW

4) Adding heat, 15 kW power, at the torch tip deflects the incident shock wave away
from the periphery of the lightcraft but it remains turbulent as the spiked blunt body with gas
flow, Figure 11. Increasing the heat to 25 kW deflects the incident shock wave away from the
rim of the blunt body more but the flow becomes more stable than 15 kW. When arc power is
limited to between 15 kW and 25 kW (Figure 12 and 13 respectively), with mass flow rates of
air through the torch tip between 0.15 to 0.20 g/s the shock wave remains oblique. This
increases the static pressure, Figure 8, at the same lightcraft surface position (r/R=0.93) where
the surface pressure is maximum for the unpowered torch configurations. and finally.

5) When 34 kW is added (Marsh et al. 1996) to the flow by powering-up the torch,
the attached shock wave becomes parabolic in shape and the flow becomes completely stable



Directed-Energy Air Spike Inlet at Mach 10 with 15-25 kW

Minucci, M.A.S., and Nagamatsu, H.T., “Hypersonic Shock Tunnel Testing at an Equilibrium
Interface condition of 4100K.” Journal of Thermophysics and Heat Transfer, vol. 7. 1993, pp.
251-260.

Moraes Jr., P. and Ganzer, U., “The Flowfield of a Sonic Jet Exhausting against a Supersonic
Flow,” VIIIl COBEM, pp. 113- 115, Brazil, Dec. 1985.

Myrabo, L. and Raizer, Yu. P., “Laser Induced Air Spike for Advanced Transatmospheric
Vehicles,” AIAA-94-2451, June, 1994.

Myrabo, L., Seo, J., Head, D., March, J. and Cassenti, B., “Thermal Management System for
an Ultralight Microwave Propelled Transatmospheric Vehicle,” AIAA 94-2924, Jun. 1994,

Toro, P.G.P.; Myrabo, L.N. and Nagamatsu, H.T., “Experimental Investigation of Hypersonic
Directed-Energy Air Spike Inlet at Mach 10-20." AIAA 97-0795, Jan. 97.

Yamauchi, M., Fujii, K., and Higashino, F., “Numerical Investigation of Supersonic Flows
Around a Spiked Blunt Body,” J. of Spacecraft and Rockets, vol. 32, no. 1, Jan./Feb. 1955.



Tema 33

Escoamentos em Meios
Porosos



‘ s UN
r q@\pl ;S‘,? XIV Brazilian Congress of Mechanical Engineering
. & ¥ i rji'

Obeid Plaza Hotel Convention Center - Bauru - SP/Brazil

F th
"’P',ﬂ" Q-u' December 08-12" 1997

PAPER CODE: COB1093

RECONSTRUCTION OF 3-D PORE STRUCTURE BY THE
TRUNCATED GAUSSIAN METHOD USING FOURIER TRANSFORM

LIANG ZHIRONG, CELSO PERES FERNANDES, FABIO SANTANA MAGNANI & PAULO CESAR
PHILIPPI

Laboratorio de Meios Porosos e Propriedades Termofisicas de Materiais

Departamento de Engenharia Mecanica, Universidade Federal de Santa Catarina

88040 - 900 Florianopolis, SC, Brasil - E-mail: liang@Impr.ufsc.br

Abstract

The purpose of reconstructed porous medium is to simulate invasion processes of fluids and determine important
petrophysical and reservoir engineering properties such as permeability. capillary pressure and relative
permeability curves. In this paper. we improve the truncated Gaussian method for reconstruction of porous
media using Fourier transform. The method is based on the idea that an arbitrary complex pore structure can be
described by the values of a phase function at each point in the porous media. If the pore structure is statistically
homogeneous. it can be described by the porosity and correlation function, which are measured from 2-D
binarized image of thin section of the sample. If correlation function of Gauss field is positive-definite,
corresponding Gauss field can be found. Since Fourier transform of correlation function is power spectrum of the
field and the phase angle does not affect the correlation structures. then the Gauss field can be generated by
using Fourier transform. An algorithm. which 1s a nice split-radix. n-dimensional and fast-Fourier transform is
used. At last. the 3-D porous media are generated using the truncated Gaussian method. The result for
Fontainebleau sandstone shows that the porosity and correlation functions reproduce well.

Keywords
Porous media: reconstruction: 3-D pore structure: image analysis: Fourier transform

1. INTRODUCTION

The general objective of reconstructed porous media is to mimic more closely the
geometry of real media. This reconstruction process is attractive for a number of reasons. The
most important is the versatility of the process since it allows the combination of many
different structures. The other advantage is that the method enables us to create numerical
samples with the desired properties. This method has been applied to previously the
prediction of important petrophysical and reservoir engineering properties, such as
permeability (Adler er al., 1990) and formation factor (loannidis et al., 1995) with reasonable
success. The information on the porous medium is obtained from the optical analysis of the
structure. This method has been applied mostly to geological macroporous media (sandstones)
with a characteristic length scale ranging from 0.1 to 10 mm, but can also be applied to
macroporosity of packed columns, and in principle to microporous materials. Joshi (1974),
Quiblier (1984), Adler er al. (1990) and Fernandes (1994) have extensively studied this
operation. A random and discrete binary field Z(x) can be devised from a independent
Gaussian field X(x), which passed through a linear filter to yield a field Y(x) from X(x) and
then a nonlinear filter to generate Z(x). By assuming homogeneity and isotropy, 3-D pore
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structure can thus be constructed from 2-D porous sections, conserving the first and second
moments, i.e., porosity and correlation function. Another way to carry out linear filter is to
generate Y(x) from X(x) using Fourier transform (Adler, 1992). From a computational point
of view, the use of the fast Fourier transform algorithm, instead of laborious solution of
nonlinear equation, makes the Fourier transform superior to linear filter method. Application
of the Fourier transform method in 3-D is, however, restricted by resident memory
requirements. loannidis et al. (1995) combined the two methods to generate porous media of
the larger sizes. Yao et al. (1993) compared the moments of order larger than two of the phase
function for real and reconstructed porous media. For a particular 3-D sample it is shown that
the so-called reconstructed medium lies very close to the real material as regards its spatial
porosity distribution up to and including four-point correlation functions of phase function
representing the distribution.

To overcome above problems, existence theorem (Papoulis, 1965) provides an alternative
of generating normal field. The truncated Gaussian method by using Fourier transform is
proposed in this paper. The difference between this method and the previous one is that we
directly generate the Y(x) from its correlation function Ry(u). This method does not need the
linear filter and so avoids solving the nonlinear equations. Using the fast Fourier transform
makes this algorithm more efficient. On the other side, the independent Gaussian field X(x) is
not needed. It reduces the resident memory requirements of computer. Therefore, both
operating time and computer memory requirements are improved. This 1s the advantage of the
truncated Gaussian method by using Fourier transform. When the reconstructed porous
medium is generated, the transport process such as invasion process of fluids can be simulated
and macroscopic properties such as permeability, capillary pressure and relative permeability
curves can be determined (Adler, 1992; Fernandes, 1994; Magnani, 1996: Liang, 1997).

2. THE TRUNCATED GAUSSIAN METHOD BY USING FOURIER TRANSFORM

2.1. Basic Concepts

According to the existence theorem of the stochastic process (Papoulis, 1965), given a
positive-definite function R(u), i.e., its Fourier transform is positive, we can find a stochastic
process having R(u) as its correlation function. This theorem is usually established by
constructing a normal process with R(u). In order to generate 3-D discrete pore structure, we
need some definitions. The pore space of a porous media can be characterized by the phase
function Z(x) as follows:
Z(x) ={ I when x belongs to the pore space

0 otherwise

The porosity &, the correlation function C(u) and the normalized correlation function Rz(u)
can be defined by the statistical average (which will be denoted by an overbar):

(1)

g= Z(X), (2)

C(u)= Z(x) Z(x+u) . (3)

Ry(u) = [Z(x)—g}.[Z{jx-q-u)—a]’ 4)
(e—%")

The purpose of the present work is to generate a three-dimensional random porous
medium with a given porosity and correlation function. Equivalently, the idea is to generate a
random function Z(x) that is equal to zero in the solid phase and to one in the pore phase. Z(x)
must verify the two average properties. Porosity is a given positive number smaller than 1.
Rz(u) is a given function of u that verifies the general properties of a correlation function but
is otherwise arbitrary.

2
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The subsequent analysis 1s restricted to homogeneous media, where the statistical
characteristics are assumed to be independent of position x in space. Because of homogeneity.
the porosity is a constant and Rz(u) only depends upon the vector u: that is, each is
independent of position x. Moreover, when the porous medium is isotropic, Rz is a function
only of u=|u|, and not of the direction of u: i.e., Rz(u)= Rz(u).

Several methods exist to generate discrete random variables that verify Eq. (2) - (4). Here
truncated Gaussian method by using Fourier transform is proposed and discussed in the next
sections.

2.2. Generation of Gaussian field

Adler et al. (1990) and Fernandes (1994) generated the isotropic media by a simplified
version of an algorithm presented by Quiblier (1984) for general 3-D porous media. This
algorithm was itself an extension of a 2-D scheme devised by Joshi (1974). A random and
discrete field Z(x) can be devised from a independent Gaussian fields X(x) when the latter is
successively passed through a linear and nonlinear filter. The random variables X(x) are
assumed to be normally distributed with a mean equal to zero and a variance equal to one.
The vanables are independent. A linear operator can be defined by an array of coefficients

a(u). where u belongs to a finite cube [0, Lc]” in Z'. Outside this cube, a(u) is equal to
zero. A new random field Y(x) can be expressed as a linear combination of the random
variable X(x):
¥Yix) = z a(u) X(x,), ()]
wel0.Le ]
where the translated vector x, is defined modulo N for each of its component and N is the side
size of reconstructed porous medium. The correlation function Ry(u) of Y(x) is seen to be
Ry(u) = Z By Boia s (6)
rsae[0.Le)]
where u+r is determined mod N. The difficult of above linear filter is to get a(u) by solving
the Eq. (6). that is a nonlinear equation system. For Lc larger than 32, it was long, difficult
and sometimes impossible (Adler. 1992). Adler (1992) proposed a version using Fourier
transform. From a computational point of view, the use of the fast Fourier transform
algorithm. instead of laborious solution of nonlinear equation, makes the Fourier transform
superior to the above method. Application of Fourier transform to the Eq. (5) i1s, however,
restricted by resident memory requirements because there are three variables and Fourier
transform of each variable needs complex variable. To overcome above problems, existence
theorem provides an alternative of generating normal field. For a normal field, the correlation
function is equal to the normalized correlation function. So we will not distinguish them in
this paper. Given a positive-definite function Ry(u), we can find a stochastic process Y(x)
having Ry(u) as its correlation function.
By definition of Fourier transform

Ry(u) < power spectrum (Gonzalez and Wood, 1992) and the
Wiener-Khinchin theorem, the Fourier

transform of the correlation function of a

U field also is its power spectrum, which 1s

the square of Fourier transform of the
field. Therefore, if the correlation function
of an arbitrary field is known, one can use
Fourier transform to generate this field
. . . _ Y(x) with the same correlation function
Figure 1: Basic relations among stochastic

process, correlation function, power spectrum (Pardo-lguz‘tqmza and Chlca-O.]mD,. 1993).
and Fourier spectrum. These relations can be shown in Figure 1.

Y(x) < Fourier spectrum
phase angle
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In this way, we first generate the Gauss field Y(x) directly from its correlation function. then
use the truncated method to generate Z(x), which is the same with nonlinear filter.

To generate Y(x), the Fourier spectrum cannot be random but it can be related to the
spectral density which depends on the correlation model Ry(u) that we wish to impose on
realization and can be calculated from Rz(u) of the sample. The phase angle does not affect
the correlation structures, then it can be taken at random from a uniform distribution between
0 and 2 7 . In this way we construct the complex Fourier spectrum. The Fourier transform of a
real function is Hermitian function. Then, the complex coefficients F(u,v,w) must be
Hermitian, this is even real part and odd imaginary part. By calculating the inverse Fourier
transform of the complex coefficients, the Gauss field Y(x) is obtained with the specified
correlation model.

Since the random variable Y(x) has a standard normal distribution (with a zero mean and
a variance equal to one), its normalized correlation function is the same with its correlation
function and its distribution function P(y) is given by the following:

P(y) = J—j exp(- y*/ 2) dy, (7)

2.3. Generation of binary field

To extract Z(x) from Y(x), one applies a nonlinear filter G, that is, the random variable Z
is a deterministic function of Y (Adler er al., 1990):
Z=G(Y). (8)
When G is known, the statistical properties of the random field Z can be derived from the
properties of Y.
The deterministic function G is defined by the following condition. When the random
variable Y is equal to y, Z takes the value z:

[ 1 if P(y)<e

= . (9)
| 0 otherwise
Rz(u) can be expressed as a series in terms of Ry(u):
R(uw= a2 RU(u). (10)
m={
where the coefficients a,, are given by
| o ¥
am=——-—j_a{y)e- “H, (y) dy, (1)
V2 nm! 7"
together with
e—1 i
ay) =—— if P(y) <e, (12)
Je (1—¢g)
€ .
ay) =—— if P(y) > . (13)
Je(l—g)
The Hermite polynomials Hy,(y) 1s defined as follows:
Hu(y) = (=)™ &7 —¢? (14)

dym
When one wants to simulate a given porous media, the first problem is the determination
of the correlation function Ry(u). When the porosity is given, the correlation function Ry(u)
can be derived from Rz(u). Once Ry(u) is calculated, porous media can be simulated by
directly using the Fourier transform and nonlinear filter, and their general properties can be
examined critically. Arbitrary samples of porous media can be reconstructed possessing the
same porosity and correlation function.
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2.4. Reconstruction process of 3-D porous media

It we want to generate a NyxN,xN, cube from known porosity and correlation function,
the reconstruction process of 3-D porous media by using Fourier transform method (Liang,
1997) can be concluded as follows:

(1) Measurement of porosity € and normalized correlation function Rz(u):

The porosity £ and normalized correlation function Rz(u) is obtained from the image of
thin section of the sample using Fourier transform.
(2) Calculation of Ry(u) from the measured Rz(u):

Ry(u) is determined numerically as follows (Adler ez al., 1990): The series in Eq. (10) is
limited to a maximum value m=M. Our data were obtained with M=30 for Ry <0.9. For
Ry>0.9. the following approximate equation is used in order to get good precision of Ry.

Rz=1=P (1-Ry)> (15)
where 3 is the coefficient which is calculated from Ry=0.9. The integral in Eq. (11) is
evaluated for y ranging from -10 to +10.

(3) For the 3-D case, Ry(i,).k) is obtained from Ry(u) as follows:
N

|
5

N ——————s
+0<)< 7" 0<k g%. Ry(i,j.k) = Ry(u) if 4/i" + j~ +k~ = u . Otherwise

the symmetric properties of correlation function is used due to the isotropic property.
(2) Power spectrum:

By definition, the power spectrum is the Fourier transform of the correlation function. In
order to get the power spectrum, an algorithm, which is a nice split-radix, n-dimensional and
fast Fourier transform by Singleton (1969), is used to calculate the Fourier transform of
Ry(1,.k).

(3) Fourier spectrum:

The Fourier spectrum can be obtained from the power spectrum, which is the square root
of power spectrum.
(4) Phase angle:

The generation of phase angle is taken at random from a uniform distribution between 0
and 2 7. We first generate random variables uniformly distributed between 0 and 1 by a
random generator (Press er al.. 1986). Then phase angle is equal to product of them and 2 7.
(5) Complex Fourier coefficients:

The Fourier transform of a real function is Hermitian function. Then complex
coefficients F(u.v,w) must be Hermitian, this is even real part and odd imaginary part. This
property has to be used to generate the complex Fourier coefficients.

(6) Inverse Fourier transform:

By calculating the inverse Fourier transform of F(u,v,w), the discrete Gaussian field Y(x)
is obtained with the specified correlation function Ry(u). The inverse discrete Fourier
transform can be rapidly and efficiently computed with the mentioned algorithm of the fast
Fourier transform.

(7) Nonlinear filter:

Nonlinear filter operation is the same with one used by Adler ez al. (1990) and Fernandes

(1994). Z(x) 1s obtained using Eq. (9).

For 0<i1<

3. RESULTS AND DISCUSSIONS

We selected a thin section of Fontainebleau sandstone GF2, which was used by Alder et
al. (1990). Figure 2 shows its photograph. Each pixel corresponds to 3.8 pum. The porosity is
(.25 and the normalized correlation function is shown in Figure 3. We have used the method
proposed in section 2 to generate 3-D porous medium for GF2 sample. One reconstructed
porous medium is shown in Figure 4. The results of statistical properties of reconstructed
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porous media are compared with the ones of
sample and obtained by Adler er al. (1990).
These are shown in Figure 5. Figure 6 and
Figure 7 show the slice display of a
reconstructed porous medium of Figure 4 by
any direction and three orthogonal directions,
respectively. Figure 8 shows two cross
sections generated by different phase angle
distributions. These images possess the similar
patterns. It looks like the same feature as the

hﬁ_‘ B % thin section of real sample (see Figure 2).

= i For a given image of the sample. the
correlation length A and length per pixel a are
Figure 2: A thin section of the Fontainebleau  fixed. When one uses the original normalized

Sandstone GF2 (Adler et al., 1990). The pore
pace appears black.

correlation function Ry(u). it is useless to take
into account every point of Ry. Usually one
point is selected every n points. Let C be the
number of points where correlation is to be
calculated in reconstructing the porous
structure, 1.e.

-

A

J

nao

Usually a cube is generated i.e., the size of
cube is N\=N,=N,=N. when one reconstructs
the porous media. Because the correlation
function 1s even, to brcvcnl any overlap

¢ between the negative and positive values of the
02+ displacement distance u through the spatial

! i N N v periodicity, N should be larger than 2 . i.e.:

€ <<N/2

i

LU

b

Rt

04

displacement. u (pixels)

Figure 3: The normalized correlation The other condition is natural to require that
function of sample. the correlation length A contains many points,
Le.:

| << |

=3
The above two conditions can be summarized up by the following inequalities:
1 << L<<N/2

The stronger these inequalities are, the better. But the increases in N require large computer
memory and more running time.

This method was also used to generate 3-D pore structure for the other porous materials
such as Berea sandstone (Liang. 1997) and lime mortar. The porosity and correlation function
reproduce well.

4. CONCLUSIONS

1. The truncated Gaussian method by using Fourier transform is proposed to generate 3-
D pore structure from 2-D image of the sample in this paper. The Gauss field Y(x) is
generated directly from its correlation function, then the truncated method is used to generate
the phase function Z(x). The porosity and correlation functions of the reconstructed porous
media are in good agreement with the ones of real sample.



RECONSTRUCTION OF 3-D PORE STRUCTURE BY...

2. The advantage of the new method 1s that it does not need the linear filter and so avoids
solving the nonlinear equations. Using the fast Fourier transform makes this algorithm more
efficient. Both operating time and computer memory requirements are improved.

3. Phase angle distributions are taken at random. They do not affect the correlation
function. Therefore, different phase angle distributions generate similar patterns of the pore
structure.

4. When the reconstructed porous medium is generated, the transport process such as
invasion process of fluids can be simulated and macroscopic properties such as permeability,
capillary pressure and relative permeability curves can be determined.

| = imple
R this work

&= Adler et al 1 1990)

desplacement, b (pisels)

Figure 5: Comparison of Rz(u) of
Figure 4: A reconstructed porous medium for reconstructed porous media with sample
sample GF2. (Sizes=30°), between this work and Adler et al. (1990).

“" i ‘;;d.
LY ‘g B

=

Figure 7: The slice display of a reconstructed
porous medium in Figure 4 by three
orthogonal direction.

Figure 6: The obligue slice display of a
reconstructed porous medium in Figure 4 by
any direction.
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seed=-100 (b) seed=-200. (Sizes 100x100).
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Abstract

The main purpose of the present work is to determine the 3-D pore structure network by using image analysis
techniques and predict the permeability of the porous rock. The skeleton of a 3-D pore structure provides a way
of visualizing the graph of the pore network. It is extracted using a thinning algorithm. which preserves
connectivity. i.c., the network and original pore structure have the same topology. It gives both visual and
quantitative information about the connectivity of the pore space. the coordination number for every node and
local hydraulic radius. Once the network of pore structure is obtained. the macroscopic transport properties of
the rock such as permeability can be calculated. In this paper, the reconstructed porous media for Berea
sandstone 1s used to extract 3-D pore network. The predicted permeability for 500mD Berea sandstone rock is in
good agreement with the experimental value and empirical correlations.

Keywords
Porous media: skeleton: 3-D pore structure: permeability

1. INTRODUCTION

The prediction of equilibrium and transport properties of porous media is a long-standing
problem of great theoretical and practical interest, particularly in petroleum reservoir
engineering (Dullien, 1992). The permeability is the most important physical property of a
porous medium in the same way as the porosity is its most important geometrical property.
Past theoretical attempts to derive macroscopic transport coefficients from the microstructure
of porous media entailed a simplified representation of the pore space, often as a bundle of
capillary tubes. These models have been widely applied because of their convenience and
tamiliarity to the engineers. But they do have some limitations. For example, they are not well
suited for describing effect of the pore space inter-connectivity and long range correlation in
the system. Network models have been advanced to describe phenomena at the microscopic
level and have been extended in the last few years to describe various phenomena at the
macroscopic level. These models are mostly based on a network representation of the porous
media in which larger pores (pore bodies) are connected by narrower pores (pore throats).
Network models represent the most important and widely used class of geometric models for
porous media (Hilfer, 1996). They are not only used in theoretical calculations but also in the
form of micromodels in experimental observations. Dullien (1992) reviewed the details of
various pore-scale processes, including detailed descriptions of many aspects of network
models. The most important features of pore network geometry and topology that affect fluid
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distribution and flow in reservoir rocks are the pore throat and pore body size distributions,
and the pore body-to-pore throat size aspect ratio and the pore body coordination number
(Ioannids and Chatzis, 1993). These data have been tentatively assumed in the previous
works. The extension of these techniques to real porous media has been complicated by the
difficulty in describing the complex 3-D pore structure of real reservoir rocks.

Information about the pore structure of reservoir rocks i1s often obtained from mercury
intrusion and sorption isotherm. Mercury intrusion and sorption isotherm data provide
statistical information about the pore throat size distribution. Advanced techniques such as
micro-computed tomography and serial sectioning do provide a detailed description of the 3-
D pore structures of rocks. These techniques are, however, expensive and not readily
available. Recently, image analysis methods used over pictures of highly polished surfaces of
porous materials (e.g., Adler er al., 1990 and Philippi er al., 1994), taken with an electron
scanning microscope have been used to describe the porous structure. One of the most
interesting results of image analysis in the study of porous structure is the reconstruction of
porous media. This method has been applied previously to the prediction of important
petrophysical and reservoir engineering properties such as permeability (Adler er al., 1990)
with reasonable success. Thovert ef al. (1993) used the reconstructed porous medium and
developed thinning algorithms to obtain the graph of the 3-D pore structure. The topological
characteristics, such as the number of loops were derived. Bakke and Oren (1996) generated
3-D pore networks based on numerical modeling of the main sandstone-forming geological
processes. The 3-D pore space network of the modeled sandstone was extracted from its
complementary mineral matrix network using 3-D image analysis techniques. It was used as
input to a two-phase network flow simulator. Absolute and relative permeabilities were
computed for a Bentheimer sandstone. However, although their algorithms worked well on
their models, the proof for a 3-D thinning algorithm to preserve connectivity is much more
difficult. Recently, Ma (1994) proposed sufficient conditions for providing a 3-D thinning
algorithm to preserve connectivity, i.e., an object and its skeleton have the same topology. It
enables the network to preserve the same connectivity with pore space.

In the present work, the 3-D reconstructed pore structure is used to extract the graph of 3-
D pore space (skeleton) by using a thinning algorithm, which preserves connectivity. Using a
thinning algorithm, the main flow path for a single flow is obtained, which is classified into
nodes and links. The local cross-sectional area and perimeter normal to the flow path in each
link is recorded to compute the local hydraulic radius. Resistance to flow is calculated by
assigning hydraulic resistance to each link. A fluid pressure is calculated at each node, and
total volumetric flux through the network is computed. Then the absolute permecability is
predicted from the corresponding network for the sample.

2. THE GRAPH OF 3-D PORE STRUCTURE

The real or reconstructed porous media are three-dimensional and possess a very
complex geometry, which is difficult to grasp either qualitatively or quantitatively. When
flow problems are considered, connectivity is important. For instance, dead ends play an
important role in diffusional processes, while being irrelevant for permeability on physical
grounds. Serra (1982) and Adler (1992) define the skeleton of the pore space as the set of
points (voxels) at equal distance from two or more points of the solid wall. The skeleton may
thus be thought as a spatial representation of the median line of pore space. This spatial
median line will contain points where two or more lines meet. These meeting points are the
network nodes, which are connected to other nodes by links.

3]
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2.1. Extraction of skeleton

The skeleton of an object is often obtained by a thinning algorithm. Thinning is a
preprocessing operation of pattern recognition since a thinned object is easier to trace and
hence is easier to recognize. Generally, thinning is a layer-by-layer erosion of an object until
only a unit-width skeleton is left. In 2-D image analysis. skeleton extraction from binary
images is carried out by means of various algorithms. Pieritz (1994) used median line graph
technique to characterize 2-D porous materials. This is not the case for the 3-D case. One
possible reason is that the proof for a 3-D thinning algorithm to preserve connectivity is much
more difficult than in the 2-D case. Thovert et al (1993) succeeded in developing a 3-D
thinning algorithm that worked well on their models. However, as discussed by Bakke and
Qren (1996), visual examination showed that in some complex voxel junctions, the algorithm
introduced artificial holes in the pore network skeleton. This can, for fluid flow purposes, be
quite catastrophic because it may result in the definition of artificial hydraulic circuits and
wrong coordination numbers for pore bodies.

A thinning algorithm should preserve connectivity, i.e., an object and its skeleton should
maintain the same connectivity structure. Ma (1994) proposed sufficient conditions for
providing a 3-D thinning algorithm to preserve connectivity. We state Ma's results as follows:

Theorem 1 A 3-D thinning algorithm preserves connectivity if all of the following
conditions hold:

Only simple points can be deleted.

If two black corners, p and q. of a unit lattice square are deleted, then {p. q} is simple.

If three black corners. p. q and r, of a unit lattice square are deleted, then {p, q, r} is
simple.

If four black corners, p, g, r, and s, of a unit lattice square are deleted, then {p, q, r, s} is
simple. ,

No black components contained in a unit lattice cube can be deleted completely.

Ma (1995) further proposed a 3-D fully parallel thinning algorithm for generating medial
taces. In this work, the above 3-D thinning algorithms are used to extract the skeleton of the
pore space, which preserves connectivity.

The skeleton gives us a simplified graph of 3-D pore structure. If one knows the 3-D pore
structure of a real or reconstructed porous medium, the real network of the medium can be
obtained. So. when using this skeleton it is not necessary to make any assumption concerning
coordination number and site and/or bond sizes, to characterize the structure, as it is usual
when working with classical percolation networks.

2.2. “Pore sizes”-hydraulic radius

For general porous microstructures, it is difficult to define “pores™ or “pore bodies”. The
reason for using the hydraulic radius ry; is that ryy is a useful measure of “‘size” in the case of
irregularly shaped cross sections. Dullien' showed that the values of reciprocal hydraulic
radius (1/ 1y ) and twice the reciprocal mean radius of curvature (2/ry,) in a capillary tube are
very approximate. Here 2/r,, is related to the capillary pressure Pg; i.e., the pressure difference
across the fluid/fluid interface of mean radius of curvature r,, in mechanical equilibrium.
Laplace’s equation gives:

s (1)

where o is the interfacial tension. For the case of nonzero contact angle 6, r, must be
replaced by R, according to the relation

R=r, cos 0. (2)
The definition of hydraulic radius ry; of a capillary is as follows:
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area of cross section (3)
d

B = : —
" length of perimeter of cross section

For the general case of irregular capillaries, the minimum value of the ratio given by above
equation must be found by varying the orientation of the sectioning plane about the same
fixed point inside the capillary. The minimum value of this ratio 1s the hydraulic radius ry; of
irregular capillary at the fixed point. Both radii r,, and ry are best suited to the case of pore
throats that control both capillary penetration by a non-wetting fluid into the porous medium
and the flow rate of fluids through the porous medium.

3. SIMULATION OF PERMEABILITY IN 3-D POROUS MEDIA

Permeability measures quantitatively the ability of a porous medium to conduct fluid
flow. The permeability is defined by Darcy’s law:

=== —. (4)

where Q is the volumetric flow rate, A is the normal cross-sectional area of the sample. L is
the length of the sample in the macroscopic flow direction, AP =P;-P> 1s hydrostatic pressure
drop. and u is the viscosity of the fluid. Darcy’s law is limited to viscous (or creeping ) flow,
Newtonian fluids, absence of physical or chemical changes due to the fluid, no slip, and
isotropic media. Q and P in Eq. (4) are macroscopic averages, measured over several pore
lengths or more. If this average is taken over a length larger than any correlation length in the
pore structure of the medium (i. e., we measure Q in a statistically homogeneous sample).
then the permeability K is a well-defined, intensive property of the rock, which characterizes
its flow resistance.

Measurement of permeability in the case of isotropic media is usually performed on
linear, mostly cylindrically shaped, “core” samples. The experiment can be arranged so as to
have either horizontal or vertical flow through the sample. Great care must be taken in every
case to prevent bypassing of the sample by the fluid. In principle, measurement at a single
steady flow rate permits calculation of the permeability from Darcy’s law.

3.1. Permeability models

Because of the laborious experimentation, it is not surprising that much effort has been
made to theoretically predict the permeability. Dullien (1992) divided permeability models
into the following types: capillaric, statistical, empiric, deterministic and network models. The
simplest approaches based on the idea of conduit flow ignore the fact that different pores are
interconnected with each other. These are called capillaric permeability models, among which
one enjoys much greatest popularity: the so-called Carman-Kozeny model. In the Carman-
Konzey theory or hydraulic radius theory, the porous medium was assumed to be equivalent
to a conduit, in which the pore space is represented as an array of cylindrical tubes. If a
probability law is used in the model, it 1s called statistical permeability model. One statistical
permeability model is called cut-and-random-rejoin-type model. It was assumed that the
fraction of the area of a section occupied by pore openings is deduced from the drainage
capillary pressure curve. The sample is sectioned into two by a plane perpendicular to the
direction of flow, and two parts are joined together again in a random fashion. The flow rate
in the capillaries is assumed by a Hagen-Poiseuille type relationship. Due to the use of
drainage capillary pressure curve, this model suffers from the shortcoming of assigning all the
pore volume to entry pores. Some of the most successful permeability models are based on
pure empiricism, even through attempts are often made to justify the good empiric correlation
by a theoretical model. The deterministic permeability model offers the ability to study the
micro-physical basis of macroscopic transport. But it is time consuming. The network models
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have been used in the last four decades. But they are all based on the some information of
pore structure, such as size distribution and coordination numbers. These data are almost
assumed in the previous works. The 3-D skeleton of pore structure provides a real network.
The hydraulic conductivity of the fluid in the network can be calculated from the local
hydraulic radius. Therefore, the permeability can be calculated from the above data.

3.2. Calculation of permeability

. The reconstructed 3-D  porous
i medium is used to predict the
' permeability. It is usually a cube with size
NxNyxN,. The x-axis of the medium is
chosen to be parallel to the direction of

; macroscopic flow. Impervious boundary
i conditions are applied to the sides of the
medium that are parallel to axes y and z.
The graph of the pore structure is obtained
by using a thinning algorithm, which
preserves the connectivity. To simplify
illustration of the process to calculate
permeability, we use a 2-D graph of the
pore space shown in Figure 1 (see also
Figure 2). To calculate the conductivity of
¥ each points of the graph and save
—r computer memory, the concepts of graph

Figure 1: A 2-D graph representation for
calculating permeability.

theory are used to describe the network.
The link and nodes of the graph are
composed of points with exactly two
neighbors and three or more neighbors,
respectively. A preferable way to describe
a graph is by specifying the set of nodes
and a correspondence that shows how the

nodes are related to each other. The degree

of a node is the number of links that

Figure 2: Simulation of fluid flow on the graph of connect it, which is also called
pore space in a porous medium, coordination number:

To compute absolute permeability,
we need to define the hydraulic conductivity of the fluid in the network. We make the
assumption that the flow is sufficiently slow for the interaction between fluids to be
neghgible. Furthermore, we make the simplification that the resistance to the fluid flow in a
pore link may be characterized in terms of an equivalent diameter dy, which is four times the
hydraulic radius ry.

dy =41 (5)
The ry; 1s calculated from cross-sectional area and perimeter normal to the flow path, which
can be represented by a parametric equation of curve. Thus, the conductivity of fluid in a pore
link, g;, is given by Poiseuille’s equation and may be written as:

e g, O d:‘ (6)
to8 |
Where w 1s the fluid viscosity and | is the length of the pore (here | =1 pixel). We also assume
that the conductivity of fluid in a node, g, is given by Poiseuille’s equation. According to the
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definition of hydraulic radius, it is the minimum, which can be obtained by the distance from
the solid. The overall resistance to flow of fluid between the two neighboring nodes i and j,
gij, 1s the sum of resistance of two nodes and the link resistance, i. e.,

1
= - ?

I
gu gl gl g|
Where g; is the conductivity of the link and g; and g; are the conductivity of two nodes. The
flow rate of fluid between the two nodes,

Qli:gll{P|“ l)|) l‘\]
Where P; and P; are the nodal pressures. Since the fluid is incompressible, flux conservation
requires that

2.Q; =0. (9

Where j runs over all the links connected to node 1. Eq. (9) together with the appropriate
boundary conditions form a complete solution to the steady flow of an incompressible fluid in
the pore network. The equations are solved using successive over-relaxation:

Z g'] P1
P=fp ==—— + (I-B) P, (10)
‘ Z. gij

Where [ is the relaxation parameter.

The absolute permeability K of the pore network is calculated from Darcy’s law by
imposing a pressure drop across the network and computing the resulting single phase tflow
rate:

k- HLQ_ p(N,-4)Q
A AP (N, -4) (N,-4) a AP

Where Q, L, A, AP is the same as in Eq. (4), a is the length per pixel and N, N,, and N, are
the side sizes of reconstructed porous medium. After the thinning operation, the sizes of the
medium are N,-4, Ny-4 and N,-4.

4. RESULTS AND DISCUSSIONS

To predict the absolute permeability for a rock sample, a graph of 3-D pore space
(skeleton) is extracted from 3-D pore structure by using a thinning algorithm, which preserves
connectivity. Using thinning, the main flow path for a single flow is obtained, which is
classified into nodes and links. The local
cross-sectional area and  perimeter
normal to the flow path in each link is
recorded to compute the local hydraulic
radius. Resistance to flow may, then, be
calculated by assigning hydraulic
resistance to each link. A fluid pressure
1s computed at each node, and the total
volumetric flux through the network is
calculated. Then the absolute
permeability is predicted from the
corresponding network for the sample.

LD

Figure 3: A binarized image of one thin sectionof ~ 4.1. Sample
500 mD Berea sandstone, which is 609 x 458 pixels

with magnification of 50 x . Each pixel is equal to F:gure 3 S_ho'.vs a bm_arlzcd image of
2.6 um. one thin section of a 500 mD Berea
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cated Gaussian method by using Fourier transform

(Liang, 1997) as shown in Figure 4. The

(13e,79)
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Figure 4: The isosurface of 3-D pore structure
after removing the isolated regions of the solid
and porous phase.

Figure 5: The graph of the reconstructed porous
medium by thinning.

Table 1: Comparison of the present result for 500mD
Berea sandstone with the experimental value and the

results estimated by empirical correlations.

K (mD)

1. K —tﬂ—)" 2 yx10' (From Dullien
- 2=45552 ' ' 560.5
1992) ¢ =0.225 and D, =31.25 um

85.63 .- ;
2. K=(——) "' (From Dullien, 1992)

i P ( " 946.5
P., =6.83 psi
3. Mendes (1997) 632
4. This work 505.9
5. Experimental value 500

graph of reconstructed porous medium is obtained by

the thinning algorithm and shown in
Figure 5.

4.2. Prediction of permea bility

When the skeleton is obtained. the
§imulali0n of flow is carried out on it. as
is shown in Figure | and Figure 2. The
permeability is calculated by using the
process described in  section 3.2

AN

Mercury intrusion and corresponding
pore size distributions from Laplace’s
equation were obtained for Berea
samples in  Brazilian  Petroleum
Company (Cenpes /PETROBRAS).
Some empirical correlations described
by Dullien (1992) were used to estimate
the permeability. Mendes (1997) used
the cut-and-random-rejoin-type model
and calculated the permeability for the
Berea sample. These values are given
and compared with our results and with
experimental ones in Table 1. It is shown
that present results are in very good
agreement with experimental ones.

5. CONCLUSIONS

I. The skeleton of 3-D pore structure is
extracted by a thinning algorithm, which
preserves connectivity. That is, it has the
same topology as the pore space.

2. The skeleton gives a real network
representation for 3-D porous medium.
The main flow path for a single flow is
obtained, which is classified into nodes
and links. The local hydraulic radius
normal to the flow path in each link can
be recorded to predict the permeability.
3. The simulation of permeability is
directly on the network. The effect of
sample size N is important as it is
directly  associated to  statistical
homogeneity of the reconstructed
structure.

4, The value of predicted permeability
for a S00mD Berea sandstone sample is

in good agreement with experimental

‘e, Pw and D, are porosity, breakthrough capillary pressure g s
results and empirical correlations.

and breakthrough diameter, respectively. These data were
extracted from a report of Cenpes/PETROBRAS.
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Abstract

This work studies a nonsaturated flow of a newtonian fluid through a rigid porous spheric matrix. using
a mixture theory approach in its modelling. The mixture consists of three overlapping continuous con-
stituents: a solid (porous medium). a liquid and an inert gas, included to account for the compressibility
of the mixture as a whole. A set of two nonlinear partial differential equations describes the problem

which is approximated by means of a Glimm’s scheme. combined with an operator splitting technique.

Keywords

Nonsaturated Flow, Mixture Theorv., Glimm’s Method

1. PRELIMINARIES

Transport phenomena in porous media have become a subject of increasing interest
nowadays mainly due to the importance attached to problems that impact the energy
self-sufficiency and the environmental state. They play an important role in countless
practical applications such as groundwater flows, oil extraction, enhanced oil recovery
processes, contamination of soils by hazardous wastes, storage of nuclear waste material
in deep earth rock layers or deep ocean seabeds and pollution movement, just to mention
a few of them.

This work presents a local model for the nonsaturated flow of a newtonian fluid
through a rigid porous sphere, based on the Theory of Mixtures, a convenient method
of modelling multicomponent systems, whose basic assumption is that, at any time, all
the constituents are present in every point of the mixture. The nonsaturated porous
medium is modelled as a mixture of three overlapping continuous constituents: a solid (a
rigid, homogeneous and isotropic porous matrix), a liquid (an incompressible newtonian
fluid) and an inert gas. assumed with zero mass density; which was included to account
for the compressibility of the system as a whole, since the mixture is compressible
but the fluid constituent is incompresssible. This model describes the dynamics of the



filling-up of a porous medium.

Additional terms, playing the role of momentum sources, absent in the classical
approach, must be considered in the balance equations. (Besides the so called darcian
term, the spherical geometry gives rise to another source term.) Assuming the porous
matrix rigid and at rest, the momentum and mass balance equations must be solved for
the fluid constituent only. No equation will be used to describe the behaviour of the
gas constituent once that its presence is only for allowing changes in the liquid fraction
(or liquid concentration). The resulting mathematical representation consists of a set
of two nonlinear partial differential equations subjected to initial data and boundary
conditions, whose unknowns are the fluid constituent velocity and the saturation.

A special numerical approach is used to simulate the radial flow throgh the porous
spherical matrix. The problem is approximated by means of the Glimm’s Scheme.
combined with an operator splitting technique, which accounts for the nonhomogeneous
part of the differential equations.

2. MATHEMATICAL MODEL:

Assuming a chemically nonreacting continuous mixture, in which the solid con-
stituent is rigid and at rest and the third (gas) constituent is inert, it suffices to solve
mass and momentum balance equations for the fluid (liquid) constituent only. The mass
balance for the fluid constituent may be expressed as (Atkin and Craine, 1976):

Bl
—b%L-FdiV(p;.-v,r:) = _ (1)

in which py is the fluid constituent mass density and v its velocity in the mixture.

The balance of linear momentum for the fluid constituent is given by (Atkin and
Craine, 1976):

8v1.‘
ot

P + (gradvp)vp| =divT g +myp + ppby (2)

where T ;- is the partial stress tensor associated to the fluid constituent, b is a specific
body force acting on it and my is a momentum interaction force, per unit volume.
acting on the fluid constituent due to its interaction with the remaining constituents of
the mixture.

Defining the saturation v as the ratio between the fluid fraction ¢ and the porosity
it may be expressed as:

b st = R 0 < ¥ <1 everywhere (3)
£

where p is the actual mass density of the liquid (regarded as a single continuum) pj is
the liquid constituent mass density and ¢ the porous medium porosity (a constant).

Considering an incompressible newtonian fluid, the momentum source, which ac-
counts for the dynamic interaction among the constituents. is given by (Williams. 1978;
Saldanha da Gama and Sampaio, 1987):
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(4)

where 7 is the fluid viscosity (considering a continuum mechanics point of view), K is
the specific permeability and D is the diffusion coefficient.

The partial stress tensor for the fluid constituent will be stated as (Williams, 1978;
Allen. 1986):

Tr = —e2py?1 (5)

where p is a constant pressure and 1 is the identity tensor.

2.1 Onedimensional Phenomena

Assuming now that all the quantities depend only on the time ¢ and on the position
r. and that v is the only nonvanishing component of the fluid constituent velocity v,
the governing equations may be expressed as:

o 0 PYuv
—_— — (1 = —2— 6
ot o (97"('&1}) r (6)
dv dv 0,9 9. 8a, , 2
\.:' R — ."_!'}— e — 5 ' = e .";" = / 7
p [L 81‘.+“6r1 i P P) = 5 ) —epTu (7)

At this point it is convenient to introduce the following definition, considering a
reference pressure pg :

0, 9 9_ 2 0

B6, , >
— (Y] L [ =E" — T &
c’;?r( ¥ P)+26r(w) Puar_(b ) (8)
The set of equations (6-8) may be rewritten as:
d d Pu

il e =9 9
il L A ®

8 . o 9 2 2 T,D‘uz
— (Y — (Pu- U = —ythy — 2 10
(':?T(Lu)—'_(')ﬁ(LH + ) Yy u P (10)

provided that the following dimensionless quantities are defined:

p t £po a(ro —ri) [p P T
u=1rmv T = v = — — E — },‘ =
£Po Te — Ty £ peE EPn Te — T Ty — Ty

(11)

in which r, and r, are the external and internal radia.

It is to be noticed that, in order to solve the above problem, initial data and
boundary conditions for ¢» and u are required.
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3. NUMERICAL PROCEDURE

The scheme used to obtain numerical approximations of the nonlinear hyperbolic
system of partial differential equations described in the previous section employs an
operator splitting technique together with the Glimm’s scheme. This procedure has
already been used with success in other nonlinear hyperbolic problems: Sod (1977)
studied wave propagation in fluids, Marchesin and Paes-Leme (1983) solved a gas dy-
namics problem, Saldanha da Gama and Sampaio (1978) simulated the filling-up of a
porous matrix, Freitas Rachid et al. (1994) modelled the wave propagation in a dam-
ageable elasto-viscoplastic pipe and Martins-Costa et al. (1995) studied the flow of a
newtonian fluid through an unsaturated porous matrix.

Starting from the fields ¢ and u at time 7,, on equations (9) and (10) and assuming
that F = ¢ and G = ¢u, their approximations at time 7, are described as:

OF  9G _ G
ar 9 TE+A
G 0 [(G? 5 G*/F
— 4+ — | —+F°)| = —FG -2 12
o7 6§(F ) * £+ A (12)

F=F,(¢) and G=C-‘,,(£) at =71,

in which F = IE',,(E,T) and G = G,, (£.7).

An approximation for the fields F and G at the time 7, is obtained by employing
an operator splitting, (Martins-Costa et al.. 1995), which consists in solving the following
problem:

oF o L

or a E+ A
oG GE/PT ‘
-é—T‘——’yFG—2£+A (13)

F:ﬁ11+l(€) alld G:éu+l(-f) at =T,
as follows:
= s T . Erw-i({) y
F=Fn41(8) = Fpq1(8) 27&+A AT (14)
3 G Fal 2l E” 2Fn
G=Gns1(6) = Gnpa(€) — (Fu+1(§JGu+1(§)+2 “(?l/\ H('E))AT

evaluated at 7 = 7,4, and considering A7 = 7,41 — 7.
The fields ?,,H and 5”+1 used as initial data in (13) are obtained from the homo-

geneous problem:

OF 3G

ar "o =V

1



6G+6 G2 i
o Tae\FTE) =0 (15)
F o= ﬁ”(&) and G = én (6) at T=m,

In other words, F, ;; and G, .1 are the solutions of (15) evaluated at the time
T = Tp41-

Problems like (15) may be numerically solved by means of the Glimm'’s Scheme,
which preserves the shock waves magnitude and position, within an uncertainty of Ag
(width of each step). Such features are not found in the usual numerical procedures
(e.g. finite elements and finite differences). The first step to employ this scheme is to
approximate the initial data by a piecewise constant function as follows:

z A
F,(& + 6,A¢) for ¢ — as <€E< &+ % (16)

F = I}H(EJ ~= Fn.
7 2

e 5 A
C’ZGH(é)an, =G;1(£;+9”A£) fOI' E,_?§<£<E;+§
in which ¢,, is a number randomly chosen in the open interval (—1/2,1/2) and A£ is
the width of each step (A€ =&,41 — &)
The above approximations for the initial data give rise, for each two consecutive
steps. to the Riemann problem given by (Smoller,1983; Martins-Costa et al, 1995):

oF  9G _
ar oE
aG o (G* .,
— | —=—+F")=0
ar | B¢ (F ) (17)
A
(F,Q) = (Fy,,GC%,) for T=r4 —cx:<£<£,~i—+2—'E
Ag
(F, @)= (Fi.5:Cnys ) for r=m . £iv1—— < €< @

2

Denoting by F* and G the generalized solution of (17), the approximation for
] ", g

T,

the solution of (15) at the time 7, is given as follows:
F=F1,,+i(f)%FF{f(f,T.;+]) G=GAH+1(E)EG;';{'(E:TH—H) for & < &< &in
(18)
in which 7, must be such that the Courant-Friedrich-Lewy (Smoller, 1983) condition
is satisfied:

Ag

! = 1 & e 19
Ta+l — Tn = 2 s ( )

where |A|,,q, is the maximum (in absolute value) propagation speed, considering all the
Riemann problems. The complete solution procedure, described in details by Martins-
Costa et al. (1995). will be omitted for lack of space.
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Figure 1. Saturation and fluid constituent velocity for v = 0. A = 0.1
Y = 1 for dashed curves: Y = u for solid curves and X = £

4. NUMERICAL RESULTS

The procedure pointed out in the previous section is now employed for simulating
the following spherical shell with a prescribed saturation at £ = 0 and an impermeable
surface at £ = 1:

oy 0 v

o7 +ag(‘””)_— £+ A
a J 9 ) 5 Yu?
— (b S /i ] — —gh? - 2 2 [
3T(LU)+66(LU + %) Wi —2 (20)
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Figure 2. Saturation and fluid constituent velocity for v = 1, A = 0.1
Y = ¢ for dashed curves: Y = u for solid curves and X = £

¥ =1o(f) and u=1g(f) for =0

The boundary conditions are imposed on the first and last steps after each advance
in time.

Some selected results are presented in Figures 1 and 2, each of them consisting of
eight graphs, each one representing a distinct time instant and the first graph in each
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figure presents the initial data 7 = 0. Two curves are plotted in each graph: saturation
(v) for solid lines and fluid constituent velocity (u) for dashed lines.

In figure 1 the parameter v = 0 - this is equivalent to consider an inviscid flow
through the nonsaturated porous medium - while a newtonian behaviour is shown in
figure 2 making v = 1. A strong influence of the v parameter is verified on the saturation
¥ and the fluid constituent velocity u. When v = 0 the shock amplitudes - present in
the saturation and fluid constituent velocity - are preserved, while a strong dissipation
may be verified when v = 1. for all considered cases. As it would be expected. the
referred dissipation would be less evident for smaller values of v (v = 0.1. forinstance)
while for higher values of v, the shock amplitudes almost disappear. The edge effect on
the shock waves reflection may be clearly observed for the variables 1 and u.

5. FINAL REMARKS

In the present work a specific and powerful procedure is employed in the simula-
tion of the flow through a nonsaturated porous spherical surface: a Glimm’s scheme.
combined with an operator splitting technique, allowing very accurate results (Smoller,
1983; Martins-Costa et al., 1995).
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Abstract

In this work. some theoretical and experimental results related with the air transpiration cooling of a porous wall
are presented and analyzed. The channel test has a length of 2 meters and a rectangular section 0.2 high by 0.5
wide. A porous plate with a porosity of 30% and dimensions 0.6mx0.3mx0.003 is installed in the bottom wall of
the channel. The Revnolds number at the edge of the porous plate is always greater than 2x10°. The analysis
show that neither the length nor the thickness of the porous wall modify greatly the cooling efficiency when the
air blowing rate i1s equal or greater than 0.01. On the other hand. the experimental results show that thermal
radiation may reduce in more than 50% the transpiration cooling efficiency. Furthermore, the fresh air injection
has a little effect on the cooling of the impermeable plate upstream the blowing region.
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1. INTRODUCAO

A transpiracao ¢ comprovadamente um dos métodos mais eficientes para o resfriamento
de paredes porosas sujeitas a fontes intensas de calor. Consiste na inje¢ao de um gas ou
liquido, em geral a temperatura ambiente, atraves da parede a ser resfriada. No caso do fluido
injetado ser um liquido, pode haver evaporagdo do mesmo durante o processo. O esquema da
figura |1 representa o mecanismo de resfriamento por injecdo de gas de uma parede porosa
sobre a qual escoa um outro gas quente. O exame desta figura permite identificar os dois
principais fendmenos responsaveis pela diminui¢do da temperatura da parede (Grootenhuis,
1959). (Beveridge e Haughey, 1972), (Moffat e Kays, 1984), (Andoh et al., 1994) e (Franga,
1996):
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1" - ao passar atraveés da parede porosa, o fluido injetado retira parte do calor transmitido
da face quente para a face fria da parede

2" - ao sair, o fluido injetado modifica sensivelmente o perfil de velocidade do
escoamento principal na regido proxima da parede e induz o estabelecimento de uma camada
de fluido que reduz a transferéncia de calor para a parede.

A analise detalhada do processo de resfriamento por transpiragdao envolve estudos dos
mecanismos acoplados de transferéncia de quantidade de movimento. energia ¢ massa na
parede porosa e no escoamento principal. Diversos trabalhos teoricos e experimentais tém
sido feitos nesta area e a compilagdo de uma boa parte deles pode ser encontrada em Jeromin

(1970), Moffat e Kays (1984), Georgiou e Louis (1984), Kutateladze e Leont’ev (1990),

Nicoud (1993) e Franga (1996). Estes estudos mostram que a eficiéncia do processo de

Te - Tsp

_ . depende de varios fatores como:
Te-Tf

resfriamento, definida por n=

e taxa de injecdo, ou seja, razdo entre as densidades de fluxo do fluido njetado e do fluido
principal

e rugosidade e porosidade da parede

e gradiente de pressdo e intensidade da turbuléncia no escoamento potencial

e massa molecular do fluido injetado .

e variagdo das propriedades termodinamicas do fluido no interior e nas proximidades da face
quente da parede porosa

Um dos resultados mais importantes dos estudos sobre escoamentos turbulentos com
injecdo, levemente acelerados, ¢ que, para taxas de inje¢do iguais ou superiores a 0,01, a
tensdo de cisalhamento e o transporte convectivo de calor na parede porosa sdo praticamente
nulos.

Os resultados do estudo de Yamamoto (1990) sobre o efeito da inje¢ao de dioxido de
carbono ¢ de hélio no resfriamento de uma parede aquecida unicamente por radiagao
permitem concluir que os fluidos mais pesados sao, neste caso. mais eficientes que os mais
leves. Por outro lado, os estudos de Landis e Mills (1972). Shcherbenko (1988) e Franca er al.
(1994) mostram que, para uma mesma taxa de inje¢do, a eficiéncia do restriamento diminui
com o aumento do peso molecular, nos casos em que o o transporte de calor por convecgdo ¢
predominante.

Além disto, os estudos de Koh e Colony (1974), Koh et. al (1977) e Kar (1980) mostram
que, a consideragdo da parede porosa como um trocador de calor em contracorrente e a
utilizagdo da temperatura média logaritmica na determinag¢do de propriedades
termodinamicas, conduzem a bons resultados de calculo do perfil de temperatura na parede.
Portanto, a espessura e o comprimento da parede porosa, que sdo caracteristicas geometricas
do trocador de calor, podem também ter influéncia na eficiéncia do resfriamento.



RESFRIAMENTO POR TRANSPIRACAO: INFLUENCIA DA ESPESSURA

Neste trabalho, alguns resultados tedricos e experimentais obtidos por Franga (1996) sio
apresentados e analisados com o objetivo de se extrair deles informagoes sobre a influéncia da
espessura ¢ do comprimento da parede e da radiagdo térmica incidente sobre a eficiéncia do

resfriamento por transpiragio.

gas quente a temperatura T, no
escoamento potencial

saida do gas injetado a E:On\-'eccz‘lo 3 radiacéo)
temperatura Ty,
T
[conduc;iio + convecgao + radiagdo
parede porosa I
entrada do gas frio a
temperatura Ty E:onvecqéo + radiagao '

face quente a
temperatura T,

face fria a
temperatura Ty

Figura 1 - Esquema térmico e hidrodinamico do processo de resfriamento por
transpiracao de uma parede porosa sobre a qual escoa um gas quente.

2. DESCRICAO SUCINTA DA MONTAGEM EXPERIMENTAL

Os resultados experimentais e teoricos usados neste trabalho referem-se a um canal de
testes de aproximadamente 2 metros de comprimento com sec¢ao retangular de 0.2 metros de
altura por 0.5 metros de largura. Ar aquecido em um trocador de calor e com intensidade de
turbuléncia controlada por um retificado de fluxo do tipo colmeia passa no interior do canal,
enquanto ar ambiente ¢ injetado uniformemente na face inferior de uma placa porosa instalada
na parede inferior do canal. Uma vista de topo da parede inferior do canal com a localizagao
da placa porosa ¢ apresentada na figura 2. As placas de ago hinos que compdem a parede
inferior possibilitam o deslocamento discreto da placa porosa. A localizagdo desta placa
dentro do canal ¢ tal que um escoamento turbulento do tipo camada limite, levemente
acelerado, com numero de Reynolds pouco superior a 2x10" se estabelece em sua borda de
ataque.

As medidas de velocidade do ar no interior do canal sdo feitas por meio de um tubo de
pitot ¢ de um anemometro LASER-DOPPLER, enquanto tomadas de pressdo e termopares
instalados adequadamente fornecem medidas de pressao do ar e de temperatura do ar e da face
inferior da parede porosa. Uma camara infravermelho instalada na parede superior do canal
permite 0 mapeamento da temperatura da face superior da placa porosa. A vazao do ar
injetado ¢ determinada por uma placa de orificio.
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3. MODELOS ADOTADOS NA SIMULACAO DO ESCOAMENTO COM INJECAO

No estudo teorico do resfriamento por transpira¢do, o modelo k- a baixo numero de
Reynolds de Lam e Bremhost com a corre¢do de Yap (Yap, 1987, Franga er al.. 1995) foi
usado no escoamento turbulento dentro do canal, enquanto o modelo de equilibrio térmico
(Nield e Bejan, 1992) foi usado na parede porosa. A distribuicdo de pressdo no interior do
meio poroso foi obtida com o modelo de Andoh er al. (1994).

70 200x4 615 200x2 70
___,JI._ - —1 S——— ]
pla\ca porosa

\

]

o
L

500
sentido do escoamento

8] 0] 0 / (0] L_.
Pl tomadas de pressao P2 P / P4

dimensoes totais 600x300x3
dimensoes utels 556x256x3

1ad

Figura 2. - Vista de topo da parede inferior do canal com a localizagao de uma placa
porosa de duraluminio com 3 mm de espessura e 30% de porosidade
(dimensbdes em mm).

4. APRESENTACAO E ANALISE DOS RESULTADOS EXPERIMENTAIS E
TEORICOS

Na figura 3 sdo comparados os perfis de temperatura teorico e experimental do ar dentro
do canal, na regido de injegdo, a 0,5 mm de distancia da parede inferior. A taxa de injegdo é,
neste caso, de 0,02 e as temperaturas do ar injetado e do ar no escoamento potencial sdo,
respectivamente, 18 e 202°C. Verifica-se uma boa concordancia entre os resultados do
modelo e os resultados experimentais. Uma analise da figura 3 permite concluir que a
temperatura do ar saindo sobre a face quente da parede porosa fica praticamente constante a
partir de uma distancia de cerca de 170 mm da borda de ataque da parede porosa
(aproximadamente 30% do comprimento util da placa). Isto sugere que a eficiéncia do
resfriamento € menor neste trecho da placa. Entretanto, uma outra explicagao para o fato seria
uma maior iteragdo térmica e dinamica, nesta regido, da camada de ar quente com o jato de ar
saindo da parede. Outra observagao que pode ser feita pela andlise da figura 3 ¢ que o efeito
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da transpiragdo sobre a temperatura da placa solida a jusante da placa porosa tende a se anular
rapidamente.
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Figura 3 - Comparagao entre os perfis experimental e tedrico de temperaturas do ar
a 0,5 mm da parede inferior do canal para uma taxa de injecao de 0,02.

A figura 4 apresenta uma comparagdo entre perfis de temperatura tedricos numa segao
transversal do canal situada no meio da placa porosa, para 3 taxas de inje¢do. As temperaturas
do ar imjetado ¢ do ar no escoamento potencial sdo, neste caso, iguais a 27 e 300°C
respectivamente. O transporte de calor por radiagdo térmica nao foi considerado nos calculos.
Assim. para escoamentos turbulentos com injecdo e com efeitos de radiagdo térmica
despreziveis, os resultados desta simulagdo confirmam que:

e taxas de inje¢ao superiores a 0,01 aumentam muito pouco a eficiéncia do resfriamento em
relagdo a esta ultima

e a transferéncia de calor no interior da parede € o principal mecanismo responsavel pelo seu
resfriamento para baixas taxas de injecao (inferiores a 0,004)

e para altas taxas de inje¢ao, praticamente toda a transferéncia de calor no interior da parede
ocorre numa distancia, medida a partir da face quente, igual a cerca de 20% da espessura
total da parede porosa

e para taxas de inje¢do superiores a 0,01, a espessura da parede ndo tem influéncia sobre a
eficiéncia do resfriamento por transpiragao.

A tabela 1 apresenta valores meédios de temperaturas do ar e da placa porosa
determinadas com a camara infravermelho ¢ com termopares, durante testes experimentais
com taxas de injegdo de 1% e 2%. A nomenclatura da figura 1 foi utilizada. A temperatura,
T#p. do ar saindo sobre a face quente da parede porosa foi medida a uma disténcia de 0,5 mm
da parede. A temperatura media, T, da face superior da placa porosa foi estimada com o
auxilio da camara infravermelho, considerando uma emissividade constante e igual a 0,85
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para a superficie da placa. Este valor meédio foi obtido em testes de laboratorio a temperatura
ambiente.
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Figura 4 - Perfis tedricos de temperaturas na se¢ao transversal do canal de testes
situada no meio da placa porosa, para trés taxas de injegao.

Tabela 1 - Temperaturas médias experimentais em graus Celsius e eficiéncia
na regiao de injecao para escoamentos nao isotérmicos no canal de testes e para
duas taxas de injegao.

T T¢ I Tep T, [taxa de injegdo |eficiéncia, n
200 29 34 128 77 1% 042
200 27 31 126 45 2% 0,43
250 46 54 154 110 1% 0.47
250 39 43 151 63 2% 0.47

A analise dos resultados da tabela 1 permite concluir que:
e ndo obstante os efeitos da radiagdo térmica, as eficicncias de resfriamento para taxas de
injecdo de 1 % e 2% sdo praticamente iguais
e a eficiéncia do resfriamento por transpiragdo. que deveria ser igual a | sem a radiagao
térmica, ¢ reduzida em mais de 50% pelo efeito da radiagao térmica
e as diferengas acentuadas entre a temperatura do ar que atravessa a parede porosa (Tg,) e a
temperatura da face quente da parede porosa (Ts,) indicam que a suposigao de equilibrio
térmico entre o ar e o solido no interior desta parede nao ¢ correta.
Além disto, o mapeamento com a camara infravermelho da superficie superior da placa
porosa, ao longo de sua linha mediana, mostrou um campo de temperatura praticamente
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homogeneo. Isto indica que, para taxas de injegdo superiores a 0,01, o comprimento da parede
tem pouca influencia sobre a eficiéncia do resfriamento por transpiragio.

5. CONCLUSOES

A analise de alguns dos resultados do estudo de Franga (1996) sobre o escoamento nio
isotermico de ar quente num canal retangular, com inje¢do de ar ambiente através de uma
placa porosa instalada na parede inferior do canal, conduz as seguintes conclusoes,
consideradas as mais importantes:

I. a espessura e o comprimento da parede porosa tém pouca influéncia sobre a eficiéncia do
resfriamento por transpiragdo para taxas de injecao iguais ou superiores a 0,01. Para taxas
inferiores, os resultados nao sao conclusivos

2. para taxas de mnjegdo inferiores a 0,004, verifica-se que a maior parcela do transporte de
calor para o ar injetado ocorre no interior da parede porosa; para taxas maiores, este
transporte ocorre quase que integralmente numa distancia da ordem de 20% da espessura
da parede, contada a partir da sua face quente

-

. confirma-se experimentalmente que uma taxa de inje¢do da ordem de 0,01 ¢ suficiente para
maximizar a eficiéncia do resfriamento por transpiragdo, mesmo em escoamentos onde 0s
efeitos da radiagao térmica sao importantes

4. para temperaturas de ar quente no canal entre 200 e 300°C, os efeitos da radiagdo térmica

diminuem em mais de 50% a eficiéncia do resfriamento por transpiragao de ar ambiente

5. a suposi¢do de equilibrio térmico entre o ar e o solido no interior da parede porosa, no

modelamento teorico do resfriamento por transpiragdo, nao ¢ correta.

6. a transpira¢ao tem efeito bastante limitado sobre o resfriamento da parede solida

imediatamente a jusante da regido de injecao.
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Abstract

Studies of the bed behaviour of a rotary dryer packed with inerts, utilized to drying pastelike materials, was
performed as a function of rotation and geometrical parameters of the internal parts of the equipment, like the
width, thickness, number and inclination of longitudinal flights, by film recording, made for a better
visualization of the bed dynamics, composed by polyethylene and ceramic spheres.
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Comportamento de Leito de Inertes; Secagem em Leito de Inertes; Materiais Pastosos.

1. INTRODUCAO

O secador rotatorio com recheio de inertes (SRRI) ¢ um equipamento utilizado no
processamento de materiais pastosos, utilizando-se simultaneamente das operagdes unitarias de
secagem e moagem (Burjaili et al., 1994; Burjaili & Finzer, 1991; Finzer et al., 1992).

Consta de um cilindro horizontal ocupado por aletas dispostas longitudinalmente,
chicanas e esferas de material inerte (polietileno, ago ou ceramica). As aletas e chicanas
formam um corpo unico fixado a parede interna do cilindro, ao longo de todo o seu
comprimento. As esferas, que constituem o leito de inertes, ocupam parcialmente o volume do
cilindro (Burjaili et al., 1987, Alvares. 1990: Finzer et al., 1992),

O equipamento compde uma instalagdo de secagem tradicional, que consta de sistemas
de alimentagdo e aquecimento de ar; de alimentagao de material a ser processado (materiais
pastosos): de rotagao do cilindro e de separagdo e coleta do material em forma de po
produzido (Burjaili, 1996).

A agao combinada da rotagao do cilindro e das aletas leva a formagao continua de uma
cortina de inertes na se¢ao transversal do cilindro, uma vez que os inertes sao levados
continuamente da parte inferior para a superior do mesmo, como ocorre nos secadores
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rotativos, em que se verificam os efeitos cascata e rolagem dos solidos submetidos a secagem
(Baker, 1988). Caracteriza-se, assim, a formagao de uma area importante para a troca de calor
e massa, com aproveitamento do calor convectivo do ar em escoamento. Além disso, a
movimentagao dos inertes permite que ocorra a operagdo de moagem do material seco que
reveste as esferas, apos a secagem.

Adicionalmente ao aproveitamento do calor convectivo do ar de secagem. o SRRI
utiliza-se do principio da secagem via contato, a medida que os corpos inertes, aquecidos pelo
ar, transferem calor condutivo ao material pastoso que os reveste (Kudra, 1992).

A movimentagdo dos inertes. além de induzir a troca de calor e massa, € responsavel pela
operagao de moagem no secador. Ela ¢ importante para o desenvolvimento e renovagao
continuos da interface gas-solido que deve ocorrer na secagem com o SRRI, caracteristica dos
secadores de pelicula: seco o material que reveste os inertes, a camada endurecida de
revestimento ¢ destruida pela agdo de impacto e atrito dos inertes, expondo novamente a
superficie dos inertes para a nova alimentagdo pastosa (Strumillo et al., 1983).

Outra vantagem associada a movimentagao do leito de inertes no SRRI ¢ a atenuagio da
aglomeragao e aderéncia do material pastoso ao corpo interno do secador, muito comuns nos
secadores de material pastoso (Strumillo et al., 1983).

O objetivo do trabalho ¢ a determinacdo da velocidade de rotagio do secador.
correspondente a melhor distribui¢ao dos inertes pela se¢dao transversal do cilindro. Como a
distribuigao radial dos inertes depende do corpo interno do secador, a determinag¢do da
velocidade exigiu o estudo do seu arranjo interno, resultando no estudo do dimensionamento
das aletas e do leito de inertes. Os resultados foram transpostos para o secador real atraves do
emprego do principio da similaridade geométrica.

2. MATERIAIS E METODOS
2.1 Instala¢iao Experimental

A instalagao experimental consta de um “secador™ modelo acoplado a um sistema motor
com variador de velocidade. Neste estudo ndo houve movimentagio de ar pelo leito de inertes.

O modelo era composto de um cilindro de PVC (cloreto de polivinil), com diametro
de 0,195m e comprimento de 0.2m; um corpo interno formado por duas placas circulares
(uma de acrilico e a outra de PVC, ambas com encaixes) e um conjunto de aletas de PVC, com
comprimento de 0,195m, larguras de 0,039m, 0,049m ou 0.059m e em numero de 3. 4, 6 ou 8§;
um volume de corpos inertes (esferas) de polietileno (diametro 0.017m) e de ceramica
(diametro 0,02m).

As extremidades das aletas adentravam os respectivos encaixes das placas, compondo o
corpo interno do modelo (Figura 1). Esses encaixes permitiram que o corpo interno fosse
montado com diversos arranjos, podendo-se variar o numero ¢ também a inclinagdo das aletas
(70, 90°¢ 110°). A placa de acrilico permitiu a visualizagao da movimentagdo dos inertes.

Ao sistema motor (0,5cv, 1710rpm e 60Hz) foi acoplado um variador eletronico de
velocidade, com variagdo conjunta de tensao/frequéncia, com torque constante (Figura 1).

2.2 Procedimento Experimental

Uma vez estabelecido o arranjo do corpo interno (numero, largura e inclinagdo das
aletas), o mesmo era introduzido no cilindro, juntamente com o0s corpos inertes. O cilindro
acoplava-se ao sistema motor e a movimentagao do leito, em fungdo da rotagdo do cilindro e
observada via placa de acrilico, era registrada com uma filmadora. Quantificava-se o tempo

g
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Figura 1: Instalagdo experimental do secador modelo.

gasto (medido por meio de um cronometro digital com resolugao de centésimo de segundos)
ate a ocorrencia de um determinado numero de voltas do cilindro. O procedimento era
repetido para outros arranjos do corpo interno e outros volumes do leito de inertes.

Em seguida. visyalizavam-se as filmagens geradas, utililizando-se, particularmente, o
recurso de camaras lenta e rapida, que permitiu a realizagdo de observagdes pormenorizadas da
trajetoria das particulas do leito ao longo da secdo transversal do cilindro.

A constatagdo visual da ocorréncia dos efeitos cascata e rolagem dos inertes, com
varredura da secdo transversal, foi o critério empregado para caracterizagao de dinamica
adequada do letto.

Um item adicional para uma dinamica adequada do sistema foi a necessidade de se
manter livre a regido proxima ao eixo do cilindro para nao dificultar o jateamento da
alimentagao do material pastoso, quando da operagao de secagem do equipamento real.

O volume do leito, representado por z (distancia da base do cilindro até o nivel dos
inertes), referenciou-se a carga relativa a dos moinhos de bola, cerca de 50,0% do volume
interno do cilindro (McCABE et al., 1993). Assim, utilizaram-se leitos com volume
ligeiramente superior (z=0,115m), ligeiramente inferior (z=0,08m) e consideravelmente inferior
(0.05) a metade do volume do cilindro.

Os ensaios foram realizados em duas etapas. Inicialmente, utilizaram-se inertes de
polietileno e, posteriormente, de ceramica, para averiguagao da influéncia da massa especifica
das particulas na movimentagao do leito.

3. RESULTADOS

3.1 Ensaios com Inertes de Polietileno

A massa especifica das esferas foram determinadas, resultando o valor de 160kg/m’, com
incerteza de 8,55kg/m’ (Holman, 1989).

Para todos os arranjos, foram realizados ensaios com pelo menos quatro rotagoes
diferentes. varrendo-se uma faixa entre 10 a 90rpm, de modo a se poderem observar diversas
movimentac¢oes do leito de inertes.
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Verificou-se a situagdo de predominio da rolagem das esferas inertes (baixas rotagoes).
seguindo-se do efeito cascata progressivo, a medida que a velocidade de rota¢do aumentava e,
finalmente, a tendéncia - e em alguns casos a consumagdo - da centrifugagdo do leito, quando
as rotagoes eram muito elevadas.

Foram também constatadas as combinagoes rolagem e cascata, com varredura (ocupagao
continua da secdo transversal do cilindro) dos corpos inertes nos dois primeiros quadrantes da
se¢do transversal do cilindro, caracterizando a dinamica adequada do leito de inertes.

O volume correspondente ao z=0,08m caracterizou o leito com melhor dinamica. O leito
com z=0,115m apresentou uma dinamica em que predominou a rolagem das particulas, mesmo
a rotagoes elevadas; o leito com z=0,05m, embora favorecendo o efeito cascata, permitiu a
ocorréncia de muitos vazios na segdo transversal do cilindro, o que comprometeria a area do
leito disponivel tanto para a recobrimento da alimentagdo quanto para a transferéncia de calor,
na operacao de secagem do equipamento.

As velocidades de rotagdo correspondentes as melhores movimentagoes dos inertes. para
diversos arranjos, sao apresentadas na Tabela 1. Essas velocidades. embora conduzissem as
melhores movimentagdes do leito, ndo necessariamente representaram condi¢oes de dinamica
adequadas, com base no critério adotado. Constatou-se que o aumento da rotagao do cilindro
melhorava o comportamento geral do sistema: porém. para aletas de 110" ¢ 90" e largura
de 0,039m. os niveis de velocidades de rotagdao empregados foram elevados, relativamente aos
comumente utilizados em secadores rotativos, em torno de 15rpm (STRUMILLO et al., 1983).

Tabela 1: . Velocidade de rotagao do cilindro em fungdo da inclinagao (a). largura (L) e do
numero de aletas (esferas de polietileno, z=0,08m).

o L Rotacao do cilindro (rpm)

(") (m) 8 aletas 6 aletas 4 aletas 3 aletas
0.039 76,6 - - -

110 0,049 72,9 - - -
0,059 - - - -
0,039 65,5 64,7 71,2 72,6

90 0,049 549 50,2 65.2 68.2
0,059 55.7 55.6 55.5 55.5
0,039 36,6 38.6 38.6 -

70 0,049 29.9 32,7 32,7 41.2
0.059 - 31.7 .1 37,7

Os nivels de velocidade necessarios, ainda que altos, decresceram, quando aletas mais
largas foram empregadas. Para as mesmas 8 aletas de 110, nas condigoes mencionadas, o
aumento da largura (L) para 0,049m requereu uma velocidade de 72.9rpm, menor que a
anterior; para 8 aletas de 90°, a velocidade necessaria também diminuiu, sendo 54.9rpm. O
aumento da largura das aletas elevou o holdup de esferas (quantidade de esferas presentes na
aleta), melhorando a distribuicdo das mesmas ao longo da se¢do transversal do cilindro,
particularmente na regido correspondente ao primeiro quadrante. Verificou-se, porém, que
esse aumento da largura das aletas, por causa da consequente diminuigdo da distancia entre as
extremidades das aletas contiguas, favorecia a retengdo das esferas no espaco entre aletas.
Em consequéncia, reduziu-se o efeito cascata dos inertes. Esta sobrecarga poderia levar a uma
possivel aglutinagdo do leito pastoso, durante a operagdo de secagem. Por outro lado, ficou
implicita a existéncia de um limite minimo para a largura das aletas, que permite a manutengao
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de espagos vazios na segdo transversal do cilindro. Esta condi¢do ¢ contornavel com o uso de
velocidades de rotagao mais altas, como pode ser verificado na Tabela 1, para 3 aletas.

O numero de aletas influenciou significativamente a dinamica das particulas. O uso de
muitas aletas tendeu a agravar a sobrecarga de inertes no espago entre aletas, principalmente
quando combinadas com larguras grandes. Um namero pequeno de aletas provocou incidéncia
acentuada de espagos vazios na segdo transversal do cilindro, principalmente no primeiro e
quarto quadrantes, exigindo a elevagao das velocidades requeridas para revolver o leito.

A queda nos niveis de velocidade adequados a uma dinamica satisfatoria foi também
verificada quando a inclinagdo das aletas foi reduzida, como indicado na Tabela 1. Nota-se que
as velocidades em torno de 55 a 65rpm caem para 30 a 37rpm, quando o angulo das aletas
passa de 90 para 70°. Este efeito, certamente, ¢ devido ao aumento do tempo de retengdo dos
inertes nas aletas, em consequéncia do decréscimo na inclinagdo das mesmas, de modo que os
inertes puderam alcangar o primeiro quadrante do cilindro.

A visualizagdo dos filmes dos ensaios da dinamica do leito revelou que dois dos trinta
arranjos geometricos testados produziram movimentagdes adequadas no leito: (a) 4 aletas,
largura de 0.059m, inclinagdo de 70° e z=0,08m, cilindro a 31,7rpm; (b) 6 aletas, largura de
0.039m. inclinagao de 70” e leito com z=0,08m, cilindro 31,0rpm. Selecionou-se o arranjo (a)
como o melhor, sobretudo porque se observou uma varredura continua das particulas ao longo
dos dois primeiros quadrantes da se¢do transversal do cilindro (Figura 2). Além disso, uma
menor quantidade de aletas (4) estabelece um maior volume disponivel para o leito, permitindo
que ele seja composto de maior numero de inertes. Isto ¢ de grande valia na operagao do
SRRI. pois, além de incrementar a area do leito para recebimento da alimentagdo e troca
térmica com o ar, diminui a area total do conjunto aletas-chicanas, potencialmente retentora de
material pastoso processado na operagdo do secador real.

3.2 Ensaios com Inertes de Ceramica
Com base nos resultados com esferas de polietileno utilizaram-se arranjos com 6 ¢ 4

aletas: inclinagoes de 90 e 70"; larguras de 0.039m. 0,049m e 0,059m e volume do leito dado
por z=0,08m. As rotagdes empregadas foram 10rpm, 20rpm e 30rpm.

Figura 2: Distribuigdo do leito de inertes de polietileno para duas posigdes do cilindro.

n
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Verificou-se a ocorréncia de varredura na movimentagdo dos inertes. Para os arranjos
com aletas de 90°, porém, mesmo nas velocidades da ordem da maxima (30rpm), observaram-
s€ muitos vazios na se¢do transversal do cilindro, particularmente no primeiro quadrante. Isso
confirmou a ma capacidade das aletas desses arranjos em reter inertes, impossibilitando a
ocorréncia de cascatas no primeiro quadrante.

Com as aletas de 70", constatou-se o transporte dos inertes até o primeiro quadrante.
favorecido pela menor inclinagao das aletas.

As mesmas observagoes feitas nos ensaios com recheio de polietileno sao aplicaveis. em
relagao a largura das aletas.

O arranjo de 4 aletas inclinadas de 70, largura de 0.059m, volume do leito equivalente a
z=0,08m e velocidade de rotagdo do cilindro de 33rpm produziu uma movimentagao
considerada a mais proxima da adequada (Figura 3).

Figura 3: Distribui¢ao do leito de inertes de ceramica para duas posi¢oes do cilindro.

Houve boa distribuigao dos inertes por toda se¢ao transversal do cilindro: rolagem no
segundo quadrante e cascata no primeiro; adiantamento da varredura das particulas na segao
transversal do cilindro, a partir do segundo quadrante; transporte de particulas até o primeiro
quadrante, devido ao menor angulo das aletas. Observou-se. ainda, liberagao intermitente
desejavel dos inertes da regido axial do cilindro, para alimentagao na operagao de secagem.

3.4 Secador Real

Os resultados obtidos com o secador modelo foram utilizados para especificagdo do
arranjo interno do secador real (diametro 0,25m e comprimento 0,60m).

Assim, o numero de aletas determinou-se como 4 e a inclinagdo como 70". Quanto ao
comprimento delas, utilizou-se a similaridade geométrica entre o secador modelo e o real.
Obteve-se o comprimento de 0,075m, considerando-se a razdo entre os diametros de ambos os
secadores e o comprimento das aletas do secador modelo determinado nos ensaios de dinamica
do leito (z=0,08m).

O diametro das esferas do secador real tambeém foram determinados por similaridade
geometrica. Obteve-se o valor de 0,025m, considerando-se novamente os diametros de ambos
os secadores e o das esferas utilizadas nos experimentos com o secador modelo.

6
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O volume do leito de inertes, do mesmo modo, calculou-se por similaridade, resultando
z=0.10m. Esse valor foi obtido, aplicando-se a razdo entre o didmetro e o comprimento z,
referentes ao secador modelo, ao diametro do secador real (0,25m). Apos a construgdo do
secador real, ensaios da dinamica do leito de inertes nele realizados confirmaram o valor
determinado de z.

4. CONCLUSOES

O secador rotatorio modelo associado a utilizagdo da técnica de filmagem foi
metodologicamente fundamental para a interpretagao dos dados experimentais.

A agao de rolagem e impacto dos inertes foi melhorada pela utilizagao de esferas de
maior massa especifica (esferas de ceramica).

O critério de estabelecimento da dinamica adequada dos inertes deve levar em conta
que a regido axial ndo deve ficar obstruida, para evitar-problemas na alimenta¢ao do material
pastoso, quando da operagao de secagem no secador real.

Os resultados obtidos com o secador modelo permitiram dimensionar, por similaridade
geomeétrica. o secador real: rotagdo do cilindro igual a 33rpm. 4 aletas de largura igual a
0.075m e inclinagao de 70°.

Esse arranjo propiciou uma movimentagao adequada do leito de inertes, caracterizando
uma area importante para troca de calor e massa na operagdo de secagem, verificada quando
da movimento do leito no secador real.
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Abstract
This work presents a model to analysis the gas-solid vertical flow in dilute phase based on one-dimensional,
isothermal and steady-state on balances equation. With this model the length of the acceleration region is
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1. INTRODUCAO

A perda de energia na regiao de aceleracdo em sistema de transporte pneumatico em fase
diluida ¢ geralmente desprezada, principalmente pela complexidade que envolve o estudo das
variaveis nesta regiao, o que requer um bom entendimento da dinamica do escoamento da
mistura gas-solido em tubos e capacidade para predizer tal comportamento.

Sempre que particulas solidas sdo introduzidas em um escoamento de um fluido ou
mesmo quando a mistura encontra um acidente como valvula, cotovelos, etc., ocorre uma
regido onde os fluidos e as particulas possuem variagdo de velocidade at¢ a regido de
escoamento completamente estabelecido, provocando, portanto, uma perda de carga adicional
na linha de transporte.

A Figura | mostra a queda de pressdo ao longo do sistema de transporte pneumatico
vertical em um fluxo de suspensido da mistura gas-solido em fase diluida, onde AP, e APy
correspondem a queda de pressdo na regido de aceleragdo e a total, respectivamente.

Somente na década de sessenta surgiram as primeiras correlagcdes considerando a queda
de pressdo na regido de acelerag¢do. Devido a complexidade da determinagao do limite entre as
duas regides de escoamento distinto e a dificuldade de se determinar os parametros que
descrevem o tipo de escoamento da mistura, as correlagdes propostas apresentam grandes
limitagdes quanto a consisténcia do resultado de suas aplicagdes, ficando restritas a uma
pequena faixa de condig¢oes.
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Neste presente trabalho, utilizando os modelos para escoamento da mistura gas-solido em
fase diluida apresentados por Benitez (1997), foi feita uma analise da perda de
carga na regido de acelera¢ao, comparando os resultados teoricos com os dados experimentais
de Silva (1984).
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Figura 1 — Variagao da perda de carga ao longo da tubulagao

2. PERDA DE CARGA NA REGIAO DE ACELERACAO EM UM TUBO VERTICAL

Para a determinagdo da perda de carga na zona de aceleragdo em um tubo vertical, com
escoamento em fase diluida, a equagao do momento para a mistura gas-solido na forma
integral é geralmente adotada e € expressa como:

Vo La La 2f.p,V .2 LA 2f.p(l —g)WV 2
APy = [py(1-e)vedv + [py(1-e)gdL+ [ —E 52 dL+ | -“p-‘{D = 4L (1)
: 0 0 T 0 T

Vsl
onde ¢ é a porosidade ou fracao volumétrica do gas, v ¢ a velocidade do solido. v, ¢ a
velocidade do gas, p, ¢ a densidade do gas, p, ¢ a densidade do solido, f; ¢ o coeficiente de
atrito entre o gas e a parede do tubo; f; ¢ o coeficiente de atrito entre o solido e a parede do
tubo, g é a gravidade e Dy ¢ o diametro do tubo. Os limites de integrag¢do para a velocidade do
solido foram estabelecidos levando em conta a aceleracdo desde uma condigdo inicial de
velocidade dos solidos v até a velocidade do regime estabelecido vi.

A grande dificuldade encontrada em aplicar a equagao (1) consiste em encontrar o valor
do comprimento de aceleragdao La a ser utilizado. Sdo poucos os trabalhos experimentais
existentes na literatura propondo correlagdes para o comprimento de aceleragdo. As
correlagdes apresentadas por Shimizu et al. (1968) e Rose e Ducworth (1969) sdo restritas a
uma pequena faixa de condigoes.

Klinzing (1981) e Silva (1984), utilizando um balan¢o de momento para a fase solida em
sua forma integral, apresentaram, respectivamente, as seguintes expressoes para L:
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La b Va2 vedve .
[dLy = [Fdvg= | e - )
0 Vgl Vsl ECD-E_{? pg(vg _VS i o 2fSVS~ -

47 (Ps Pg )dp D

L Vg2 Vs2 r.dv.

[dLa = [Fadvg= | S (3)
0 v v m 25 vs”

sl sl =—==_

onde m na equagdo (3) representa a forga resistiva por unidade de volume. Correlagdes de
Massarani e Santana (1980) foram utilizados por Silva (1984) para descrever este valor; Cp, é
o coeficiente de arrasto, e d, ¢ o didametro da particula sdlida.

As Figs. 2 e 3 mostram, respectivamente, o comportamento das fungdes F, e F.

Fy

L

Figura 2 — Comportamento da fungao F.

=20 =15 —mF < 5 [5/15

Figura 3 - Comportamento da fungao F;



ANALISE DA ACELERACAO EM SISTEMAS DE ...

Observa-se nas Figs. 2 e 3 que as fungdes F; e F, apresentam pontos de singularidades, e,
portanto, os metodos numericos tradicionais de integragdo ndo sdo adequados na resolugao
dessas integrais. Alem dessa limitagdo, os dois modelos utilizam o valor da porosidade
calculado na regido de regime estabelecido; requerem equagdes adicionais para o calculo dos
parametros €, Vs, € Vg a forca resistiva por unidade de volume m na formulac¢do de Silva
(1984) ¢ obtida a partir da resolu¢do numeérica de um conjunto de equagoes atraves de um
processo iterativo.

Nos modelos estabelecidos por Benitez (1997), para o escoamento do gas-solido em fase
diluida, foi considerado que o tamanho das particulas solida € uniforme e que as particulas
possuam a mesma massa especifica. O escoamento ¢ considerado unidimensional.
permanente, incompressivel e isotérmico. Diante dessas consideragdes, 0 autor apresentou
dois modelos para a analise de escoamento de gas-solido em fase diluida, sendo compostos
por dois sistemas de equagdes diferenciais ordinarias. O sistema de equagdes que utiliza a
extensdo do modelo de Gidaspow (1978) ¢é referenciado como Modelo 1 e ¢ formado por:

dv v
s T 3. )
dx e dx
L (5
dx (l—-g)dx
dp d\: d\f'
a=_(1—g.;)ps\.-5d—‘:‘—gpgvgd—x‘g—g,{ps{]—£}+pgs]sen(-‘)—
26pgVe’fy  2l-e)pyv Ay ()
Dy Dy
2p v 2f.
FD—gpssir1{~3———~——pS 35
= - 7)
Vo — Ve )| —+—

e o segundo sistema de equagdes, referenciado como Modelo 2, envolve a extensdao do
modelo de SOO (1969) e ¢ formado por (4), (5), (6) e

o W
Fp —gpesing——PsYs Ts
de Dt
o . (8)
dx PsVs~
(1-¢)

onde O ¢ o angulo que forma o eixo do tubo com a linha horizontal e Fp ¢ a forga de arrasto
por unidade de volume da particula.
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3. RESULTADOS

Os dois sistemas de equagoes diferenciais foram resolvidos pelo método tradicional de
Runge Kutta de quarta ordem. Os numeros de Reynolds. Re e Re, o coeficiente de arrasto
Cps. 0 fator de atrito entre gas-parede e solido parede, f,, e f;, respectivamente, sdo
recalculados para cada comprimento da malha ao longo da tubulagao.

No sentido de validar os modelos, foram utilizados os valores experimentais obtidos por
Silva (1984), em um sistema vertical de 4,0 m de altura e de 5 cm de diametro, com particulas
solidas de 0.4; 1.0; 1,2 e 1.7 mm de didmetro médio e com a mesma densidade, 2500 Kg/m".
Nesse experimento, o fluxo de massa do gas e do solido e queda de pressao, tanto na regiao de
acelera¢do como na regido de escoamento estabelecido, foram medidos. Os valores de queda
de pressdo ao longo da se¢ao de teste em cada transporte de mistura. foram colocados em
graficos sob a forma de pressdao em fungdo do comprimento do tubo determinado-se a partir
dos quais o comprimento de aceleragdo. Este parametro foi definido pelo inicio da faixa de
variacao linear da pressao em fungao do comprimento do duto, como mostrado na Fig. 4.

102

101

100

Pressao [KPa]

98
0 2 4 6 8 10

Comprimento do tubo [m)

Figura 4 - Determinacao do comprimento de aceleragado L, segundo SILVA (1984)

No escoamento gas-solido em fase diluida quando a mistura atinge a regido de
escoamento estabelecido. os parametros €, vg € v, permanecem aproximadamente constante.
Assim, neste trabalho, o comprimento de aceleragdo foi determinado quando a variacdo no
valor da porosidade ¢ menor que 1%.

Nas Tabs. | ¢ 2 estdo listados alguns valores de L. AP, experimentais de Silva (1984) e
os valores calculados pelos modelos, para diversos diametros de particulas e carregamento de
solidos ¢ gas. Foram tambem calculados os erros relativos percentuais para os parametros Ly
c AP\

Considerando a complexidade do problema e o critério utilizado por SILVA (1984) na
determina¢do do comprimento de acelera¢do, avalia-se como satisfatorios os resultados
obtidos pelo Modelo 1, Tab. 1. Por outro lado, os valores da perda de carga e do comprimento
de aceleragdo calculados pelo Modelo 2, Tab. 2, subestimam completamente os resultados
experimentais.
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Tabela 1 - Valores de L, e AP, experimentais de SILVA (1984) e calculados pelo Modelo 1.

W, W, La AP
[g/s] [9/s] [m] [Pa]
Mod.1 | Exp. | Erro% Mod.1 | Exp. | Erro%
d,=0,4 mm
103,400 32,500 1.254 1,730 27.51 804,304 804.420 0.01
101,300 | 32,100 1,249 1,780 29,83 789,242 804,420 1,88
109,100 | 27,100 1,319 1,980 33,38 816,835 941,700 13,25
105,200 | 46,200 1,180 1,860 36,55 902,520 902,520 0,00
101,800 | 44,400 1,175 1,780 33,98 850,992 863,280 1,42
d,=1,0mm
56,000 46,000 1,722 1,800 4,33 778,937 821,31 5,15
55,600 44,000 1,772 1,800 1,55 790,570 821,31 3.74
57,700 41,000 1,880 1,800 4,44 835,242 821,31 1,69
58,200 34,000 2,056 © 1,800 14,22 757,685 650,00 16,56
d,=1.2mm
117,600 | 49,000 1,781 1,920 7,28 849,867 935,960 919
127,200 40,100 1,942 1,880 3,29 884,672 843,660 4,86
129,500 | 42,800 1,913 1,720 11,22 894,625 755,370 18,44
128,000 34,800 2,053 2,200 6,68 917,031 824,000 11,28
123,500 | 33,500 2,057 1,940 6,03 904,922 716,130 26,36
d,=1.7mm
100,900 | 42,500 2,033 2,100 3,19 866,320 774,490 11,85
106,500 | 29,500 1,165 1,620 28,08 580,093 618,000 6.13
102,500 | 40,600 2,055 1,920 7,03 878,210 863,280 1,72
103,800 | 39,500 2,063 1,820 13,35 885,437 784,800 12,82
109,400 30,300 1,407 1,940 27.47 688,562 667,000 3.23
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Tabela 2 - Valores de L, e AP, experimentais de SILVA (1984) e calculados pelo Modelo 2.

WS WQ LA APQ
[g/s] [g/s] [m] [Pa]
Mod.2 | Exp. | Erro% Mod.2 | Exp. | Erro%
d,=0.4 mm
103,400 | 32,500 0,176 1,730 89,82 241,352 804,420 69,99
101,300 | 32,100 0,175 1,780 90,16 233,578 804,420 70,96
109,100 27,100 0,202 1,980 89,79 242,160 941,700 74,28
105,200 | 46,200 0,146 1,860 92,47 279,289 902,520 69,05
101,800 44,400 0.146 1,780 92,13 262,773 863,280 69,56
d,=1.0 mm
56.000 46,000 0,147 1,800 91,83 100,672 821,31 87.74
55,600 44,000 0,153 1,800 91,50 99,632 821,31 87,86
57,700 41,000 0,166 1,800 90,77 104,765 821,31 87,24
58,200 34,000 0,195 1,800 89,16 105,54 650,00 83,76
d,=1,2mm
117.600 | 49.000 0.221 1.920 88,48 240,445 935,960 74,31
127,200 | 40,100 0,261 1,880 86,17 223,234 843,660 73,54
129,500 | 42,800 0.254 1,720 85,46 237,023 755,370 68,62
128,000 34,800 0,287 2,200 86,95 208,950 824,000 74,64
123,500 | 33.500 0,287 1.940 85,20 198,835 716,130 72,23
: d,=1,7mm
100.900 | 42,500 0,229 2,100 89,09 150,914 774,490 80,51
106,500 | 29,500 0,853 1,620 47,34 39,984 618,000 93,53
102,500 | 40,600 0,234 1,920 88.02 146,359 863,280 83,04
103,800 | 39,500 0,236 1,820 87,36 143,757 784,800 81,68
109,400 | 30,300 0,126 1,940 93,50 62,125 667.000 90,68

4. CONCLUSAO

Foram analisados dois modelos para o escoamento gas-solido em fase diluida na regido
de aceleragdo. A comparagdo dos resultados com os dados experimentais disponiveis na
literatura indica que o Modelo 2 subestima completamente os resultados experimentais € o
Modelo 1 apresenta resultado satisfatorio para a queda de pressio e comprimento de
aceleragao.

Conclui-se que o Modelo 1 constitui-se como ferramenta adequada para analise do
escoamento do sistema gas-solido na regido de aceleragao.
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Abstract
This work presents a model for the gas-solid vertical flow analysis in dilute phase based on one-dimensional,
isothermal and steady-state on balance equation. The model is an extension of some significant works. The
results from the present model are confronted with experimental data available in the literature, and a good
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not important face the other loss energy sources.
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1. INTRODUCAO

O transporte pneumatico de particulas solidas ¢ freqiientemente utilizados em diversas
industrias. Atualmente, devido a preocupagdo com a higiene. polui¢do ambiental, manuseio e
o custo, vem obtendo uma crescente posi¢do de destaque nas industrias quimicas,
alimenticias, processamentos de combustiveis solidos e de minerais, no controle de emissao
de poluigdo, secagem de solidos, agroindustrias e outras.

A grande maioria dos modelos sobre o transporte pneumatico em fase diluida ¢ baseada
em correlagdes inteiramente empiricas. Principalmente devido a esta caracteristica, observa-se
algumas discordancia entre os modelos. gerando, portanto, duvidas sobre a validade ou limites
de confiabilidade dos mesmos.

Por outro lado, apenas um pequeno niimero de trabalhos foram desenvolvidos a partir das
equagdes basicas de conservagado. Nesta classe, algumas simplificagdes sdo introduzidas. Por
exemplo, nos modelos analisados por Arastoopour & Gidaspow (1979), Rocha (1988), Paixao
& Rocha (1993), o atrito entre as particulas solidas e a parede do tubo ndo ¢ levado em
consideragio.

Neste trabalho, fundamentando-se nos modelos de Soo (1969) e Gidaspow (1978),
propde-se uma modelagem para o transporte pneumatico, que inclui o atrito solido-parede,
onde foi utilizado as correlagoes de Yang (1978) para o calculo desse parametro. Além da
modelagem e simulagao do transporte pneumatico, efetua-se uma comparagdo com 0s
resultados experimentais obtidos por Zenz (1949).

I
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2. MODELAGEM PARA O ESCOAMENTO GAS-SOLIDO EM FASE DILUIDA

Para o estabelecimento do modelo, considerou-se que o tamanho das particulas ¢
uniforme e que as particulas possuam a mesma massa especifica. O escoamento ¢ considerado
unidimensional, permanente, incompressivel e 1sotérmico. Diante dessas consideragoes. para
uma se¢do do tubo de comprimento diferencial Ax, as equagdes da continuidade e da
quantidade de movimento para a mistura gas-solido sdo descritas como:

Equagao da continuidade para a fase gasosa

d
— Vi | =1 (1)
dx[ PgVe]

Equacgdo da continuidade para a fase solida

d
a[(l_g)psvs]:o (2)

Equagado da quantidade de movimento para a mistura gas-solido

dv, dvg dp
(1-€)psVy d—): +€pgVy T +glps(1—€)+ pgelsend + o +

2 Ly
Zepg\fg fg + 2(1 —E)PSVS ts — O - (3)
DT DT

onde € ¢ a porosidade ou fragdo volumetrica do gas, v, ¢ a velocidade do solido, v, ¢ a
velocidade do gas, p, ¢ a densidade do gas, ps ¢ a densidade do solido, f, € o coeficiente de
atrito entre o gas e a parede do tubo; f; € o coeficiente de atrito entre o solido e a parede do
tubo, 6 € o angulo que forma o eixo do tubo com a linha horizontal; g ¢ a aceleragdo da
gravidade e Dt ¢ o diametro do tubo.

Como existem quatro incognitas, €, vs, vV, € P, e somente 3 equagdes, ha necessidade de
mais uma equagao.

No trabalho de Arastoopour & Gidaspow (1979), no sentido de completar o sistema de
equagoes, foram analisados 4 modelos baseados na equagdo da quantidade de movimento para
a fase solida:

Caso A: queda de pressao em ambas as fases proposto por Kapes ¢ Nakamura (1973),

pS\-’S% +g =Fp —psg sind (4)
dx dx

onde Fp ¢ a forga de arrasto por unidade de volume da particula.

Caso B: queda de pressao na fase fluida somente, proposto por Soo (1967),

n
—

dv. )
PsVs dvb =Fp —psg sind (
x
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Caso C: proposto por Gidaspow (1978), considera o efeito da velocidade relativa,
(Ve =V ) = b _ sin@ (6)
dx 8 '8 5 g
Caso D: modelo proposto por Deich ez al. (1974), supde queda de pressdo parcial em ambas

as fases,

dU, P de dP .
— —+—=F- sin® 7
dx (1-g)dx dx Psg st )

Na analise comparativa entre os resultados calculados pelos quatro modelos e os
resultados experimentais de Hariu & Molstad (1949) e Zenz (1969), realizada pelos autores,
foi concluido que o modelo da velocidade relativa, Caso C, apresentou melhor resultado,
sendo que os modelos A e B sdo equivalentes e apresentaram também resultados satisfatorios.
Contudo, a validade das equagdes (4) a (7) sdo questionadas, pois as mesmas desprezam o
atrito dos solidos com a parede do tubo e supdem que a queda de pressdo devido ao atrito da
mistura com a parede esta relacionada diretamente com o coeficiente de atrito de Fanning
para o fluxo de gas, f,.

Portanto, os dois modelos analisados neste trabalho, no sentido de completar o sistema de
equagdes, consideram o atrito dos s6lidos com a parede do tubo e sdo:

1. Extensdo do modelo de Gidaspow (1978), isto é, considerando o atrito solido-parede a
equacdo (6) € rescrita como:

d(vy, = vg) 2p.v.2f
—ps(Vg = V) —E——"=Fp - gp,sin— 5% (8)
dx T
2. Extensdo do modelo de Soo (1967). Considerando também o atrito solido-parede,
dvg : 2|:>Svs2 fg _
peVg —=Fp —gp¢sinf - —>—= (9)
dX DT

As equagdes de continuidade, (1) e (2), podem ser rescritas, respectivamente, como

dv

e I | (10)
dx e dx

ﬂ=_vs i&.:. (11)
dx (1-¢g)dx

Portanto,

d(v, -

(_g_fi?.z_ .‘18_+_X§__ de (12)

dx e (l-g)|dx
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Substituindo (11) em (9) e (12) em (8) e rearrumando as equagdes tem-se, dois sistemas
de equagdes diferenciais ordinarias. O primeiro ¢ formado por (3), (10), (11)e

2pgvif,
[FD —gpsind —ps%i]

T
& (13)
EPCI  S
Vo =V )| —+
Ps(Vg = Vs s 11~8
E o segundo sistema é formado por (3), (10), (11) e
2
2 f
FD S gpssine 5 M
de Dt
o - (14)
dx PsVs
(1-¢)

O sistema de equagdes que envolve a extensdo do modelo de GIDASPOW (1978), sera
referenciado como Modelo 1 e 0 que envolve a extensdo do modelo de SOO (1967), como

Modelo 2.
A forga de arrasto exercida pelo fluido sobre as particulas por unidade de volume das

mesmas pode ser escrita como

(15)

onde o termo £ ¢é o fator de corre¢do para o coeficiente de arrasto Cp, devido a presenga de
outras particulas no fluido (Gidaspow, 1994).

A correlagdo dada pela equagdo (15) ¢ vélida para particula esférica, onde d, ¢ o diametro
da particula. O coeficiente de arrasto pode ser relacionado com o numero de Reynolds (Rowe
1961 apud Gidaspow, 1994) por meio das expressoes

Cps = l3—4(1 +0,15Re 2% | Re; < 1000 (16)
s
Cps = 0,44 Re; > 1000 (17)
onde

" f;pogdp(vg ~Vg)
n

(18)

Reg

e u € a viscosidade do gas.
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Considerou-se também que no transporte pneumatico em fase diluida a fase gasosa ndo ¢
afetada pela presenca das particulas solidas, portanto, o coeficiente de atrito gas-parede do
tubo na regido laminar foi calculado pela expressdo de Poiseulle:

f;=16/Re para Re <2100; (19)
pela formula de Blasius na regido intermediaria,

f,=0,0791/Re"*, 2100 < Re < 1x10° (20)
e para Re > 1x10° pela formula de Nikuradse

= 2log(Re [fy) - 0.8 (21)

Vi

e para tubo rugoso foi utilizada a formula de Colebrook,

L - o SPr . 251 22)
\/g 3,7 Re\/g
onde o numero de Reynolds ¢ dado por
Drvepee
Re = UTVgPgt ) (23)

u

Para o calculo do coeficiente de atrito solido-parede do tubo, foram analisadas diversas
correlagdes, comparando com os resultados experimentais de HARIU & MOLSTAD (1949) e
foi concluido que as correlagdes de Yang (1978) e Ozbelge (1984) forneceram melhor
resultado e sdo equivalentes. Neste trabalho, foi utilizada correlagdo de Yang (1978) e ¢ dada

por

! U —0.979 y
fo= 0,003141_3,)8 a=slU, (24)
€ Vg = Vs

onde U, é velocidade terminal do solido.

3. RESULTADOS

Os dois sistemas de equagdes diferenciais foram resolvidos pelo método tradicional de
Runge Kutta de quarta ordem. Os numeros de Reynolds, Re e Re,, o coeficiente de arrasto
Cps, 0 fator de atrito entre gas-parede e solido parede, f;, e f;, respectivamente, sdo
recalculados para cada comprimento da malha ao longo da tubulagéo.

Nas Figs. 1 e 2 sdo apresentados a perda de carga em funcdo da velocidade superficial do
gas. Pode-se observar que a perda de carga obtida pelo Modelo 1, Fig. 1, cresce quando
decresce o valor da porosidade inicial, como esperado fisicamente, por outro lado, 0 mesmo

5
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nao ocorre com a perda de carga calculada pelo Modelo 2, Fig. 2, ou seja, a perda de carga
tende a diminuir com o decréscimo do valor da porosidade.

4700 . |Dr=7,72cm d, = 0,52 mm
L=40m p, = 2620 Kg/m®
4200 P,=101325Pa W, =48,488 Kg/m’s
F 8700
B 00N AN | ST £ 3 Y S 8 MR
JF 2700} - Y-\ s ceem s e s r s s s s kgl
% 2200 ................. e s = W = A
g __--__-________.—-l
§ 1700 - - N\gr - T TTTTTTTTTT L v e e e e
o e e———1
1200 | - - - - - gy peae—e— T
- i -
% |—porosidade inicial = 0,85 --porosidade inicial = 0,95 |
200

3 6 9 12 15 18 21
Velocidade superficial do gas [m/s]

Figura 1 - Efeito do valor da poresidade inicial sobre a perda de carga segundo o Modelo 1.
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& 1200 s A——:ﬁ'—’;.;‘
700 PR A4 e o e PRSP e
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Velocidade superficial do gas [mvs]

Figura 2 - Efeito do valor da porosidade inicial sobre a perda de carga segundo o Modelo 2.

No sentido de validar os modelos foram utilizados valores experimentais disponiveis na
literatura. O conjunto de dados experimentais para escoamento de gas-solido estudados foram
os dados de Zenz (1949), o mesmo experimento estudado por Arastoopour & Gidaspow
(1978).

As Figs. 3 e 4 mostram a comparagdo dos resultados da perda de carga com os dados
experimentais de Zenz (1949). Pode-se observar que a baixa porosidade inicial, Fig. 3, os
resultados obtidos pelo Modelo 1 mostram-se em boa concordincia com os dados
experimentais e os resultados obtidos pelo Modelo 2 divergem completamente dos dados
experimentais, como ja esperado segundo a Fig. 3. Para porosidade inicial mais elevada, Fig.
4, os modelos sdo equivalentes na regido a direita do ponto minimo de AP. A esquerda desse
ponto minimo somente 0 Modelo 1 fornece resultados satisfatorios.

No sentido de quantificar a contribuigdo da perda de carga devido ao atrito s6lido-parede
do tubo foi colocado na Fig. 5 o resultado da perda de carga em fungdo da velocidade
superficial do gas sem e com atrito solido para duas densidades diferentes. Pode-se observar
que a contribuigdo da perda de carga devido ao atrito sélido-parede do tubo é pequena.
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[—Modelo 1 = Exp. Zenz (1949) =~Modelo 2
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Figura 3 - Variacao da perda de carga com a velocidade superficial do gas.
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Figura 4 - Variagao da perda de carga com a velocidade superficial do gas.
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Figura 5 — Perda de carga com e sem arito sélido-parede do tubo segundo o Modelo 1.
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4. CONCLUSAO

Foram apresentados e resolvidos numericamente dois modelos para a analise do
escoamento gas-solido em fase diluida, baseados na aplicagdo da equagdo da continuidade e
da quantidade de movimento unidimensional, isotérmica e em regime permanente. A
comparagdo dos resultados obtidos com os dados experimentais disponiveis, indica que o
Modelo 1 é superior ao Modelo 2. Os resultados obtidos pelo Modelo 2 a baixa porosidade
inicial, divergem completamente dos dados experimentais. Para porosidade inicial mais
elevada, os modelos fornecem resultados equivalentes somente na regido a direita do ponto
minimo de AP. Observou-se ainda que a contribuicdo da perda de carga devido ao atrito
solido-parede do tubo € pequena.

Concluiu-se que o Modelo 1 ¢ adequado para o tratamento de problemas de transporte
pneumatico em dutos verticais. Para configuragdo de duto horizontal, o modelo esta sendo
testado atualmente.
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Abstract
Detailed local phase distribution measurements were made for solid/liquid two-phase flows in a horizontal

pipe using a state-of-the-art laser Doppler anemometer (LDA) system. The disperse phase consisted of 2 mm neutral
buoyant spherical particles. Since these particles had the same density as water particle/liquid slip was eliminated,
thus simulating microgravity conditions. The conduit was a 30.6 mm diameter pipe, which was made of a special
optically clear material (Fluofinated Ethylene Propylene) with the same index of refraction as water. A set of velocity
profiles, turbulence structure and volume fraction distributions were measured for each phase. These experimental
results were found to agree quite well with a multidimensional two-fluid model.
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1. INTRODUCTION

In a dispersed two-phase flow, the lateral lift force is one of the most important effects
affecting lateral phase distribution [Lahey, 1995]. This effect is due to the slip between the phases
and Serizawa et al. [1988] have shown that the lift force pushes gas bubbles towards the wall for
upflow, where we have positive slip. Thus, the hydrodynamic behavior of a turbulent multiphase
mixture depends strongly on buoyant effects.

The lift force is directly proportional to local slip, and thus it can only be eliminated when
neutral buoyant particles are used, or experiments are run in outer space. Neutral buoyant solid
particles where used in these experiments to eliminate the lift force. Significantly, these
experiments can be used to assess the predictive capabilities of multidimensional two-fluid
models, in which the various lateral forces have been modeled [Lahey, 1995].



2. EXPERIMENTAL FACILITY

A special slurry loop was built in
order to perform the experiments using
neutral buoyant particles [Assad, 1995]. : F
The test section consisted of a 30.6 mm
ID horizontal pipe (length =1.52m) which

was made of a special optically clear fﬂ\mm Ohickichoning

Schematic solid/liquid loop Fill line

material (Fluorinated Ethylene valves fios
Propylene) having the same index of wﬁm s ¥ T
refraction as water. The integrated local v i —elo

ol

volume fraction obtained from the LDA
measurements was compared against Magnetic Flowmeter
global quick-closing valve measurements 4
to calibrate the measurements techniques Venturi
used. Moreover, a unique phase
separation system was designed and built
for use with neutral buoyant particles
(i.e., a specific gravity of 1.03). Figure-1 X 7
shows a schematic of the loop where 11 —Q
water coming from the slurry pump goes Ar-ion Laser | S:;:rrmr Ml_“i“_chwml
through a venturi in direction of the test gr?dg?:;;:g;r Box Analyeoe
section and a phase separator induces the
particles to flow into to the venturi
because of the drag force from the liquid,
which returns to the pump through the bottom of the phase separator. Global quick-closing valve
volume fraction measurements were also made after the test section and before the phase
separator to obtain representative samples. A bypass was used when the quick-closing valves
were activated to route the flow back to the pump. This bypass avoided an increase of pressure
inside the experimental loop when the quick closing valves were activated.

Air purges were installed in the upper part of the loop to avoid any possibility of entrapping
small air bubbles. This was done to make sure that no air bubbles were present in the loop
otherwise the LDA system would measure the velocities associated with these bubbles, and thus

Oscilloscope
/_ RS-232

Photomultiplier Interface

Figure 1. Loop utilized for neutral buoyant
particles (water+polystyrene partcles

give erroneous data on particle velocity. Before each experiment, the Doppler burst signal was
checked for the liquid phase since we could identify changes in this signal caused by air bubbles.
A complete developed flow (L/D=140) were obtained to make sure that both phases were well
mixed. A calibrated magnetic flow meter was installed before the test section, and was used to
control the liquid flow coming from the slurry pump.



2.1 PHASE SEPARATION.

A unique, new phase separator with the capacity to separate the dispersed particles was
designed and built [Assad, 1995]. This phase separator was able to separate the liquid from solid
particles with 100% efficiency.

The principles behind this phase separator are:

(1) The pressure difference between two locations in a venturi.

(2) Use of the drag force from the continuous phase in order to induce the particles to flow
into the venturi.

2.2 LASER DOPPLER AND ELETRONIC SETUP

A 4 watt Spectra Physics argon-ion laser was used, operating with three wavelengths: 514.5
nm (green), 488 nm (blue) and 477 nm (violet). To obtain the maximum power and the right path
of the incident beams, the system was calibrated and aligned several times during the
experiments, because even a small temperature variations can change the laser path and
consequently the quality of the data.

The beam emanating from the laser was collimated as required for efficient coupling and so
that it was parallel at the transmitter box. The beam was then separated into its component colors,
and all but the three strongest beams were blocked. Each of these three beams was passed through
a polarization plate so its axis of polarization could be oriented correctly with respect to its
corresponding prism beamsplitter.

The beamsplitters separated each beam into a pair of beams of approximately equal
intensity, and the stronger beam of each pair was frequency-shifted using a Bragg cell driven at 40
MHz. The beams were then aligned using DANTEC manipulators to route the beams to the
optical fibers which transmit them to the submerged probes.

The submerged probe design was done in such a way that all optical surfaces were
surrounded by a beam expander and a protective lens. After the beams reach the measurement
volume the scattering light was sent to the photodetectors installed inside the probe.

Each photodetector used a narrow-band optical filter to pass only the appropriate
wavelength, and the filtered, collimated beam was directly incident on the photomultiplier tube.
All the scattering light was collected using a backscattering method which gave a good signal-to-
noise ratio.

The electronic setup was software controlled via a RS-232 interface connected to an IBM/
AT computer. The optimal configuration depends on what the laser is seeing inside the test
section. If only one phase was present all parameters could be adjusted for that phase, but to
balance the setup for both phases (i.e., two-phase flow) was a very difficult task. For example, the




best setup for 2mm particles (the solid particles) was a bad setup for very small seed particles in
the liquid phase. To avoid this, some liquid seeding was necessary during these experiments,
where the principal characteristic is that all particles was small enough to track the flow
accurately but large enough to scatter sufficient light for the proper operation of the photodetector
and the signal processing equipment. The bandwidth and voltage had to be carefully adjusted in
order to get the best signal possible.

3. RESULTS AND DISCUSSION

In order to verify if the laser alignment was acceptable, the probe was submerged
perpendicular to the test section and, with the laser beams working in a TEM, (Transverse
Electromagnetic) mode, several experiments were done using single-phase liquid. Figure-2 shows
how the chordal measurements were performed. The axial direction (x) was in the direction of the
flow. The lateral direction (y) was in the direction of the laser beams, and the vertical direction (r)
was perpendicular to the flow direction inside the pipe.

Vertical  (r/R) 3.1 EXPERIMENTAL RESULTS AND TWO-
il 1 FLUID MODELING.
Axial Position (x/R) 1 ﬂi 4 1 3.1.1 LOCAL AXIAL VELOCITY PROFILE
LOW 5 O he s s =
oy £ Two-phase solid/liquid experiments were performed
o 0 0 ..' SRS next using neutral buoyant particles (i.e., particles
7 having the same density as water). The absence of
Lateral () gr.awtatlon'al effec'ts malke Fhese data applicable to
Position microgravity studies. Significantly, the lateral lift
Figure 2. Nomenclature utilized force in this case is negligible since the slip between
for 2D experiments. the phases is practically zero.

The local axial velocity for both phases are shown in
Figure-4. The slip between the liquid and the particles is negligible and, near the wall, the
particles have a slightly higher velocity due their finite size and the wall effects in the liquid
phase.

The experiments with neutral buoyant particles can be considered to be microgravity
simulations since slip and the lateral lift force can be neglected. Moreover, due to the absence of a
deformable surface, the possibility of lateral forces were eliminated which would occur if
distorted bubbles were the disperse phase.



3.1.3 LOCAL REYNOLDS STRESS.

The local measurements of the Reynolds stress for the liquid and neutral buoyant particles
are shown in Figure-5 The Reynolds stresses for the liquid and neutral buoyant particles are
almost identical when away from the wall, and they follow a linear trend until close to the wall

where a pronounced wall effect is evident.
Also, since the particles were neutral buoyant, symmetry around the center line of the
horizontal pipe was observed, with a zero value of Reynolds stress at this position.

3.2. TWO-FLUID MODELING

These data can be used to verify multidimensional two-fluid model predictions. The local
instantaneous conservation equation for each phase are given by [Lahey, 1995]:

-aa—tp‘P+V-p‘}’v=V-J+pf (1

Similarly, the jump conditions between phases k and | are:

[(plP(V—VI.)+J)-I'l]H == M;' (2)

Table 1 Variables utilized in the local conservation equations and jump conditions.

Balance b J f M,
Principle
P Conserved Conserved Conserved Conserved
quantity quantity’s flux quantity’s body quantity’s
source density interfacial
source
Mass 1 0 0 0
Momentum v T g m;
Energy u+%{v-v) Ty —ig™ g-v+r ef




Mass CONSERVATION
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Figure 3. Overview of the two-fluid model.

where T is stress, g is gravity, u
is internal energy, ¢ "' is heat
flux, and r is volumetric heat
source. To obtain the
conservation equations which
govern the motion of turbulent
dispersed solid/fluid flows. An
overview of this model is
presented in Figure-3 The two-
fluid model utilized was
evaluated using the
PHOENICS code, which is
suitable for solving all the
equations obtained and allows
ones to add appropriate closure
laws. This model was developed

considering only vertical upflow where the two-phase (solid/liquid) flow data were obtained in
the horizontal test section. However, neutral buoyant particles were used, and thus gravitational
effects were negligible. Hence these data can be compared with the model developed for vertical
upflow. Indeed, Figures- 4 and 5 show that the agreement with the data is quite good.
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Figure 4 and 5. Data obtained for velocity profile and Reynolds stress for
two-phase flow mixture using neutral buoyant particles

compared with two-fluid model.



4. SUMMARY AND CONCLUSION

A complete set of data were taken for particle/liquid flow using neutral buoyant particles.
These data represent a simulation of microgravity conditions and are useful for the assessment of
multidimensional two-phase flow models.

It was found that a state-of-the-art two-fluid model was able to predict these data very well,
thus supporting the validity of this modelling approach.
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Abstract
The droplet entrainment and the interfacial shear are the most important phenomena that can exist in annular flow.
Many of the available data were obtained for atmospheric condition neglecting high pressure effects where surface
tension plays an important role. A unique vapor/liquid Freon experiments were designed and utilized to scale and
simulate annular two-phase flow for high pressure data. The results were compared with two correlations available
where Ishii and Mishima’s dimensionless group was able to scale the data remarkably well. The pressure data
obtained agreed well with Wallis and Asali’s correlation for interfacial shear.

. Keywords
Two-Phase Flow, Annular Flow and Vapor/Liquid Freon-113

1. INTRODUCTION

The fraction of liquid flow, which is dispersed in the gas core in annular flow, is the droplet
entrainment. The experimental technique utilized in the present work is to extract the liquid film
through a porous tube which allows to remove the droplet even near the liquid film.

Most of the data available has been obtained in air/water experiments at atmospheric pressure.
However many applications operate under very different conditions. For the case of high pressure
steam boilers the density ratio and the surface tension are quite different from these experiments.

The available correlations must rely on these data and therefore there is some uncertainty when
they are applied to other situations. The present experiments employ air/water and Freon-113 data
with the objective to bridge this gap in experimental data and reach steam/water conditions at
high pressure.

2. PREVIOUS WORK
2.1 Available Data.

Cousins and Hewitt’s (1968) experiments were carried out in adiabatic, upwards, air/water
flows in tubes at near ambient temperature and low pressure, i.e. 0.14 to 0.24 MPa. A 9.5 mm (3/
8 in) I.D. bore acrylic resin tube and a 31.8 mm (1 1/4 in) I.D. bore copper tube were employed.



The tube lengths used to attain equilibrium conditions are 2.2 m (7.17 ft.) for acrylic resin and
9.8 m (32 ft) for copper, respectively. The distance necessary to reach an equilibrium condition is
given by Kataoka and Ishii (1982) as follows;

Z ~ 440D We]* | Re}’® (1)

where,

x 13
;D
L 2
o \p,

Re, = D where j, . is the velocity for gas and liquid respectively (3)
H¢

For Cousins and Hewitt’s experiments, the value of 440 We,%23/ Re®? lies between 50 and

150. Hence, the entrainment fractions measured at the tube exit can be regarded as the equilibrium
value, since Z/D is greater than 230 at this point for all cases.
The flow rate of entrained liquid (W g),, was determined by a mass balance equation:

WL =(W;_,r)| +(WL£)I (4)

Here, Wy is the inlet liquid flow rate, (W g); is the liquid film removal rate though porous

wall section. The importance of this experiment is that the deposition rate is also measured with
the second suction probe. Various deposition lengths were measured.

Keeys et al. (1970), measured the liquid entrainment in adiabatic annular steam/water flows at
high pressures (3.447 and 6.894 MPa). The 12.6 mm L.D. test section was 3.66 m long. The value
of 440 We,*2%/ Re lies between 10 to 27 and Z/D is 290. This ensures equilibrium conditions
at the liquid film extraction point. The liquid film flow rate is measured by extracting the film
through a film removal device at the end of the test section. The steam, which is inevitably
removed with the liquid film, is passed into a trace-heated cylinder and pumped back through
another orifice. When the pressure difference across this orifice is increased, the liquid film
removal rate increases until a plateau is reached. The true liquid film flow rate was taken as this
value.

Since the Hewitt’s data was obtained with entrainment fractions below 40% and Keeys’ data
above 70% there is a gap in the middle because the data did not overlap.

2.2 Available Correlations

Several correlations have been developed. Some of these correlations have been reviewed by
Ishii and Mishima (1989). Two representative correlations are shown below: Dalman et. al.
(1979) and Ishii and Mishima (1989).

Ishii and Mishima (1989) proposed a detailed correlation on the basis of an entrainment
inception criterion and a force balance at the wavy interface as follows:

E, =tanh(7.25 x 107 We;* Re}™) (5)



where We, is defined in Equation (2).
This correlation indicates that the equilibrium entrainment fraction £, depends on the total

liquid Reynolds and gas Weber numbers.
Dallman et al. (1979) correlated the entrainment rate from a liquid film as:

b W= W, 2 12 112
£=k.{( LFP w]uan p.lr ®

where k, is an entrainment coefficient, P is the perimeter of the wetted surface and Wy ¢ is the
critical liquid mass flow rate required for the onset of entrainment. For air/water upflow k5= 3.5 x

10 sec? /kg and W} pc/P= 0.046 kg/m s.
The deposition rate is represented in terms of the concentration of droplets in the gas core, C,
and the deposition coefficient, kp (m/sec), as:

; W
d=k,Cx A-Dfiufi ™

G

At steady state, the rate of deposition from the gas core is equal to the entrainment rate from
the liquid film, ie.,

d=¢ (8)
Inserting equations (6) and (7) into equation (8), Dallman obtained:
E kf ~ e,
A A ®)
v+ 2E e,
4k,
where we have defined:
.zD ,r
W%JRLJZ and E, =1-2c (10)
o P, W,

Since equations (5) and (10) were developed using a limited set of experimental data in low
pressure air/water flows, it is expected that the correlations may not apply directly to high
pressure situations.

3. SCALING

The current experiments were designed to simulate steam/water flow at 13.6 MPa in a small
diameter tube. The difficulty with scaling the interfacial phenomena in annular two-phase flow is
that they are not well understood. The state-of-the-art correlations are empirical. We have chosen



the best known dimensionless correlations in the hope that the dimensionless numbers that they
include are sufficient to scale the interfacial mechanisms.

The entrainment rate correlation was derived based on the correlation by Ishii and Mishima
(1989). For fully developed annular flow they obtained:

- 0.26
D _66x107 Rel,'™* Wwe** _&] (1)
-uf' .|ul,r

where Re;; = Re; (1-E). Combining equations (11) and (5) we obtain:

D _ gwe,, Re, Lr, Lry (12)
H, Py My

The interfacial shear correlation of Wallis (1969) is based on the premise that the interfacial
roughness is proportional to the film thickness:

h
¢ = 0.005(1+300—) (13)

Henstock and Hanratty (1976) used the approach that the flow in the film is similar to single-
phase flow. The film was assumed to be uniform and the mixing length model was used to
calculate the liquid velocity to obtain:

and g(Reyy) is an algebraic function.
By a similar argument as used for equations (12) it follows that:
c;=y(We,, Re, Re,, 2L £L) (15)

Py Mg

Equation (15) has one more dimensionless group than equation (12), Reg.

To obtain similarity the five dimensionless groups on the RHS of equation (15) should be the
same. Table 1 is a comparison between a steam/water reference case and six experimental cases.
The hydraulic diameter is 6 mm for the reference case and 10 mm for the experiments. Freon-113
and air/water are used in this analysis.

The velocities, j, and jg, are chosen such that Rej and Weg are similar. The only other variable
that is controlled is the pressure.

There is one further advantage with Freon-113, that the surface tension is very low. In fact it is
smaller than the reference condition. This is important in case that some significant dimensionless
group was missed.



Table 1 Annular Flow Scaling

Fluids P 5 3 il jg Rey Re, We, T T

MPa C m's m/s

Steam/Water 13.6 | 334 _=0.5 20 23E+4 | 48E+5 | 14E+4 75 392
Freon (113) 2 180 | 0357 1 7347 | 23EH4 | 1.3 E+5 | 1.4 E+4 7.1 10.92
Freon (113) i 140 0426 | 1595 | 23Ew TIE+S 14 E+4 193 1613
Freon (113) 0.5 100 | 0503 | 2749 | 2.3 E+4 T.3E+5 14 E+4 409 23.65
Air/Water 2 20 2327 | 8447 | 23EH 1.0 E+6 1.4 E+4 424 5263
Air/Water 1 20 2327 | M9S5S | 23EH4 '?.:t E+5 | 14EH 84.7 52.63
Air/Water 0.5 20 2327 | 1689 | 23EH | S52E+S 1.4 E+4 169.5 5263

4. EXPERIMENTS

4.1 Entrainment Measurement (Air/water).

As the liquid film flows up the tube, part of the liquid film is entrained as fine droplets in the
gas core. When fully developed flow is established the entrainment rate is equal to the deposition
rate and the entrainment fraction reaches its asymptotic value. Since the length between the top of

the mixer to the inlet of the first extraction unit is about 440 diameters, fully developed annular
flow is expected.

The entrainment fraction, E, can be calculated from the following expression:

W, (16)

For high water flows, it was hard to tell when the liquid film was extracted completely by
visualization. The higher the inlet water flow, the greater percentage of the inlet air flow that
needs to be extracted to reach the plateau. Once on the plateau it is assumed that the liquid film is
extracted completely. The amount of extracted gas was always the minimum necessary to remove
the liquid film. There are 121 experimental data points. The range of experimental data was

extended on both air and water flows. The range of pj is 5.5 to 289 kg/ms? and the range of Pg
jg" is 480 to 45000 kg/ms? (Pressure: 140 to 660 kPa).

4.2 Freon-113 Experiment.

In order to scale properly annular steam/water flow at high pressures and temperatures Freon
has been shown to be one of the best fluids available. In Table 1 shows that it is possible to obtain
the same density ratio as steam/water at 13.6 MPa using Freon-113 at 2MPa.



A unique annular two-phase loop (Figure 1) using vapor/liquid Freon was designed and built to
scale the steam/water conditions. Vapor is produced inside a vapor generator (20 kw) and is mixed
with Freon liquid in the inlet of the test section to produce annular flow. The pressure of the vapor
generator is controlled automatically according to the set point established for the experiment.
The first extraction unit works the same way as in the air/water loop. This liquid film goes to a
flowmeter tank where the level can be read and the mass flow rate calculated. Two drain valves at
the top of the flowmeter tank, with different discharge coefficients, were installed to control the
optimal extraction point, i.e., when the plateau is reached. Thermocouples were installed before
and along the test section to check that the data was obtained at steady-state saturated conditions.

The range of the experiments were: 100 <p, jgz< 23000 and 1.25 <p¢j< 325 at 2.5 and 10 bar.

5. RESULTS

Figure 2 shows a comparison of Ishii and Mishima’s correlation (1989) and the four data sets:

Cousins and Hewitt (1968), Keeys et. al. (1970), the present air/water data and the present Freon-
113 data.

ANNULAR FLow - FrReoN Loor The dimensionless

group We, : '25Re10'25

collapses all the data

Vot oo y——:;mm _______ Vason jLicis surprisingly well and it
ik | oeonscn Liaue fits the data by Cousins
fjJ ' and Hewitt very closely.

e = Seancen This is not surprising
3 —T——="ro%—7  since these data were use
i to obtain the correlation.
. Furthermore the
correlation is in
agreement with all the

data for We,'">3Re,%%5 <

10°. The scatter observed
in the new data at values
of E below 0.1 is related
to the uncertainty in the
measurements and to the
logarithmic scale which
amplifies the effect. For

We;''2Re,%23 > 10° the

correlation no longer fits

the data. However the
== remarkable fact is that the
low pressure air/water
data, the high pressure
steam/water data and the
Freon-113 data are

To Sromace ——
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Figure 1 Two-phase annular Freon-113 loop.



collapsed in this region. The scatter of the air/water data set is systematic and depends on the
liquid Reynolds number. This is not considered in Ishii and Mishima’s correlation. Because of its
significance, this phenomenon deserves to be studied separately and it will not be discussed any
further at present.

Figure 3 shows the comparison of the correlation by Dallman et. al. (1979) with all the data.
The correlation fits all the air/water data well with k,=5.4 x 10° s*/kg and Wi gc/P =0.046 kg/ms.
Although the scatter is appreciable, Dallman et al.’s correlation does account for an asymptotic
lower limit to the film flow, so the scatter is more random compared to Ishii and Mishima’s
correlation. However the correlation does not match the Freon-113 data. The pressure data is
shown in Figures 4 and 5 compared with Wallis and Asali’s correlation. A good agreement is
observed.

6. CONCLUSION

New data sets have been obtained and they are consistent with previous entrainment data sets.
The new data sets provide plenty of overlap between low pressure air/water data and high
pressure Freon-113 data. It is now possible to show that the dimensionless group proposed by
Ishii and Mishima (1989) scales data for a wide range of conditions, and in particular for high
pressure steam/water flows. However the correlation by Ishii and Mishima is not properly
calibrated for Wel"zsRe]O'25 > 10°. Furthermore, it does not account for the asymptotic lower
limit of the film flow rate observed at high gas flows. The new sets of data may be used to correct
the correlation for these two effects and be used to improve the computer codes currently in
operation.
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Abstract

Advances in petroleum reservoir descriptions have provided an amount of data that can not be use directly
during the simulations. This detailed geological information must be incorporated into a coarser model during
the multiphase fluid flow simulations by means of some upscaling technique. The most used approach are the
pseudo relative permeabilities and the more widely used is the Kyte and Berry method. In this paper it is
proposed a multi-scale computational model for multiphase flow that implicitly treats the upscaling without
using the pseudo functions. By solving a sequence of local problems on the more refined scale it is possible to
achieve good agreement between a coarser grid and a more fine grid, without expensive computations on a fine
grid model of the whole reservoir. The main characteristic of this new upscaling procedure is to overcome some
practical difficulties related the use of traditional pseudo functions. Results of bidimensional two phase flow
simulations considering homogeneous and heterogeneous porous media are presented. Three examples compare
the results between this approach and the commercial upscaling program PSEUDO, a module of the reservoir
simulation software ECLIPSE of Geoquest.
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Upscaling, Multiphase flow, Numerical simulations, Multi-scale computational model.

1. INTRODUCAO

A simulagdo numerica de reservatorios de petroleo ¢ associada ao uso intensivo de
recursos computacionais, principalmente nos tempos atuais quando técnicas geoestatisticas
geram descrigdes de reservatorios heterogéneos com altissimo grau de detalhe. No entanto as
dificuldades computacionais decorrentes deste volume de dados leva a necessidade de
mudanga das propriedades envolvidas para uma escala menos refinada.

Na etapa de simulagdo, as equagdes do problema de transporte sdo discretizadas e o
dominio de fluxo ¢ entdo dividido em blocos, aos quais as propriedades de rocha sdo
associadas. No caso de fluxo monofésico e/ou onde a heterogeneidade tem pouco efeito no
fluxo, a mudanga de escala envolvendo apenas a permeabilidade absoluta do meio pode ser
suficiente para alcangar resultados satisfatorios. No entanto o fluxo multifisico em meios
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porosos requer uso de técnicas especificas para ajustar os fluxos de cada fase através das faces
dos blocos da malha de discretizagao.

Na presenca de fluxo multifisico a técnica mais utilizada sdo as pseudo-curvas de
permeabilidade relativa das fases, que substituem as relagdes originais, medidas em laboratorio,
e que sdo fungdes da saturagdes e do tipo de rocha reservatorio.

A metodologia apresentada neste trabalho procura utilizar parametros obtidos com a
simulagdo numérica de fluxo em algumas regides como forma de criar uma equivaléncia entre a
malha de simulagdo e outra bem mais refinada, mas sem utilizar os conceitos de pseudo-
fungdes multifasicas e sem o custo computacional da malha fina. Os exemplos apresentados
consideram problemas bidimensionais, bifasicos 6leo-agua e formulagao Black-Oil.

2. MUDANCA DE ESCALA ATRAVES DE PSEUDO-FUNCOES

Modelos simplificados, analiticos
ou numeéricos, podem ser utilizados
para obten¢do destas pseudo-fungdes,
exemplificadas na Fig.l. Métodos
analiticos sdo validos em situagdes
onde algumas hipoteses
simplificadoras, relativas ao
mecanismo de produgdo ou a
estrutura do reservatorio, sdo
atendidas. Exemplos destas condigdes
| idealizadas sae a consideragdo de

1]

ar

o

o3

o

(]

N 2 o i 3 equilibrio vertical (Coats et al.
Figura 1: Curvas e pseudo-curvas de permeabilidades (1971)) e a seqiiéncia de camadas ndo
relativas comunicantes (Hearn (1971)).

Métodos numeéricos utilizam, de uma forma geral, simulagdes de fluxo, em parte do
modelo fino, para construir as pseudo-fungdes para cada bloco da malha grossa. Desta forma,
sao geradas as pseudo-fungdes dindmicas. Jacks et al. (1973) propuseram uma metodologia
baseada em simulagdes de segdes verticais, que gera diretamente um conjunto de pseudo-
permeabilidades relativas para cada coluna vertical do modelo de malha fina, em situagdes
onde o equilibrio vertical ndo poderia ser adotado. Um dos métodos mais difundidos para o
calculo das pseudo-permeabilidades relativa dinamicas foi proposto por Kyte e Berry (1975).
Estes autores apresentaram um procedimento que se baseia na lei de Darcy para o calculo das
pseudo-fungdes, e pode ser considerado uma extensao da proposta de Jacks et al. (1973).
Stone (1991) foi o primeiro a utilizar o pardmetro mobilidade total média, com o objetivo de
evitar os problemas associados com a estimativa de pressdes da malha grossa do método de
Kyte e Berry (1975). Outros métodos também baseados em diferentes formas de se calcular a
mobilidade total foram propostos por Hewett ¢ Berhens (1991) e Beier (1992).

Guerillot e Verdiére (1995) e Verdiére e Thomas (1996) desenvolveram um esquema de
mudanga de escala baseado no uso de uma malha grossa para solugdo da equagdo da pressdo e
outra refinada para solugdo da equagdo da saturagdo, denominado Dual Mesh Method (DMM).
Este trabalho considera apenas fluxo incompressivel, o que permite o desacoplamento do
sistema de equagdes ndo lineares em uma equagdo envolvendo apenas a variavel saturagdo e
outra envolvendo apenas a variavel pressdo, o que facilita o esquema de solugdo. Outra
hipotese simplificadora destes trabalhos ¢ a representagdo dos pogos apenas como uma
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condicdo de contorno associada a um bloco especifico, sem considerar as propriedades
geomeétricas dos mesmos.

Uma revisdo geral do uso de pseudo-fungdes, suas propriedades e limitagdes, pode ser
encontrada no trabalho de Barker e Thibeau (1996). Além desta revisao, uma comparagdo
entre cinco métodos dindmicos de mudanga de escala foi apresentada por Barker e Dupouy
(1996).

3. MODELO COMPUTACIONAL MULTIESCALA

Este trabalho apresenta uma metodologia para a obten¢do de solugdes para o problema de
escoamento em meios porosos, numa escala menos refinada do que a escala de descrigao
geologica, que pode considerar até dezenas de
milhares de blocos. As vantagens deste
procedimento sobre os processos tradicionais,
a) Malha Fina que utilizam as pseudo-fungdes, sdo varias. A
principal delas € permitir que a tarefa de
mudanga de escala seja executada de forma
implicita pelo codigo computacional e ao
b3 M alka Gosss mesmo tempo obter solugdes proximas a

e == == <= solucio da malha fina, sem que o problema
4 seja resolvido nesta escala. Muitas vezes a

e descri¢do do reservatorio € realizada com tal
P refinamento que solugdes neste nivel sao
o) Subdonfaios impraticaveis. Outra caracteristica importante

Figura 2 : Representagao das escalas de desta metodologia € evitar a necessidade de
simulagao reconstrugdo do modelo numérico toda vez

que as linhas de fluxos do reservatorio sdo alteradas. Quando se utiliza pseudo-fungdes, para
cada simulagdo da malha grossa que incorpore mudangas, seja nas vazdes, seja nas posigdes
dos pogos, novas pseudo-fungdes tém que ser geradas. Isto constitui uma das principais
desvantagens na utilizagao das pseudo-curvas.
A idéia central da metodologia ¢ a utilizagdo de I _ ;
R 3 » 5 e Descrigdo das propriedades ]
parametros obtidos com a simulagdo numerica de fluxo, I
P : .. Mudanga de escala das

em algumas regides reﬁnadas, denommadgs subdomlrlnos smrmeabiidudos-thociutes
(SD), onde sdo consideradas as propriedades fisicas A
originais do meio, como forma de criar uma equivaléncia

| Inicializagdo da malha grossa I

entre a malha de simulagdo, a malha grossa, e a malha _@. adial 2.
fina onde o problema foi descrito. Para isto as escalas,
mostradas na Fig. 2, estdo sempre presentes no modelo | Solugao SD com c.c. Dirichlet ]
r . . I
numeérico de sxmulacﬁo. Ajuste dos termos de fluxo

O esquema mostrado na Fig. 3 representa um entre blocos € pogo

fluxograma dos principais processos executados, num | sy da] i |

passo de tempo, no modelo computacional multiescala: I

I - Inicializagdo da malha grossa: nesta etapa, os [ Solugao SD com c.c. Neumann |
blocos da malha fina sdo agrupados em subdominios, ]

criando assim cada bloco da malha grossa. Os [ t=7T+ar |}—
parametros de rocha e fluido sdo definidos através de @

média ponderada pelos volumes porosos, no caso de

porosidades, pressoes e saturagdes e atraves de métodos Figura 3 : Modelo computacional
especificos no caso das permeabilidades absolutas. multiescala
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Foram implementados o Método de Le Loc’h (Le Loc’h (1987)) e a obtengdo da
permeabilidade equivalente através da solu¢do da equagdo de Laplace, que considera fluxo
monofasico, aplicada a cada bloco e a cada diregao.

II - Solugio de uma seqiiéncia de problemas locais: nesta etapa, que tem o objetivo de
obter informagdes relativas ao fluxo das fases na malha fina, todos os subdominios sdo
resolvidos como um problema local definido por condigdes de contorno tipo Dirichlet e
condigdes iniciais iguais ao do passo de tempo anterior.

IIT - Ajuste dos termos de fluxo
entre blocos da malha grossa:
através da solugdo aproximada nos
subdominios obtida na etapa II, um
A s) valor representativo de saturagdo
(Sw¥*) é definido para cada bloco da
Figura 4 : Representagdo de Sw*paracadablocoda  malha grossa, conforme esquema da
malha grossa Fig. 4. Este valor ¢ calculado através
de diferentes esquemas de ponderagdo aplicados as saturagdes de cada bloco dos subdominios.
Utilizando estes valores e as curvas originais de permeabilidades relativas, os termos
dependentes da saturagdo, isto €, as transmissibilidades das fases presentes nos termos de fluxo
da malha grossa, sao ajustados.
IV - Ajuste dos termos fonte para a malha grossa: os ajustes do indice de produtividade dos
pogos e das transmissibilidades das conexdes bloco-pogo sdo realizados nesta etapa. A
produtividade ¢ ajustada considerando a permeabilidade apenas do bloco da malha fina onde o
pogo encontra-se completado, enquanto os calculos dos termos dependentes das saturagdes,
presentes nas transmissibilidades, utilizam diretamente as satura¢des deste mesmo bloco fino.
V - Solug¢do da malha grossa: esta etapa corresponde a solugdo do problema de forma
tradicional, com a diferenga que aqui os fluxos das fases respeitam as corregdes efetuadas nos
termos de fluxo nas etapas anteriores.
| | [ | VI - Distribui¢ao dos fluxos das

IR vl . conexdes da malha grossa entre as
conexodes dos subdominios: uma vez

! (i Y S copsmetttl i1 I corrigidos os fluxos através das
ey D b | conexdes das _ma_lha grossa, estes
| ] v fluxos sdo distribuidos entre as
Figura 5 : Distribuicdo dos fluxos de um bloco da malha  conexdes externas dos subdominios
grossa nas interfaces do subdominio ~ associados a cada bloco, conforme

Fig. 5. Esta distribuigdo baseia-se em ponderagdes que utilizam o produto permeabilidade
absoluta-mobilidade total de cada bloco do subdominio.

VII - Ajuste entre malha grossa e subdominios: todos os subdominios sdo novamente
solucionados, mudando apenas as condi¢oes de contorno das conexdes externas, consideradas
agora tipo Neumann, onde as vazdes especificadas sdao aquelas distribuidas na etapa VI. O
objetivo desta solugdo ¢ atualizar os subdominios a partir dos resultados de fluxos da malha
grossa e permitir uma evolugdo consistente das duas escalas.

4-MODELAGEM DO PROBLEMA DE ESCOAMENTO MULTIFASICO EM MEI0S POROSOS

A simulagdo numérica, tanto da malha grossa quanto da malha fina, é feita através do
balango de massa aplicado a cada componente ¢ do fluxo que atravessa um volume arbitrario
no dominio do fluxo, ¥, associado a uma area 4. Este balango ¢ expresso por:

4
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np ~ - ”P - 5 -ﬂp
=$4 2 Xep Pp Vi dA I ler.‘p PpdpdV = E{IV lem PpSp9dv |, (1)
p= p=

p=I

onde o subscrito p refere-se a cada uma das n, fases, x., ¢ a fragdo massica do componente ¢
na fase p, p, ¢ a densidade, v, ¢ o vetor velocidade, 7 o vetor unitdrio normal a drea 4, g, o

fluxo volumeétrico, por unidade de volume, que ¢ injetado em V, S, € a saturagdo e ¢ ¢ a
porosidade.

A primeira parcela do lado esquerdo da Eq. (1) representa a razdo massica de fluxo do
componente ¢ que atravessa a superficie 4 , num sentido de fluxo oposto a dire¢do do vetor
normal unitario. A segunda parcela representa a razdo de inje¢do de massa do componente ¢
no volume de controle V. O termo do lado direito da Eq. (1) representa a variacdo da massa
total do componente ¢ no volume de controle V, ou seja a acumulagdo do componente ¢ em
todas as fases do sistema. A relagdo entre a velocidade superficial da fase p e o gradiente de
potencial € obtida através da generalizagdo da lei de Darcy

Kkr, -
Vv, =-— Vo

4 ; onde: V®,=Vp,+p,gVD. (2)
p

P t]

Nas expressoes anteriores k,, ¢ a permeabilidade relativa, u, a viscosidade, @, o potencial,
pp a pressdo, g a aceleragdo da gravidade, D a profundidade e K € o tensor diagonal de
permeabilidades absolutas do meio poroso.

A substituigdo da Eq. (2) em (1) fornece a equagdo integral para o fluxo multifasico de
cada componente ¢ do sistema, através do volume representativo V. A forma discretizada da
equagao pode entdo ser obtida pela aproximagao por diferengas finitas e constitui num sistema
de equagdes ndo lineares. Este sistema ¢ linearizado pelo método de Newton-Raphson e
solucionado através de métodos iterativos.

O modelo Black-Oil, utilizado neste trabalho, considera trés fases: a fase do
hidrocarboneto liquido (o), a fase do hidrocarboneto gasoso (g) e a fase aquosa (w). Apenas
trés componentes sdo considerados: 6leo (o ), agua (W) e gas (g ). Outras consideragdes do
modelo sdo: o dleo e a dgua sdo imisciveis e ndo trocam massa; 0 componente gas pode se
dissolver nas fases oleo e agua; os componentes 6leo e agua ndo se vaporizam na fase gas, em
condigdes de reservatorio e o fluxo é isotérmico. _

As relagdes empiricas envolvendo pressoes capilares sdo definidas por:

Peow =P3 = DS Peog = Pg = Pos 3)

onde as pressoes capilares p. sdo fungdes conhecidas das saturagdes.

Para a completa formulagdao do problema ¢ necessario ainda estabelecer as equagdes de
equilibrio de fases que na formulagdo Black-Oil podem ser substituidas por relagdes
envolvendo propriedades das fases como densidades das fases, fator volume de formagao(B),
solubilidades e fragdes massicas. Estas propriedades sdo baseadas em volumes medidos em
condigdes normais, que sdo obtidas em laboratorios e denominadas relagdes PVT - pressdo,
volume e temperatura.

As ultimas relagdes constitutivas a serem consideradas sdo as relagdes entre as
permeabilidades relativas e as saturagdes das fases, consideradas fungdes monotdnicas.

by = RS Y R SRR S A8, @)
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5. EXEMPLOS

Os trés exemplos a seguir ilustram a aplicagdo do processo de mudanga de escala
proposto. Em todos os trés casos a porosidade do meio € 30% e os parametros dos fluidos sdo
os mesmos adotados por Aziz e Odeh (1981). As dimensdes de cada bloco em todas as malhas
de discretizagdo mais refinadas sdo 304,8 m x 304,8 m.

5.1 Caso HERA

Este exemplo representa um meio homogéneo com permeabilidade constante igual a 700
mD. A malha fina é composta por 45 blocos, numa configuragdo de 15 por 3, enquanto a
malha grossa ¢ formada por 5 blocos, numa disposi¢do 5x1. Neste exemplo um pogo injetor de
agua esta localizado na posi¢do (2,2) e um pogo produtor na posigdo (14,2). As restrigdes de
produgdo nestes pogos sdo: vazdo de injecdo constante e igual a 6360 m’/d no pogo injetor e
pressdo de fundo
o especificada igual a 20670
al kPa no pogo produtor.

O grafico da Fig. 6
| - &=~ GF
!ZDDT o v ins
IDDD-I —w—SCALE
PSEUDO

HERA - Vazéio de agua no pogo produtor

compara resultados em

termos de vazdo de agua no

pogo produtor obtidos pela

simulagdo envolvendo todos

os blocos da malha fina (GF),

apenas os blocos da malha

grossa sem qualquer

. : - : . . v ‘ alteragdo nas curvas de

1 (anos) permeabilidades relativas

Figura 6 : Caso HERA - Comparagé&o entre SCALE e PSEUDO  (GG), a simulagdo através do

procedimento multiescala

proposto (SCALE) e o

modulo PSEUDO do simulador comercial ECLIPSE. No PSEUDO sao utilizadas as fungoes

de Kyte e Berry (1975) associadas a pseudo-fungdes para pogos propostas por Emanuel e
Cook (1974).

Ow (m¥d)

5.2 Caso ZEUS

50 - O caso ZEUS mostra um quarto de um
esquema de injegdo five-spot, com 3658 m
de lado, onde a malha fina é composta por
144 blocos enquanto a malha grossa ¢

formada por 16 blocos, conforme Fig. 7.
Neste exemplo o pogo produtor esta
situado na posi¢do (2,2) operando com
pressdao de fundo constante igual a 20670
kPa enquanto o pogo injetor, localizado em
(11,11), opera com vazdo de injegdo
1 2.345 €.789 101112 constante e igual a 3180 m’/d. Os
resultados, em termos de vazdo de dgua no
Figura 7 : Caso ZEUS - Malha fina e distribuicdo ~ pogo produtor, para o GF, GG, SCALE e

das permeabilidades, em mD. PSEUDO sio apresentados na Fig.8.
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Figura.8 : Caso ZEUS - Comparagao entre SCALE e PSEUDO
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5.3 Caso AJAX

O caso AJAX difere do
caso ZEUS pela presenga de
heterogeneidade em todos os
blocos da malha fina, como
apresentado na Fig. 9. Para efetuar
a mudanca de escala das
permeabilidades absolutas durante
etapa de inicializagdo da malha
grossa foi utilizado o Método de
Le Loc’h (1987). Os resultados

5 10
1 (anos)

— W Un ON =3 00 WO

1 2

34567 89101112

Figura 9 : Caso AJAX - Malha fina e
distribuicdo das permeabilidades , em mD.

250 1
300 1
250 +
200 +
. (m*id)
150 +

100

50 +

AJAX - Vazdo de dgua no pogo produtor

- m= GF

—— G ALE
PSEUDO

para este exemplo sdo
apresentados na  Fig. 10,
mostrando a  influéncia da
heterogeneidade dos blocos da

malha fina no ajuste do fluxo das fases nos blocos

da malha grossa.

5.4 Comentarios

Os casos apresentados mostraram boa
concordéncia entre o procedimento proposto e a
solugdo completa na malha fina. Em todos os
exemplos observa-se um melhor desempenho do
SCALE, quando comparado com PSEUDO, na
obtengdo do instante da irrupgao da agua no pogo
produtor. Além disto, a metodologia proposta
também trata a mudanga de escala em meios
heterogéneos de forma mais precisa que o
PSEUDO, como mostra o exemplo AJAX.

Uma analise do custo computacional,
envolvendo o nimero de operagdes executado
pelo método iterativo de solugdo
do sistema de equagdes, mostra
que, para problemas com razoavel
numero de blocos, este
procedimento  executa  menos
operagdes que a solugdo da malha
fina. A continuidade das pesquisas
nesta area esta concentrada na
busca de critérios de selegdo de
subdominios a serem resolvidos a
cada passo de tempo, de forma a

o
o

Figura 10 :

5 10 15
1 (anos)

Caso AJAX - Comparagao entre SCALE e PSEUDO

obter boas solugdes a um custo
menor do que aquele obtido com
solugdes em todos os subdominios,
como mostrado nos exemplos deste
trabalho.

20 25
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6. CONCLUSOES

Os resultados obtidos com o procedimento multiescala - SCALE - mostrou, em todos
os exemplos testados, ser esta metodologia efetiva na mudanga da escala em fluxo multifasico
em meios porosos. Comparativamente ao modulo PSEUDO do simulador comercial
ECLIPSE, os resultados sdo bastante proximos, sendo que o simulador multiescala SCALE
obtém com maior precisdo o instante de irrup¢do da agua no pogo produtor. No tratamento
das heterogeneidades o SCALE também apresentou um desempenho superior ao PSEUDO.

Com o objetivo de reduzir o custo computacional deste procedimento a pesquisa esta
atualmente direcionada para busca de critérios dinamicos de sele¢do de apenas algumas regides
refinadas, os subdominios, a serem solucionados a cada passo de tempo.
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Abstract

Electricity-powered ovens are largely employed by bakeries in Brazil, which constitutes a misuse of this form of
energy. This is even more so considering that hydroelectric energy resources in the country might be coming
close to their limit. The present paper describes the design, manufacture, and testing of thermosyphons to be
used in bakery ovens using natural gas as the heat source. The design geometrical parameters, working fluid fill
ratio, operation limits, and the two-phase flow pattern are discussed.
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1. INTRODUCAO

Um forno de padaria tipico possui um espago interno com dimensdes H = 900 mm, W
=500 mm ¢ D = 850 mm e comporta uma prateleira para nove bandejas com dimensodes H =
890 mm, W = 400 mm e D = 800 mm. Na parede traseira, encontram-se um ventilador e
resisténcias elétricas para circulagdo e aquecimento do ar. O ar é insuflado sobre as
resisténcias, de onde ¢ direcionado para o vao lateral entre a prateleira e a superficie interna do
forno. O ar quente circula entdo pelo interior das prateleiras, cedendo calor aos paes, e retorna
ao ponto de partida para mais um ciclo de aquecimento/resfriamento. O forno tem uma
poténcia nominal de cerca de 20 kW e opera com temperaturas do ar entre 150 °C e 220 °C.

O presente projeto visa a substituigdo das resisténcias elétricas por termossifoes
aquecidos pela combustdo de gas natural. A grosso modo, um termossifao bifasico fechado
pode ser definido como um tubo de calor assistido exclusivamente pela gravidade, ou seja, um
tubo de calor desprovido da malha capilar e onde, necessariamente, o condensador deve ser
localizado acima do evaporador. Os evaporadores dos termossifoes serdo mantidos em uma
camara de combustdo externa ao forno situada abaixo deste, enquanto os condensadores
dissipardo o calor no espago interno. O enfoque do presente artigo ¢ a fabricagdo e os testes
de tubos de calor visando-se a sua aplicagdo a fornos de cocgdo conforme descrito acima.

2. DISPOSITIVO EXPERIMENTAL E PROCEDIMENTO DE TESTE

Projeto do Termossifdo: Considerou-se que o comprimento do condensador devesse ser
aproximadamente igual a altura do espago interno do forno, enquanto o comprimento do
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evaporador requer a considera¢do da carga térmica aplicada a cada termossifao. Para tal, deve-
se determinar o numero total de tubos de calor que devem ser introduzidos no interior do
forno. A este respeito, para a fabricagdo dos termossifoes optou-se por utilizar tubos de ago
inoxidavel com D, = 19,05 mm e D; = 17,05 mm. Estes tubos sdo facilmente encontrados no
comércio e ndo apresentam problemas quanto a sua utilizagdo em laboratorio ou,
eventualmente, no prototipo do forno de cocgao. Portanto, para uma profundidade de 810 mm
do vio entre a parede interna do forno e as prateleiras, podem ser instalados 21 tubos de calor
deixando-se entre eles um espago de aproximadamente 10 mm, isto ¢, 29,05 mm de centro a
centro. Tem-se 42 tubos de calor com carga térmica individual de cerca de 476 W.

Conforme sera visto mais adiante, o limite operacional para o fluxo de calor aplicado
ao termossifdo, tendo-se a agua como fluido de trabalho, ¢ de aproximadamente 220 kW/m?.
Logo, para q = 476 W a area minima do evaporador para cada termossifdo deve ser 2,16 x
10° m*, a qual corresponde um comprimento L, = 36 mm. Optou-se por utilizar L. = 220 mm
por questdes de facilidade de construgdo do prototipo de teste e da camara de combustao da
aplicacdo real. Os comprimento do termossifao utilizado sdo entdo L= 1000 mm e L.=220
mm, ou seja, um comprimento total de 1220 mm.

Com relagao ao volume de fluido de trabalho utilizado, um termossifdo é caracterizado
pela razdo de enchimento, F = V;/ V,, onde ¥} ¢ o volume total de fluido de trabalho e V, é o
volume do evaporador. Calculos preliminares mostraram que o volume minimo de fluido
requerido para uma carga térmica de 500 W ¢ de aproximadamente 5 ml, a qual corresponde
uma razao de enchimento F = 0,10. Este é o volume minimo para se manter apenas um filme
de liquido nas paredes do termossifao, isto €, ndo se prevé a existéncia de um reservatorio de
liquido (Faghri, 1994). Por outro lado, Groll e Rosler (1992) recomendam que o valor de F
esteja entre 0,4 e 0,6 para termossifoes orientados verticalmente e entre 0,6 e¢ 0,8 para
termossifoes inclinados. Destas consideragdes, decidiu-se utilizar para o presente prototipo,
que operara orientado verticalmente, F = 0,6.

Construcdo do Prototipo: Uma vez determinados os valores apropriados para os parametros
geométricos e para o volume do fluido de trabalho, procedeu-se a construgao do termossifao.
O primeiro passo ¢ a limpeza do tubo de ago inoxidavel e das outras pegas constituintes do
termossifao de modo a se assegurar a ndo contaminagdo do fluido de trabalho por impurezas.
Isto € feito em um banho ultra-sénico durante aproximadamente 15 minutos utilizando-se
tricloroetileno como solvente a temperatura aproximada de 35 °C.

Este procedimento ¢ repetido até se obter um alto nivel de limpeza do tubo e das
demais pegas. A soldagem das pegas constituintes do termossifdo ¢ entdo feita em atmosfera
inerte (argénio) a fim de se evitar a formagdo de oxidos que contaminariam o fluido de
trabalho. Este oxidos, por sua vez, ocasionariam a formagdo de gases ndo condensaveis que
se acumulariam no interior do termossifao, diminuindo a sua eficiéncia.

Neste ponto, esta-se apto a evacuagdo e enchimento do termossifdo com o fluido de
trabalho. Para tal, dispde-se de uma linha de evacuagdo e carga de tubos de calor (Fig. 1). O
projeto deste sistema foi baseado principalmente na descrigdo apresentada por Dunn e Reay
(1982) e consiste basicamente de uma bomba turbomolecular de alto vacuo que atua
diretamente sobre o tubo de calor ou sobre tanques de depurag¢do do fluido de trabalho. O
direcionamento do vacuo para os tubos ou para os tanques ¢ feito através de valvulas.
Primeiramente procede-se a evacuagdo das linhas de conexdo e a depuragdo do fluido dos
gases inertes nele dissolvidos. Este processo de purificagdo consiste no congelamento do
fluido a niveis criogénicos, evacuagdo da linha e posterior liquefagdo do fluido. Este ciclo é
repetido até se obter o vacuo desejado (10 ° Torr). O tubo de calor ¢ entdo ligado ao sistema
para evacuagdo e carregamento com o fluido de trabalho. O procedimento de evacuagio é
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analogo ao descrito anteriormente. A bureta permite a medigdo precisa do volume de liquido a
ser transferido para o tubo de calor. Uma vez carregado, o tubo de calor ¢ entdo selado.

_ A fungdo da

rama paralelo - vista superior . - . .

armadilha criogénica ¢

| A
"r Qi e e melhorar o vacuo da

|
i s 'i linha e proteger a
[ bomba turbomolecular
L ques de| de particulas
Pl Ry : indesejaveis. O sistema
!' 3 ‘@W@-‘—t de evacuagio prevé
[ e W ainda uma  saida

optativa para evacuagao
de outros dispositivos
como, por exemplo,
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e vicsocom | ancue / e do tanque de argdnio
turbomolecular | |

INAAAY IAAA quando da construgdo
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condutividade térmica
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Fig. 1:  Linha de evacuacao e carga de tubos de calor (NCTS-LABSOLAR-  seja, tubos de calor

UFSC).
contendo uma massa conhecida de gas inerte misturada ao fluido de trabalho.

Instrumentacdo do Protdtipo: Concluida a construgio o tubo de calor, este foi devidamente
instrumentado com termopares. Os pontos de medida foram escolhidos de modo a se poder
inferir a configura¢do do escoamento bifasico no interior do termossifao a partir dos valores
de temperatura. Referindo-se a Fig. 2, observa-se que a espessura do filme de condensado
aumenta de cima para baixo em L., o que implica em uma resisténcia de condugao radial do
filme crescente neste sentido. Como a temperatura do vapor, T,, e da agua de refrigeragdo, T,
sdo essencialmente constantes, a variagdo da temperatura da parede do condensador, T,
seguira a variagdo da resisténcia de condugdo do filme de condensado. Espera-se que no topo
do condensador, onde se da a formagao inicial do filme de liquido, e nas regides proximas ao
evaporador, onde ocorre a mudanga subita da condigdo de contorno, estas variagdes sejam
maiores. Nas regides centrais do condensador, as variagdbes da espessura do filme
provavelmente ndo sdo altas a ponto de causarem variagdes substanciais da temperatura T,.

No evaporador, ha fendmenos térmicos e hidrodinamicos ocorrendo em um
comprimento de apenas 220 mm. Espera-se que a temperatura da parede do evaporador, T,,,
aumente de cima para baixo ndo somente pela proximidade com o condensador, mas também
porque a vaporizagdo do filme liquido em Ly muitas vezes remove calor mais eficazmente do
que a ebuli¢do em reservatorio em L,. O comprimento L € o comprimento total do filme de
liquido no evaporador, incluindo o comprimento do filme que penetra no reservatorio de
liquido, Lgp. Este ultimo vem compensar a perda de massa por evaporacdo na superficie do
reservatorio de liquido. Os comprimentos Ly e L, dependem da carga térmica aplicada, mas
acredita-se que estas variagdes sO sejam significativas para cargas térmicas muito diferentes.
Isto €, ndo se espera poder detectar variagdes destes comprimentos a partir das medidas de
temperatura.
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O espagamento entre os termopares foi definido a partir das consideragdes acima.
Optou-se por uma maior concentragido dos termopares ao longo de todo o evaporador e no
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Fig.., 2. Configuragao do

escoamento bifasico no interior
do termossifao (Faghri, 1994).

topo e na base do condensador. Infelizmente varios
termopares se quebraram durante os testes e aqueles
efetivamente utilizados correspondem a x = 1210,
1177, 1143, 1110, 915, 547, 373, 323, 168, 115 ¢ 36
mm. Estes termopares foram posicionados sobre
uma mesma linha longitudinal, havendo ainda dois
termopares instalados, um, na tampa do evaporador
e, outro, na tampa do condensador para
monitoramento das temperaturas do liquido e do
vapor, respectivamente. Para o posicionamento dos
termopares ao longo do perimetro do tubo,
raciocinou-se que os efeitos circunferenciais sdo
provavelmente mais importantes no condensador
devido a espessura irregular do filme liquido. Mais
ainda, espera-se que estes efeitos sejam mais
marcantes no topo do condensador do que nas
regides inferiores. No evaporador, as variagdes
circunferenciais de temperatura seriam mais
marcantes na regido do filme liquido. Isto se daria
pela proximidade com o condensador e também
pelas perturbagdes causadas pela agitagdio no
reservatorio de liquido. A escolha das posigdes

circunferenciais para a fixacdo dos termopares
adveio destas consideragdes. Mais uma vez, foram
instalados termopares em varias posi¢des mas varios
deles se quebraram durante os testes. Os termopares

efetivamente utilizados para a verificagdo de variagdes circunferenciais de temperatura estao
localizados em x =1210,1177 e 1143 mm.

Dispositivo Experimental e Procedimento de Teste: Os dados experimentais foram obtidos

utilizando-se as instalagdes do Nucleo de Controle Térmico de Satélites (NCTS) da

Universidade Federal de Santa Catarina (UFSC).

A Fig. 3 mostra esquematicamente o

dispositivo experimental utilizado para a obtengédo destes dados. O condensador ¢ resfriado
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Fig. 3 - Dispositivo de teste do termossifao.

TERMOSSIFAO

por agua que escoa no espago anular
entre o condensador e uma tubulagdo de
PVC que o envolve. A temperatura
desta agua de resfriamento foi fixada
em 15 °C £ 0,1 °C por um banho
térmico com capacidade de absorgdo de
1000 W de poténcia. A maxima carga
térmica aplicada ao termossifao foi 500
W, representativa da aplicagdo real. Os
niveis de pressio e temperatura no
termossifio associados a esta carga
térmica mantém-se seguramente abaixo
dos valores maximos tolerados pelo
tubo de ago inoxidavel (13,20 MPa a
204 °C). O evaporador do termossifao ¢

TERMICO
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aquecido por uma resisténcia do tipo ldmina (“skin heater”) especialmente fabricada para este
fim (Giths et al., 1995).A poténcia transmitida pelo tubo de calor foi admitida igual a
poténcia elétrica dissipada. Esta pode ser calculada a partir dos parametros elétricos com uma
incerteza de cerca de + 0,5 W. Os termopares utilizados sao do tipo T (cobre-constantan) e K
(cromel-alumel) cujas leituras sdo armazenadas em um sistema de aquisi¢do de dados. A
incerteza nestas medidas é de cerca de + 0,5°C conforme verificado por calibragdo prévia do

sistema . O termossifao foi posicionado verticalmente (B = 90°) durante os testes, sendo um
medidor de nivel utilizado para a verificacdo da orientagdo. Para cada poténcia testada, o
estabelecimento do regime permanente foi verificado procedendo-se a leitura dos varios
termopares a cada 15 segundos e certificando-se de que a maior variagdo de temperatura em
um mesmo termopar estivesse abaixo de 0,3 °C. A partir de entdo, os dados foram obtidos a
cada 15 segundos durante um periodo de aproximadamente uma hora.

3. ANALISE DOS RESULTADOS EXPERIMENTAIS

A Fig. 4 representa de maneira esquemdtica o escoamento bifasico no interior do
termossifao onde os varios fendmenos térmicos e hidrodinamicos sdo representados pelas
resisténcias R; a Rjg. As resisténcias externas R e Ry estdo ligadas diretamente as condigdes
de operacgdo do termossifido; as resisténcias de condugdo R,, Rg e Rjo sdo determinadas pela
geometria e material do tubo usado; as resisténcias Rj, R4, Rs, Rg € R7 sdo determinadas pelas
caracteristicas do escoamento bifisico no interior do tubo, que por sua vez dependem
diretamente da carga térmica aplicada. As resisténcias R4 e Rg ocorrem na interface liquido-
vapor do evaporador e condensador, respectivamente. A resisténcia Rs esta associada a queda
da temperatura de saturagdo entre o evaporador e o condensador causada pela perda de carga
do escoamento de vapot. Normalmente, as resisténcias R4, Rs € Rg podem ser desprezadas
(Groll e Rosler, 1992), o que sera feito neste trabalho.
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Fig. 4 - Circuito térmico representativo do termossifao bifasico fechado (Brost, 1996).

Para este problema particular envolvendo uma carga térmica conhecida, tem-se por
objetivo determinar as temperaturas de operagdo Te, Ty, T, € T, bem como a resisténcia
térmica global do termossifdo. A comparagdo destas com as medidas experimentais permitira
validar os procedimentos de projeto, fabricagdo e teste dos tubos de calor.

O procedimento de céalculo dos parametros de operagdo do termossifao foi baseado
naquele dado por Brost (1996). Os passos deste procedimento sdo descritos a seguir.
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1. Célculo de Ry utilizando-se correlagdes classicas de convecgédo forgada.

2. Célculo de R; =In (Dy/D;)/2nkL,, Rg = In (Dy/D;)/2nkL, € Rijg = [La + 0,5(L; + Lo)J/Ax ky .
3. Estimativa inicial de Ty: T, = T = T + q(Rg + Rg) admitindo-se R,=0¢e R,y — .

4. Avaliagdo das propriedades fisicas da agua a temperatura de saturagao T,.

5. Estimativa de p, no evaporador: p, = p, + p,gFL, senf

6. Cilculode R, = R,, para R, ,(R,, ou R, =R, F+R,,(1-F) onde,

0‘235 qlr’3 hhlkfpf 0,25
= D‘g-sglfsl‘eq);-s s, Wy = T T ¢, (1)
R A 1 . (I} o pfO.GEk'PJCE;? ‘EJ_ 0,23 (2)
¥ @,g"¢™(xDL)" T AR P
7. Calculo da resisténcia de condugédo do filme de condensado, R;
02354"
R? = D3 g”L P (3)
8. Calculo da resisténcia térmica global do termossifao, R,
-1
R l : R 4)
' R2+R3+R7+R8 +Rl0 b 9 (
9. Célculo das temperaturas médias do condensador e do evaporador, T, € Teo
I:(,:I;_,-'!'Q‘Rq € Tm:?:-.'*'Q'Rf (5)
10. Novo calculode T,
?:(J = I;ﬂ
T,=T,+|q-=2—=|(R +R,) : (6)
10

11. Repetir os passos 4 a 10 até se obter convergéncia para T, (AT, <0,5 °C)

Deve-se assegurar agora que a carga térmica da aplicagdo ndo excedera os limites de
operagdo do termossifao. Estes limites sdo calculados conforme discutido por Groll e Résler,
1992, e Faghri,1994.

Limite pressdo de vapor ¢, = % onde L, ; =L, +L(1-F) 0
Limite sénico gi.. =05(p,p. )"k (8)
Limite de ebuligao Gowe = 0121, [0? (P, —p,) & 0]0'35 ®)
Limite contracorrente Guse =1 Bo h;,[pi (p,-pP.) g cr]u’25 onde os

. ; b |
coeficientes f), f; e f; sdo obtidos das referéncias. (0

Para o termossifao em questdo, o limite de operagdo mais baixo ¢ o limite de ebuli¢do
(cerca de 440 kW;’mz). A razdo de enchimento utilizada (F = 0,6) é suficientemente alta de
modo a tornar o limite de ressecamento seguramente elevado quaisquer que sejam as
condi¢des de operagdo do termossifio (Faghri, 1994). Por outro lado, Brost (1996)
recomenda que o termossifao seja projetado para operar abaixo de 50% do fluxo maximo
permitido. Para uma carga térmica maxima de 500 W, tem-se q” = 38 kW/m? no evaporador.
Estando este valor bastante abaixo de 220 kW/m? (metade do limite de ebuli¢do no presente
projeto), pode-se esperar que o termossifdo operara seguramente em fornos de cocgao.



DESENVOLVIMENTO DE UM TERMOSSIFAO BIFASICO PARA...

A Tab. 1 apresenta os valores do principais parametros de operagdo do termossifio em
fungdo da carga térmica aplicada. Optou-se por utilizar a resisténcia global do termossifio
propriamente dito (R = R, + R; + R7 + Rg) devido a grande incerteza no valor de Ry.

Tabela 1:  Parametros de operagdo do termossifao em fun¢do da carga térmica aplicada.

| a | Ta| Teo[C] Teo [°C] Tv [°C) Tp [°C) Riermossifao
[°C/W]
[W] °C | Teor. | Exp. | Tedr. | Exp. | Teor. | Exp. [ Teor. | Exp. | Teor. | Exp.
1 | 85,6 15 193 | 78,7 1 17,8 [ 151 18,1 189 260 |772 |0,0160 | 0,695
2 1970 15 19,8 [ 84,5 | 18,1 | 190 | 184 [232 [ 26,1 | 80,3 |0,0159 | 0,675
3 | 1985 15 124,7 87,8 [21,5 1199 |220 |[24,1 [28,5 |80.4 | 0,0148 | 0,342
4 |299.2 15 1293 190,0 1247 [21,0 [256 |243 |30,9 |80,6 |0,0140 [ 0,231
5 | 405,1 15 | 34,0 | 89,6 |28,0 |]209 (293 |21,6 |335 [80,0 [0,0135]0,170
6 | 499.8 15 1382 [91,9 (31,0 |21,7 |32,7 |23,0 [36,0 |80,0 [0,0131 | 0,140
7 12666 [55 |674 |714 [63,5 [582 |64,2 [49,0 | 650 | 59,1 |0,0133 | 0,063
8 |411.6 15 | 34,3 |41,5 [282 |.20,5 1295 | 222 |335 |325 |0,0134 | 0.05]
thnnossif'ao. tedrico — RZ g RJ + R'J’ + R8 thrmossifﬁo. experimental = (Teo = Tco) / q

Observa-se no seis primeiros testes uma enorme discrepancia entre os valores teoricos
e experimentais das temperaturas da parede do evaporador, T, € do reservatorio de liquido,
T,. Com relagdo a temperatura do vapor, Ty, e da parede do condensador, T, a discrepancia
¢ muito menor embora as tendéncias ndo sejam as mesmas. As discrepancias nos valores de
Teo € Teo, por sua vez causam a discrepancia entre os valores tedricos e experimentais da
resisténcia do termossifao. Acredita-se que este comportamento tenha sido causado, em parte,
pela presenga de ar no termossifio devida a uma possivel falha no carregamento do mesmo
com o fluido de trabalho. O ar, pelo seu efeito isolante, causaria uma redugdo drastica no
coeficiente de pelicula no interior do tubo. Além disso, um outro fator a ser considerado ¢ o
alto valor da razio L./L. (= 4,5). Isto pode ter feito com que uma grande parte do
condensador se tornasse inoperante, assumindo assim uma temperatura proxima aquela da
agua no resfriador. Por outro lado, o volume de agua no termossifdio ¢ uma fragdo muito
pequena do volume total ja que a razdo de enchimento, F, € calculada com relag¢do ao volume
do evaporador. Este fator pode ter causado o ressecamento, ainda que parcial, do evaporador
e do condensador, contrariamente ao previsto por Faghri (1994).

A fim de se verificar as hipdteses acima, o termossifdo foi recarregado com o fluido de
trabalho tomando-se varias precaucdes para se evitar o vazamento de ar para o0 seu interior.
Os dois ultimos testes da Tab. 1 mostram os novos resultados obtidos. Héa uma melhor
concordancia entre todas as temperaturas e, como conseqiiéncia, uma melhor concordancia
entre os valores teoricos e experimentais da resisténcia do termossifdo. Aparentemente,
eliminou-se o provavel efeito do ar presente nos dados anteriores, restando apenas os efeitos
desfavoraveis do alto valor da razio L./L. e do pequeno volume de dgua comparado ao
volume total do termossifao.

Embora ndo haja concordancia entre os valores tedricos e experimentais para a
resisténcia do termossifdo, as tendéncias sdo as mesmas em ambos os casos. A diminuigdo da
resisténcia com o aumento da poténcia se explica pelo aumento da pressdo. A maiores
pressdes, ha uma maior tendéncia da dgua em formar um filme liquido na parede do tubo,
melhorando as condigdes de troca térmica com uma conseqiiente diminuig¢do da resisténcia do
termossifdo. Este fator também explica a melhor concordancia entre experimento e teoria
para valores crescentes da poténcia aplicada.
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A Fig. 5 apresenta a distribuigdo de temperaturas ao longo do tubo para 405 W. Vé-se
que as distribuigdes de temperaturas obtidas ndo correspondem exatamente aquelas
antecipadas na segdo Instrumentagao do Prototipo. Isto se deve as condig¢des desfavoraveis
de transferéncia de calor no interior do
termossifao, ja discutidas. Ha um aumento
da temperatura na base do evaporador
devido a um provavel ressecamento,
enquanto que no condensador ha um
aumento da temperatura nas regides
. superiores. Este comportamento pode ser
ol oo =0 explicado pelo efeito isolante do ar
, acumulado no topo do termossifdo.
e e L R R Finalmente, ndo foi detectada qualquer

PSS variagdo circunferencial de temperatura no
termossifao.
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Fig. 5: Distribui¢do de temperaturas ao longo
do tubo para q =405 W.

4. CONCLUSOES

Os dados experimentais mostraram valores excessivamente altos para a resisténcia do
termossifao. Este comportamento seria explicado, sobretudo, pelo efeito desfavoravel do alto
valor da razdio L./L. e pelo pequeno volume de agua comparado ao volume total do
termossifdo. Isto significa que o projeto do termossifio devera ser modificado, aumentando-
se o comprimento do evaporador (0 que implicara em uma maior camara de combustdo na
aplicagdo real). Como continuagdo desta investigagdo, serdo testado$ termossifoes assim
projetados com diferentes valores da razdo de enchimento.

Naio se obteve a distribuigdo de temperaturas prevista ao longo do termossifiao devido
as condigoes desfavoraveis de troca térmica no seu interior. Espera-se que o novo projeto
permita ndo simplesmente viabilizar a aplicagdo pratica desejada, mas também proceder-se a
um estudo sistematico do escoamento bifasico no interior do termossifao.

Embora mudangas no projeto do termossifio sejam necessarias, esta fase inicial deste
projeto de pesquisa permitiu o aprimoramento no NCTS-LABSOLAR-UFSC dos
procedimentos de fabricagdo e teste de tubos de calor.
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Abstract

Internal mixing twin fluid air blast (Y-jet) atomizers, in which liquid is injected into a mixing chamber with
compressed air or steam, are extensively used in industry. It is well known that one of the main design parameters
for pre filming blast atomizers is the thickness of the liquid film generated at the discharge orifice. This paper
derives an expression for estimating that film thickness assuming that, apart from a small amount of droplets
formed by the impact of the liquid on the air stream inside the pre-mixing chamber, the great majority of droplets
is generated by the liquid film formed on the pre-mixing chamber wall through the deflection of the liquid jet by
the high speed gas stream flowing through the center core of the pre-mixing chamber. That is, this Atomizer,
usually classified as an “internal mixing, blast atomizer™ behaves instead as a “pre filming blast atomizer”. The
results compared well with experiments.
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1. INTRODUCTION

Internal mixing twin fluid air blast (Y-jet) atomizers, in which liquid is injected into a
mixing chamber with compressed air or steam, are extensively used in industry. The
principles of functioning of this atomizer were described in an experimental paper by
Mullinger and Chigier , 1964, who used an empirical correlation obtained by Wigg, 1964, to
evaluate the effects of flow parameters on the spray droplet mean diameter. This correlation,
however, is far from being of general use, as it does not offer satisfactory results in its
estimate of the Sauter Mean Diameter (SMD) for fluids such as water, besides offering in
general a sizable deviation from measured SMD’s. The point is that the litterature on the
subject treats the Y-Jet atomizer as an “internal mixing twin-fluid air blast atomizer”. On the
other side, it is well known that one of the main design parameters for prefiming blast
atomizers is the thickness of the liquid film generated at the discharge orifice.

This paper derives an expression for estimating that film thickness assuming that, apart
from a small amount of droplets formed by the impact of the liquid on the air stream inside
the pre-mixing chamber, the great majority of droplets is generated by the liquid film formed
on the pre-mixing chamber wall through the deflection of the liquid jet by the high speed gas
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stream flowing through the center core of the pre-mixing chamber. This is to say that the Y-
Jet Atomizer, usually classified as an “internal mixing air blast atomizer” behaves instead as a
“pre filming air blast atomizer”. This theory used to estimate the SMD, is then compared with
LDV droplet size measurements.

2. PROBLEM DESCRIPTION

Figure 1 shows a schematic of a typical Y-Jet Airblast Atomizer. The liquid upon
entering the mixing chamber is pushed against its walls by the incoming pressurized
atomizing gas generating a liquid film.

atoglg;zing R !
cone sheet
liquid —
(a) (b)

Figure 1 a - Schematic of a Y-Jet Atomizer and its assumed Conical Sheet
b - Y-Jet Injection Head

This liquid film is then ejected from the discharge orifice as a nearly conical sheet
which disintegrates into fragments which form unstable ligaments that contract under the
action of surface tension, forming droplets. Once the film thickness is estimated then, the
SMD of these droplets is calculated using an analogy based upon the hypothesis of
Dombrowski and Johns, (1963), regarding the behavior of a planar disintegrating liquid sheet,
who showed that the main source of instabilities that causes sheet disintegration into droplets
is related to the interaction between the sheet and the surrounding gaseous medium, when
disturbances interact with the sheet. They derived an equation for the droplet size based on the
concept of a planar liquid sheet and their theoretical values compared well with experimental
results.

These ideas can be applied to the Y-Jet atomizer if one assumes that the conical liquid
sheet formed from the atomizer discharge orifice possesses a much larger rupture radius than
the sheet thickness and that the wavelength of the ripples formed in the liquid film grows until
their amplitude equals the ligament radius, so that one droplet is produced per wavelength
(Dombrowski and Johns, 1963). Once the thin conical sheet is established, the amplitude of
the ripples away from the injector is assumed to be much smaller than the cone diameter so
that disturbances “see” the conical sheet as a plane one.
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3. GOVERNING EQUATIONS
As the atomizing gas and the liquid are discharged together in the surrounding medium

the main parameter in this process is the difference between the chamber pressure, P, and the
ambient pressure, Ps, which are the same for both fluids, i.e.,

API =6Par=Pc-Ps (1)

The liquid sheet velocity is given by:

U; = Cd(%] (2)
P

where Cy is the discharge coefficient and p is the liquid density.
The continuity equation for incompressible fluids yields

i, = p,U, Z[D2 -, -1, )] 3)

where —}[Df, -(D, - hu)z] 1s the area of the ring formed by the liquid film at the injector

exit, D, is the chamber exit diameter, h, is the liquid film thickness and my is the liquid
mass flow rate. Then:

!
D,-| D; - 4, VI
! ! p U

ho e (4)

2

Dombrowski and Johns (1963), derived the following expression for estimating the diameter
of the ligaments, d,, formed upon the breaking of a liquid film:

1 ! ;
= 2.1 g ar 8

d. =2 2 P2 Thisa6p, &?Ll; (5)
3f ) PP U; 6fp;o

Choosing f=12 as done by Dombrowski and Johns (1963) , one obtains

| 3
2.2 Ng a8 |5
d,=09615 Il 14 2,6y, [~LaTi (6)
pP.pU; 2pio
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where o [dyn/cm] is the liquid surface tension, p; [cp] is the liquid dynamic viscosity, p,
[g/cm’] is the density of the surrounding medium , pj[g/cm’] is the density of the liquid, K is
the “nozzle parameter” which those authors calculated for fan-spray atomizers only and U;
[cm/s] is a velocity term which, in a general case, can be seen to be composed of three
components: two of them relative to the air flowing on both sides of the liquid sheet , the third
one being the velocity of the sheet itself (Shen and Li, 1996). Therefore, one may choose a
mean value for the velocity field as

b | —

1 2 2 2
U, =|:§[UF +(Ula '“Uf) +(U23 _Ur) ]} (7)
where U,, and U,, are the air velocities on either side of the sheet and U, is the sheet

velocity.
As the air velocity outside the liquid sheet is taken to be zero in the Y-Jet atomizer, one may
write:

U= B[zui +(U, -Uf)z]] | (8)

| -

It can be shown (Couto et al, 1996) that the nozzle parameter, K, for atomizers which generate
nearly conical sheets is given by:

2 3
K=(h°;°‘°’9] 9)

f

where 0 is the half cone angle formed by the liquid sheet upon leaving the atomizer.
Using equations (8) and (9) into equation (6), one obtains:

| :
2 6 \6 hZ 3 4 S 5
d, = 09814 0T OB O Ty 5 o6y, [eco OO T (10)
PP ULU; 712U;pjo

for the diameter of the ligaments which, according to Rayleigh (apud Lefebvre, 1989), will
generate droplets with a Sauter Mean Diameter, SMD, of

SMD=1,89d, (11)

4. EXPERIMENTAL SETUP AND PROCEDURE

A schematic of the Y-type atomizer used in this work is shown in figurel
Determination of the atomizer dimensions, basically the liquid and air injection orifices and
the mixing chamber dimensions was based on Mullinger and Chigier’s guidelines (Mullinger
and Chigier, 1974) and on the following assumptions: a) isentropic flow through the
atomization air orifice, b) Mach number equal to unity at the air orifice outlet section, c)
stagnation air temperature of 298 K, and d) liquid injection discharge coefficient of 0.75. At
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the design operation conditions, the ratio between the atomization air to the liquid flow rates

was chosen to be 0,1.
Experiments with water were performed for atomization air injection pressures of 8,
15 and 25 psig. In these tests, the air mass flow rate was measured with a calibrated orifice
plate and the water mass flow rate with a rotameter. The following parameters were then
calculated, under the assumption of isentropic flow through the air injection orifice: injection
Mach number, air density and stagnation pressure and temperature in the mixing chamber.
The air velocity at the end of the mixing chamber was calculated from the chamber
dimensions using the calculated air density, and the ratio between the air and liquid mass flow
rates.

It should be pointed out that the injection pressure of 8 psig is out of atomizer assumed
design point because 8 psig = 22,7 psia < 27,84 psia = (14,7/0528) psia, i.e., Mach = 1 at the
injection port is a value that cannot be expected for such low air diferential pressure injection,
even with no liquid in the mixing chamber. The atomizer operation with this air diferential
pressure was investigated to provide extra discussion.

The Sauter mean diameters of water sprays generated by the atomizer were evaluated
with a Phase Doppler Particle Analyzer (PDPA) system at the Mechanical Engineering
Department of the Brigham -Young U., Utah, USA (Lacava, 1995).

TABLE 1 — SMD, calculated and measured, for AP, = 8, 15, 25 psig
( To=20°C , 8 = 7° as measured from pictures of the Spray )

Py my My, Mach | T /T, P./Py Par i " P U, SMD SMD
(psig | (&/s) | (&s) . giem® | (°C) | gage | (m/s) | calc. | meas.
10° (bar) (pm) | (um)
8 2,40 0.112 | 0.384 | 0.971 0.903 1,69 19.4 0.50 132 64 64
8 3,60 0,092 | 0,305 | 0,982 | 0,938 1,75 19.6 0.52 105 85 86
8 4,20 0,078 | 0,255 | 0,987 | 0,956 Jir 19,7 0,53 88 95 100
8 5.10 0,073 0,238 | 0,989 | 0,961 1,78 19,6 0.53 82 111 104

8 630 [ 0,067 | 0,216 | 0,998 | 0968 | 1,80 20.0 0.53 74 133 XXX

15 240 | 0,176 | 0,485 | 0955 | 0,851 | 2,10 19,1 0.88 166 47 45

15 3,60 | 0,146 | 0,382 | 0,972 | 0,904 | 2,22 19.4 0,93 131 61 56
15 420 | 0,131 | 0,336 | 0978 | 0925 | 2.26 19.6 0,95 115 68 74
15 5,10 | 0,114 | 0,287 | 0,984 | 0944 | 2,30 19.7 0,97 98 77 82
15 6,30 | 0,105 [ 0,263 | 0,986 | 0,953 | 2,32 19,7 0,98 90 91 86
25 2,40 | 0,235 [ 0,479 | 0,956 | 0,855 | 2,85 19,1 1,48 164 34 42
25 3,60 | 0,231 [ 0,469 | 0,958 | 0,860 | 2,86 19,2 1,49 161 47 46
25 420 | 0,216 | 0,431 | 0,964 | 0,880 | 291 19,3 1,52 148 52 54
25 5,10 | 0,190 | 0,337 | 0,978 | 0,924 | 3,27 19,6 1,60 116 58 61
25 6,30 | 0,168 | 0,319 | 0,980 | 0,932 | 3,05 19.6 1,61 109 68 67

5. COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

Table 1 presents the variation of several atomizer flow parameters as the water mass
flow rate was varied, for air stagnation differential injection pressures of 8, 15 and 25 psig,
respectively. It is observed that the water flow rate effectively obstructs the internal mixing
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chamber, increasing the air discharge differential pressure and decreasing the atomization air
flow rate.

Figure 2 shows the behavior of the SMD with the water mass flow rate for atomizing
air differential injection pressures of 8, 15 and 25 psig. The SMD was obtained for the
following cases: a) use of the formulation of film thickness developed in this paper, and b)
determined experimentally with the PDPA system. The data were not extended for water mass
flow rates above 5 g/s because, in this case, the SMD values obtained would be comparable to
the PDPA measurement volume, leading to non-reliable experimental results.
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Figure 2 — SMD (calculated and measured) vs water mass flow rate,
AP; =8, 15 and 25 psig

6. CONCLUSIONS

It is observed that the results obtained with the theoretical formulation derived in this
work fit very well with the experimental data. One of the strong features of the formulation is
that it takes into account the atomizer geometrical characteristics through the nozzle
parameter K. The Sauter Mean Diameter has been shown to be very sensitive to K, which by
its turn, is strongly dependent on the liquid film thickness, hy. Therefore, by measuring the
droplets SMD one may conclude that the expression derived for hg, i.e., Equation (4), is
satisfactory in describing the overall phenomenon of the liquid film generation. Finally, it is
worth noticing that, even for the far off-design injection pressure of 8 psig, (a case included
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just to provide extra discussion, as already mentioned), the formulation stood well compared
with the experimental data as shown in Figure 2.
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Abstract

Free surface flow in rectangular helical ducts is investigated experimentally. A liquid, driven by gravity,
describes a descendent trajectory forming a curved free gas-liquid surface due to the centrifugal and gravity
forces created by the duct curvature and torsion. The experiments were conducted in two different helical ducts,
with liquids' viscosity varying from 1 cP to 150 cP and for duct Reynolds numbers ranging from 40 to 90000
performing a total of 18 experimental runs. The liquid height distributions across the duct were measured using a
double wire probe. The results were transformed to an orthogonal system and then integrated across the flow
orthogonal cross section to determine the averaged main flow velocity and liquid holdup. The friction factor is
determined based on the experimental quantities and a correlation is proposed in the form of correction factors to
the existing friction formulae for curved rectangular channels to express the effect of the free surface.

Keywords
Helical ducts, free surface flow, experimental techniques, friction factor, rectangular channel/
Dutos helicoidais, escoamento com superficie livre, técnicas experimentais, fator de atrito, canal retangular

1. INTRODUCTION

Fluid flow in helically coiled ducts has many engineering applications, including flow
through turbomachinery blade passages, aircraft intakes, diffusers and heat exchangers. The
key feature of this flow is the presence of secondary flows in a plane normal to its axial
direction, which causes an increase in the friction factor with regard to the flow in straight
tubes. Hence, the prediction of the flow quantities, in particular the friction factor, is
important for the optimum design of industrial equipment.

The subject has drawn attention over the past 70 years, since the pioneering Dean's
(1927) work, who investigated the flow in a toroidal pipe, i.e., a helical pipe with a zero pitch.
A through review on single phase forced flow in curved ducts, discussing theoretical,
computational and experimental aspects, was done by Berger and Talbot (1983), and more
recently by Shah and Joshi (1987). Nonetheless, the challenges arising from the flow and
geometrical complexities justify the effort still being spent nowadays. Recent works, which
are tackled mainly by CFD methods, address to turbulence modeling, torsion effect on the
flow structure and branching solutions (Hur, 1990; Jayanti, 1990; and Liu, 1993).

Despite the numerous works discussing the forced flow, there is a lack of studies on free
surface flow in rectangular helical ducts. This type of flow geometry occurs, for example,
inside compact gas-liquid separators. They are designed to take advantage of a centrifugal
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field, in order to reduce the mean residence time of the fluids inside the equipment. The gas-
liquid mixture enters the separator and flows downward driven by gravity describing a helical
descendent trajectory. The phase segregation occurs establishing a curved free gas-liquid
surface. The flow stratification is due to the combined action of the gravity and centrifugal
force fields created by the curvature and torsion of the helical duct.

The present study deals only with the fully developed liquid flow, where the phase
segregation already occurred and the gas has vented to gas outlet line. The phenomena then
becomes similar to an open channel flow with no interfacial shear. The main objective is the
development of a correlation representing the average friction factor of the free surface helical
flow in rectangular ducts. The flow phenomena were analyzed from an experimental point of
view feeding with liquid the helical duct. The liquid flow rate and the liquid height
distribution were measured at an axial position where the flow was fully developed. The
liquid height was then integrated across the duct width, rendering the liquid hold up over the
measuring plane. In the helical duct, however, the plane orthogonal to the main flow direction
is twisted regarding the measuring plane. The actual hold-up and hence the average flow
velocity arose from the data conversion-between the measuring and orthogonal planes.
Finally, from the data reduction, the average friction factor was determined.

2. THE TEST LOOP AND EXPERIMENTAL TECHNIQUE

(collaborated Loureng¢o Gobira and Marcelo L. Morandin)

To generate a free surface flow in a rectangular helical duct a scaled-down model of a
compact gas-liquid separator was used. The helical duct consisted of a stainless steel helix
welded around a s.s. pipe of 89 mm in diameter inserted within a Plexiglas pipe of 137 mm in
diameter. The inner and outer pipes define the
inner and outer helical duct radius, IR and OR of
445 mm and 68.5 mm respectively. A thin
rubber gasket was glued to the helix outer
circumference to avoid any gap between the
helix and the outer pipe. Therefore, the

orthogonal difference between the radii of the outer and
plane inner pipes was the helix width (W), see Fig. 1.
Two helices, having pitches of 58.5 mm and

121.5 mm were used, making up two

liquid helght geometrically different ducts hereafter denoted
distribution as duct I and II respectively. As the helical ducts

were mounted vertically, their average
! inclination in relation to the horizontal were 9.4
and 18.9 degrees, respectively. The overall
Figure 1: Helical duct schematic lengthwise dimension of the helical ducts were
of 3500 mm which are equivalent to 60 and 29
pitches for ducts I and II, respectively. A
summary of the helical duct geometrical dimensions is shown in Table 1.

The helical duct was connected to a test loop, which supplied, controlled and monitored
the liquid flow rate. A centrifugal pump supplies the helical duct which had its flow rate
measured by a turbine flow meter. The flow meter was carefully calibrated at every change of
fluid. To avoid any change of the liquid properties during the tests, liquid temperature was
monitored and kept constant connecting to the loop a heat exchanger.
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The working liquids were tap water and three mixtures of water and corn syrup (Buffalo

1630®) under various concentrations, hereafter designated as fluids 1 through 4, as indicated
in Table 1. The liquids viscosity ranged from 1 cP to 150 cP, keeping the Newtonian behavior
even at the highest concentration of corn syrup. The density and viscosity of the liquids as
well as the flow range applied during the runs, are also shown in Table 2. Considering the two
helical ducts, liquids with four different viscosity and the set of flow rates applied, a total of
18 runs were performed.

Table 1: Duct dimensions Table 2: Liquid properties and flow range
Dimension Duct Duct  Fluid Composition Density Viscosity Mass Flow
(mm) I if (kg/m’) _(cP) (kg’s)

Pitch 585 121.5 #1 Tap Water 1000 1 0.29 - 1.55

Inner Radius R; 44.5 445 #2 Water +71% Corn Syrup 1285 46 0.48 - 0.91
Mean Radius  56.5 56.5 #3  Water +82% Comn Syrup 1324 100 0.55-1.99
Outer Radius R, 68.5 68.5 #4  Water +85% Corn Syrup 1338 150 0.14-0.32

The liquid height distribution was measured using a double-wire conductance probe
(Koskie et al., 1989). The double-wire probe is composed by the wire probe itself and an
electronic conditioning circuit. It measures the conductance of the liquid film between the two
wires which is proportional to the liquid height. The wire probe consisted of two 0.01 mm
parallel tungsten wires, 2.5 mm spaced, supported by
a special fork, made of a stainless steel capillary tubes

SU?ngirﬂﬂE with 1.5 mm OD, Fig 2. The fork was inserted into the

LD i S duct through a slot machined on the outer pipe wall.
g The slot was located at a distance equivalent to 20

! pitches downstream of the inlet to ensure a fully

!i_ developed profile at the measuring station. A

positioning device, driven by a micrometer, allowed
the displacement of the probe over the measuring
plane across the duct width, in steps of 2 mm + 0.02
mm. A calibration curve was taken from the static
reading of liquid height against the indicated voltage.
__toelectronic To avoid drift effects on the probe readings, a
i calibration check was made on site prior to every run.
The probe readout was checked against a stationary
liquid level, which could be visualized through the
transparent outer pipe wall.

probe displacement:
micrometer driven

Figure 2: Wire probe sketch

3. MATHEMATICAL FORMULATION

The calculation of the averaged friction factor requires the knowledge of the actual
mean flow velocity and of the liquid hold-up. The actual hold-up was determined by
transforming the liquid height readings taken from the measuring plane, see Fig. 1, to the
orthogonal plane and integrating them across the duct width. The orthogonal plane is defined
with the help of an orthogonal coordinate system obtained from the Germano's (1982)
transformation.
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The helical rectangular duct is developed from the helix curve with s as the arc length,
R(s) is the curve position vector, T(s) is the tangent vector and N(s) and B(s) are the normal
and the bi-normal vectors, respectively. Germano (1982) constructed an orthogonal coordinate
system (t,r,s) such that any Cartesian position vector X, joining the points M and O, is
expressed as (see Fig. 3),

x=P-0=R(s) +[t-Cos(¢(s] +¢y)—r-Sin(¢(s) + ¢0)]-N(s)+[t -Sin((s) + ¢, ) + r-Cos{¢(s)+¢o]]-B{s) (1

Equation (1) sets the basis for transforming from the Cartesian plane (X.,y.z) 10 the
orthogonal plane (t,r,s). It is necessary, though, to define ¢, and ¢(s). Following Germano
(1982), ¢(s) = -t.s for a helix with a constant pitch where t is the torsion to be defined below.

Also, the value of ¢, is arbitrary, and in particular, it is chosen to be ¢, = n/2. The helix
curvature and torsion are respectively given by

K:ﬁ/(ﬁ2+P3) and r=—P/(E3+P:) (2)

where R and P are, respectively, the averaged
radius defined as (Ri+R,)/2 and the P is the
helix pitch divided by 2n. It is convenient to
express the arc length s in terms of the angle ¢

s=(p/\hc2+'r2 (3)

and define the helix slope by means of angle a

Figure 3: Germano's coordinate system = ArcTan(-‘C/K) (4)

where the minus sign applies for a descending helix. The curve position vector R(s) and the
orthogonal vectors T, N and B relate themselves through the relations:

=@—, N(s)=l£, B(s)=TxN, £=TB—-KT, 99 N (5)
ds K ds ds ds

T(s)
The vectors R, T, N and B are

written in a Cartesian coordinate Table 3: Vector components

system with components along the x, y X y z
and z directions as shown in Table 3. component  component  component
Substituting the vector components R(o) R AR
. ; R.Cos(o) +R .Sin(p) -p.@
fr Table 1 t t 1),
om Table into equation (1) T(o) o it Mtaiionti i

collecting the terms along the proper
directions and using the definitions of B((P) -Sin(a).Sin(p)  +Sin(a).Cos(e) +Cos(at)
Equations (2)-(4) we obtain the N((p) - Cos() - Sinie) 0

transformation relationship between
(x,y,z) and (t,r,s) coordinates as

X =%-Cos(s-\p)—[r-Sin('r-s)—t-Cos(t-s)]-Cos(s-lp)+[r-Cos(t-s)+t-Sin(t-s)]-%-Sin(s-w) (6a)
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y=L-Sin(s-w)-[r-Sin(t-s)—t-Cos(t-s]]-Sin(s-lp)—[r-Cos(r-s)+t-Sin(t-s)]-l-Cos(s-w) (6b)
'} v

z=+$(r-s+1c-[r-Cos(t-s)+t-Sin(t-s)]) (6¢)

where v = vk’ + 1t . A numerical routine, based on Eq. (6), transforms the coordinates (t.r.s)
into (x,y,z), and vice-versa. The flow cross sectional area, as well as the liquid hold-up, both
normal to the flow, arises transforming the (x,y,z) duct coordinates and the experimental
liquid height data to a plane whose normal is coincident with the s direction and then
performing the integration.

The metric for the (t,r,s) coordinate system is obtained taking the changes in the position
vector dx, defined in Eq. (1):

dx = ds-[l —x(r-Sin(t-s)—t-Cos(< -s))]-as +dr-a, +a, -dt (7)
where the unit vectors, a,, a, and a, are parallel to the coordinates (t,r,s) and given by
a, = [N -Sin(t-s)+B- Cos('r-s)], a = —[N .Cos(t-s)+ B-Sin(‘r—s)], a=T (8
The metric coefficients for the (t,r,s) coordinate system result from
dx -dx = h?(ds)’ + h2(dr)’ + h?(dt)’ Q)
where the coefficients are: |
h?=1, h?=1, h?=[1-x(r-Sin(c-s)~t-Cos(z-s))] (10)

With the metric coefficients is possible to write the momentum equation along the flow
direction, (s), Warsi (1993). Area averaging the momentum equation results the one-
dimensional momentum equation:

i

0 oy Ltpwty = -2 py s 2Ty
§<pW)+E<pw )= 65<P>+as<1;s) =

+pgSin(a) (11)

H

where ( ) denotes area averaged terms over the flow cross section area, w and T are the
velocity component and the shear stress along the s direction, respectively. R;; and 1,y are the
hydraulic radius and the averaged wall shear stress as defined in Eq. (12),

Ag-€ L, o) £ L (T
R. = S . =R, . t t/w r rfw 12
T T { A, € } i

T 1

where L, and L refer to the wetted perimeter along the r and t directions; A, is duct cross
sectional area along the s direction and ¢ is the liquid holdup, defined as the ratio between the
area occupied by the liquid and A_. For a steady state and fully developed flow, Eq. (11)
reduces to a balance between wall shear forces and body forces:
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%‘”c pgSin(a) (13)

H

Substituting in Eq. (13) the shear stress by a Fanning friction factor and defining the
average flow velocity by means of the liquid flow rate, Q, gives

A,-€) -g-Sin(a)

(L,+L,)-Q (14)

gyl

4. RESULTS

Equation (14) is employed to evaluate the friction factor f,; based on the
experimentally determined quantities: liquid flow rate, wetted perimeter and liquid hold-up.
For the 18 runs, these values and other parameters of interest are summarized in Table 4
which shows: the fluid used and duct types; the duct orthogonal section A; the liquid holdup
€; the wetted perimeter L; the hydraulic diameter D ; the average axial flow velocity w; the
Reynolds number Re; the Froude number; the experimental friction factor f;; with an
uncertainty of 10%; the ratio between f}; and the friction factor to a straight pipe f, , and
finally, the flow regime based on the Reynolds number. The friction factor f, was estimated as
0.079Re** for turbulent flow and 16/Re for laminar flow.

Table 4: Experimental values

; A L D w flow
Run # Fluid # Duct (mpizl {‘;’) &) G ooy R Fr fi#10% fy/f Siaiue
1388 26.6 0.0708 0.0209 0.79 16389 1.10 0.0270 39  turb.
1388 40.7 0.0877 0.0258 127 32840 2.89 0.0127 22  turb.
1388 50.6 0.0900 0.0312 1.57 48893 437 00102 19  turh.
1388 574 0.0954 0.0334 173 57880 534 0.0089 1.7  turb.
I 1388 629 0.0976 0.0358 1.78 63550 5.62 0.0091 1.8  turb.
I 2765 129 0.0919 0.0156 123 19156 2.59 0.0163 24  turb.
I 2765 269 0.1317 0.0226 137 30984 322 00190 32  turb.
II 2765 41.5 0.1374 0.0334 188 62899 6.05 00150 3.0  turb.
II 2765 53.8 0.1429 0.0416 224 93485 860 0.0131 29  turb.
II 2765 23.7 0.0964 0.0272 063 242 069 0.1072 16  lam.
I 2765 37.2 0.1340 0.0307 072 303 088 0.0942 18  lam.
II 2765 53.0 0.1719 0.0341 081 369 1.12 0.0829 19  lam
I 2765 67.3 02016 0.0369 0.81 405 111 0.090 2.3 lam.
I 1388 525 0.0866 0.0337 0.14 41 004 13043 34  lam.
1388 68.0 0.1060 0.0356 025 77 0.1 04422 2.1 lam.
1388 354 0.0744 0.0264 076 560  1.03 0.0366 1.3 lam.
1388 559 0.0958 0.0324 076 679 1.04 00444 19 lam.
1388 71.5 0.1085 0.0366 071 718 091 0.0573 26 lam.

B LU AN PPV IR A W~
B BITRD Ba BN 0 U0 b G s e s e e

el

For the variables in Table 4 the following definitions apply: the average flow velocity is
w=Q/(A¢); the hydraulic diameter is D =4Ry,; the Reynolds and Froude numbers are,

respectively Re=pwD/p =4Q/(VL), Fr = w*Cos(a)/(gR). It can be shown that Fr controls

the slope of interface in the channel cross section. The experimental uncertainty on f;; was
evaluated based on the relative errors of the liquid holdup, wetted perimeter and volumetric
flow rate , as given in Eq. (15):
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(86, /5,) = |[3(5e/e)] +(BL/LY +[2(5Q/Q)] - (15)

These relative errors were estimated as: de/e = 3%, SL/L = 5% and 8Q/Q = 1% and represent
confidence intervals of 95%. Using these values Eq. (15) gives &fy/f; = 10%.

The helical duct liquid height distributions are shown in Figs 4 and 5 for data taken on

the measurement plane (X,0,Z) for the runs #3, #9, #13 and #18. Typical gas-liquid interfaces

for turbulent regime are shown in Fig. 4, for

T

E Correlations for friction in curved ducts
E found in the literature refer only to forced
: : . convection flows. No study on friction in free
50, . 80 5,5 surface flows through curved channels seems to

" have been made to date. In their review paper,

Figure 4: Liquid height for turbulent flow ~ Shah & Joshi (1987) recommended Ito's
correlation for turbulent flow and Chen's
correlation for laminar flow in curved rectangular
ducts. Thus we decided to correlate our data by
introducing a correction factor to the
recommended friction formula in each flow

Thumes Iq', E e E laminar regime are in Fig. 5. One can notice that
sni $§ Fwd | E the interfaces for the turbulent flow regime are
nni wa ¢ E steeper than the laminar regime due to the higher

75 o] 3 averagec! flow velocities expected in the turbulent
~ 3 : flow regime.

o
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o o regime. Further, since this factor is intended to

3 represent the effect of the free surface, it was

ise “ " expressed as a function of the Froude number in
b E et the form m + n Fr’ .

e P mmy The final correlations given below were

obtained by minimizing the total relative deviation
Figure 5: Liquid height for laminar flow {5 the experimental friction data, with respect to
the unknown constants m, n, p :
Turbulent flow: we corrected Ito's correlation (Shah & Joshi, 1987) to get

f,, = 0076 Re;ﬁ-”(l +0.0954 Re_ %% 1?5)(1.039 +2.053Fr'47) (16)

where Re,, =4Q/(pL,), L, =2¢(R, - R;)(1+7..), A, =D_Cos*(a)/( 2R o =4eA /L,

and y, is the aspect ratio defined by vy, = (n / &:)Jstm () + P’Cos ((x)/ R, R) The

standard deviation shown by dashed lines in Fig. 6 is 25 %.
Laminar flow: Chen's correlation for rectangular curved ducts is corrected in the form

g, =20 [ L Y270 4 0594Fr047) (17)
Re. )\ L

where Po, is the Poiseuille number (White, 1991) for a rectangular cross section which can
be approximated by Po, =14.23+09. 7?( )2 217/(1 - y;)]'m VY= Min[ym;l / }’m] and
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(f/f5) is the function given by Chen's correlation (see Shah & Joshi, 1987) depending on the
Dean number Dn_ = Re_ 1% and the aspect ratio y... The standard deviation is 30 %, shown
by dashed lines in Fig. 7.

fH calc.

fH calc.

1.6
{

1.4f

1.2]

fH exp.
0 0.01 0.02 0.03 0.04 0 0.250.50.75 1 1.251.5

fH exp.

Figure 6: Friction factor data versus Eq.(16) Figure 7: Friction factor data versus Eq.(17)
5. CONCLUSIONS

The experimentally determined friction factor exhibits an increase regarding the flow in
straight tubes, in agreement with previous works. It was observed although that the
correlations developed to forced flow in helical ducts can not be used when the flow has a free
surface. This effect was introduced here as a correction factor depending only on a Froude
number defined as the ratio of centripetal and gravitational forces. Many questions still remain
open for the problem studied such as the effect of interfacial inclination and waves in
secondary motions, the helix torsion effect on the flow structure, the number of recirculating
cells, the development of a constitutive equation for the liquid height distribution, transition
criteria in the helical rectangular channel and others.
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Abstract

This paper show a revision about the steady-state theory developed of Spalding, Godsave, Goldsmith and
Penner. It show that the Lewis number can be obtain for the logarithmic relation of the transfer mass Spalding
number and the transfer of heat Spalding number. This work show that intermediaries temperature between 310
K and 700 K, the Lewis number is not equal to the unit. It show experimental results for n-heptane drops in these
temperatures range.
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1. INTRODUCAO

A vaporizagdo ¢ uma etapa importante que precede o processo de combustio dos
combustiveis liquidos utilizados em diversas maquinas térmicas, tais como os motores de
combustdo interna, as turbinas a gas, caldeiras, fornos industriais e das camaras de combustdo
de alguns motores de foguetes.

Geralmente o fornecimento de combustiveis liquidos nas camaras de combustio é
realizado em forma de jatos e sprays através de um atomizador ou injetor. O spray €
constituido de pequenas gotas onde o tamanho e a distribui¢do dependem do tipo do injetor
utilizado e das condigdes de operagao.

Durante a vaporizagdo das gotas se realizam simultaneamente o processo de transferéncia
de calor e de transferéncia da massa. O calor de vaporizagdo ¢ transferido através da superficie
da gota por condugdo e convecgdo do gas quente que a envolve. O vapor de combustivel ¢
transferido ao ambiente por convecgido e difusdo.

Para conhecer melhor o comportamento dos sprays € necessario conhecer o fenomeno da
vaporizagao de uma gota pura isolada. Este estudo tem sido iniciado por Spalding [1953] e €
conhecido como a teoria quase-estacionaria da vaporizagdo e combustdo das gotas puras
isoladas.

O objetivo deste trabalho € mostrar que o numero de Lewis desenvolvido na teoria
quase- estaciondria ndo ¢ igual a unidade em certas condigdes de temperatura, € mostrar como
varia a temperatura interna de uma gota de um llquldo puro quando ¢ submerso em um
ambiente de ar aquecido. Para realizar esta experiéncia, temos escolhido o combustivel n-
heptano por ser um combustivel bem representativo dos combustiveis industriais.

No estudo experimental, temos utilizado uma bancada formada por um forno elétrico
concéntrico a um tubo de quartzo de 30 mm de didmetro interno, onde passa um fluxo de ar.
A regulacdo da temperatura € realizada através de um termopar que € ligado num regulador de
temperatura. A observagdo da temperatura interna da gota, foi feita através de um termopar
fino de Cr-Al .

Para a obten¢do da regressdo do diametro da gota em fungdo do tempo, a gota foi
suspensa numa fibra de quartzo de 0,25 mm numa distancia de 30 mm na saida do tubo. Foi
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registrada a variagdo da gota, através de uma camara CCD ligada num microcomputador, num
video cassete e num monitor de TV[Ramos-Arroyo, 1994]. Os resultados obtidos sio
apresentados em forma de graficos e discutidos posteriormente.

2. TEORIA QUASE-ESTACIONARIA

A teoria quase-estacionaria da vaporizagdo da gota isolada de um componente puro ¢ a
mais classica e tem sido desenvolvida simultaneamente com a teoria da combustdo da gota
isolada. Esta teoria tem sido desenvolvida por Spalding [1953 ], Godsave [1953], Goldsmith
and Penner [1954 ] and Wise e al [1956], e nos tem fornecido a lei do diametro quadrado para
um estado quase-estacionario, tendo em conta as seguintes hipoteses:

a .- As gotas sdo esféricas; b .- Os efeitos convectivos sdo desprezados; c.- Os efeitos
Dufour e Soret sdo desprezados; d.- A fase gasosa ¢ considerada quase-estacionaria; e.- O
efeito da transferéncia de calor por radiagdo ¢ desprezados; f.- O gas em tormo da gota ¢é
considerado saturado pelo vapor do liquido que constitui a gota; g.- A temperatura da gota
combustivel é considerada como uniforme; h .- A pressio é considerada constante e
uniforme.

A teoria quase-estacionaria da vaporizagdo, considera uma gota de combustivel de
componente puro e isolada de raio "rg", em um meio ambiente quente e a pressdo atmosférica
normal [Spalding, 1953 ], onde : m = fluxo de vaporiza¢do; ¢ = fluxo de calor transmitido a
gota; r, = raio da gota; r = distancia radial a partir do centro da gota; Y, = concentragdo do
vapor de combustivel; Y, = concentragdo do vapor de combustivel na superficie da gota; Y ..
= concentragdo do vapor de combustivel no meio ambiente; T, = temperatura na superficie da
gota.

A transferéncia de calor da regido com maior temperatura em torno da gota, produz a
transferéncia de massa da fase liquida para a fase vapor do combustivel. O vapor formado é
transferido ao meio ambiente por difusdao molecular.

Da equagdo de conservagdo da massa :

r2pv=rg2pgvs

ena superficie da gota nos temos : 4
-p, drg/dt =p _vg (2)
Da equacgdo de conservagdo das espécies :
vg=Dg [ dYgdr ]

=DgIn[ 1+ By ] )
e (4)

Onde : By = (Ygs - Y)/(1-Yg) = Numero de Spalding de transferéncia de massa  (5)

Da equagdo de conservagdo da energia :

gvg=a In[1+B,] (6)
Onde B, =Cp ( T» - T )/L = Numero de Spalding de transferéncia de calor (7)
Comparando as equagdes (4) € (6) :

D¢In[1+By]=0a, In[1+B,] (8)
Para o numero de Lewis igual a | temos: a = Dq 9)
Entdo, By = B, : (10)
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Cp(Te - TL=(Y, - Ye)( Ygs-1) (11)
Esta equagdo mostra a relagdo entre a temperatura T e a fragdo de massa Y

Das equagdes (2) e (6), temos :

rgdry/dt=-p /p, o, In[1+B,] (12)
Dai:d2=do?2-[8p,a In(1+B,)] (13)
ParaK=[8p /pa,In(1+B,)],ou (14)

K=[8p./p, DgIn(1+By)], entdo (15)
d2=do?-Kut (16)

A equagdo (16), representa a lei do diametro quadrado para a vaporizagdo de uma gota
pura, onde K ¢ conhecido como o coeficiente de vaporizagdo. Para K constante, a regressao

do diametro da gota em fungdo do tempo é linear.
O tempo de vida da gota ¢é defirida :

tv=do2/K=p,do?2/[8p a, ln(1+B,)],ou (17)
tv=p,do2/[8p.DsIn( 1+By)] (18)

As equagdes (17) e (18) mostram que o tempo de vida da gota ¢ diretamente
proporcional a massa especifica e ao diametro inicial da gota, e inversamente proporcional ao
coeficiente de difusdo térmica e de massa na superficie da gota e ao termo In (1+B).

3. EFEITO DA TEMPERATURA NO NUMERO DE LEWIS

A temperatura na superficie de uma gota ¢ um parametro importante no estudo da
vaporizagdo. Ela pode ser obtida experimentalmente ou teoricamente. Na obtengao
experimental temos usado um termopar Cr-Al de 0,4 mm de diametro. Para determinar a
temperatura na superficie teoricamente, temos usado a teoria quase-estacionaria descrita
anteriormente.

Assim da equagdo (8) temos :

(1+Bp)“= (1+By),ou _ (19)
Lo n(+8,) (20)
In (1+ B;)

onde Le ¢ o numero de Lewis. O termo By é fungdo da temperatura ambiente T., da
temperatura da superficie T, do calor latente L e do calor especifico Cp na fase gasosa, que

depende também da fragdo dos componentes na fase gasosa. O termo By € fungdo da fracdo
em massa do vapor de combustivel na regido da temperatura ambiente, e da fragdo em massa
do vapor de combustivel na superficie da gota. A equagdo (19), pode ser solucionada se
conhecermos a temperatura da superficie da gota, a temperatura ambiente € o numero de
Lewis. Geralmente a temperatura ambiente ¢ conhecida, mas a temperatura da superficie da
gota que depende dela, ndo é conhecida.

Como Br e By sdo fungdes da temperatura da superficie da gota, a temperatura da
superficie da gota serd a temperatura correspondente aquela da intera¢do dos termos (1 + By )
e (1 +By )L", para o numero de Lewis conhecido, tal como mostra a figura 1.
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In (1+B1)“ e In (1+By)
Numero de transferéncia B;

I
)
)
]
I
i
i
i
A

Ts

Temperatura na superficie
Temperatura na superficie
Fig. 1 Termos (1+By)e (1 +Br)* Fig. 2 Termos B e By em fungdo da temperatura da
em fungao da temperatura da superficie. superficie, para Le =1 de uma gota de n-heptano,
numa temperatura ambiente de 400 °C.
Uma solugdo particular muito utilizada por diversos autores € de fixar o numero de Lewis
igual a 1. Nesse caso, da equagdo (19), temos : Br = By , € a temperatura da superficie ¢
entdo definida pela intersegdo das curvas By (Tg) e Bu(T), como mostra a figura 2, sugerida
por Lefebvre [1989 ].

Segundo este ultimo procedimento, para Le = 1, temos determinado a temperatura da
. superficie do n-heptano. Os resultados sdo apresentados na figura 3.

——— s A !

—=%— Tg.Yuene Chan [1876]

Termopar
380 — —4@ — Tg:nososresultados
] —£3—  Tsupetficie para Le =1 teona a-s
360 —
] Gota

Tg (K), e Ts (K)

by
AR

280 I'II'l'lllIill'lIlI!IIIIlllll'llII]'III{I

200 300 400 500 600 700 800 900

Temperatura ambiente (K) p

Fig. 3 Evolugao da temperatura da superficie de Fig. 4 Esquema da posigao do termopar para medir

uma gota segundo a teoria quase-estacionaria para o a temperatura na superficie da gota.
n-heptano, com Le = 1 e as obtidas

experimentalmente.

“w

Para medir a temperatura na superficie de uma gota temos utilizado um termopar de
Cromel-Alumel, onde o contato entre ele e a gota tem sido tangente a superficie da gota, tal
como mostra a figura 4. A figura 5 descreve a evolugdo da temperatura de uma gota de n-
heptano de 1,3 mm de didmetro, vaporizando-se num ambiente de 24 °C. No inicio da
vaporizagdo, quando é colocada a gota no termopar, se observa uma queda brusca da
temperatura medida (parte AB da curva da figura 5). Durante a vaporizagdo (parte BC), a
temperatura se comporta quase constante, e ao final da vaporizagdo (parte CD), a temperatura



UMA ANALISE DA TEORIA QUASE-ESTACIONARIA...

medida pelo termopar volta rapidamente a temperatura ambiente inicial. Os resultados destas
medidas experimentais e as de Yuen (1976), para diversas temperatura ambientes sido
mostrados na figura 3.

Comparando as temperaturas de superficie de uma gota obtidas teoricamente com a
temperatura interna de uma gota obtida experimentalmente, observamos que a temperatura
na superficie obtida teoricamente ¢ inferior a da temperatura interna da gota para temperaturas
superiores da temperatura ambiente normal. Isto ndo pode ser possivel, porque segundo a
teoria da vaporizagdo, a temperatura na superficie T, € superior a temperatura interna da gota
[Kanury, 1975], [Spalding, 1953].

As equagdes diferenciais que governam a transferéncia de calor e da massa sdo mais
complexas que as apresentadas na teoria quase-estacionaria em razdo da dependéncia entre
estes fendmenos com a composi¢do e com a temperatura.

Os estudos teodricos realizado por Law [1975], sobre a vaporizagdo das gotas em
condi¢des quase-estaciondrias com variagdo das propriedades tem mostrado uma temperatura
na superficie de uma gota de n-heptano maior do daquela obtida no modelo quase-estacionario
com Le =1. Comparando estes resultados da temperatura na superficie com 0s nossos
resultados experimentais e os resultados experimentais obtidos por Yuen [1976], vemos que
eles possuem uma grande concordancia.

Considerando entdo nosso resultado experimental como a temperatura na superficie da
gota Ts , podemos obter o nimero de transferéncia By e By através da regra de "1/3"
[Sparrow, 1958].

A fragdo em massa do vapor de combustivel pode ser obtida em fungdo das pressdes
parciais como mostra Lefebvre [1989] :

% ' .
14| | Me
P )M,

onde :
P, = pressao atmosférica, P,, = pressao de vapor de combustivel.

M,, = massa molecular aparente do ar e M¢ = massa molecular do combustivel.

A pressdo de vapor de combustivel ¢ fungdo da temperatura do combustivel, e pode ser
obtida nas tabelas das propriedades dos gases e liquidos [Vargaftik, 1975].
O calor especifico da fase gasosa Cp, depende da temperatura T; e € determinado pela

(21)

seguinte equagao :
Cpg=(Cps. Y + Cpair -Yar ) (22)
onde : Cp¢ = Calor especifico do vapor de combustivel, Cp,;; = Calor especifico do ar,
Y4 = fragdo de massa de referéncia do vapor de combustivel
Y, = fragdo de massa de referéncia do ar
Usando a regra de "1/3", sugerido por Sparrow [1958 ] temos :

Y =Y

Yr'r = yﬁ + % (23)
s

};=1;+°°3-‘, (24)
Considerando Y. =0, entdo :
Y= Yg (25)
[+
Yar=1-Yg (26)
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Fig. 7 Evolugao do nimero de Lewis em fungdo da  Fig. 8 Regressédo do didmetro quadrado da gota em
temperatura ambiente fungdo do tempo de vaporizagao

A figura 6 mostra a evolugdo de In(1+ Bt) e In(1+ By) em fungéo da temperatura
ambiente T,. Nestas curvas podemos observar que os termos In(1+ Bt) e In(1+ By) sdo

convergentes em baixa e em alta temperaturas, mas sdo diferentes neste intervalo de
temperatura. O numero de Lewis é obtido usando a equagédo (20) e os resultados em fungdo da
temperatura ambiente sdo mostrados na figura 7. Esta curva mostra que a baixa temperatura o
numero de Lewis se aproxima de 1, logo aumenta até um valor maximo em torno de 2,6 para
uma temperatura ambiente correspondente em torno de 360 K, e logo diminui conforme
aumenta a temperatura. As regressdes do diametro equivalente das gotas de n-heptano
suspendidas em fibra de quartzo de 0,4 mm, foram obtidas através de uma camara CCD ligada
a um monitor, a um videocassete ¢ a um microcomputador. Estas imagems foram
processadas através de um programa de analise de imagem, obtemdo-se a variagao do diame-



UMA ANALISE DA TEORIA QUASE-ESTACIONARIA...

1.0 n-heptano tro da gota em fungdo do tempo.

3 A figura 8 mostra a regressio do
0.8 — diametro quadrado da gota na forma
) _;—_ adimensignal em ‘ﬁfn.qﬁo da relagdo do tempo

= RREa sobre o didmetro inicial da gota ao quadrado.
£ » 3 Os coeficientes de vaporizagdo para cada
N Nl temperatura ensaiada foram obtidos como um
o = valor médio dele. A figura 9 mostra a variagao
- do coeficiente de vaporizagdo da gota de n-

0.0 ST heptano em fungdo da temperatura ambiente
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Temperatura ambiente T, (K)
Fig. 9 Evolugdo do coeficiente de vaporizagao K do ndo
ptano em fungéo da temperatura ambiente

4. RESULTADOS E DISCUSSAO

Os resultados preliminares sdo apresentados e discutidos neste trabalho. Estes resultados
se referem a vaporizagdo das gotas combustiveis de componentes puros tratadas pela teoria
quase-estacionaria como gota isolada, sem interferéncia de outras gotas. As gotas de n-
heptano utlizadas experimentalmente tém sido praticamente constante com uma variag¢do da
ordem de 1,4 a 1,6 mm no diametro. O perfil do diametro das gotas foi registrado através de
uma camara CCD. Foram processados em média 300 imagens para cada experiéncia.

A figura 1 mostra a solugdo geral para obter a temperatura da superficie da gota para
qualquer valor de B, By € nimero de Lewis. A temperatura da superficie da gota para Le = 1,
¢ uma solugao particular e muito utilizado por diversos autores e corresponde a Br = By; como
mostra a figura 2.

A temperatura na superficie da gota em relagdo a temperatura ambiente mostrada na
figura 3, aumenta com um gradiente maior para as temperaturas ambiente menores de 500 K.
Para valores maiores de 500 K este gradiente ¢ menor. A temperatura obtida teoricamente
com Le = 1, € menor que as obtidas experimentalmente neste trabalho e aquelas obtidas por
Yuen. Esta analise nos faz pensar que o nimero de Lewis escolhido inicialmente para
temperaturas superiores a do ambiente normal nio € necessariamente igual a unidade. O calor
transferido para a gota ndo € totalmente aproveitado para transformar a fase liquida em fase
vapor como sugere a teoria quasi-estacionaria. Uma parte deste calor ¢ utilizada para aquecer
a gota.

A evolugdo de In(1+ Bt) e In(1+ By) em fungdo da temperatura ambiente T.. obtida na

figura 6 mostra que elas evoluem de forma diferente, e ndo sdo iguais, condi¢cdo necessaria
para que o numero de Lewis seja igual a unidade. Estas sdao convergentes em baixa e em alta
temperaturas, o que indica que o numero de Lewis € unitario nestas condigdes.

A figura 7 mostra a variagdo do numero de Lewis. Ela apresenta um gradiente positivo
até valores em torno de 360 K e gradientes negativos para temperaturas maiores. O valor
maximo ¢ de 2,6 para uma temperatura em torno de 360 K. Este fendmeno pode ser explicado
pela aquecimento prévio da gota que ndo foi considerada na teoria quase-estacionaria e a
geragdo dos efeitos convectivos produzidos em torno da gota pelo mesmo aumento da
temperatura ambiente e que também néo foi considerado na teoria quase-estacionaria.

Para o estudo da regressdo do diametro da gota em fungdo da temperatura ambiente
foram realizadas cinco experiéncias para cada temperatura de 300K, 410 K, 531 K, 649 K e
780 K em um numero de Reynolds que varivam entre 40 e 70. A regressdo do quadrado do
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didmetro da gota na forma adimensional em fungado da relagdo tempo sobre didmetro inicial da
gota ao quadrado € mostrado na figura 8. Estas curvas mostram, para as diversas temperaturas
ambientais experimentadas, que elas ndo sdo exatamente lineares e por tanto ndo podem ser
consideradas nestas condigdes, com Le =1, como sugere a lei de didmetros quadrados.
Observamos que o tempo de vida da gota diminui com o aumento da temperatura ambiente.
No entanto temos obtidos um Coeficiente de vaporizagdo médio K em fungdo do tempo para
cada temperatura ambiente. A figura 9 mostra a evolugdo do coeficiente de vaporizagdo médio
K de uma gota de n-heptano em fungdo da temperatura ambiente. Esta curva representa uma
variagdo linear.

5. CONCLUSOES

Este trabalho mostrou um método tedrico-experimental de estudar as caracteriticas da
vaporizagdo de gotas submersas em ambientes aquecidos. Varios fendmenos transientes foram
observados com relagdo ao campo da temperatura ambiente e da temperatura na superficie da
gota. O comportamento das gotas submersas nas diversas temperatura ambientes foram bem
diferentes, assim como o tempo de vida de cada uma delas. Foi verificado, para cada gota
ensaiada, a existéncia de um periodo inicial de aquecimento. Foi mostrado que a temperatura
na superficie da gota, obtida usando a teoria quase-estacionaria com Le =1, € menor que a
obtida experimentalmente.Este trabalho mostrou que para uma faixa de temperatura ambiente
experimentada de 300 K até 780 K o numero de Lewis ndo ¢ igual a unidade.

Para um aumento da temperatura ambiente em torno da gota, o coeficiente médio da
vaporizagao de uma gota de n-heptano varia linearmente com esta temperatura.
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Abstract
The present paper reports the influence of the flow rate on the flow and heat transfer in the fully developed region
in a steady laminar annular flow of two inmiscible liquids inside horizontal and slightly curved tube with constant
circular cross section. The liquids interface was considered without thickness, smooth, circular and concentric to
the axis of the duct. The liquids properties were taken constant and calculated based on the mean temperature.
The finite volume method was used to solve the mass, momentum and energy cohservation equations. The
influence of the flow rate on the flow, temperature profile and heat loss have been determined.

Keywords
Curved pipe, annular flow, heat transfer, tubo curvo, escoamento anular, transferéncia de calor.

1. INTRODUCAO

Estuda-se a influéncia da razdo de vazdes no escoamento e na troca convectiva de calor
da regido completamente desenvolvida do escoamento laminar anular de dois liquidos
imisciveis em trechos curvos de um tubo horizontal de seg@o circular constante. Escoamento
anular € aquele em que os dois fluidos que o compdem escoam completamente segregados,
um como um filme junto a parede e outro no nucleo da tubulagdo. Escoamentos multifasicos
ocorrem em varios sistemas e equipamentos industriais. A presenga de um outro fluido no
escoamento pode ser inerente ao processo, como nos trocadores de calor por contato direto;
inevitavel, como nos vazamentos de 6leo nas bombas e compressores, ou um segundo liquido
pode ser propositadamente injetado no escoamento para formar um filme junto a parede do
tubo.

A primeira solu¢do do escoamento em tubo curvo se deve a Dean (1927), que mostrou
que os efeitos centrifugos deslocam o pico da velocidade principal para o lado externo da
curvatura e dao origem ao escoamento secundario. Além disso, estabeleceu a representagdo
deste escoamento por um grupo adimensional, que hoje leva seu nome:

K =Reya/r, , (1)

onde K € o numero de Dean, a o raio do tubo, r. o raio de curvatura e Re o nimero de



INFLUENCIA DA RAZAO DE VAZOES NA TRANSFERENCIA

Reynolds dado por
Re=paw/H, (2)

onde w ¢é a velocidade principal média, p e p sdo a massa especifica e a viscosidade médias
na se¢do transversal, ponderadas pela area transversal de cada fluido. Genericamente:

p= pﬂ((ZS)z(l - p')+ p‘), (3)

onde p ¢ a propriedade média, p, a propreidade do nicleo, p* a razdo entre seu valor no

filme e no nucleo e & € a posig¢do da interface. O escoamento em tubos curvos ¢ caracterizado
pelo nimero de Dean e pela razdo de curvatura (r,_/a ).

O primeiro trabalho tedrico sobre transferéncia de calor em tubos curvos deveu-se a Mori
e Nakayama (1965) que utilizaram como condigdo de contorno o fluxo de calor prescrito na
parede. Utilizaram o modelo de camada limite restrito a problemas completamente
desenvolvidos e altos numeros de Dean. Resolveram também o problema com condigdo de
contorno de temperatura de parede constante, além de apresentarem correlagdes para o
numero de Nusselt (1967). Patankar et al. (1974) resolvem numericamente as regides de
entrada e completamente desenvolvida, com condig¢des de contorno de temperatura e fluxo de
calor prescritos.

Bentwich e Sideman (1964) estudaram a transferéncia de calor no escoamento anular de
dois liquidos em um tubo reto horizontal, nas regides de entrada e completamente
desenvolvidas, com condi¢gdo de contorno de temperatura prescrita. Leib et al. (1977)
investigam a transferéncia de calor no escoamento anular de dois liquidos em um tubo reto
vertical, com condi¢do de contorno de temperatura prescrita.

Recentemente, Nogueira (1993) estudou o escoamento completamente desenvolvido de
fluidos imisciveis em tubos retos. Ziviani et al. (1991) resolveram numericamente o problema
do escoamento anular de dois liquidos imisciveis em tubos retos e curvos, na regido de
entrada, considerando a interface entre eles circular e concéntrica ao eixo do tubo. Braga et al.
(1995) estudaram a regido completamente desenvolvida, com as mesmas consideragdes de
Ziviani et al.

No presente trabalho estuda-se, para a regido térmica e hidrodindmicamente
desenvolvida, o comportamento dos perfis de velocidade e a troca de calor com a razdo de
vazoes, definida como

m’ =, [m, (4)

onde 7z, € a vazdo do filme e 7, a vazdo do nucleo. Considerou-se dois tipos de condi¢ao de

contorno, temperatura axial constante (condi¢do de contorno de 1* espécie) e fluxo de calor
axial constante (condi¢do de contorno de 2° espécie).

2. FORMULACAO DO PROBLEMA

A configuragdo geométrica e o sistema de coordenadas utilizados na solugdo do problema
estdo representados na Fig. 1. O angulo na diregdo axial do tubo (o) € retificado como

dz=r.da (5)

e as equagdes sdo escritas em um sistema de coordenadas cilindrico (7, ®, z).
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Considera-se que a pressdo possa ser
escrita como a soma de um valor médio
na sec¢do ( p ) com uma flutuagdo na segio

(p™), ou seja,
p(ry,2)=p(z)+ p™ (r,0,z) (6)

e define-se uma pressdo modificada que
inclua os efeitos gravitacionais

Figura 1 - Geometria e sistema de coordenadas.

p =p" +pgrseno. (7)

O problema da transferéncia convectiva de calor nesta geometria pode entdo ser descrito

pelo seguinte conjunto de equagdes diferenciais (Silva et al., 1996):
¢ equagdo da continuidade:

¢ equacdo da conservagdo da quantidade de movimento
- diregdo axial:

] a[ 3wJ+1 a[pWJ

uw) = m— |4$=—
r or r 0w oz ror or ) row

10 10 op 10 ovy 1 0 (uov
A T s Sy — |+——| —— [+Sc¢_+Sp,
e ) rﬁr(mﬁr} raw(r amj il
onde: Sc, =‘&+B‘Lcosm—3¥—?—’f— e Sp, = _ﬁj

r r r? fw )

P

- dire¢do angular:

12 (oo L2 (o) L L2 ) 10 (wau) o o,
ror r 0w roéw ror or) roo\r om
2
onde: Sc, =2 senw+ 21’.1@ e Sp, ml B 1‘1
T r° oo r re

¢

e equacgdo da energia:

10 }ivd 10 oT) L. okol
;a—r(rpvcpT)+;£(pucpT)=;g[rka—r]+;£(:%J+Scr

onde: Sc, =—pc,woT/éz

As condigdes de contorno do problema sdo:

(8)

)

(10)

(11

(12)

(13)

(14)

(15)
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- Nédo deslizamento, impermeabilidade e temperatura superficial constante (7,,, condi¢do
de contorno de 1? espécie) ou fluxo de calor constante (g, condigdo de contorno de 2* espécie)
na parede do tubo (» = a).

- No plano horizontal (o = 0 e ® = 7) ndo ha fluxo de massa ou calor devido a simetria do

problema.
- O eixo do tubo (r = 0) é um ponto singular com drea igual a zero.
O termo 87T/6z na Eq. 15 é obtido através de um balango de energia em um trecho do

tubo, ou seja:

or, 24,
oz apc w

, assim temos, (16)

5_T =_T—T“_5£65T =?_T-"_’ (17)
ozl L ~T, o8 ozl ez

para as condigdes de contorno de 1* e 2° espécie, respectivamente.
2.1 Simplificagoes do modelo

Devido a complexidade dos fatores que afetam a forma e a posi¢do da interface foram
feitas algumas simplificagdes no modelo. A interface foi modelada observando os trabalhos
experimentais de Anderson e Hills (1974) e Maddock e Lacey (1974) sobre escoamento
anular. O modelo utilizado considera que os dois liquidos escoam completamente segregados,
ndo havendo penetragdo, formando uma interface sem espessura, lisa, circular e concéntrica ao
eixo do tubo (Ziviani; 1991). Sdo desconsiderados portanto os efeitos da instabilidade de
Kelvin-Helmholtz provocada pelo salto de viscosidade na interface. A regido ocupada por
cada liquido é definida pela posi¢do da interface (8). Essa posi¢do ¢ tal que satisfaga a equagdo

de conservagdo da massa para cada liquido.
O modelo apresentado € valido em todo ponto do dominio em que as propriedades sejam

continuas e continuamente diferenciaveis. No contato entre os dois liquidos (» = 8), devido as
descontinuidades nas propriedades fisicas, as equagdes de conservagdo assumem formas
especificas, representando continuidade de veloc:dade de temperatura, de tensdes de
cisalhamento e de fluxo de calor.

2.2 Numero de Nusselt

Para avaliagdo e comparagdo da troca de calor entre os varios casos estudados foi
definido o seguinte numero de Nusselt:

h2a
N _——-—— 18
- (18)

onde % ¢ o coeficiente convectivo e k a condutividade térmica média dos fluidos, dados por:

—koT/or| -
=————= e k=8k, +(1-8)k,. (19)
I, -1,

W

O numero de Nusselt assim definido ¢ influenciado tanto pelo coeficiente convectivo
quanto pela posi¢do da interface e pela condutividade térmica dos fluidos.
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3. METODOLOGIA DE SOLUCAO

As equagdes foram discretizadas segundo o meétodo de Diferengas Finitas com
formulagdo em volumes de controle, conforme descrito por Patankar (1980). Foi utilizado o
esquema de interpolagdo Power-law e o acoplamento pressdo-velocidade nas diregdes angular
e radial foi feito com o algoritmo SIMPLE (Semi-Implicit Metod for Pressure Linked
Equations). Foi adotado um esquema desencontrado de alocagdo das variaveis (Patankar,
1980). A malha adotada foi ndo-homogénea, com refinamento nas regides proximas a parede
e a interface.

4. RESULTADOS E DISCUSSOES

Nao foram encontrados dados experimentais de escoamento anular, por isso 0 modelo foi
validado simulando um escoamento monofasico. Os resultados obtidos no presente modelo
foram comparados com os resultados

experimentais de Mori e Nakayama (1965) e

Tabela 1 - Propriedades fisicas nas numeéricos obtidos por Patankar et al. (1974)
composigdes consideradas (filme / nicleo). (Silva et al., 1996).

Agua / Querosene / Analisam-se os efeitos da razio de

querosene agua vazdes sobre 0 escoamento e a troca de calor

p’ 0,9615 1,04 nas composi¢gdes agua / querosene e

gl 0.4453 2.2459 querosene / é;g‘l.;a, com o prir;e{i!ro

- componente no filme, cujas propriedades

k 3,1289 0,3196 fisicas sdo mostradas na Tab. 1. O aumento

Cp 2,1186 0,4762 da razdo de vazdes, como definido pela Eq. 5,

afeta fortemente a posig¢ad da interface entre
os liquidos, aumentando a espessura do filme.
Nas figuras apresentadas a parte externa da curva esta sempre do lado esquerdo e a linha
vermelha representa a interface entre os liquidos.

Nota-se que no escoamento da composi¢ao agua / querosene o liquido menos viscoso e
com maior condutividade térmica escoa no filme. A forma do escoamento principal ndo é
alterada de forma significativa com o aumento da razdo de vazdes, como mostrado na Fig. 2.
Quando a interface esta suficientemente afastada da parede (m" > 1,0), devido a pouca
influéncia do nucleo, o escoamento principal se comporta como monofasico, sendo o efeito da
parede todo absorvido pelo filme. '

Neste trabalho consideraremos como camada limite do escoamento secundario a regido
em que o fluido contorna a parede do tubo, da parte externa para a interna da curva. Mostra-se
na Fig. 3 que, se a interface esta fora da camada limite as alteragdes na razdo de vazdes nao
levam a modificagdes no escoamento secundario (m" > 1,0). Conclui-se, entdo, que apenas

nos casos em que o filme for muito estreito variagdes significativas serdo observadas no
escoamento secundario, com a variagao da razdo de vazoes.

14 1w o6 loz
| 14

5

it \ i el

Figura 2 - Escoamento principal da composigdo agua / querosene.
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Figura 3 - Linhas de corrente do escoamento secundario da composigdo agua /

querosene.

Na Fig. 4, que mostra as isotermas para a condigdo de contorno de 1* espécie, observa-se
uma forte alteragdo dos perfis de temperatura com a variagdo da razdo de vazdes, quando o
filme ¢ estreito (" < 1,0), devido as alteragdes do escoamento secundario nestas condigdes.
A elevagdo da razdo de vazbdes aumenta o gradiente de temperatura proximo a parede e o
diminui na regido central do tubo. Quando a camada limite é constituida por um unico fluido

Figura 4 - Isotermas da composigao 4gua / querosene.

Nu

, Condicdo de comrorno

-

X

1" especie

M especie

20,0 | s ‘
0.00 1,25

Figura 5 - Efeito da razao de vazdes no

2.50
]'I"l.

3,75

nimero de Nusselt na composi¢ao agua /

querosene.

contorno de 1* espécie.

(m">10), o perfil de temperatura
praticamente ndo se altera. As isotermas para a
condigdo de contorno de 2* espécie apresentam
um comportamento similar.

Para pequenos valores de raziao de vazdes
o comportamento do numero de Nusselt é
diferente para as condigdes de contorno de 1° e
2* espécie, como mostra Fig. 5. Com a
condi¢do de contorno de 1* espécie o numero
de Nusselt ¢ sempre decrescente, mas a curva
muda de concavidade para m" > 0,5. Com a
condi¢do de contorno de 2? espécie 0 numero
de Nusselt é crescente para m’ < 0,4 e depois
decrescente, como observado na condigdo de

Na composigdo querosene /agua o liquido mais viscoso € com menor condutividade
térmica escoa no filme (Tab. 1). Nestas condi¢des, para a mesma razdo de vazdes, o filme e a
camada limite sdo mais espessos que no caso anterior (Fig. 3). Observa-se na Fig. 6 um
comportamento dos perfis de velocidade semelhante ao da composigdo agua / querosene.

m 008

(il

]

ua ar

1

(vt ' Y S e B A T

Figura 6 - Escoamento principal da composigdo querosene / agua.
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m= 1.0

| || N Y = Y - 0
Figura 7 - Linhas de corrente do escoamento secundario da composi¢ao

querosene / dgua.

Nota-se neste caso, no entanto, que o escoamento principal apresenta gradientes mais suaves e
perfis de velocidade melhor distribuidos na segéo.

O escoamento secundario, mostrado na Fig. 7, praticamente ndo ¢ afetado pela variagao
da razdo de vazdes. Observa-se apenas um pequeno deslocamento para o lado de dentro da
curva quando m® é pequeno (" < 1,0).

A Fig. 8 mostra o comportamento do perfil de temperatura, para a condig¢do de contorno
de 1? espécie, com a razdo de vazdes. Observa-se uma diminui¢do do gradiente de temperatura
proximo a parede com o aumento da razdo de vazoes, indicando uma redugdo na transferéncia

m'= 0,05

=lae. L1
-_(.'-‘:rtl..!! X

Figura 8 - Isotermas da composi¢do querosene / agua.

de calor por causa da redugdo do escoamento secundario e do aumento na espessura do filme,
que funciona como isolante térmico (observe Tab. 1).

Este efeito ndo é observado no comportamento do numero de Nusselt mostrado na Fig. 9.
O numero de Nusselt definido neste trabalho (Eq. 14) depende da posigdo da interface atraveés
da condutividade térmica média (k) (Eq. 15). Como a taxa de crescimento da espessura do
filme (8) € maior que a taxa de decréscimo do coeficiente convectivo (h), o nimero de Nusselt
¢ crescente, como mostra a Fig. 9.

6. CONCLUSOES

A troca de calor no escoamento em tubos

curvos € comandada principalmente pelo

7.0 P — escoamento secundario. A forma das isotermas se

' aproxima da forma das linhas de corrente em
todos os casos analisados.

O escoamento secundario ¢ afetado
fortemente pela razdo de vazdes quando o filme ¢
mais estreito que a camada limite.

A razdo de vazdes afeta fortemente a posi¢ao
1 da interface e o efeito sobre a troca de calor
o | Bl W depende da posigdo relativa entre a interface e a

0.00 125 250 378 5.00 camada limite do escoamento secundario.
" No escoamento agua / querosene, em que O
filme é menos viscoso e mais condutor, a troca de

Condighe de contorno

|
|
o 1*especie
S I especie
6.0 k X i

50—

Nu

Figura 9 - Efeito da raz&o de vazdes no
numero de Nusselt na composigao
querosene / agua.
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calor diminui com o aumento da razio de vazoes. _

No escoamento querosene / dgua, ao contrario, a troca de calor aumenta, significando que
a viscosidade do filme inflencia mais que sua condutividade térmica na troca de calor do
escoamento.

O comportamento do numero de Nusselt para as duas condi¢des de contorno analisadas é
0 mesmo, exceto para os casos com filme muito estreito no escoamento agua / querosene.
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Abstract

In this paper a two-phase flow direct imaging probe is presented. To do so, the electrode configuration is
adapted in the sense that an imaged representation of the phase distribution within the probe's sensing volume
can be obtained by simply plotting the signals corresponding to peripheral conductivity measurements without
numerically reconstructing it from the experimental data. Several transient tests were performed in a two-phase
loop aiming to demonstrate the the probe's capability in exhibiting not only large structures such as slugs and
plugs, but also some finer details as for instance, the wavy or rugged interface in stratified flow and the
drainage of the liquid film in the transition between intermittent and annular flow. The methodology proposed
in this work is thus fully adapted to on line process monitoring, which is of crucial importance in order to
assure 1deal exploitation conditions and safety. It constitutes a simple and inexpensive alternative to
tomographic imaging techniques.

Keywords

two-phase flow, imaging, visualisation, conductivity

i INTRODUCTION

Process imaging techniques offers a unique possibility to accede the interior of complex
structures such as the geometrical organization of the phases in multiphase flows. This allows
one to obtain more detailed information about the associated phenomenology, which in turn
can be used to improve the design and operation of multiphase fluids equipment as well as to
explain their fundamental hydrodynamics. The main reason for this is the increasing need in
process industry to utilize resources more efficiently, to reduce environmental emmissions, to
satisfy more strict product quality norms, etc. A good ilustration of this situation is the
problematic related to the fluidized bed coal combustion process. This technology allows a
significant reduction of the emissions of several pollutants such as sulphur and nitrogen oxides.
This is in fact the basic driving force of the research in this area. However, in its curent degree
of development, the hydrodynamics of fluidized bed combustion is still not fully understood
and one of the main reasons for this is an incomplete knowledge of the structure of the solid-
gas flow in the reactor (Halow & Nicoletti, 1992; Milioli, 1996). There is a clear need for
visualization techniques as one can conclude from the rapidly growing number of scientific
publications on this subject.
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This paper describes a direct two-phase flow qualitative imaging technique based on
conductivity measurements. More specifically, in order to obtain an imaged representation of
the flow pattern from peripheral measurements, generaly, one has to solve an inverse problem
which is intrinsically a numerical ill-posed problem. In what concerns electrical sensing
techniques, extremely promising due to its simplicity, the ill-posedness may become critical to
the point that one is not sure of the uniqueness of the solution with respect to any set of
measurements (Seo, 1996). Our approach is then to avoid the numerical image reconstruction
procedure by adapting the geometry of the sensing device in a way that the main features of
the flow pattern becomes evident by simply plotting the probe's unprocessed signals, This
procedure is justified by the fact that in many multiphase systems monitoring tasks one needs
only to have an approximate representation of the spacial distribution of the constituent phases
of the fluid. The direct imaging approach is a simple and inexpensive alternative to
tomographic imaging techniques.

2. TOMOGRAPHIC IMAGING

In order to obtain a phase profile corresponding to the multiphase flow pattern, the most
common approach is to install a certain number of sensors aroud the pipe or vessel confining
the flow. This is done in such a way that the output signals of the sensors depend on the
constitution of the fluid within their sensing zones. In other words the basis of most imaging
techniques is to exploit differences or contrasts in some physical property of the phases of the
multiphase fluid. Subsequently a computer may be used to reconstruct from these signals a 2D
or a 3D image of the flow by numerical techniques. The information that can be obtained from
these images can be of great value. Good reviews on this subject can be found in the special
issue of Measurement Science & Technology dedicated to process tomography (march 1996 ,
Vol. 7, No. 3). ;

Depending on the physical principle of the sensing system, the measured signals may
contain information related to a well delimited region inside the sensing volume. Exemples of
this are transmission/emission methods like nucleonic techniques (X-ray, y-ray attenuation or
single photon and positron emission) as well as some acoustic and optical methods. There are
several reconstruction algorithms suited for this type of problem such as Fourier inversion,
convolutional back-projection and algebraic reconstruction methods (Herman, 1980; Natterer,
1986). In contrast to transmission/emission methods, the peripheral signals obtained from
diffraction (neutron, y-ray and acoustic wave scattering) or electrical sensing systems result
from undetermined regions within the sensing zone. How much each of these regions
contributes to the measured values depends on the unknown phase distribution of the
multiphase fluid. This feature, refered to as the soft-field effect, requires refined numerical
reconstruction methods. _

In general, constructing an image from peripheral signals by tomographic techniques
involves solving an inverse problem. More specifically the measurements performed at the
periphery provides a set of projected views of the process under investigation, which are then
utilized to construct a cross section profile of the flow pattern. Inverse problems are
characteristic of a very large number of mathematically ill-posed problems emerging in physical
as well as in medical sciences and others. This ill-posed nature of the problem may, under
certains circonstances, affect the quality of the final images. In what concerns multiphase flow
tomographic imaging, experimental errors and noise, coupled with round-off and truncation
errors inherent to the numerical reconstruction algorithms, may be amplified and corrupt the
precision of the results. For instance, considering the spacial resolution attainable by different
sensing methods it is known that transmission/emission techniques are in general capable of
locating an object within 1% of the diameter of the cross section of the sensing zone, while
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typical resolutions associated with acoustical and electrical techniques corresponds to 3% and
10% respectively (Williams & Beck, 1995). Another important feature is the distinguishability
as defined by Gisser et al., 1987, that is, the ability to distinguish between two different phase
profiles. Unfortunately, a systematic study dedicated to this subject has not been published yet.

Imaging systems based on electrical sensing are, among other advantages, simple, robust
and fast. This explains the current great interest in process imaging and, in particular, in
multiphase flow visualization. However this technique has some drawbacks. In contrast to X-
ray and other transmission/emission systems, the electrical field is "soft” in the sense that it
depends on the phase distribution within the sensing zone. Thus the forward and the inverse
problems are coupled, quantitative reconstruction algorithms are in general iterative and
convergence may become a major source of problems. In fact, one observes that the
reconstruction algorithm does not converge to the right solution (or not at all) for some sets of
possible input data (Kiihn et al, 1996). In addition the algorithms available for image
reconstruction assume in general the electrical field to be static and two-dimensional, thus not
correcting for the soft field or 2D/3D effect. Consequently results from calculations may
exhibit some over and under-shooting as for instance void fractions above 100% and under 0%
(Xie et al., 1992).

3. DIRECT IMAGING

In order to obtain an image of the flow directly from the measured physical quantities, i.e.
without reconstructing it by solving an inverse problem, the sensing technique must be so to
divide the sensing region in a certain number of independent sub-regions. This being done, the
set of measured signals ideally reflects the constitution of the flow within each of these sub-
regions independently of their surrounding.

Producing a partition of the sensing volume by means of non-intrusive sensing techniques
is a very complex problem and, to our knowledge, no specific work on this subject has been
published yet. In the context of electrical measuring principles, this task has an additional
complicating factor which is the soft field effect. However, a particular configuration of the
excitation and measurement device may be capable of sectorising the electrical field in a way
that a default of the measured physical quantity in a specific electrode can be related to the
presence of obstacles within its corresponding sensibility sector. This is effectively what has
been done in this work as described in the following.

We started from a basic configuration which consists of two stainless steel ring
electrodes flush mounted to the tube wall as ilustrated in Figure 1. This configuration have
been already adopted by Asali er al. (1985) for the measurement of thin liquid films and by
Andreussi ef al. (1988) for the measurement of the liquid hold-up in gas-liquid pipe flows. The

measurement  principle  is
a o~ based, as mentioned before,
Iy on differences or contrasts in
the electrical properties of the
constitutive phases of the
multiphase flow. Due to this
fact, their spatial distribution
affects the global impedance
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Figure 1- Conductivity probe Composed of an exitation and a phase flows where only one

measuring ring. The last one is segmented in 16 electrodes in

order to partition the sensing volume. of the phases is conductive,

the impedance may be
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reduced to a purely resistive term when the excitation source is of sufficiently high frequency
so that the contact impedance resulting from electrochemical phenomena taking place near the
electrodes becomes negligible (some kHz for conductances arround 0.3 mQ"' which
corresponds to tap water). In addition, the exitation frequency must not be excessively high,
say more than some MHz, so that inductive effects becomes preponderant. Under these
conditions the problem can be discribed by relations governing the electrostatic field, that is the
Poisson's equation

V(cV®) =0 (1)

where @ represents the potential and o the local conductivity of the multiphase fluid. It is
interesting to note that for non conducting fluids the direct imaging technique proposed in this
work can still be implemented based on a capacitive sensing technique. In other words, in a
non conducting multiphase fluid as for instance in gas-particle flows, the global impedance may
be reduced to a purely capacituve term and the equation governing the electrostatic field is
formally the same, that is

V-(eVD) =0 (2)

where ¢ stands for the local permittivity.

A fundamental characteristic of the ring electrodes geometry is that the global
impedance is strongly coupled with the flow pattern within the sensing volume, as reported by
both Asali er al. (1985) and Andreussi et al. (1988). This can be attributed to strong
differences in the current flux distribution in the azimuthal sense with respect to distinct flow
regimes. Consequently a partition of the sensing volume can be obtained by segmenting the
measurement ring what results in a series of electrodes regularly disposed according to the
perimeter of the tube, as schematised in Figure 1. A more detailed description of the probe as
well as it's operating principles can be found in Seleghim (1996).

4. EXPERIMENTAL APPARATUS AND TESTS

In order to ilustrate the potentiality of the direct imaging methodology proposed in this
work we performed several experimental tests at the facilities of the Comissariat a I'Energie
Atomique in Grenoble - France. The measurements were carried out in a horizontal two-phase
flow loop, basically composed of an air circuit, a water circuit, a mixer, an horizontal test
section and a separator. The test section is 30 m long and has an internal diameter of 60 mm. It
was constructed in Plexiglas in order to allow the flow wvisualisation. The loop's
instrumentation includes temperature and pressure transducers and electromagnetic and turbine
flow meters to measure respectively the water and the air flow rates. These parameters are
used in two independent PID based regulation loops which are responsible for the control of
the flow rates, and permits one to set their temporal variation. For a detailed description of the
loop see Seleghim (1996).

The experimental procedure consists essentially in doing transient tests in which the flow
regime slowly evolves from one established configuration to another, passing trough a
transition in between. Three series of transient test were performed. The first one, aiming to
exhibit the main stratified regimes, had a water flow rate fixed at 0.5 m’/h and an air flow rate
varying between 10 and 60 m’/h. In order to show the evolution from intermittent to bubbly
flow, a second transient test was definied: air flow rate fixed at 7.5 m’/h and water flow rate
varying from 5 to 50 m’/h. The third series of tests, performed to show the transition from
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intermittent to anular flow, was conducted with a constant water flow rate of 15 m’/h and an
air flow rate ranging from 70 to 250 m’/h. The duration of each test was of 820 seconds.

S RESULTS

In the following the results obtained from the tests described above will be presented.
More specifically the signals delivered by the probe (normalized current intensities) will be
plotted as a function of two co-ordinates: time and the angular position of the associated
electrode. These time traces provide a plane or "unrolled" longitudinal view of the flow since
the extent of the probe's sensing volume is negligible when compared to the length of the test
section as well as to a characteristic length representative of the longitudinal evolution of the
flow. The normalised current intensities are coded in grey levels ranging from white to black
which corresponds respectively to 0 and 100% of the values obtained when only the
conducting phase is present in the probe. Hence, water will appear in black and air in white in
the following images.

5.1. Stratified flows

In stratified flow gravity predominates over other hydrodynamic forces which produce a
separation between the liquid and the gas phases. Depending on the shape of the interface one
can define the following sub-regimes: stratified smooth, where the interface is flat; stratified
wavy, where the interface oscillates in a regular way; and stratified rugged, where the interface
oscillates randomly. In the case of horizontal configurations, the energy necessary to the
formation of interface waves comes from the gas flow. Stable waves are characteristic of lower
gas flow rate values while a rugged interface appears at higher gas flow rates.

The following three plots in Figure 2 ilustrate the imaged representation corresponding to
stratified smooth, wavy and rugged flows. As we can see, the flow patterns are easily

recognisable by their main geometrical
+n () features. We can observe from the
images that when the air flow rate
increases the liquid film height
decreases, which is in accordance to
% time (8) s the stratified flow equilibrium
- (b) equation (see Taitel & Dukler, 1976).
Some finer details are also visible, for
instance, the distinct wave packets in
stratified wavy flow and the presence
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Figure 2 - Imaged representation of stratified flows at Horigontal intermittelnt ﬂo‘f‘” .iS

constant Qwater = 0.5 m3/h : a) smooth (Qair = 10 characterised by a non-uniform liquid

m3/h), b) wavy (Qair = 40 m3/h) and c) rugged distribution in the axial direction.

(Qair = 60 m3/h). The liquid layer is localised around
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pipe and separate zones in which the
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flows on the bottom of the tube as in stratified flow. Consequently the area void fraction is
highly intermittent, alternating from a lower value, associated with the presence of a liquid
slug, to a higher one, associated with stratified zones.

At low water flow rates the liquid slug is not aerated and the corresponding area void
fraction approaches zero. The stratified zones assume the form of elongated bubbles with a
relatively sharp head and a biconvex tail. Depending on the values of the air flow rate the
interface of the liquid layer within the stratified zone may assume a wavy form, as we can
observe on Figure 3a.

When the water flow rate increases at constant air flow rate, the forces that maintain the
integrity of the air plugs, i.e. surface tesion and Archimede's upthrust, start to compete with
turbulent fluctuations which tend to entrain gas into the liquid slugs. This in fact constitutes the
basic mechanism of the transition between intermittent and bubbly flow. Due to this, the water
slugs become aerated with small bubbles, which increases the local void fraction. The air plugs
become smaller and faster, also due to the fact that the average flow velocity increases with the
water flow rate at the intermittent regime.

These important aspects of the intermittent to bubbly transition can be observed in Figure
3b and 3c. The bubbly flow regime is shown in figure 3d. Due to the relatively low air flow
rate, the bubbles are concentrated at the upper region of the tube which corresponds to the
neibouring of © = n.

5.3. Intermittent to annular transition

In the annular regime the liquid flows as a continuous film around the perimeter of the
pipe and is also continuous in it's
longitudinal direction. This liquid film
surrounds a high speed air flow at the
core of the tube which may contain
entrained liquid droplets formed from
50 Baneis) 573 waves at the liquid-gas interface. Due
® {0 gravity, the liquid film is usually
thicker at the bottom of the pipe.
Under certain conditions near the
transition to annular flow, circular
200 time (s) 207.5 aeratéd waves may be so that the film
(© thickness increases substantially at the
bottom as well as at the top of the
tube. This is usually described as a
wavy-annular flow pattern.
400 time () 4075 Starting from an intermittent
(d) flow, the transition to annular flow
takes place when the air flux is intense
enough to break and traverse some of
the water slugs, generating liquid
structures  that are  currently
designated pseudo-slugs or rolling

(a)

780 time (s) 787.5

Figure 3 - Imaged representation of intermenttent and waves which can be observed in
bubbly flows at constant Qair = 7.5 m3/h : a) elongated Figure 4a. The slugs that are not
bubbles (Qwater = 5 m3/h), b) medium aerated slugs destroyed are ejected at high

(Qrg\g!; 153??;@5)0 Lﬁ?gl)l gﬁéﬂﬁlilwugs velocities reaching that of the air flow.

(Qwater = 50 m3/h). An important effect associated to
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2z (a) the presence of fast slugs is the
M deposition of a liquid film at the
0 perimeter of the tube. If the gas
. velocity is not high enough to
P, Hme (6} 575 maintain this liquid film it may flow
2n back to the bottom of the tube as can

be observed in Figure 4b (white
spots). If the gas velocity is high
enough to destroy all slugs and to
maintain a stable liquid film flowing at
the walls of the pipe, then the annular
regime may be considered fully
installed. This situation is ilustrated in

400 time (s) 407.5
2n (c)

Figure 4c.
0
e w8 875 6.  CONCLUSION
Figure 4 - Imaged representation of the interminttent to A direct imaging probe suited
annular transition (constant Qwater = 15 m3/h) : a) for air-water flows is presented in this
pseudo-slugs or rolling waves (Qair = 70 m3/h), b) fast work. An imaged representation of

slugs and drainage of the peripheral liquid film

(Qair = 175 m3/h) and c) established annular flow the phase distribution within the

(Qair = 250 ma/h). probe's sensing volume is obtained by
simply  plotting the signals
corresponding to peripheral

conductivity measurements, therefore
without reconstructing it numerically from the measurements. i
To demonstrate the potentiality of the imaging technique proposed here, a number of
transient two-phase flow tests were conducted in a horizontal loop which allows one to impose
the temporal variations of the flow rates. The experimental procedure consists basicaly in fixing
one flow rate and slowly varying the other so that the flow regime slowly evolves from one
established configuration to another, passing by a transition in between.

The results confirm that our direct imaging technique is capable of showing not only large
structures such as slugs and plugs in intermittent flow (Figure 3) but also finer details as the
wavy or rugged liquid interface in stratified flow (Figures 2b and 2c), or the drainage of the
liquid film in the transition between intermittent and annular flow (Figure 4b). It is evident that
the identification of the flow regime as well as the transitions between them is quite
straightforward. Our direct imaging methodology constitutes then a simple and inexpensive
alternative to tomographic imaging techniques. ;

In conclusion, future developments of the imaging technique proposed here are likely to
include studies in which the influence on the final image of other segmentations of the
measurement ring, as well as the number and electrodes geometry, is established. In particular
this could lead to sensor configurations capable of providing more information concerning the
flow in the core of the pipe. It is also important to stress that our imaging technique could be
applied to nonconducting two-phase fluids by means of a capacitive sensing device. This is of
particular interest in gas-particulate flows such as pneumatic transport pipelines or fluidized
bed combustion since some basic aspects concerning their hydrodynamics are still poorly
understood.
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Abstract

A study to search for the most favorable condition of atmospheric fluidized-bed gasification of sugar-cane
bagasse has been possible using a comprehensive computer simulator of fluidized bed equipment. A previous
version of the simulation program has been improved to provide more precise results. In addition, the prediction
of possible particle segregation in the bed has been implemented. “Cold” efficiency has been chosen as objective
function. The following conditions have been set as constants: operational pressure, basic geometry of the
reactor, bed height, particle size distribution of bagasse, particle size distribution of alumina (used as inert in the
bed), and bagasse dry-basis composition. The parameters left as variables were: bagasse moisture and the oxygen
ratio (fraction from the necessary oxidant for total or stoichiometric combustion). Future steps toward a more
complete optimization are shown. The results are going to be used on studies of power generation systems
employing gas turbine concepts.
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1. INTRODUCTION

Despite the use of bagasse for steam and power generation in the mills, improvements in
the plants may increase the fraction that is diverted to power generation. Some calculations
(Hollanda, 1991) demonstrate that, just in the state of Siao Paulo, 16 % of the power
generation could be provided by that source. This represents something around 2 GW.

The effort to apply biomass, particularly sugar-cane bagasse, to advanced gas-turbine
power generation system has required extensive studies. Optimization of the reactor is needed
to assure the best possible conditions for the application of gasification in a given process. For
each single optimization objective, the search involves several variables and a theoretical tool
as comprehensive computer simulation saves time and money if compared with, for instance,
search through experimental tests in pilot units.
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The gasification is one of the most important points of any BIG/GT (Biomass Integrated
Gasifier/Gas Turbine Systems) process. Of course, several techniques to achieve the
gasification can be considered. Among these, the bubbling fluidized-bed is a serious candidate
and has been chosen for the present investigation.

2. THE EXISTING PROGRAM

A simulation program (Souza-Santos, 1987, 1989) has been developed for cases of
boilers and gasifiers operating with coal. Later it has been adapted to shale retorting (Souza-
Santos, 1994a). After improvements, a new version was validated for simulations of wood
gasification (Souza-Santos, 1994b).

The biggest deviation in computations when dealing with different biomass, is due to
differences in the devolatilization profiles. For the present application to sugar-cane bagasse,
it has been assumed that the bagasse devolatilization stoichiometry is similar to the wood. A
test of this hypothesis has been made using IGT (Institute of Gas Technology, Illinois, USA)
experimental data. Average deviations between simulation predictions and measured values
(concentrations, temperatures, and carbon conversions) are in the same order of magnitude as
the obtained for wood gasification (Souza-Santos, 1994b). Unfortunately, the results of that
work with bagasse cannot be published due to contract conditions under which it was
developed. Future developments will concentrate in adding bagasse devolatilization
characteristics. This may improve the results even further.

Recently, the possibility to predict segregation between solids of different minimum
fluidization velocities has been implemented in the mathematical model. The correlation by
Nienow et al. (1978) was employed. This is an important information, mainly for biomass
processing, because most of the reactors use inert solid particles and, very often, their average
minimum fluidization velocities are much higher than the necessary by the carbonaceous
particles. Therefore the eventually segregated biomass particles would concentrate at the top
of the bed. A significant part of the released tar would pass straight to the freeboard, having
little residence time for proper cracking and cocking processes. This may increase the
probability of the undesirable high tar concentrations to appear in the produced gas. The
presence of tar or heavy oils in the exit gas may bring serious problems for the cleaning
system. Other problems that heterogeneous fluidization may bring are:

e Unstable fluidization process;

e Slug-flow;

e High temperature spots with consequent ash softening leading to particle agglutination and
bed collapsing.

3. THE OPTIMIZATION STRATEGY

Having in mind the intended application for the produced gas, the “Cold” and the “Hot”
gasification efficiencies could be set as optimization objectives. “Hot” efficiency would be the
search objective for cases where the gas cleaning system does not impose significant
temperature drop in the gas stream. Conversely, “Cold” efficiency is the proper parameter if,
for instance, the removal of alkaline by condensation is required.

In the present work both parameters are analyzed, and the definitions used here are:

e “Cold” efficiency as
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e “Hot” efficiency as:
F.H
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Here “Fg” represents the mass flow of produced gas and “Fg” the inlet mass flow of
bagasse (kg/s); “Hg” represents the enthalpy of the produced gas and “Hg” the high heat value
of the inlet bagasse (J/kg); “w” represents the mass fraction of the indicated component in the
exit gas.

3.1. Range of Tested Conditions.

For the present search some parameters have been left as constants. Those are:

e The characteristics of the feeding bagasse (dry basis).

e Basic dimensions of the gasifier. The present work is part of the study for future
experimental tests in a given pilot unit. Therefore, the dimensions such as bed and
freeboard internal diameter, total height, distributor design, and cyclone geometry have
been assumed as constants.

e Bed depth. The value of 2 m for the bed height has been selected. For some situations,
shallower beds have shown that the bubbles could reach the top of the bed with some
oxygen. Therefore, no reducing region is left in the bed. Of course, this jeopardizes the
gasification efficiency. In order to maintain a uniform value for all tests, it has been
decided to set it at the above mentioned value. Future investigations could refine this
choice. -

o Freeboard height. As the equipment is 6 m tall, the freeboard height has been set to 4 m.
This is above of most of the computed TDH (Transport Disengaging Height).

e Mass flow of bagasse feeding. This is determined by the capacity of the feeding system in
the existing pilot unit.

e Bagasse particle size distribution. The distribution is the same as the obtained from mills
installed in typical sugar and alcohol plants.

e QGasifier nominal operational pressure. For the present it has been set equal to 1 atmosphere
because the intended study considers a new process that would not require pressurized gas.
Details of such a process will be described in a future paper.

e Temperature of the feeding air. Set to 343 K.

e No steam injection. Preliminary simulations have shown that the moisture contents of the
bagasse are enough to provide the needed water as gasification agent.

e Inert characteristics (composition, densities, and particle size distribution). Alumina has
been chosen as the inert. Its particle size distribution is such that feasible operational
conditions were achieved for the whole studied range of air flow injected through the
distributor.

The parameters adopted as variables are:

1. Bagasse moisture. Although the bagasse usually leaves the mill with 50% moisture, the
present work considers the possibility of prior drying employing stack gas streams. In this
case, it seems that the economic limit is around 30% moisture. Therefore, it has been
decided to concentrate the study in three basic levels for the moisture: 20%, 30%, and 35%.

2. Mass flow of air injected through the bed distributor. This variable would be a consequence
of each imposed “oxygen ratio”. This parameter is given by the ratio between the mass
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flow of injected oxygen and the mass flow of oxygen necessary for the stoichiometric
combustion of the biomass.

To allow a quick reference to the set of tests, the following nomenclature has been

adopted:

e The name of the test is indicated using six symbols.

e The numbers following the “u” letter indicates the moisture level. As commented before,
these numbers are: 20, 30, and 35.

e The numbers following the “a” letter indicates the mass flow of injected air in g/s. The
tested values were: 20, 25, 27, 30, 35, 40 and 45.

It is important to notice the results for some combinations do not appear because
operational problems have been predicted. Among them the collapsing of the bed due to the
agglomeration of particles that surpassed the ash softening point. Other conditions led to too
low carbon conversion.

4. INPUT DATA

Some of the most important data, common to all cases, are presented below.

Table 1: Proximate analysis of bagasse Table 2: Ultimate analysis More details on the

at 20% moisture

of the feeding t_)ggasse

required data as well

Component | Mass % (w.b.) Comp. | Mass % as information
Moisture 35.0 (d.b) provided by of the
Volatile 56.2 5 44.8 present simulation

Fixed-carbon 6.0 H 54 program can be
Ash 2.8 0O 39.5 found elsewhere
High Heat 16.7 N 0.4 (Souza-Santos,
Value (MJ/kg) S 0.0 1987, 89, 94a, 94b).
(dry basis) Ash 9.8
Table 3: Basic geometry of the gasifier foe diﬁs mentioned above, the
S g rate of dry bagasse
_Charact.ensncs . Value was kept constant. Therefore,
Internal diameter in the bed section 0.4 m the values of 0.2000 kg/s,
Bed height 20m 0.22857 kg/s, 0.26667 kg/s,
Internal diameter in the freeb. section 1.0 m and 0.32000 kg/s where used
Total equipment height 6.0 m for 20%, 30%, 40% and 50%
Insulation thickness (m) 0.2 moisture, respectively.
Average thermal conductivity of the 0.08
insulation (W m-! K-1)
Diameter of the orifices in the distributor 2
(mm)
Total number of orifices in the distributor 2688
Bagasse feeding position (from bed base) 0.1 m
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Table 4: Particle size distribution of the feeding solids

Bagasse Alumina

Sieve opening | Retained mass | Sieve opening | Retained mass
(mm) percentage (mm) percentage
0.1 19 0.595 1.0
0.5 36 0.420 4.0
1.0 13 0.250 90.0
1.5 6 0.149 4.0
2.0 33 0.105 1.0
2.5 22.5

5. DISCUSSION OF RESULTS

Table 5 presents the gas, dry basis, composition for the cases that led to the best
gasification efficiencies . The program generates several other results which are listed in Table
6. Figure 1 summarizes the results for the “Cold” efficiencies.

Among all information provided by the simulation, the profile of bubble sizes has
especial interest. For all cases, slugging flow (bubble occupies the whole cross section of the
bed) has been predicted. Apart from the bubble coalescence process, large bubbles are also
caused by large differences between the actual and the minimum fluidization velocity.
Therefore, the slugging flow starts at a certain height in the bed. This may present a problem
because such operations lead to excessive vibration of the equipment added to poor mass
transfer between bubbles and emulsion. This can be avoided if the difference between actual
and minimum fluidization velocities can be diminished by: :

1. Employing pure oxygen, instead air, as oxidant;
2. Operating at pressurized conditions;
3. Pre-heating of the air combined with larger bed cross sections.

Some comments on those may be useful.

It has been verified that bubbles can reach points of temperature well above the average
in the bed (Fig. 2). The main cause for this is the process of mass transfer of fuel gases from
the emulsion to the relatively cold bubbles. Due to devolatilization, most of the fuel gases are
released into the emulsion at points near the bagasse feeding position (0.1 m). Part of these
gases reaches the cold bubbles before complete oxidation. Once the bubble phase temperature
reaches a certain value, the burning is fast leading to the referred temperature surge. This
provokes fast increase on bubble sizes and on the void fraction in the bed (Fig. 4). In addition,
the gas flowing through the emulsion also suffers fast expansion at points near the distributor.

On the other hand, if the gas injected through the distributor is pre-heated (combined with
larger bed cross sections), the bed can be operated at superficial velocities not too far from the
minimum fluidization. This leads to smaller bubbles, smaller differences of temperature
between bubbles and emulsion, and no process of fast increase in the void fraction as well as
the superficial velocity. The option *“3”, above, is also the most attractive solution because can
be implemented through heat recovery from a turbine exhaust stream.

Finally, as the determination of sulfur emissions was not the aim of the present work,
some imbalance may be found for that element in the results. This is because the tolerance set
for the integrations was just enough to obtain low deviations for all other elements. The
alternative, e.g., using more stringent tolerances, would require much longer computational
times. Such requirements can be set once the optimum condition is found.
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. CONCLUSIONS

The basic conclusions are:
The program can be used as a tool for optimization.
As the bagasse moisture increases, higher efficiencies are found for higher oxygen ratios.
No test showed the possibility of segregation in the bed. '
Within the tested range, the best efficiencies were found for 20% moisture and bagasse
processed under approximately 20% oxygen ratio (test u20a27).

Future studies intend to:
Extend the analysis to pressurized systems (see companion paper).
Repeat the present work for non-slugging conditions.
Refine the present set of values of bagasse moisture and oxygen ratios.
Verify the effects of recycling to the bed the particles collected by the cyclone system.
Include the bed height and other operational parameters as variables in the optimization
study.
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Table 5: Compositions (molar, wet basis) of the exiting gas streams for tests where bagasse was fed
with 20% moisture.

TEST
u20a20 | u20a27 | u20a25 | u20a30 | u20a35
H» 11.3440 [ 7.6345 8.8848 7.4065 5.6701
H,O 21.5122 | 19.6780 | 19.5690 | 20.2361 | 21.6760
H,S 0.0108 0.0104 0.0038 0.0158 0.0005
NH; 0.1169 0.0434 0.1113 0.0833 0.0467
NO 0.0724 0.0000 0.0044 0.0000 0.0000
" N> 32.7219 | 37.5777 | 36.1146 [ 39.6124 | 43.3193
SO, 0.0000 0.0381 0.0275 0.0193 0.0000
CO 5.2688 6.7662 6.9171 6.9895 6.2566
CO; 20.1412 | 19.2867 | 19.3973 | 17.0403 | 16.8683
CH,4 8.1828 8.3360 8.2958 7.0403 5.6561
C,Hy 0.0328 0.0334 0.0333 0.0434 0.0226
C,Hg 0.2611 0.2594 0.2688 0.2307 0.2385
CsHs 0.0000 0.0000 0.0273 0.0000 0.0000
C3Hg 0.0000 0.0033 0.0000 0.0000 0.0000
CeHs 0.3350 0.3330 0.3449 0.2961 0.2451
Tar 0.0000 0.0000 0.0000 0.0000 0.0000
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Table 6. Results for the cases where bagasse was fed with 20% moisture.

—— e

PARAMETER
u20a20 | u20a25 | u20a27 | u20a30 | u20a3s
Mass flow of exiting gas (kg/s) 0.0424 | 0.0494 | 0.0518 | 0.0545 | 0.0586
" Mass flow of entrained particles (kg/s) 0.3625 (0.2947 |0.2595 |0.2627 [0.2217
x10* | x10* | x10* | x10* | x10°
Mass flow of particles withdrawn from the bed [[0.7728 |0.5867 |0.5457 [0.5770 [0.6599 |
to maintain constant bed level (kg/s) x102 | x10? | x10% | x10? | x10?
I Void fraction’ 0.9226 | 0.9551 | 0.9642 | 0.9756 | 0.9890
Minimum fluidization velocity” (m/s) 0.0304 | 0.0279 | 0.2700 | 0.0258 | 0.0241
Average superficial velocity” (m/s) 0.7420 | 0.9853 | 1.8082 | 1.2152 | 1.5600
Mixing index 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
Carbon conversion (%) 63.88 | 74.72 | 76.72 | 75.16 | 71.60
Mass held by the bed (kg) 83.43 | 70.08 | 6546 | 59.43 | 51.13
| Residence time (based of the mass flow of | 46.36 | 38.94 | 36.38 | 33.02 | 2841
feeding solid) (min)
Transport Disengaging Height (m) 5.266 | 5.337 | 5.373 | 5.364 | 5.387
Static bed height (m) 0.677 | 0.570 | 0.532 | 0.483 | 0.414
Total input power to the gasifier (MW) 0.3881 | 0.3883 | 0.3884 | 0.3885 | 0.3888
Pressure loss in the distributor (kPa) 0.0303 | 0.0473 | 0.0552 | 0.0681 | 0.0928
Pressure loss in the bed (kPa) 2.7121 | 1.5737 | 1.2563 | 0.8560 | 0.3845
Average molecular mass of the exiting gas 2532 | 26.04 | 26.33 | 26.26 | 26.52
(kg/kmol)
Volumetric flow of the exiting gas (m”/s) 0.0376 | 0.0425 | 0.0441 | 0.0465 | 0.0495
(standard conditions: 273.15K, 1bar)
Mass concentration of tar in the gas leaving the | 0.0128 | 0.0019 | 0.0000 | 0.0000 | 0.0000
bed and entering the freeboard (%) "
Enthalpy of exiting gas (“hot, wet”) (MJ/kg) | 5.8767 | 5.9398 | 5.7871 | 5.4214 | 4.7972
Enthalpy the exiting gas (“cold, dry”) (MJ/kg) | 5.7446 | 5.4955 | 5.2441 | 4.7663 | 3.9114
“Hot” efficiency 64.23 | 75.59 | 77.25 | 76.02 | 72.26 "
“Cold” efficiency 53.18 | 60.47 | 60.57 | 57.56 | 50.24
Average bubble diameter at the distributor (m) | 0.011 | 0.013 | 0.013 | 0.014 | 0.019
Aver. bubble diameter at the middle of bed (m) | 0.332 | 0.343 | 0.377 | 0.384 | 0.400
Average bubble diameter at the top of bed (m) | 0.400 | 0.400 | 0.400 | 0.4000 | 0.400 "
Height at which the bubble diameter is the same| 1.390 | 1.180 | 1.165 | 1.025 | 0.896
as the reactor internal diameter (m)
Temperature of carbonaceous particles” (K) 9243 | 1029.3 | 1063.5 | 1110.5 | 1183.5
Temperature of inert particles® (K) 928.3 | 1037.1 | 1072.9 | 1121.7 | 1196.5
" Emulsion gas temperature in the bed" (K) 929.0 | 1038.0 | 1074.1 | 1123.5 | 1199.9
Bubble phase temperature® (K) 9943 [ 1106.6 | 1165.3 | 1253.1 | 1439.1
Aver. temperature at the middle of the bed (K) | 927.8 | 1036.1 | 1071.7 | 1120.3 | 1195.0
Average temperature at the top of the bed (K) | 928.4 | 1036.5 | 1072.2 | 1120.7 | 1195.2
Aver. temperat. at the top of the freeboard (K) | 912.6 | 1021.0 | 1059.6 | 1106.0 | 1204.0

(a): at the middle of the bed.
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Abstract

An updated comprehensive simulator for fluidized-bed equipment has been employed to perform studies aiming
the optimization of sugar-cane bagasse gasification. The present work for pressurized systems follows one where
the atmospheric option was focused. Improvements on the calculations of physical-chemical properties provided
more precise computations for operations at high pressures. Gasification “Cold” efficiency has been chosen as
the objective function. For this first round of studies, the operational pressure was fixed at 2 MPa. The basic
geometry of the reactor, the particle size distribution of the alumina (used as inert in the bed), and the bagasse
dry-basis composition are assumed as constants. Bagasse moisture and the injected air mass flow (or oxygen
ratio) are left as variables. Detailed data of the reactor internal as well as overall operational conditions are
discussed. The results are going to be used on studies of power generation systems employing gas turbine
concepts.
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1. INTRODUCTION

The motivation for studies on utilization of sugar-cane bagasse as power source has been
described in the companion paper (Souza-Santos, 1997).

The present study follows another where atmospheric gasification has been focused. The
results are going to be applied to studies on power generation systems.

2. THE EXISTING PROGRAM

A previous version (Souza-Santos 1989, 94a) of the simulation program has been
updated to expand its range of applicability as well as to provide more precise results.

Although the first version of the program was already prepared to face pressurized
processing, improvements in computations of physical-chemical properties of gases and their
mixtures have been introduced. These corrections employed the Redlich-Kwong-Soave
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equations. Among the corrected properties are the Gibbs free energy, used to more precise
computations of reaction equilibria (Reid et al. 1977). Therefore, the kinetics of the various
involved reaction also benefited from these improvements.

This new version has also been validated for pressurized gasification of wood (Souza-
Santos, 1994b). The biggest deviation in computations when dealing with different biomass,
is due to differences in the devolatilization profiles. For this first approach, it has been
assumed that the bagasse devolatilization stoichiometry is similar to that of the wood. A test
of this hypothesis has been made using IGT (Institute of Gas Technology, Illinois, USA)
results for pressurized gasification of sugar-cane bagasse. Average deviations between
simulation predictions and measured values (concentrations, temperatures, and carbon
conversions) are in the same order of magnitude as the obtained for wood gasification.
Unfortunately, the results of the work with bagasse cannot be published due to contract
conditions under which it was developed. Future developments will concentrate in adding
specific correlation for bagasse devolatilization. This may improve the results even further.

3. THE OPTIMIZATION STRATEGY

For the present search, “Cold” efficiency is the proper parameter because the removal of
alkaline (by condensation) from the exit gas is normally required.

The definitions of “Hot” and “Cold” efficiencies have already been given in the
companion paper (Souza-Santos, 1997)

3.1. Range of Tested Conditions

For the present search some parameters have been left as constants, such as:

e QGasifier nominal operational pressure. This first study assumes the conclusion from
Hollanda (1991) which shows that pressures around 2 MPa should be near the optimum for
processes aiming power generation. A possible confirmation of this comes from the fact
that this range of pressure has been chosen by IGT (Evans et al., 1986) for developments.

e The characteristics of the feeding bagasse (dry basis). The adopted composition (Tables 1
and 2) and properties are well within typical values for this biomass.

e Basic dimensions of the gasifier. The present work "is part of a study for future
experimental tests in a pilot unit. Therefore, the dimensions such as bed and freeboard
internal diameter, total height, distributor design, and cyclone geometry have been assumed
as constants. Some of the most important values are described in Table 3.

e Bed depth. The value of 2 m has been selected. Preliminary tests showed that short regions
of the bed are left at reducing conditions if beds shallower than that were used. Of course,
scarce reducing regions lead to poor gas composition and to relatively low gasification
efficiency. Future investigations could refine this choice.

e Bagasse particle size distribution. The distribution is the same as the obtained from mills
installed in typical sugar and alcohol plants.

e Bagasse feeding rate. The feeding rates of biomass per unit of reactor cross section used
here, are around 1 kg s m?, which is the same range arrived through experimental tests at
IGT (Evans et al., 1986). A more detailed study on this parameter will be conducted in the
near future.

e Inert characteristics (composition, densities, and particle size distribution). Alumina has
been chosen as the inert solid in the bed due to its resistance to attrition and high

2
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temperatures. Differently from the bagasse, which is fed continuously, just a make-up is
necessary to compensate for losses due entrainment. Its particle size distribution is such
that feasible bubbling operational conditions (without leading to pneumatic transport) were
achieved for the complete studied range of air flow injected through the distributor.
The temperature of the feeding air was set to 650 K, which is around the value obtained
after compression of ambient air.
No steam injection. Preliminary simulations have shown that the moisture contents of the
bagasse are enough to provide the needed water as gasification agent.

The parameters adopted as variables are:

. Bagasse moisture. Although the bagasse usually leaves the mill with 50% moisture, the

present work considers the possibility of prior drying employing stack gas streams in the
mill or through controlled fermentation. This last technique allows to reach a 20% moisture
level (Camargo et al., 1990). Values below 20% have not been included in this study
because it seems unlikely that they could be economically obtained. The tested cases
included moisture levels of 20%, 30%, 40%, and 50%.
Oxygen ratio, which is the ratio between the mass flow of injected air and the mass flow of
air necessary for the stoichiometric combustion of the biomass. The tested cases were
carried out within the range from 16% to 28%.

It is important to notice that even within those ranges, some combinations do not appear

in the results either because operational problems have been predicted or too low efficiencies
have been obtained. Among the operational problems there are:

Relatively high or relatively low average bed temperatures. The first led to collapse of the
bed due to the agglomeration of particles that surpassed the ash softening point. The second
caused low carbon conversion which led to extremely low gasification efficiencies.
Unfeasible operation because the superficial gas velocity was too high or too low. The first
led to total pneumatic transport of the particles in the bed. The second could not meet
minimum fluidization requirements.

4. INPUT DATA

Some of the most important inputs, common to all cases, are presented below.

Table 1: Proximate analysis of bagasse Table 2: Ultimate analysis More details on the

at 20% moisture of the feeding bagasse required data as well
Component Mass % (w.b.) Comp. | Mass % as information
Moisture 20.000 (d.b.) provided by of the
Volatile 65.249 C 49.66 present simulation
Fixed-carbon 12.105 H 5,71 program can be
Ash 2.646 O 41.08 found in Souza-
High Heat 19.04 N 0,21 Santos (1989, 94a,
Value (MJ/kg) S 0,03 94b) and in the
(dry basis) Ash 3.31 companion paper.
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Table 3: Data on basic geometry of gasifier and operation

- To maintain equival
Characteristics 7 i Db i
Internal diameter in the bed section OVZII: between_ O ey Sondnite;
; : the feeding rate of dry bagasse
Bed helght 20m was kept constant. Therefore,
Internal diameter in the freeb. section 1.0m the values of 0.2000 kg/s,
Total equipment height 7.0 m 0.22857 kg/s, 0.26667 kg/s,
BaEEsse feeding position (from bed base) 0.5m and 0.32000 kg/s where used

for 20%, 30%, 40% and 50%
moisture, respectively. The mass of bagasse initially put into the bed was 800 kg.

5. DISCUSSION OF RESULTS

Table 4 presents several operational data for the most favorable range of oxygen ratio,
i.e., 24%. The gas composition obtained from that test is reproduced in Table 5.

Figures 1 and 2 summarize the results for the efficiencies (Hot and Cold).

As can be seen in Fig. 1, the maximum “Cold” efficiencies occur for the lowest tested
moisture (20%). The maximum value was obtained in the vicinity of 24% oxygen ratio and

this is valid for the entire range of bagasse moistures.

Figure 2 shows that “Hot” efficiency increases with the oxygen ratio and no maximum
was obtained for values within the tested range. As said before, it was not possible to report
higher oxygen ratios because ash-softening temperatures were reached for values with

relatively low moisture of the bagasse.
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Figure 1: “Cold” efficiencies Figure 2: "Hot" efficiencies

Back to Fig. 1, it is interesting to notice a “valley” shape with lowest values for moistures
around 40%. This can be explained on the basis of conflicting tendencies:
1. The increase on heat value of the exit gas due to higher concentrations of fuel gases,
particularly hydrogen (Fig. 3).
2. The decrease in the carbon conversion due to lower average temperatures (Figs. 4 and 5).
The rate of Carbon-Water reaction increases with higher concentration of water in the
system (Fig. 6) brought with wetter bagasse. To a certain degree, the increase in hydrogen
concentration overcompensates the relative decrease on carbon monoxide (Fig. 7) and
methane (Fig. 8). On the other hand, due to highly endothermic carbon-water reaction, high-
moisture operations decrease the average temperature in the bed. Lower temperatures lead to a
decrease in the rate of carbon-water reaction as well as the other reactions. From the point of
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view of oxygen ratios, lower values allow relatively high hydrogen concentrations because
hydrogen combustion rates are much faster than the rates for other fuel gases.

In the whole range of cases, no segregation of bagasse has been verified, i.e., all mixing
indexes were above 0.5.

For the best case (20% moisture and 24% oxygen ratio) Figs. 9 to 12 are presented. In
Fig. 9 the decrease of temperature near 0.5 m is due to bagasse feeding. For the same case,
Fig. 10 shows some concentration profiles in the bubble phase and it is possible to verify that
the oxygen was completely consumed at 0.5 m from the distributor.
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Figure 3: Hydrogen concentration in the exit gas | Figure 4: Carbon conversion for several tests
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Figure 7: Carbon Monoxide concentration in the | Figure 8: Methane concentration in the exit gas
exit gas for various tests. for various tests.
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case.

The surge of water concentration in the emulsion is due to the release of moisture from
the bagasse which is being fed at 0.5 m from the bed base (Fig. 11). After that, water is
consumed mainly by reaction with carbon.

It is interesting to notice that the bubble maximum stable diameter is smaller than the bed
internal diameter (Fig. 12). This agrees with the comments made in the companion paper
concerning methods of avoiding slugging-flow.

6. CONCLUSIONS d

The basic conclusions are:

1. The last version of the simulation program is useful for detailed optimization studies of
fluidized-bed combustion and gasification processes. These studies are important for the
correct approach to power generation strategies. In addition the comprehensive modeling
provides a powerful tool for the understanding of several influences on the equipment
performance and internal phenomena.

2. In cases of pressurized fluidized-bed gasification of sugar-cane bagasse, the optimum
“Cold” efficiencies are obtained for low moisture feeding bagasse. It is worthwhile the
exploration of methods to improve bagasse drying processes. Of course, these studies
should be combined with economic considerations. Regarding the oxygen ratio, the
maxima of “Cold” efficiencies are in the neighborhood of 24%. This was around the same
condition found for the atmospheric gasification, with conditions described in the
companion paper. Refinement of the grid, as well as inclusion of other parameters as
variables, will be tried in a near future work.

3. When the gas-utilization process employs cold gas and the pre-drying of bagasse do not
reach values below 30%, it is preferable to feed the gasifier with bagasse as produced by
the mill, i.e., with 50% moisture.
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Table 5: Composition of
exiting gas for the best

Table 4: Some important operational parameters for

gasification of bagasse fed with 20% moisture and operations

employing 24% oxygen ratio.

asification condition.

| PARAMETER VALUES | MOLAR
Mass flow of exiting gas (kg/s) 0.4094 EenLLNt
Mass flow of entrained particles (kg/s) | 0.278E-5 HHE) ]77;53?33
Mass flow of particles withdrawn from the bed | 0.165E-1 2 e
to maintain constant bed level (kg/s) H,S 0.0037
Void fraction’ 0.845 NH; 0.0475
Minimum fluidization velocity” (m/s) 0.0309 I NO 0.0000
" Average superficial velocity® (m/s) 0.383 N 39.2601
Mixing index 0.879 SO, 0.0047
Carbon conversion (%) 89.55 co 12.3715 I
Mass held by the bed (kg) 508 €O, 15.2795
|r Residence time (based of the mass flow of 42 " CH, 7.5684 |
feeding solid) (min) C2Hy 0.0303
Transport Disengaging Height (m) 5.726 CoHe 0.2421
Static bed height (m) 1.130 CsHe 0.0000
Total input power to the gasifier (MW) 3.058 CHg 0.0000
Pressure loss in the distributor (kPa) 0.010 CeHs 0.3107
Pressure loss in the bed (kPa) 13.56 Tar _0.0000 |
Average molecular mass of the exiting gas 26.01
(kg/kmol) 4. Regarding the equipment
Volumetric flow of the exiting gas (m’/s) 0.353 operation, it is important to
(standard conditions: 273.15K, lbar) notice the following. The
Mass concentration of tar in the gas leaving the|  0.000 biontass feeding position is
bed and entering the freeboard (%) I an important parameter.
Enthalpy of exiting gas (“hot, wet™) (MJ/kg) 6.6300 MC:S‘ of the carbonaceous
Enthalpy the exiting gas (“cold, dry”) (MJ/kg) 5.5909 5011_d5 £0 throug'h. fasl
“Hot” efficiency 88.78 drying and Qevolat}llzallqn
“Cold” efficiency 65.89 ;::ST e t;rf:::l:sgs pom;;i;:
Average bubbi.e diameter at the. distributor (m) | 0.15E-2 important fuel gases. If
Aver. bubble dxan'{eter at the middle of bed (m) 0.246 these gases find an oxidant
Average bubble diameter at the top of bed (m) 0.276 atmosphere they burn with
Temperature of carbonaceous particles® (K) 1362.9 low or no addition of fuel
Temperature of inert particles® (K) 1362.9 gases to the upward gas
Emulsion gas temperature in the bed® (K) 1362.9 stream. On the other hand,
Bubble phase temperature® (K) 1366.0 if the feeding occurs too
Aver. temperature at the middle of the bed (K) 1362.9 near the top of the bed, the
Average temperature at the top of the bed (K) 1362.8 produced tar may escape to
Aver. temperat. at the top of the freeboard (K) 1315.1 the freeboard without

(a): at the middle of the bed.

enough residence time for
cracking and coking. The

tar, even in small concentration, causes severe problems for the gas cleaning system.
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Abstract

The use of a spouted bed for feeding solids in a pneumatic transport tube allows for a wide range of operational
conditions. However, as the solid flow rates become dependent on the air flow rates, the flow diagrams available
in literature for flow regime identification cannot be applied for such a equipment. In present work, fluid
dynamic characterization of pneumatic transport with a spouted bed type solid feeding system has been extended
by comparing its fluid dynamic behavior with the one provided by using a classical feeder, which allowed for
independent variation of gas and solid flow rates. Experimental data of pressure gradients versus air velocities
have been obtained using the same transport pipe (4.0 m long and 104.8 mm in diameter) and using both a
spouted bed and a screw conveyor as solid feeding devices. Experimental values of the air velocities at the
transition from dilute to dense-phase regimes have been obtained for both systems. The data obtained using the
screw feeder have been compared with data from literature. Also investigated was the validity of using the
correlations for predicting the transition air velocities developed for classical feeders for the data obtained using
the spouted bed feeder. The results allow the conclusion that the transition point can be predicted using the same
criterion for both systems.

Keywords

Pneumatic transport, solid feeding systems, flow regime identification.

1. INTRODUCTION

The pneumatic bed with a spouted bed type solid feeding system has been investigated by
authors such as Ferreira and Freire (1992), Littman et al. (1993) and Garic et al. (1995). This
system allows for a wide range of operational conditions, but it makes fluid dynamic
characterization more difficult, particularly the identification of flow regime. This is because
the solid flow rates become dependent on the air flow rates. It is well known that the
identification of flow regimes, as well as of their transitions, is essential for better design and
operation of vertical transport lines, and also for its fluid dynamics modeling, since the flow
structure governs the various transfer mechanisms between the two-phase mixtures. The dilute
and dense phase conveying represent the two main flow regimes on gas-solid transport, but
different sub-regimes can be identified, as discussed by Satija et al. (1985) and Chong and
Leung (1986). Selection of the proper gas velocity determines the flow regime of solids
conveying, with the dilute transport being the most common (Arastoopour, 1985). A complete
identification of flow regimes usually involves extensive experimental measurements. This
can be done, for instance, by using suction probes or laser techniques for measuring radial
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solid velocities (Rhodes, 1990, Semiat and Dukcler, 1981), or by monitoring variations in the
standard deviation of pressure fluctuations in the transport tube (Satija er al., 1985; Rhodes,
1996).

Among the various criteria for identifying the regime transition between dense and dilute
phases, the relationship between pressure gradient and gas velocity, for constant solid flow
rates (Rizk, 1985), is simple and employ parameters which can be related to real physical
changes, in terms of solids circulation and pressure gradient patterns. The curves of pressure
gradient versus air flow rates on such phase diagrams present a minimum point, which is
considered as the boundary between dense and dilute-phase conveying (Joseph and Klinzing,
1983; Marcus ez al., 1990). On dilute-phase flow, which occurs for high air velocities, the
pressure gradients decrease as the gas velocity is decreased. If the air flow rates are reduced
below the minimum point, the pressure gradients increase, indicating that the pressure drop
due to the solids hold-up predominate. So the minimum air flow rates at which solids can be
conveyed in the dilute phase regime is set by the air velocity at the minimum pressure drop in
the state diagram, which will be referred to as the minimum velocity. Hong et al. (1995)
reported that the locations of the minima in this phase diagram should change depending on
the particle diameter, transport pipe diameter and solid flow rates, so the determination of the
minimum under different conditions is complicated. It is nevertheless important because the
best operation point for dilute vertical pneumatic transport should be carried out at air
velocities slightly above the minimum velocity (Arastoopour, 1985).

Despite their simplicity, such phase diagrams cannot be applied directly for the
pneumatic bed with a spouted bed feeding system, since the solid flow rates can not be
maintained constant while the air flow rates are varied (Ferreira and Freire, 1992; Littman ez
al., 1993; Garic et al., 1995). Until now, very few experimental data have been reported
aiming at the investigation of flow transitions for the pneumatic bed with a spouted bed
feeder. In their former work, Ferreira and Freire (1992) reported the existence of different
flow regimes in this bed, namely a slug flow (usually associated with dense-phase conveying)
and a typical dilute transport. However, their analysis was only qualitative and their results did
not allow for any specific conclusions about the flow transitions to be reached. Garic ez al.
(1995) employed the method proposed by Satija ez al. (1995) for regime identification in a bed
similar to that of Ferreira and Freire (1992). They identified a dilute phase flow, and two types
of slug flow—one of which was stable while the other was unstable. This unstable slug flow
occurred for low air flow rates, next to the transport collapse point. Such a regime map,
however, could not be extended for the results obtained in the present work, probably because
the bed used by Garic ez al. (1993) operates semi-continuously and the transport is carried out
in a plexiglass transport tube, resulting in flow conditions very different from those obtained
here. The solid feeding system may also affect the fluid dynamic behavior of flow
(Arastoopour, 1985), but no experimental work have been reported comparing the spouted
bed feeder to different ones.

The purpose of this work is to extend the fluid dynamics characterization of pneumatic
transport with a spouted bed type solid feeding system by comparing its fluid dynamics
behavior with the one provided by using a classical solid feeding system, which allowed for
independent variation of gas and solid flow rates. For that, experimental fluid dynamic data
have been obtained using the same pneumatic transport tube, with both a spouted bed and a
screw conveyor as solid feeding devices. Experimental values of the minimum air velocities
for both systems have been obtained and the data for the screw conveyor have been compared
with data from the literature. Also investigated was the validity of using pressure gradient
versus air velocity phase diagrams for the pneumatic bed with spouted bed type solid feeding
system.
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2. EXPERIMENTAL METHODOLOGY

The same transport pipe and measuring systems were used for all experiments, but two
types of solid feeding systems have been employed, the spouted bed and a screw feeder. The
pneumatic bed with the spouted bed type feeder is shown in Figure 1(a). Spherical glass
particles with p,=2503 kg/m’ and mean diameters of 1.00 and 2.05 mm, belonging to group D
on Geldart’s (1973) classification, were transported in a galvanized iron pipe, 4.0 m long and
with internal diameter equal to 104.8 mm. Air to the system was supplied by a 20 HP fan and
its volumetric flow rate was measured by means of an orifice plate flowmeter. After being
pneumatically transported (1), the particles returned through a standpipe (2) with diameter
equal to 104.8 mm. A reduction nozzle was placed at the air inlet, aiming at reducing both the
gas flow rates deviated through the standpipe and the length of the acceleration region on the
transport pipe (Silva et al., 1996). The solids flow rates were measured by diverting the flow
and collecting the solids in the sample collector (3). The static pressures along the pipe were
measured at seven points by pressure taps connected to U-type manometers. While in
operation, the standpipe was kept filled with solids and the gas flow rates through it were
estimated from the Forchheimer equation, with the pressure drop measured between two
points of the pipe. The gas flow rates in the transport pipe are then obtained from a mass
balance which considered the difference between the air supplied by the fan and the air
deviated through the standpipe, which in most cases was negligible. The distance between the
air inlet and the bottom end of the transport tube (z) is a parameter for controlling the solid
flow rates and could be changed by a set of flanges of different thicknesses placed in the
transport tube. The mean voidages at the transport pipe were measured by means of two
pneumatically operated traps (4) which closed off a 2.05 m long section of the pipe. The
solids accumulated on the bottom trap were collected by a suction pump and subsequently
weighted, providing the average voidage. The accuracy of voidage measurements was
estimated using a statistical quality control procedure (Montgomery, 1991) as being +0.15%.
The length of the acceleration region was obtained from experimental data, by plotting the
pressures versus axial distances of transport tube and taking the linear portion of the curves.
For all the conditions investigated, this length was found to be less than 2.1 m, and the bottom
slip valve was placed above such a distance. A glass section was placed at the top end of the
transport tube for visual observation of the flow. The air velocity was initially fixed at a
maximum value, and the fluid dynamics measurements were carried out. After that, the gas
velocity was slowly decreased and the experimental procedure repeated, until reaching a
condition for which the transport was ceased.

The replacement of the spouted bed feeding system by a screw feeder was performed by
eliminating the bottom reservoir (5) and changing the standpipe configuration, resulting in the
apparatus shown in Figure 1(b). All measuring systems are the same described above. The
solid flow pattern is also essentially the same, except that the solids are now returned to the
screw conveyor. Additional data, similar to those previously described, were obtained for this
feeding system. The air velocity was initially fixed at a maximum value and the solid flow
rates were varied by changing the screw rotating velocity (maximum solid flow rates were
limited by construction of the feeder). The air velocity was subsequently reduced and the
experimental procedure repeated until reaching the minimum value for transport. An
additional glass section was placed just above the solids feeding point, for visual observations
of the flow at the bottom end of transport pipe.
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(a)

In all experiments, the transport pipe
was grounded in order to eliminate
electrostatic ~ effects. The range of
experimental conditions investigated and
accuracy for the measurements are shown in
Table 1.

(b)
Figure 1 - Experimental apparatus; (a) system with the spouted bed feeder; (b) system with the
screw feeder. (1) transport tube, (2) recycle, (3) solids sampler, (4) pneumatic trap valves, (5) bottom

reservoir in the spouted bed feeder.

Table 1: Range of operational conditions

Spouted bed Screw feeder Accuracy

feeder (%)

d, (mm) 1.00; 2.05 1.00 -
wy(kg/s)  0.080-0.155 0.082-0.136 23
w, (kg/s) 0.207-1.39  0.363-0.796 6.0
-dp/dz(Pa/m)  154-514 153-305 7.0
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3. RESULTS

Typical data of pressure gradients (-dp/dz) versus superficial air velocities (U) obtained using the
screw and the spouted bed feeder are shown in Figures 2(a) and 2(b).
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Figure 2 - Pressure gradients versus air velocities for the pneumatic transport tube; (a) screw solid
feeding system; (b) spouted bed feeder (the & symbols indicate the minimum pressure conditions).

Every curve in Figure 2(a) shows a clear change in the behavior of (-dp/dz) vs. U data.
Considering a fixed solid flux, the pressure gradients initially decrease with increasing air velocities,
followed by a region in which the curve behavior changes to a slight increase with the air velocities.
The range of air velocities investigated was limited, at the maximum, by the blower capacity, while
the lower values were set by the minimum air velocity required to transpoit the particles. The
presence of a minimum point in the curves suggests that a flow regime transition may be occurring.
This could also be qualitatively noted by monitoring the intensity of oscillations on the water columns
of U-type manometers connected to the transport tube. For the greatest air flow rates, no oscillations
were detected. But as the air velocities were reduced, the water columns of the manometers started to
increase, and for the smallest air velocities, the oscillations reached about £1.0 cm. The air velocity at
the minimum pressure drop for each curve has been obtained by adjusting linear equations for the
points located on the left and on the right of the minimum pressures, and taking the intersecting point
between the lines. Such points are indicated in Figure 2(a) by the @ symbols. They increase with
increasing solid fluxes, as reported by Rizk. (1985). '

For the pneumatic bed with the spouted bed feeder the behavior of (-dp/dz) vs. U, shown in
Figure 2(b), is qualitatively similar to that observed for the system with the screw conveyor. This
indicates that a change in the flow regime may also be occurring. Analogously to what occurred for
the screw conveyor, oscillations in the water columns of U-type manometers were also detected as the
gas velocity was reduced. It must be noted, however, that in this case the solid fluxes are not constant.
Hence the curves of Figures 2(a) and (b) are not equivalent, since the data shown in Figure 2(b) have
distance 2z, as a constant parameter, instead of solid fluxes. For the range of air velocities investigated
with zy=25 mm, the solid fluxes varied from 24.0 to 49.4 kg/m’s. Additional data have been obtained
with this particle diameter at different z, distances, but due to a limitation in the blower capacity, the
data were restricted to narrow ranges of air velocities. The minimum point in pressure drop could not
be detected, although the dependence on zy was reproducible. It is interesting to observe that the solid
flow rates conveyed increase as z is increased. Solid fluxes up to 160.7 kg/mzs have been obtained
(for zy=55 mm, d,=1.00 mm and U=13.6 m/s), demonstrating that this system really provides greater
flexibility for operational conditions in pneumatic transport if compared to the screw feeder The
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distance zy can be described as a non-mechanical valve and clearly represents a parameter for
controlling the solid flow rates, as already shown by Ferreira and Freire (1992) and Littman er. al.
(1993). For illustrating such behavior, data of (-dp/dz) vs. U obtained for particles of d,=2.05 mm are
shown in Figure 3, for zy=25 and 35 mm. The increase in pressure gradients with increasing z,
distances is expected, since greater solid flow rates are conveyed by increasing z,. The upper z, limit
for the conditions investigated here was found to be about 7.0 cm. For distances greater than this
value, a large amount of air is deviated to the recycle tube, so the air velocity in the transport tube does
not reach the minimum value required to transport the solids.

Although a change in the flow regime
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£ e I systems, no sharp drop in the voidages was
c:' 330.01 = ] detected as the air velocities are decreased. For
£ 3000} & ol g all conditions investigated, the voidages were
‘ i - greater than 0.97, a value considered by several
2001 ] authors as typical for dilute transport (Leung,
1985; Mok et al., 1989). It must be noted,

200.0 : - k x -
8.0 10.0 12.0 14.0 16.0

. S however, that pneumatic transport is highly
m/s
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Figure 3 - Pressure gradients vs. air velocities  gyspension is affected by local fluctuations which
obtained using the spouted bed feeder, for are not detected by measurement of mean values.
different 7 distances and d,=2.05 mm. Authors such as Ishii and Kocamustafaogullari
(1983) have already pointed out that this is not a

good parameter to describe the flow structure in pneumatic transport.

As observed earlier in this paper, the use of phase diagrams based on (-dp/dz) vs. U curves for
determining the flow regime transition between dense and dilute phases is restricted to conditions in
which the solid fluxes can be maintained constant as the air velocities change. For such a condition,
Rizk (1985) suggested that the values of mass load ratio (which is the ratio between solid and air flow
rates, Wy/Wr) vs.Froude number prevailing at the minimum points should be plotted in a log-log
format, providing a linear relationship:

w,/we = (1/10°) Fr* ' (1)

The Froude number is given by Uf’(gD)O‘S, where U is the air velocity, g is the gravity
acceleration and D the tube diameter. The exponents & e ¥ depend on the particle diameter and shape
and on the material of the transport tube. This relationship provides a dimensionless state diagram
that can be employed for identifying the flow transitions in a pneumatic transport system, since the
Froude number for experimental conditions can be compared to those obtained for the minimum
pressure conditions. The coefficients & € ¥ can be obtained from empirical expressions proposed by
Rizk (1985):

8=144dp+196 )
x=11d,+25 (3)

The comparison of experimental and predicted minimum air velocities was carried out by
estimating the root-mean-square relative deviation (DMR), defined as:
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DMR = le[u""‘"—u"a"}mo (@)
n il i

Initially, the experimental minimum velocities obtained using the screw feeder were compared
with values predicted using Equation (1). The aim was to verify if the results were consistent with
literature data for similar feeders. An excellent adjustment was obtained for the particles investigated
with DMR=14.8 %. Equation (1) provides a relationship that depends only on geometric parameters
and operational conditions, such as air and solid flow rates, particle diameter and transport pipe
diameter. Considering that the minimum points observed in (-dp/dz) vs. U curves obtained using the
spouted bed feeder might also represent the flow transition between dense and dilute phase flow,
Equation (1) was applied for the data obtained using this feeder. For particles of d,=1.00 and 2.05
mm, this equation predicted the minimum air velocities with a DMR=5.3%. The results suggest that
this criterion can be employed for predicting the minimum velocity for the pneumatic bed with the
spouted bed feeder, even though the solid fluxes vary in the pressure drop versus air velocity diagram.

4. CONCLUSIONS

The use of two interchangeable solid feeding devices (namely a screw conveyor and a spouted
bed), in a pneumatic transport tube allowed a comparison between fluid dynamic behavior provided
by the spouted bed feeder and the data reported in the literature for classical devices. The results
obtained using the screw conveyor are consistent with literature data for similar systems. The criterion
suggested by Rizk (1985) for identifying the air velocity at minimum pressure drop conditions
provided very good predictions for the conditions investigated. For the pneumatic bed with spouted
bed feeder, the results show that, transition points between dense and dilute phase transport can be
predicted using the same criterion. This occurs in spite of the fact that solid fluxes do not remain
constant as the air flow rates are changed. The results allow the conditions of dilute-phase flow to be
identified by only knowing the operational conditions and geometric parameters.

Concerning the performance of the two feeding systems investigated, the spouted bed is more
flexible than the screw feeder, since for similar air velocities, a wider range of solid fluxes can be
obtained only by changing the z, distances. Besides, the variation of z, acts as a non-mechanical valve
and, as it does not have mechanical parts, it is expected to operate well for several particle diameters,
while the range of particle diameters for the screw feeder is limited because of building features.
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Abstract
This paper presents and discusses results of solids transport experiments run in two different flow loops (5 in OD
x 4 in ID and 8 in OD x 7.5 in ID external pipes), built in PETROBRAS Research Center and University of
Tulsa, respectively. The tests represent the annular stratified flow of solid - non Newtonian fluid mixtures for
different operational parameters, such as: fluid and solid properties, annular eccentricity and inclination and fluid
flow rate. Based on the experimental data, several recommendations are drawn about the usefulness of running
reduced scale solid-liquid flow experiments and its applicability to real oilwell drilling operations.
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1. INTRODUCTION

Scaling down 1s a common technique
for the analysis of industrial processes. The
construction of reduced models allow the
optimization of operational parameters
with smaller effort and expenses and the
use of dimensionless analysis and
similarity theories is widespread in several
areas of engineering.

There is a lot of controversy, though,
in the use of scaling down techniques for
the representation of two phase flows. In
these cases, due the complexity of the
phenomena involved, it may be difficult to
reproduce all the required dimensionless
numbers in the reduced scale. This fact
may lead to the representation of different
configurations, or flow patterns, between Figure 1- Horizontal Well Drilling
the two phases and, consequently, to
inaccurately predict the real case behavior.




The study of stratified solid liquid annular flows is of great interest for petroleum
engineering, specifically in the drilling area. This kind of flow describes the phenomena
involved in the transport of solids generated by the bit during the drilling of a horizontal or
highly inclined well. This technique is being used worldwide as an economic way of oilfield
development. Figure 1 illustrates schematically the drilling of a horizontal well. Due to
gravitational segregation, both solids and drill pipe will have the tendency to be in the lower
portion of the annulus formed by the well walls and the drill column. The fluid is generally
composed by a polymeric solution . This process, is then characterized by a stratified solid -
non Newtonian fluid flow in eccentric annuli.

If hydraulic conditions permit, the solids may be kept in suspension avoiding operational
problems such as abnormal torque and drag during drill string movement. This situation,
however, is impossible to be reached in many phases of an oilwell and drilling has to be
performed in the presence of a cuttings bed.

Iyoho (1980) presented a qualitative flow pattern map of solid liquid horizontal pipe
flow. In his study, he divided the flow in four different configurations called stationary bed,
moving bed, heterogeneous suspended flow and homogeneous suspended flow, as illustrated
in figure 2. Later, other authors (Sanchez et al., 1997 and Peden et al., 1990), observed more
detailed flow patterns, such as dune formation and the occurrence of a rolling region above the
stationary bed (figures 3 and 4, respectively).
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Figure 2- Flow patterns in solid liquid flow (Iyoho,1980).

A lot of discussion has been presented on the difficulty of running representative reduced
scale experiments concerning compressible two-phase flows. The main point is that the flow
pattern transition is deeply influenced by the geometry. In the case of incompressible solid
liquid flows, this effect is probably less important. In this study, two different scale results for
stratified flow and for the transition stratified-suspended flow will be presented and discussed.



2. SCALING METHODOLOGY

A very important step for conducting a reduced scale experiment is to ensure the
reproduction of the real situation. Scaling down and scaling up techniques are often neglected
and may lead to erroneous quantification of variables.

The basic tool for the physical simulation of processes is the theory of similarity. With
this, it is possible to establish the design conditions for the reduced model, that will reproduce
the same behavior of the real situation. The first, but not sufficient, condition for physical
simulation, is geometric similarity. Dynamic similarity is required for the reproduction of
non-static phenomena.

The basis of the methodology consists in defining a scale factor for each of the basic
dimensions which characterize the problem, namely length, mass and time, and use these
factors to scale down/up the involved parameters. The length (geometric) scale factor is
previously defined by the dimensions of the model, which is determined based on technical,
operational and economic considerations. The geometric scale factor is defined by the ratio of
length (diameter) in the reduced model and in the real situation.

Several different criteria can be used to define mass and time scale factors, depending on
the phenomena to be simulated. In the specific case of  cuttings transport in
inclined/horizontal annuli, it is difficult to scale down fluid density and acceleration of
gravity. These parameters will be equal in the real and in the reduced situations. These
conditions restrict the definition of the mass and time scale factors, as functions of the
geometric scale factor:

Time
i 3
K - mod el — K] “- ( l )
! Twel] '
Mass:
M
K. L maod ¢l o KJ - (2)
. M well 4
where
K L= L mod ¢l (3)
¥

well

So, if we define as "A" any relevant physical property, it is possible to derive the following
expression:
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3. EXPERIMENTAL WORK

3.1 Part 1 -5 inches pipe tests
3.1.1 Flow Loop Description

The experimental apparatus, consists of a test section 12m long acrylic pipe where a PVC
pipe is introduced concentrically or eccentrically. The acrylic pipe, representing the wellbore,
is 5in OD X 4 in ID and allows flow visualization. Certainly the relevant variable for scale
reduction is the internal diameter of the outer pipe. The internal pipe, representing the drill
string, accounts for different phases of the drilling operation, depending on its diameter.
Helical pumps are used to bring fluid into movement at controlled flow rates, while solids are
fed in the test section through an auger. Instrumentation includes flow meters, differential
pressure transducers, temperature sensors and a densitometer. Results are collected through a
data acquisition system which allows checking the reliability of the results during the test.

3.1.2 Test Procedure

Once the operational parameters ( geometry, eccentricity, fluid and solid properties) are
chosen, the following procedure is adopted:

e Start the auger to form a bed of constant height along the test section. Fluid flow rate
should be minimal and constant;

e Record the perimeter of the outer pipe covered by the bed in ten different points.

e (alculate average values of perimeter and average bed;

e Increase fluid flow rate to begin bed erosion. When steady state is reached (no more solids
removal), record bed perimeter, transient time and friction loss; observe removal flow
patterns;

e Repeat the last step, increasing gradually the fluid flow rate until complete bed removal.

3.1.3 Test Matrix

A total of 55 different tests were performed using solutions of Xhantam Gum, at different
concentrations, to represent the drilling fluids and particles of sandstone of different

diameters.

The following parameters were varied:

e Annular diameter ratio : 0.408 and 0.588

e Annular eccentricity : 0 (concentric) and 1 (fully eccentric)

e Fluid relative density: 1.0, 1.1, 1.2, 1.3

e Fluid rheology : water, thin, average and thick (dial readings and rheological parameters
are shown on table 2)

e Solids diameter: 0.081, 0.117, 0.163 and 0.234 in

e Wellbore inclination: 40, 65 and 90 degrees from vertical

-



3.2 Part 2 - 8 inches pipe tests
3.2.1 Design Criteria

The TUDRP flow loop was designed and constructed by Stenevick (1991) and later
modified by Bassal (1996) . It was designed to simulate a drilling rig in full scale and the main
purpose is to perform cuttings transport research. The flow loop is made up of a test loop
section which is composed of a 4 1/2 in drillpipe and an 8 in OD x 7.5 in ID transparent
acrylic outer pipe of total length of 84 fi, a mud tank with an agitator of 85 bbls volume
capacity, two parallel duplex mud pumps (one is driven by a six cylinder diesel engine and
another the other by an electric motor), flow lines that connect pumps via test loop section to
mud tank, a cuttings injection tank which can simulate the rate of penetration and a cuttings
collection tank.

Two pressure taps are installed near the ends of the test loop section, they were
connected by plastic tube filled with tap water to a differential pressure transducer. Mud flow
rate, temperature and density are monitored by a Coriolis Type flow meter.

Parameters of pressure, flow rate, pipe rotary speed, torque, mud weight, injection tank
weight and collection tank weight, pump pressure and mud temperature are displayed in the
control room, and can be recorded every second by a data acquisition system.

3.2.2 Test Matrix

A second set of 28 experiments was performed with XCD polymer solutions and 0.25 in
cuttings with the variation of the following parameters:

o Dirillpipe rotation: 0, 75, 100, 125 RPM
e Flow rate: 200, 300, 400 GPM
e Wellbore inclination: 40, 65 and 90 degrees from vertical

4. RESULTS AND DISCUSSION
4.1.1 Proposed Correlations

Martins et al. (1996) present a detailed study on the experimental results and on the
physical phenomena involved in the problem. Based on the experimental results the authors
proposed the following correlations for bed height and critical velocity prediction as functions
of the different dimensionless groups:

For bed height prediction:

I, =1-(K,.IT,+.K,).IT, .IT§.TT5.TT; .T1§ (6)
For critical flow rate predictions:

logII$™ =K, +K,.log(TI; +K,. K, )+ K,.T1, + K, I1, + K .1, (7)

where IT; are dimensionless groups, defined by Martins et al (1996), and K;, a, b, c, d, e
are regression coefficients.



The first three dimensionless groups, I1, are shape factors which express ratios between
bed height and internal diameter of outer pipe, internal diameter and annular gap and particle
diameter and annular gap. The next dimensionless group represents the buoyancy forces. The
last three groups represent the ratios between yield point effects and particle weight, viscous
effects and particle weight and inertial and viscous forces. The last group is the Reynolds

Number.

The least squares method was used in the search for optimum coefficients. The effects of
drillpipe rotation (RPM) and wellbore inclination (8) were incorporated in the model by the
adjustment of polynomial functions (f) (Bassal, 1996), as follows

h/de= (h / de)»‘rmw':nmu! X (ﬁ"d) : (jrpm) (8)
and
Q = (Q)hmf:ﬂnm.’ 3 (ﬁ"""‘r) . (ﬁpm) (9)
where:
h/de 3 2
fint = ———=a-(90-6) +b-(90-6) +c-(90-6)+1 (10)
h / dehorizontal
. h RPM b
jRPM=T=l—a-RPM (11)

h is the bed height, d. the external diameter, Q the flowrate and a, b, and c regression
coefficients.

Table | shows the variation of

f}?’ghex(:;;?frzzlnczlf_isn I;sr;glt;teéoﬁ Table 1:Range of Variation of dimensionless Parameters in the
Experiments

loops. Since the range of variation £ 5 in Tests 8 in Tests
of each dimensionless group, Dimensionless Minimum  Maximum  Minimum Maximum
excepting the scale factor, in the 8 Groups
in tests is included in the range of i 0,724 i 1,69 1,69

. . 3 0,035 0,149 .71 0,11
the 5 in tests, the experiments can : 0,979 161 16 16
be considered dinamically quite H: "0 0.337 0.0193 0.0465
similar. The following analysis P 8.90%10-6 6,40*10-4 1,10E-5 2.27E-5
will concentrate in the fitness of i 10500 169000 13511,6 16558.,6
the method developed using the 5 in

experiments to represent the 8 inch experiments.

Figure 5 shows the results of applying equations 6 and 8 to calculate relative bed heights
in the second set of tests. There is clear tendency to underprediction. The shape proposed for
eq 6 proved to be inadequate for extrapolation due to excessive increase in the product term.
Other shapes of function were tested and the following form was found to be more adequate

for scale extrapolation, as can be seen in figure 6.

I, =(K,.IT,+K,).IT, .IT5.IT3 . IT§ . IT§ (12)
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Figure 5- Fitness of Equation 6 in Scale Up Analysis.

Predicted T

Fitness of Equation 12 in Scale Up Analysis.

The most important approach in this work is, the evaluation of the critical flow rate
equations. They define conditions where drilling will take place without the existence of a
cuttings bed and consequently, with minimum risk of operational problems. With this goal,
eqs 7 and 9 were used in the prediction of critical flow rates for set of experiments number
two. Table 2 shows the results for tests conducted below critical conditions, where solids
remained in the test section after the end of tests. From the 20 tests listed, the procedure
predicted correctly in 13. In 4 of the other 7, there was indication of dune formation, meaning
that solids would be removed if the tests were continued. Consequently, only in 3 of the 20
tests the predictions were inaccurate. Table 3 shows the results of the tests conducted above
critical conditions. In all 5 tests the critical flow rate predicted was smaller than the test flow
rate, indicating perfect fitness of the method.

Table 2: Subcritical 8 in Loop Tests
Flowrate Drillpipe Rotation =~ Wellbore Inclination Flowrate Observed Flow Patterns
(gpm) (RPM) (degree) Critical Flowrate
300 0 65 0,.566830375 Bed
300 75 65 0.848693327 Bed
200 125 40 0,840099685 Bed
400 0 65 0,72939908 Bed
200 0 90 - 0,363693681 Bed
200 0 90 0,407239366 Bed
200 100 90 0,578169556 Bed
200 125 90 0,620544381 Bed
200 125 90 0,705454957 Bed
400 0 90 0,828038106 Bed
400 75 90 1,179093804 Bed
400 100 20 1,249605995 Dune
400 125 90 1,25029193 Dune
400 125 90 1,431889535 Dune
300 0 40 0,812523881 Bed
300 75 40 1,074480975 Bed
300 125 40 1,260149528 Bed
300 0 90 0,625628019 Bed
300 100 90 0,963711413 Bed
300 125 90 1,04818788 Dune




Table 3: Critical 8 in Loop Tests |

Flowrate Drillpipe Rotation Wellbore Inclination Flowrate Observed Flow Patterns
(gpm) (RPM) (degree) Critical Flowrate
400 75 65 1,128811661 Suspended
400 125 63 1,366299506 Suspended
400 0 40 1,19211155 Suspended
400 75 40 1,432641301 Suspended
400 125 40 1,705114171 Suspended

5. Conclusions

1. An analysis of the use of scale down techniques to represent solid-liquid two phase flow
was conducted. The phenomenon is of great importance in petroleum engineering.

2. The model developed using reduced scale experiments in stratified flow conditions, proved
to be reasonably adequate if some changes in the shape of original correlations are
performed. This changes aimed the achievement of an adequate shape for extrapolation
use.

3. The model developed in reduced scale proved to be very accurate in predicting critical
conditions for bed removal. This is the most important factor to be monitored, since the
absence of a solids deposit greatly enhances the chances of success in oilwell drilling
operations.
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Abstract

This work presents a model to determine the total mass flow rate in a two phase flow with boiling closed circuit.
This system is used to collect solar energy by the formation of vapor bubbles in a solar collector and to release
this energy in condensation by heating a second fluid. The model assumes that the total frictional drop equals the
pressure gain due to the difference in gravity in the single phase and the two phase vertical parts of the loop.
Using the definition of the void fraction, a second expression could be written and the two equations were solved
simultaneously for the void fraction and the total mass rate. The results indicated that the two phase flow was
bubbly, what was expected considering the relatively low intensity of the solar flux and the experimental values
for the temperature difference between the heated wall and the fluid saturation temperature.
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1. INTRODUCTION

The grounds for this work rests upon the necessity to determine the total mass flow rate
and the void fraction in a two-phase flow with boiling thermal siphon circuit. The system is
used to absorb solar energy by boiling part of the mass flow of the working fluid through the
collector and to deliver this energy in a heat exchanger in condensation. This energy heats up
water which flows in the opposite direction through the heat exchanger.

A study on the thermal siphon operation of a boiling solar collector has been presented by
Vieira and Reinaldo (1996), as shown in Figure 1. In its operation, liquid refrigerant is gravity
fed from an accumulator tank to the collector. As it flows through the absorber plate, part of it
boils and forms vapor bubbles which rise dragging liquid and starting the two-phase flow.
When the flow leaves the collector, it moves through a tee-type connection where the liquid
returns to the collector and the vapor moves upward to the heat exchanger to condense and
heat the storage fluid.

In order to determine the collector thermal efficiency, the total mass flow rate and the
void fraction of the flow are needed. Even though various researchers have worked on this
system, a model for the collector efficiency factor based on these two flow variables has not
been presented.
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The purpose of this work is to
develop a numerical procedure to
estimate the total mass flow rate
through the closed circuit by
equating the pressure change due to
friction to that due to momentum
changes. To solve this equation,
experimental values for the vapor
mass flow rate through the
condenser were used to calculate
the void fraction of the flow and
thus, the total mass flow rate. To

Figure 1 - Schematic view of the thermal siphon circuit. estimate the total pressure drop due
to friction in the two-phase part of
the system, two models based on

the Martinelli and Nelson (1948) work were used and the results from these two models
compare well. The values found for the void fraction fall in the range of bubbly flow, which
was expected considering the low heat flux in solar radiation and also the low experimental
values for the temperature difference between the tube wall and the fluid saturation.

collector /

2. LITERATURE REVIEW

Since the work by Vieira and Reinaldo (1996), presented a review of the boiling collector
in thermal siphon operation where no results for the total mass flow rate nor the void fraction,
this section comments on the models used to estimate the pressure drop in a two-phase flow
system.

The first largely accepted method for the calculation of the two-phase flow pressure drop
was proposed by Martinelli and Nelson (1948). In this method, the two-phase frictional
pressure drop is determined by multiplying the pressure which would exist were the flow of
liquid only, AP,, by the ratio of the two-phase pressure drop to the single-phase drop,
AP, /AF,, plotted versus the absolute pressure for the different exit. The curves are

applicable to a horizontal tube of constant diameter.

Owens (1961) presented a solution theoretical in nature, which is not limited to any
specific flow problem or substance to determine the two-phase pressure gradient for
isothermal and non-isothermal flow. He assumed homogeneous flow and that the two-phase
friction factor being the same as for single-phase liquid flow.

Marchaterre (1961) developed a model based on the work presented by Levy (1960) for
vertical two-phase flow with each phase satisfying a momentum equation of the Bernoulli
type. An expression for the frictional pressure drop in a vertical two-phase flow was
presented based on the single phase flow.

3. METHODOLOGY

This section presents the analytical equations and the numerical procedure used to
estimate the mass flow rate and void fraction in the two-phase flow system described in
Figure 1. The Experimental data used were measured at the Solar Energy Applications
Laboratory (Vieira, 1992). The total mass flow rate through the circuit could not be measured
due to limitations in the instrument available. At first, a turbine flow meter calibrated by the
manufacturer was installed, but it was not possible to obtain reasonable readings. This meter
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introduced too large a pressure drop in the circuit. The mass flow rate of vapor through the
system was determined as the ratio of the rate of sensible heat transferred in the condenser to a
water-glycol solution to the latent heat of the working fluid. This value was used to estimate
the total mass flow rate and void fraction in this model.

3.1 Analytical Model

| Figure 2 shows the closed

| thermal siphon loop and identifies
the regions for single and two-

I phase flow. The position where

| boiling started was experimentally

| determined by thermocouples

I

|

|

attached to the back of the flow
channel.

To calculate the total mass
flow rate of this system, it is
assumed that frictional pressure

B Two-Phaze Flow
W Single-Phaze Flow (liquid)

W Single-Phase Flow ("vapor”) drop in the closed loop is equal the
pressure gain due to the difference
Figure 2 - Closed system in two-phase flow with boiling. in gravity in single-phase and the

two-phase vertical sections of the
loop. That is, the total pressure change for a complete cycle through the closed system is zero.

AP! + AP} =0 (1)

The pressure change due to the difference in density, AP}, can be estimated using the
expression,

AP} = g-sind-(p; — i )L, )

Using the definition of the void fraction, the density of the two-phase mixture can be
expressed as in Equation (3),

Prmix = (1—=a)p} +ap] (3)
and this pressure change is re-written as,
AP} = g-sinf-a(p} - p: )L, €

To obtain the expression of frictional pressure drop, it must be divided into two parts, one
for two-phase flow and the other for single-phase flow, as in Equation (5).

AP; = AP, + AP, (5)

The calculation of the single-phase frictional pressure drop was done using the well-
known expression,
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f.:&pf'p?'vz
i

f
-A spf =

(6)

and its friction factor was determined assuming that the single-phase flow was laminar.

g 04

of = 7
spl’ Re ( )

Considering that the total mass flow rate through the system was approximately equal the
mass flow rate of single-phase (liquid), the equation for the single-phase frictional pressure
drop was re-written as,

128 |
_a ’:I-'|r S 5“.1 4 ’
P ‘D

¢ 'Lspr (8)

The calculation of the two-phase frictional pressure drop was done using two models.
The first used an expression presented by Marchaterre (1961) which was based on the work
presented by Levy (1960). In this model, the pressure drop was expressed as in Equation (9)

(*ﬁ_P) =(A_PJ |(1=x)"  2g-sin6-a(pi -pi)pi-D it
L) VL4 | T-a f-G

where the second term in brackets was set equal to zero to account for just the frictional
losses. Combining the equations (1), (3), (4), (8) and (9), the total mass rate can be written as,

a(p‘,‘ —p:)Li -g-sinf
@( :J: J L‘F‘f+ (l_a).(pr) :Lrnf
n \D"-pi [(1-a)pi +ap!]

In the second model, the expression presented by Owens (1961) was used. The frictional
pressure drop was written as in Equation (11),

(£ {3

Combining the equations (1), (3), (4), (8) and (11), the total mass rate can be written as

(10)

a(p',‘ -p: )L, -g-sin®

@. f‘" ALy + P L,
n (D*-p; (1-a)p) +ap;

Equations (10) and (12) are the two expressions that were to calculate the total mass flow
rate and the void fraction in the system.

(12)

my
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3.2 Numerical Procedure

In order to validate the model, it is necessary find a second equation for the mass flow
rate as a function of void fraction. From the definition of the void fraction, the total mass
flow rate was expressed as in Equation (13),

L

a P,

Using Equations (10), (12), and (13) the expressions found for the void fraction were for
the first model, Equation (14),

i a p n \D*-p, [(1-a)pi +ap:] (i)

g-sind(pf —p:)-L,

and Equation (15) for the second model.

I+(l_a)__p_l m\ﬁ __'.{'i]__ . L\pf+ p'_ _Ltnr
o o n_ \D*-p; (1-a)pi +ap!

g-sind-(pi —p:) L.

(15)

Q=

Using the experimental data collected, the numerical procedure developed was tested.
3.3 Experimental Measurements

Experimental measurements were made for the incident solar radiation on horizontal and
tilted planes, the temperature of the absorber plate and of the outside walls of the connecting
lines, the temperature of the ambient air, the working fluid pressure and temperature at
collector inlet and pressure at outlet. On the storage side, the volumetric flow rate of the
glycol-water solution through the condenser and the temperature difference of this heat
exchanger were measured. A data acquisition system collected the raw data and was
programmed with a scan interval of twenty seconds and pseudo channels were defined to give
average values.

4. RESULTS

Using the experimental values for the mass flow rate of vapor in the system, the void
fraction calculation using the two models for the frictional pressure drop agree well. A sample
calculation for a day is presented in Figure 3, where I represent the solar radiant heat flux,
m, the mass flow rate of vapor through the collector and condenser, and a the void fraction of
the flow. This vapor rate is important because it represents the useful energy gain in the
collectors. It flows to the heat exchanger to release its latent heat in the condensation process
by heating up water which flows in a second circuit through the heat exchanger.

In Figure 4, the values for m;, the total mass flow rate that circulates through the system
are used instead of the mass flow rate of vapor.
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Looking at these two figures, it is
seem that the values for the total mass
flow rate are much higher than those for
the vapor mass rate. This confirm the
assumption that, even at the collector exit,
the vapor quality is very small, as
considered in the development of
Equation (7).

Due to limitations in the
instrumentation, it was not possible to
e E——— measure the total mass flow rate through

W/ ] the collector. To correctly measure this

, _ flow, a non-intrusive instrument should
Figure 3 - Results for the void fraction and the mass be used. This is a extremely important
flow rate of vapor as a function of the solar flux. ’

m,x 10° [Kg's]
w

because the pressure drop across the
meter influences the mass flow rate.

5. CONCLUSION

2 e

20 From the results in Figures 3 and 4,
i _ the values for the void fraction indicate
= / Joe that the two-phase flow is bubbly. This is
e e WP e I 5 reasonable considering the relatively low
= ;: 4 B rates of heat flux in solar radiation and
by S g s ™ also the experimental values for the
as kP difference between the temperature of the
- channel wall and the fluid saturation

B A S temperature.
ot These results also show that the total
Figure 4 - Results for the void fraction and the total mass flow rate through the circuit does
mass flow rate as a function of the solar flux. not boil in the collector flow channels, as

considered in various model presented in
the literature. Indeed, only a very small
portion of this total mass flow rate becomes vapor.

Even though the values for the void fraction seem reasonable and the results from the
pressure drop models agree well, the total mass flow rate through the system could not be
checked as this experimental values were not available. Actually, when this measurements be
made, as intended in the system prototype that is being built at the Applied Solar Energy
Laboratory [LES], a correlation for the void fraction based on the drift flux model with the
total mass flux as a known variable will be used.
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P g QR =g

=
[¢']

v
X
o
il
0
p
8.

1

1
mix
0

1 | 1

e nem

mm

]

e mm

mm

i

equivalent diameter of tube, [m]
friction factor, [non-dimensional]
gravitational acceleration, [m/s’]
mass flow rate per unit area, [Kg/s/m’]
length of tube, [m]

mass flow rate, [Kg/s]

pressure drop, [Na‘mz]

Reynolds number, [non-dimensional]
average velocity, [m/s]

quality, [non-dimensional]

void fraction, [non-dimensional]
viscosity, [Kg/s/m]

angle of inclination, [degrees]
density, [Kg/m’]

1 Subscripts

two-phase flow non-horizontal
liquid

mixture liquid-vapor

flow of liquid only

single-phase flow (liquid)

total

two phase flow (liquid and vapor)
vapor



8.2 Superscripts

f = frictional
acceleration
= saturated
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Abstract

The interaction between Gortler vortices and Tollmien-Schlichting waves is studied with a spatial, non-
parallel model based on the Parabolized Stability Equations. A reassessment of previous results obtained
with temporal, parallel models is performed showing that the main conclusions obtained with those
models are valid but the parallel flow assumption does influence the results. New results not previously
available in the literature for Tollmien-Schlichting wave amplitudes of the same order of magnitude as

the vortices are also presented.
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1. INTRODUCTION

The study of transition to turbulence in flows over curved surfaces finds applications
in problems such as the flow over laminar flow wings, the flow over axial turbine and
compressor blades, and the flow inside supersonic converging diverging nozzles. The
main consequence of a concave surface curvature is the generation of Gortler vortices
(GV) that can anticipate transition to turbulence. In certain flow conditions, besides
the presence of the vortices, the flow becomes unstable to other perturbations and the
nonlinear interaction between the Gortler vortices and these other perturbations may
result in even earlier breakdown to turbulence.

Using the method of multiple scales Nayfeh (1981) found that the vortices strongly
destabilize Tollmien-Schlichting (TS) waves. His results were not confirmed by Malik
(1986) who used a temporal/parallel model and found an inconsistent length scale in
Nayfeh's formulation. Malik found that TS waves with spanwise wavelength half the
wavelength of the vortices are destabilized by the nonlinear interaction. Nayfeh reworked
his formulation and presented new results in Nayfeh and Al-Maaitah (1988). They showed
that the TS waves have two components, one growing slower, and the other growing faster
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than the unexcited mode. Their results agree with Malik (1986) in the sense that res-
onance occurs when the spanwise wavelength of the oblique wave is half that of the
wavelength of the vortices. They also presented some parametric studies on the effect of
Reynolds number and frequency. Malik and Hussaini (1990) investigated the necessary
vortex amplitude for the interaction to take place. They also studied the growth of a
two-dimensional wave and concluded that the growth rate is larger than the growth of
the unperturbed wave. They confirmed Nayfeh and Al-Maaitah’ s (1988) results that
interactions take place only at relatively large GV amplitudes. Malik and Godil (1990)
using the same formulation used by Malik (1986) showed that the GV/2D TS wave in-
teraction leads to the development of oblique waves with a spanwise wavelength equal to
that of the vortices. All previous studies were limited to small amplitude TS waves.

So far the investigations on GV /TS wave interaction have used local models and
temporal/parallel models. Local models are not suitable to study the development of
Gortler vortices that are governed by parabolic equations which rigorously can not be
simplified to ordinary differential equations, except at large wavenumbers. In this way,
local models have been used to study the development of TS waves in boundary layer
flows with embedded streamwise vortices. Temporal/parallel models are not the most
appropriate to describe the physics of spatially developing vortices; nonparallel effects
are important both for low spanwise wavenumber vortices and for three-dimensional TS
waves. Only results for TS waves with amplitudes one order of magnitude smaller than the
vortices have been presented in previous works. The present investigation studies GV /TS
wave nonlinear interactions with a spatial/nonparallel model. The model is based on the
Parabolized Stability Equations (PSE) developed by T. Herbert and F. P. Bertolotti at
The Ohio State University (Bertolotti, 1991). The goal of the present-investigation is to
verify if the results obtained with temporal/parallel models are valid and to present new
results for T'S wave amplitudes of the same order of magnitude as the vortices.

2. FORMULATION

The coordinate system used in the present work is the same coordinate system pre-
sented by Floryan (1980). It is based on the streamlines (¢*) and potential lines (¢*) of
the inviscid flow over a constant radius of curvature wall. This coordinate system has the
advantage of considering the decay of the curvature away from the wall such that at the
wall it is surface oriented, but away from the wall it approaches a Cartesian system.

The Navier-Stokes equations for an incompressible flow of a Newtonian fluid are sim-
plified by assuming that the dependent variables are decomposed into a mean component
and a fluctuating component as follows:

ur = U= + u, and p* = P* +p". (1)
where u* = [u*,v*,w"]T is the velocity vector and p* is the pressure. The superscript *
indicates dimensional variables.

The equations are nondimensionalized using é; and U2 as the length and velocity
scaling parameters, where 65 = (v'qba/br;oju? is the boundary layer thickness parameter,
U~ is the free stream velocity, ¢; is a reference length taken as the streamwise location
where initial conditions are applied, and »* is the kinematic viscosity.

Floryan (1980) derived the equations for the zeroth order and first order approxi-
mation for the mean flow and for the perturbation quantities He concluded that for the
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zeroth order approximation the mean flow equations reduce to the Prandtl boundary
layer equations for the flow over a flat plate. The only remaining curvature term for the
perturbation equations zeroth order approximation is the term on the normal momentum
equation given by:

. o
%(gi'uf + 11’2}‘ where Co = Re(k“ég]“ﬁ}, Re = [:‘60 [2)

Go is the Gortler number, k™ is the curvature of the wall, and Re is the Reynolds number.
The resulting momentum and continuity equations are written in vector form.

0P’ o’ 0P’ 0P’ 9°®" 1 9*9’ 6%’)
A—+B—+Ci—+Dy,—+E — o' =G, (3
o togs T T T (5¢52+928¢'2+5:2 i 3)
where ® = [u',v",w’,p]T, and the expressions for the coefficient matrices can be found
in Mendonga (1997).
The boundary conditions are given by:

u'=v=uw'=0 for P =0,

o' ' ouw'
T I N — 0 for Y — 00. 4
o’ g oy )
The boundary condition for pressure at the wall is given by the momentum equation
in the normal direction applied at v» = 0.

2.1 Parabolized Stability Equations

The governing equations for the perturbation variables are simplified, leading to the
Parabolized Stability Equations (PSE) developed by Herbert and Bertolotti (Bertolotti,
1991). The resulting set of equations describes the spatial evolution of disturbances, and
allows nonparallel nonlinear effects to be accounted for' without the heavy demands of a
direct numerical simulation.

The set of equations represented by Eq. (3) are elliptic and the perturbations propa-
gate in the flow field as wave structures. The governing equations can be simplified if the
wavelike nature of the perturbations are represented by their frequency, wavenumber, and
growth rate. The perturbation @’ is assumed to be composed of a slowly varying shape
function and an exponential oscillatory wave term. It is represented mathematically as a
Fourier expansion truncated to a finite number of modes:

N M

=" D ®un(d¥)Xnm(: 1), (5)

n=—N m=-M

where ®,, (0, ¢) = [Unm, Vnm, wn,m.pn,m]T is the complex shape function vector, and
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@
Xnm(0,2,t) = exp [/ Anm(€)dE + 1mBz — inwt| . (6)

anm(9) = Ynm(0) +ina(o). (7)

This procedure is similar to a normal mode analysis, but, in this case, the shape function
®,, . is a function of both ¢ and .

The streamwise growth rate 7, n, the streamwise wavenumber a. and the spanwise
wavenumber 3 were nondimensionalized using the boundary layver thickness parameter
6g. The frequency w was nondimensionalized using the free stream velocity U7 and the
boundary layer thickness parameter & .

For linear problems only the fundamental mode is significant. With the growth of
the amplitude of the fundamental, higher harmonics become significant as well as the
mean flow distortion (MFD) n = 0, m = 0. As the nonlinearities become stronger. higher
harmonics are considered by increasing the number of modes N, M in the truncated
Fourier expansion. The choice for a, , for higher harmonics reflects the fact that their
phase speed should be the same as the phase speed of the fundamental mode to avoid
dispersion of the wave structure.

The perturbation variable @, as defined in Eq. (5), is substituted in the governing Eq.
(3). The equation is then simplified by assuming that the shape function, wavelength. and
growth rate vary slowly in the streamwise direction. In this way, second order derivatives
and products of first order derivatives can be neglected.

After substituting these terms in Eq. (3) and performing an harmonic balance in the
frequency, a set of coupled nonlinear equations is obtained. For each mode (n,m) the
equation is given in vector form by:

ey 51 ( mn,m ral n.m Y ( 2¢ﬂ m _.E_n m
Anm tI:'n,m + Bn.m% i o Cn.m o : 4 — = :

) (8)

— D — 2 -
R N E(f;{') an.m (€)dE)

where the coefficient matrices can be found in (Mendonca, 1997)

The resulting equations are parabolic in ¢ and the solution can be marched down-
stream given initial conditions at a starting position ¢o. This is true as long as the
instabilities are convected instabilities such that they propagate in the direction of the
mean flow and do not affect the flow field upstream. '

The pressure gradient in the streamwise momentum equation also makes the system
of equations nonparabolic. For incompressible flow Malik and Li (1993) suggest that
sufficiently large steps in the streamwise direction will avoid the elliptic behavior of the
problem. They also show that dropping the pressure gradient term altogether does not
change the results for the level of approximation given by the PSE equations. In the
present model the pressure gradient term is not included.

The boundary conditions for Eq. (8) are derived from Eq. (4). At the wall, homoge-
neous Dirichlet no-slip conditions are used. In the far field, Neumann boundary conditions
are used for the velocity components and homogeneous Dirichlet condition are used for
pressure.

For the parabolic formulation, it is necessary to specify initial conditions at a starting
position ¢y downstream of the stagnation point at the leading edge of the curved plate.
For TS waves the initial data is obtained from the solution of the eigenvalue problem
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posed by the Orr-Sommerfeld equation. For GV the initial conditions are also given by a
local normal mode analysis.

2.2 Normalization Condition

The splitting of ®'(¢,%,2,1) into two functions, ®,.(¢,v) and Y,m(0. 0, 2. 1), is
ambiguous, since both are functions of the streamwise coordinate ¢. It is necessary to
define how much variation will be represented by the shape function ®, ., (¢.¢'). and how
much will be represented by the exponential function \, (@, z,t). This definition has
to guarantee that rapid changes in the streamwise direction are avoided so that the hy-
pothesis of slowly changing variables is not violated. The objective is to transfer fast
variations of ®, ,,(@,7’) in the streamwise direction to the streamwise complex wavenum-
ber a,,,(0) = Yum(@) + ina(¢). If this variation is represented by b, .., for each step in
the streamwise direction it is necessary to iterate on a,,,(®) until b, ,, is smaller than a
given threshold. At each iteration k, a, (@) is updated according to:

(ﬂn.m )k+1 = (an.m)k + (bn.m]k (g}

The variation b, ,, of the shape function can be monitored in different ways. In the
present implementation the following is used:

1 Gt it
bn m = 755 =t n,m &b,
oo ||*?n.m||2dv'-'/o (u“"“ 96 ) i (10)
where u!

! . is the complex conjugate of u, . The integral of ||i, ||* was used to assure
that the variation is independent from the magnitude of i, .

2.4 Numerical Method

The system of parabolic nonlinear coupled equations given by Eq. (8) is solved nu-
merically using finite differences. The partial differential equation is discretized implicitly
using a second order backward differencing in the streamwise direction, and fourth order
central differencing in the normal direction. The resulting coupled algebraic equations
form a block pentadiagonal system which is solved by LU decomposition.

To start the computation a first order backward differencing is used. The first order
approximation is used, also, in a few subsequent steps downstream in order to damp
transients more efficiently. For the points neighboring the boundaries, second order central
differencing in the normal direction was used.

The nonlinear terms are evaluated iteratively at each step in the streamwise direc-
tion. The iterative process is used both to enforce the normalization condition and to
enforce the convergence of the nonlinear terms. A Gauss-Siedel iteration with successive
overrelaxation is used. The nonlinear products are evaluated in the time domain. The
dependent variables in the frequency domain are converted to the time domain by an
inverse Fast Fourier Transform subroutine. The nonlinear products are evaluated and the
results are transformed back to the frequency domain.

The complex wavenumber is updated at each iteration according to Eq. (9), and the
variation in the shape function is monitored through Eq. (10). The iteration is considered
converged when the normalization condition is no larger than a given small threshold. In

tod) |
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Figure 1: Subharmonic breakdown. Comparison ~ Figure 2: GV/3D-TS interaction. Temporal re-
between the PSE results and experimental results  sults from Malik's computation (1986). Symbols
from Kachanov and Levchenko (1984) — nonlinear results, lines — linear results.

the present implementation this threshold is 1075,
2.5 Code Validation

A comparison between PSE results and the experimental results from Kachanov and
Levchenko (1984) for subharmonic breakdown is presented. The subharmonic breakdown
is characterized by the nonlinear interaction between a finite amplitude two-dimensional
TS wave and small amplitude three-dimensional waves with half the frequency of the 2D
TS wave. The starting conditions are: Re = 400, frequency wyp = 0.0496, spanwise
wavenumber 3;; = 0.1333, frequency w;; = 0.0248, initial amplitudes ¢, = 0.439%,
and €;7; = 0.0039%.

Figure 1 presents a comparison between the PSE results and the experimental results
from Kachanov and Levchenco (1984) for the amplitude of different harmonics. It shows
that the PSE is able to reproduce the development of all harmonics with good accuracy.
According to Joslin, Street and Chang (1993), the small differences between experimental
and computational results observed for higher harmonics can be attributed to small dif-
ferences between the experimental conditions reported by Kachanov and Levchenco and
the actual experimental conditions in their experiment. Those differences were due to a
small streamwise pressure gradient and a larger frequency.

Good comparison was also obtained with numerical results from Bertolotti (1991) for
K-type breakdown and with numerical and experimental results from Malik and Li (1993)
and Swearingen and Blackwelder (1987) respectively for nonlinear GV development

3. GV/TS WAVE INTERACTION
3.1 Reassessment of Previous Results

First a result from Malik (1986) is reproduced. The test case considered is defined
by the following initial conditions: Re = 950, w = 0.038, @ = 0.103, 875 = 0.15,
Go = 14, Bgv = 03, ers = 0.1%, egv = 1%. Figure 2 shows temporal/parallel
results from Malik, and Figure 3 shows the results obtained with the present model. They
confirm that the TS wave is not strongly destabilized by the nonlinear interaction. Other
comparisons with Malik’s results confirm this conclusion. Figure 3 also shows that, in the
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present case, nonparallel effects are present. but are not strong.

0 0
5} e s
-10F v *
'_._.' o Ll
_ o ] 15|
w my e s 3. .3 8 L] . »
= Sy £ s
15 e e Bk e Al A A AR R 20F e 0.1)
. (0.1) E . (1,0)
- (1.172) 2 v 02)
20 (01) linear 4 . .1
(1172) linear 301 0.1 linear
v paranze2  { v e o
25 -35
850 1000 1050 1100 1150 1200 0 100 200 300 400 500
R Time

Figure 3: GV/3D-TS wave interaction. Compar- Figure 4: GV/2D-TS wave interaction Temporal,
ison between nonlinear and linear results. parallel results from Malik and Hussaini (1990).

The following test case is taken from Malik and Hussaini (1990). The initial conditions
are specified by Go = 14., Re = 950., Bgv = 0.5, a = 0.2,w = 0.0697, ers = 0.1%.
ecv = 1%. The temporal/parallel results from (Malik & Hussaini, 1990) presented in
Figure 4 are in good qualitative agreement with the present spatial/nonparallel results
presented in figure 5. The TS wave is weakly destabilized by the nonlinear interaction
and the development of the oblique wave given by mode (1.1) is confirmed by the spatial
model. This oblique wave grows to energy levels of the same order as the TS wave (1,0).
In this case the nonparallel effects are considerably higher than observed in the previous
case.

Results for a stable 2D TS wave presented by Malik and Godil (1990) are presented
in Figure 6. The initial conditions are specified by: Go = 12., Re = 600., fgv = 0.4,
Brs = 00,.a = 02, w = 0.0738, ezs = 0.1%, egv = 1%. Figure 7 shows the
corresponding results obtained with the present model. Again the results are in good
qualitative agreement in the sense that the nonlinear interaction weakly destabilizes the
2D TS wave given by wave mode (1.0) and that an oblique TS wave given by mode (1,1)
develops and grow to energy levels of the 2D TS wave. The comparison between spa-
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Figure 5: GV/2D-TS interaction. Spatial, non-  Figure 6: GV/2D-TS interaction. Temporal,
parallel results obtained with the present model. parallel results from Malik and Godil (1990).
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tial /nonparallel model and spatial/parallel model show a strong influence of nonparallel
effects. :

3.2 Higher TS Wave Amplitudes

The conclusion that the GV always dominate the transition is valid if the TS waves do
not grow to amplitude levels of the same order of magnitude as the vortices. Figures 8 and
9 show results for unstable TS waves interacting with GV defined by the following initial
conditions: Re = 439, F = 75, Go = 1.5, 8 = 0.25, egv = 1%, €rs = 0.1%. The
growth of the TS waves with respect to the growth of the GV results in amplitude levels
for vortices and TS waves of the same order of magnitude. In this case the nonlinear
interaction results in significant nonlinear effects on the development of the vortices,
especially through the development of the MFD and mode (0,2). This result also shows
that neither the vortices nor the TS wave dominate the transition and that the streamwise
position where breakdown to turbulence takes place is anticipated. The same TS wave
would not have such strong nonlinear effect on stronger vortices. To show that, the
previous test case is repeated with the same initial conditions and TS wave, but with
initial vortices with higher Gortler number (Go = 3.5). Figure 10 shows the development
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of the GV fundamental mode (0.1), the MFD, and the first harmonic (0.2). Unlike the
results for Go = 1.5 the MFD and mode (0,2) are less sensitive to the presence of the
TS wave. Figure 11 shows the development of the TS wave, its first harmonic and of the
oblique wave. It shows that the stronger vortices results in weaker effect on the TS wave
when compared to the results presented in figure 9, but the stronger nonlinear interaction
anticipates the streamwise position where the computation fails to converge. To show that
the main controlling parameter is not the Gortler number but the relative strength of the
vortices and TS wave, the same test case was run with initial vortices amplitudes reduced
to egv = 0.05%. Figure 12 shows that the stronger nonlinear effect on the development
of the first harmonic (0,2) is similar to the effect found for Go = 1.5. The mean flow
distortion is also stronger than the MFD due to the vortices and after approximately
Re = 900 the MFD starts to grow at a higher rate due to the nonlinear interaction.

4. CONCLUSIONS

Previous results on GV /TS wave interaction obtained with local models and tempo-
ral /parallel models are reassessed with a spatial/nonparallel model and the conclusions
obtained with those models were verified. New results considering the effect of the TS
waves on the development of the vortices are presented. The conclusions obtained with
local and temporal/parallel models are shown to be valid, but the assumption of par-
allel mean flow does influence the results. The development of the disturbances in the
streamwise direction, and the ability of the model to take into consideration the nonlinear
effects of the TS waves on the vortices, shows the importance of the initial amplitudes
and growth rates as controlling parameters in GV/TS wave interaction. For TS wave
amplitudes of the same order of magnitude as the vortices amplitudes, strong nonlinear
interaction takes place and the breakdown to turbulence is anticipated.
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Abstract

The present work considers the turbulent flow modeling in a radial diffuser with axial feeding using the RNG k-&
model of Orzag et al. (1993). The model has been recommended for flows including features such as stagnation
and recirculation regions, curvature and adverse pressure gradients (all of them are not properly taken into
account by the standard k-¢ model). The flow through radial diffusers possesses all the aforementioned flow
features and therefore is a‘good test case to further assess the RNG k-& model. Numerical results of pressure
distribution along the surface of one of the diffuser disks are compared to experimental data and show that the
RNG k-& model can predict quite successfully the flow.
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1. INTRODUCTION

The flow through radial diffuser has an special importance in the analysis of several
technological applications such as hermetic compressors valves and air thrust bearings. The
flow geometry considered in this work is composed of two concentric parallel circular disks.
Figure 1(a) gives a three dimensional schematic view of the flow whereas Figure 1(b) shows
the flow geometric parameters. The flow supplied by the orifice of diameter 4 and length e,
placed in one of the disks, occurs initially in the axial direction and after being deflected by
the frontal disk of diameter D becomes radial.

The few works dealing with turbulent flow for this geometry focused on pure radial flow
between parallel disks without considering the inlet region (Ervin et al., 1989 and Tabatabai
and Pollard, 1987). Apparently, the first attempt to solve the turbulent flow in axial feeding
radial diffusers was made by Deschamps et al. (1988). There it was found that the high
Reynolds number k-& model used to close the averaged Navier-Stokes equations was unable to
predict the flow, even with the inclusion of correction terms to take into account effects such
as flow curvature on turbulence. The poor performance of the numerical solution was
attributed to the wall-functions used in the model, which could not render an adequate
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Figure 1: Flow geometry.

computational grid refinement in the wall vicinity. This was confirmed later when a low
Reynolds number k-& model, which does not use wall-functions, produced better flow
predictions (Deschamps et al. 1989). Nevertheless, even for this model there were significant
differences between experiments and computations that were thought to be originated by an
overprediction of turbulence levels by the model.

Recently, Orzag et al. (1993) have proposed a new form of k-& model. According to those
authors, the new model, hereafter called RNG k-¢ model, is capable of predicting flows
including features such as stagnation and recirculation regions, curvature and adverse pressure
gradients (all of them are not properly taken into account by the standard A-& model). Since all
the aforementioned flow features are present in the radial diffuser, such a flow geometry is
therefore an excellent test case to further assess the RNG k-& model performance.

2. TURBULENCE MODELING
2.1 Preliminary Remarks
The Boussinesq's hypothesis that turbulence is proportional to the velocity gradient, with a

'turbulent’ or 'eddy’ viscosity v, acting like the viscous stresses, is written in the following
generalized form:

Al éu, au, 2
W, == o= | ok =8k (1)

where§; is the Kronecker delta and the kinetic energy of the turbulent motion, £, is defined as

k= (uu)/2.
The Averaged Navier-Stokes equations for isothermal and incompressible flow, with the
Reynolds stresses modeled via equation (1), can be written as:

Mass conservation,

oU,
(?—,q_o . (2)
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Momentum conservation for the x; component of velocity,

U L a[ o k]+ = Ly aU"+6U" 3
I éx,  pox, i ox,| 7\ ox, ox )|’ )

L

where the effective viscosity v,,(=v+v,) takes into account the 'turbulent' or 'eddy’

viscosity v, and the molecular viscosity v. By far the most common choice for calculating of
v; has been that in terms of the turbulence kinetic energy 4 and its rate of dissipation ¢, i.¢e.

4)

k?_
VI =C_u . N

Models of this kind were extensively tested and refined by Launder and Spalding (1974).
Due to its robustness, economy and acceptable results for a considerable amount of flows the
k-¢ model version of Launder and Spalding (1974) has been the most used model for
numerical predictions of industrial flow. However, it is acknowledged its deficiencies in
situations of streamline curvature, acceleration and separation; all of them are present in the
case of flow through radial diffusers. For instance, turbulence is very sensitive to small
amounts of curvature of the streamlines. The effects of curvature tend to increase the
magnitude of the turbulence shear stress where the angular momentum of the flow decreases
in the direction of the radius of curvature and to decrease when the angular momentum
increases with the radius. Such effects cannot be accounted for neither by the k-& model nor by
any other turbulence model based on the simple eddy-viscosity hypothesis of equation (1)
unless some ad hoc extra term is introduced into the model equations. Another well known
problem associated with the k-& model is the excessive high levels of length scales returned by
the dissipation rate & equation in the presence of adverse pressure gradients. As a
consequence, skin friction coefficients are usually found overpredicted and the calculated flow
to remain attached where experimental data indicate separation occurs (Rodi and Scheuerer,
1986). Several proposals have been put forward to remedy the problem. Hanjalic and Launder
(1980), proposed an extra term to the dissipation equation in a attempt to reduce turbulence
levels in the case of adverse pressure gradient. Despite the term did work well for the flow
Hanjalic and Launder were interested in, some authors have recently reported that in some
situations the use of the term acts exactly contrary to what is required and returns unrealistic
flow patterns. A more recent proposal, this time by Yap (1987), consisted also in adding an
extra term to the dissipation equation to bring the predicted value of dissipation ¢ in the near-
wall region towards a value giving the length scale according to /.=2.44 y. A dramatic
improvement in the numerical results have been observed in some flow cases, such as the
impinging jet, but in many others the term has produced just a marginal benefit.

2.2 The RNG k-g Model

The new form of k-& model proposed by Orzag et al (1993) was derived according to
mathematical techniques called Renormalization Group (RNG) methods. The novelty of the so
called RNG k-& model, compared to the standard k-& model, is that constants and functions are
evaluated by the theory and not by empiricism and that the model can be applied to the near-
wall region without recourse to wall-functions or ad-hoc function in the transport equations of
the turbulence quantities. Due to this mathematical foundation, compared to the semi-
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empirical approaches adopted in the standard k-¢, Orzag and his colleagues argue that the
RNG 4-& model offers a wider range of applicability. Some examples of flows where the RNG
k-& model has been seen to return better predictions than the standard 4-¢ are those including
flow separation, streamline curvature and flow stagnation.

The effective viscosity in the RNG k-& model is given by

C, k :
Vg =V 1+ Tﬁ 5 (5)

which is valid across the full range of flow conditions from low to high Reynolds numbers.
The turbulence kinetic energy & and its dissipation & appearing in (5) are obtained from the
following transport equations:

ok 0@ ck >
flymrsmay, = |# 8 =8, (6)
‘ox; ok, ax; .
AL RS L WUE 7)
/ C‘;x"_ - axj av, 5xj el kvr £2 k i s (

where the values of C,, e C,, are equal to 1.42 and 1.68; respectively. The inverse Prandtl

number o for turbulent transport is given by the following relationship:

16321 0.3679

|2 -13929 " @ +23929 " _ v , (8)

la, —13929] e, +2.3929| v,

with o, = 1.0. Equations (6) and (7) resemble those of the standard k-& model. The main
difference brought about by the RNG 4-¢ model is the rate of strain term, R, given by

o Gli=n/m) s

1+ Bn’ k ° ©)

where n=Sk /&, 1, ~ 4.38 and S’ =28,S, 1s the modulus of the rate-of-strain tensor.

According to Orzag et al. (1993), in regions of small strain rate, the term R acts to increase
Ves, but even though the values of v, are still typically smaller than values that would be
returned by the standard k-& model in the same situation. On the other hand, in regions of high
strain rate the sign of R becomes negative and v, is considerably reduced. It is precisely this
reduction in v,y verified in the RNG k-¢ that offers a considerable improvement in the
prediction of separation flow regions. Finally, the reduced value of C_,(=1.62) in the RNG &-¢

model, compared to the value of 1.9 in the standard -¢ turbulence model, contributes also to
produce smaller values of v,;, by decreasing the rate of dissipation of &.
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2.3 Boundary Conditions

For the inlet boundary it was recognized by Ferreira et al. (1989) that, as the flows exits
the feeding orifice of area 4, and enters the diffuser of area 4,, the strong reduction of the
passage area given by the ratio 4,/ A= 4 s/d brings about a strong flow acceleration next to
the orifice wall for small values of s/d. Due to this phenomenon the inflow velocity profile
plays no role in the solution of the flow field in the diffuser and hence the inlet boundary
condition was specified as U =U, and ¥ = 0. Despite no information is available for the

turbulence kinetic energy, numerical tests indicated that when the level of the turbulence
intensity was changed from 3% to 6% no significant change was observed in the predicted
flow. Therefore, a value of 3% of turbulence intensity was used in the calculation of all results
shown in this work. Finally, the distribution of the dissipation rate was estimated based on the
assumption of equilibrium boundary layer, that is, &=A"*"k*? /¢, where
¢, =007 d/2and A = 0.09.

At the solid boundaries the condition of non-slip and impermeable boundary condition
were imposed for the velocity components, that is, U = ¥ = 0, with calculations being
extended up to the walls across the viscous sublayer. For the turbulence quantities £ and &
rather than prescribing a condition at the walls, they were calculated in the control volume
adjacent to the wall following a non-equilibrium wall-function.

In the plane of symmetry, the normal velocity and the normal gradients of all other
quantities were set to zero.

At the outlet boundary two different procedures had to be adopted. For the diameter
relation D/d = 3 the diffuser exit is far enough downstream that a condition of parabolic flow
can be assumed; that is oU/Gr =0(rV)/0r =0k/Or =0e /Or = 0. Yet for the much smaller
relation D/d = 1.45 also considered in the present work this is not possible and, therefore, the
solution domain had to be extended well beyond the diffuser exit and the atmospheric
pressure verified in the experiment set to the outlet. The boundary condition for £ in this case
was fixed according to a turbulence intensity of 3% whereas the dissipation rate was estimated
based on the same assumption of equilibrium boundary layer used at the inlet, as indicated
above. Given the wall jet characteristic of the flow exiting the diffuser it is expected that any
eventual inaccuracy of the above outlet conditions will not have a significant impact on the
numerical solution.

3. NUMERICAL METHODOLOGY

The numerical solution of the governing equations was performed using the commercial
computational fluid dynamics code FLUENT, version 4.2 (1993). In this code the
conservation equations for mass, momentum and turbulence quantities are solved using the
finite volume discretization method. The resulting system of algebraic equations is solved
using the Gauss Seidel method and the SIMPLE algorithm.

In the finite volume method, schemes used to evaluate property transport by convection
across each volume surface can be of primary importance to the accuracy of the numerical
results. In the present work, the QUICK scheme was adopted in the solution of momentum
equations, yielding a second order accuracy for the interpolated values. Yet, for the transport
equations of turbulence quantities the PLDS was adopted since the unboundness of the
QUICK scheme usually introduces serious numerical instabilities. Nevertheless, there is some
evidence in the literature that in the case of these equations the source terms are dominant,
with the convective terms playing only a secondary role.
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4. RESULTS

Results for the flow depicted in Figure 1 are presented for two gaps s/d (=0.05 and 0.07)
and two diameter ratios D/d (=1.45 and 3). In all situations the Reynolds number was the
maximum value that could be obtained in the experimental setup, that is Re = 20,000. Due to
limitation of space no detail on the experimental setup will be given here but can be found in
Ferreira et al. (1989).

Sensitivity tests of the numerical results with respect to grid refinement and boundary
conditions were fully addressed before the assessment of the turbulence model, which was
carried out through comparisons between experimental data and computations.

Figures 2 and 3 show the radial pressure distribution on the frontal disk surface according
to experimental data and computations for a variety of flow geometries. In all situations there
is a plateau of pressure on the central part of the curve (»/d < 0.5), as verified previously in the
laminar flow by Ferreira et al. (1989). Similar to the laminar flow is also the sharp drop of
pressure at the radial position »/d =~ 0.5, which is due to the change of the flow direction. For
the outer part of the curve (»/d > 0.5) the pressure level never recovers a positive value, a
situation which is also verified in the-laminar flow for combinations of large gaps and
Reynolds number.

The good agreement between experiments and computations seen in Figures 2 and 3
provides some confidence in the turbulence model capability. It should however be mentioned
that the success of the RNG k-¢ model verified here is not certain in the case of three-
dimensional flows. For instance, the appearance of turbulence driven secondary flow in non-
circular ducts for fully developed flow, which occurs due to the difference between the normal
Reynolds stresses, can only be predicted by an anisotropic model. Of course, neither the
standard k-& model nor the RNG k-& model fall in this category and would therefore predict
equal normal stresses.

The next step in the analysis was to generate numerical simulations for flow situations
not included in the experimental investigation. In Figure 4 dimensionless stream-function
contours are plotted at the entrance of the diffuser for Re = 10,000 and 40,000. The flow is
seen to separate at »/d = 0.5 and to reattach downwards inside the diffuser. As the Reynolds
number is increased to 40,000, the flow inertia becomes stronger, the separation region is
increased and the recirculating zone moves into the valve exit. Since the flow passage area at
the entrance of the diffuser has a direct effect on the pressure distribution shown in Figures 2
and 3 it is agreed that any successful turbulence model must correctly predict these separated
flow regions.
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Figure 2: Numerical results and experimental data of pressure distribution; D/d=3.
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Figure 3: Numerical results and experimental data of pressure distribution; D/d=1.45.

(a) s/d=0.05; Re=10,000

(b) s/d=0.05; Re=40,000

Figure 4 - Stream-function contours at the diffuser entrance, D/d=1.45.

A further step in the assessment of the RNG k-& model would require comparisons
between numerical predictions and experimental data of mean velocities and turbulence
quantities. Another possible analysis could also be carried out by comparing predictions of
such quantities given by the RNG k-& model and the standard k-¢ model. Both steps in the
model assessment will be considered in a future work.

5. CONCLUSIONS

The present work has presented an assessment of the RNG k-¢ turbulence model applied
to the incompressible turbulent and isothermal flow in radial diffuser. The flow was analyzed
for different geometric parameters and in all situations the RNG k-& model was found to
reproduce well the experimental results. Despite the success observed in the present
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investigation, one should proceed with caution when applying the RNG -& model in more
complex problems, such as three dimensional flows. In these situations, the concept of eddy
viscosity as given by equation (1) may prove to be totally inadequate.
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Abstract
In this work a new algebraic turbulence closure model, developed for adverse pressure gradient boundary layer,
is presented. A new characteristic velocity which takes into account the effects of the pressure gradient as well as
the influence of the shear stress at the wall is also presented. A comparison with experimental data clearly shows
that the proposed model is superior to the Cebeci-Smith one in treating separating flows.
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1. INTRODUCAO

A representagdo adequada de escoamentos turbulentos permanece ainda hoje como um
dos principais desafios a ciéncia da mecanica dos fluidos. Embora nos ultimos anos grandes
progressos tenham sido alcangados com o desenvolvimento de varios modelos de turbuléncia
(Hanjalic, 1994), uma descricdo de baixo custo, de grande precisdo, de implementagdo
simples e que seja geral o suficiente para resolver a maioria dos problemas encontrados em
engenharia ainda permanece desconhecida. Nesse contexto, o aprimoramento de modelos de
turbuléncia, que embora ndo sendo de grande generalidade descrevam de maneira simples e
acurada certos tipos especificos de escoamento, torna-se necessario. Dentre estes fenomenos
podemos citar o escoamento na camada limite turbulenta o qual, devido a grande freqiiéncia
com que ocorre em problemas de engenharia, deve ser tratado de forma precisa e barata.
Atualmente um grande numero de modelos de turbuléncia para a regido da camada limite
pode ser encontrada na literatura (Pletcher, 1978), muitos deles considerando inclusive os
casos em que a camada limite esta sujeita a interagdo com outros fatores como onda de choque
(Johnson e King,1985), transpiragdo e fortes gradientes de pressao.

Dentre esses modelos podemos destacar o de Cebeci-Smith.(1969) como estando entre os
mais populares, principalmente devido a sua simplicidade de implementagdo, embora em
muitos casos ndo descreva de maneira adequada o escoamento, principalmente na regido de
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separagdo da camada limite. Essa discrepancia ocorre basicamente devido ao fato de os
parametros utilizados nesse modelo ndo sdo adequados para a regido de separagdo, como
acontece com a velocidade de fricgdo a qual € nula no ponto de descolamento.

No presente trabalho um novo modelo algébrico de turbuléncia sera proposto para
escoamentos em camada limite sujeita a um gradiente de pressdo adverso. Nesse novo modelo
uma nova velocidade caracteristica, a qual considera os efeitos do gradiente de pressdo além
dos efeitos causados pela tensdo de cisalhamento na parede sera utilizada ( Cruz e Silva
Freire, 1994). Essa nova velocidade ndo se anula quando a tensdo na parede tende a zero,
podendo ser utilizada inclusive na regido de separagdo. A obtengdo dessa velocidade ¢ feita
através de um equacgdo polinomial cubica, ndo exigindo a solugdo de uma equagdo diferencial
adicional, o que torna o modelo proposto pelo menos tdo pratico quanto os mais simples
encontradas na literatura. Sera mostrado, através de uma comparagdo com dados
experimentais, que o modelo proposto reproduz com precisdo alguns parametros de interesse
no escoamento, como a tensdo na parede, principalmente na regido de separagdo. Os
resultados obtidos serdo comparados com o modelo de Cebeci-Smith (1969) apresentando um
melhor desempenho.

2. O MODELO DE TURBULENCIA

O escoamento na regido da camada limite turbulenta ¢ descrito pela seguinte equagao :

ou 6‘*u__idP+a‘~'_g- ’u

U—+ V— e N— (1)
ox Oy p dx Ox oy°

LA (2)
ox Oy

onde, u e v sdo velocidades na diregdo de x e y respectivamente, P € a pressdo, V ¢ a
viscosidade cinematica e p representa a massa especifica do fluido.

As equagdes acima estdo sujeitas as seguintes condi¢des de contorno :

ux,0)=0, v(x,0)=0
u(x;,y) =u;(v)
u(x,y)— U, (x), com y — o

O termo t,, representa a tensdo turbulenta a qual sera modelada de formas diferentes
dependendo da regido do escoamento.

Na regido proxima a parede o modelo de comprimento de mistura sera empregado
juntamente com o termo de amortecimento proposto por Van Driest(1956), como pode ser
visto na equagio abaixo :

ou
|’

2 s 2 a
Tyt = lc"y‘ (1- exp(—L))' i

PRy (3)
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onde:y+ = YR JA=26e k=041

A%
A principal diferenga entre a equagdo ( 3 ) e o modelo de Cebeci-Smith(1969) esta na
velocidade u; que ¢é definida como sendo a maior raiz real da seguinte equagao :

Up -—‘LuR—X£=0, (4)
p p dx _

onde t, representa a tensdo de cisalhamento na parede. Longe do ponto de descolamento

dP ; : ,
temos que —\i;— <<= Neste caso a velocidade u & € dada por :
p ax p

ou seja a velocidade de fricgdo classica, isto indica que a equagdo ( 3 ) reduz-se a modelagem
de Cebeci-Smith(1969) longe da regido de separagdo. Proximo ao ponto de descolamento
onde 1, =0 temos que o valor de uj torna-se:

N ’vdP
HR= . W
p dx )

Isto mostra que o valor de u, ndo se anula mesmo quando a tensdo na parede tende a

zero, sugerindo que esta velocidade pode ser utilizada como referéncia ao longo de todo o
escoamento proximo a parede, tanto na regido de separagdo quanto longe desta.

Na regido externa da camada limite a tensdo turbulenta assume a seguinte forma :

B =0,445‘u393 , | (5)
2 5

Nesse caso a velocidade de referéncia wu, foi utilizada no lugar da velocidade do
escoamento externo para compor a viscosidade turbulenta ( v,, = 0,448 u, ) juntamente com

a espessura de deslocamento ( & ). A expressio ( 5 ) difere da relagio proposta por
Clauser(1956) para a regido externa da camada limite, a qual ¢ empregada em muitos modelos
de turbuléncia, basicamente pela introdugdo da velocidade u,, essa diferenga contudo ndo se
mostra muito evidente longe do ponto de descolamento, ficando mais importante na regido de

separagdo, como sera mostrado.
Uma descrigdo da tensdo turbulenta valida nas regides interna e externa da camada limite

pode ser obtida da seguinte forma (Johnson e King,1985):

Oou

ga_ 6
Il.d'!'a-v ( )

T, =V
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I
v i3
Vor = \"'.u?(jl - exp[(— V” )2.ﬂ ])2 .

12

y©  ,0u
V= lcz_}'z(f—exp(—T))z a ,

v,, = 0,448 up .

3. COMPARACAO DOS RESULTADOS
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(7)

(8)

(9)

As equagoes ( 1 ) e ( 2 ) foram resolvidas
numericamente através do método de
diferengas finitas utilizando a
transformagao de variaveis proposta por
Cebeci-Smith(1969). Os resultados foram
comparados com os dados de Simpson et
al.(1981), para camada limite submetida a
um gradiente de pressdo do tipo presente
no escoamento sobre aerofolios, (ver
figura (1)).A técnica de anemometria a
laser foi empregada na determinagdo dos
parametros cacteristicos desse tipo de
escoamento na regido de separagdo. Os
valores experimentais obtidos para a
velocidade no escoamento fora da
camada limite, foram utilizados como
condi¢do de contorno a cada passo da
variavel x.

A figura (2) mostra uma comparagao
entre o coeficiente de atrito na parede
experimental e 0 calculado
numericamente. Os resultados previstos
pela presente teoria € pelo modelo de
Cebeci-Smith.(1969) sao apresentados.
Fica claro que a presente formulagdo
reproduz com precisdo os valores de
C;r (  coeficiente de atrito =

t,/(1/2)pU.’ ) tanto longe quanto

proximo da regido de separagao,

prevendo inclusive a localizagdo do ponto de descolamento, 0 mesmo ndo acontece com 0
modelo de Cebeci-Smith(1969) o qual, embora apresente um comportamento adequado longe
do ponto de descolamento, mostra grandes discrepancias com relagdo aos dados experimentais
quando valor de Cytende a zero, ndo prevendo a existéncia da separagdo de camada limite.

Na figura ( 3 ) aparecem os valores da espessura de deslocamento da camada limite. Ambos
os modelos sdo capazes de prever com precisdo os dados experimentais longe do ponto de
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l=xy[l-exp(—y~ j—(1+1dP—H'8

!
LV 12
T pdwxj)] (12)

Tw dP
No limite quando u, - 0 (u, = |[—) ecom — # 0 temos que :
V p

dx

o (13)

Ou seja, o termo de amortecimento ( “damping” ) desaparece proximo ao ponto de
descolamento, provocando um crescimento na tensdo turbulenta calculada proximo a parede.
Isto contribui para um aumento da tensdo de cisalhamento na parede (1, ) tornando menos
provavel que ocorra separagdo. O mesmo nio acontece com a equagdo ( 3 ) devido a utilizagdo
de u, como velocidade caracteristica.

2 - Na regido externa da camada limite a viscosidade turbulenta ¢, em muitos modelos,
obtida através da formulagdo de Clauser (1956), que foi deduzida para escoamentos sobre uma
placa plana e ¢ mostrada abaixo.

v,, =0016U.8" . (14)

Proximo ao ponto de descolamento a espessura de deslocamento da camada limite ( 8")

apresenta um acentuado crescimento, ver figura ( 3 ). Como a ordem de grandeza da
velocidade no escoamento externo U_ ndo se altera, a viscosidade turbulenfa também cresce
provocando um aumento na tensdo de cisalhamento na parede. Na presente formulagdo esse
efeito € anulado pela utilizagdo da velocidade uj, que apresenta o seu valor minimo no ponto
de descolamento, evitando que a viscosidade turbulenta na regido externa sofra grandes
modificagdes com o crescimento da espessura de deslocamento.

5. CONCLUSAO

No presente trabalho um novo modelo algébrico de turbuléncia para escoamentos em
camada limite sujeita a um forte gradiente de pressdo adverso foi apresentado. Nesse modelo
uma velocidade caracteristica do fenomeno ( wu, ). Foi introduzida. foi mostrado que a
presente formulagdo reproduz melhor os dados experimentais que o modelo de Cebeci-
Smith(1969) na regido de separagdo da camada limite. Cabe ressaltar que a presente
formulagdo é de implementagdo tdo simples quanto a dos demais modelos algébricos
existentes na literatura, ndo necessitando que nenhuma equagdo diferencial adicional seja
resolvida.

Em futuros trabalhos uma comparag¢do mais detalhada com um numero maior de dados
experimentais e com outros modelos de turbuléncia sera feita.

6. AGRADECIMENTOS

Os autores agradecem a A.P. Silva Freire pelas proveitosas discussdes durante a
realizacdo deste trabalho e ao CNPq pelo apoio financeiro.



UM MODELO ALGEBRICO DE TURBULENCIA PARA...

7. BIBLIOGRAFIA

Cebeci, T. & Smith, A.M.O. A Finite-difference Solution of the Incompressible Turbulent
Boundary Layer Equations by an Eddy Viscosity Concept, in ( Coles and Hirst ) Computation
of Turbulent Boundary Layers - 1968 AFOSK-IFP-Stanford Conference. Stanford University
Press, Stanford, Calif. 1969.

Clauser, F.H. The Turbulent Boundary Layer, in Advances in Applied Mechanics, Academic
Press, New York, 1956.

Cruz, D.O.A. & Silva Freire, A.P. The Asymptotic Structure of the Thermal Turbulent
Boundary Layer Near a Separation Point, Proceedings of the International Symposium on
Turbulence Heat and Mass Transfer, Portugal, 1994.

Hanjalic, K. Advanced Turbulence Closure Models: a View of Current Status and Future
Prospects, International Journal Heat and Fluid Flow, vol.15, pp.178-203, 1994.

Johnson, D.A. & King, L.S. A Mathematically Simple Turbulence Closure Model for
Attached and Separated Turbulent Boundary Layers, AI44 Journal, vol.23, pp.1684-1692,
1985. .

Pletcher, R.H. Prediction of Incompressible Turbulent Separating Flow, Journal of Fluids
Engineering, vol. 100, pp.427-433, 1978.

Simpson, R.L..Chew, Y.-T. & Shivaprasad, B.G. The Structure of a Separating Turbulent
Boundary Layer. Part 1. Mean Flow and Reynolds Stresses, Journal of Fluid Mechanics,
vol.113, pp. 23-51, 1981.

Van Driest, E.R. On Turbulent Flow near a Wall, J. Aerosp. Sci., vol.23, pp. 1007-1012, 1956.



XIV Brazilian Congress of Mechanical Engineering

Obeid Plaza Hotel Convention Center - Bauru - SP/Brazil
December 08-12" 1997

PAPER CODE: COB1221

O PROBLEMA DA CAMADA LIMITE PARA AVALIACAO DE

PERDAS: UMA METODOLOGIA ALTERNATIVA / BOUNDARY-LAYER
FORMULATION FOR LOSS CALCULATION: AN ALTERNATIVE APPROACH

DANIEL O. ALMEIDA. CRUZ E ANDRE.L. AMARANTE MESQUITA
Grupo de Turbomaquinas, Depto. de Engenharia Mecanica, Universidade Federal do Para
66075-900 Belém-PA-Brasil - E:mail: gtdem@amazon.com.br

Abstract
In this work, an alternative approach for loss calculation in external flows is proposed, by applying Kaplun
limits to the Navier-Stokes equations, obtaining a generalized boundary layer formulation. It is shown that this
alternative formulation can be reduced into a ‘quasi similar’ differential equation that can be solved as an
ordinary one. Numerical solutions of this equation are presented showing that it contains the Falkner - Skan
equation as a particular case.
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1. INTRODUCAO

O calculo da perda de energia em escoamentos ao redor de corpos ¢ de fundamental
importancia para o projeto hidrodinamico de equipamentos, como por exemplo no
dimensionamento de turbomaquinas. A analise completa desse fendmeno somente pode ser
realizada através da utilizagdo das equagdes gerais de Navier-Stokes juntamente com um
modelo de turbuléncia adequado (Amano et al., 1996). Essa metodologia contudo, resulta em
elevados custos computacionais, ndo sendo indicada para as etapas iniciais de um projeto de
turbomaquina. :

Nesse caso, a utilizagdo de formulagdes simplificadas, como a representada pelas
equagdes da camada limite, aparecer como uma alternativa viavel para o tratamento desse
problema.

A formulagdo de camada limite necessita contudo, em muitos problemas, da solugdo do
escoamento potencial (ndo viscoso) para que possa ser implementada. Além disso em alguns
casos, como no ponto de descolamento, ocorre o aparecimento de singularidades que somente
podem ser removidas através de um processo interativo viscoso - ndo viscoso

No presente trabalho, a técnica da variavel intermedidria desenvolvida por Kaplun (1967)
sera utilizado para fornecer uma formulagdo alternativa para os escoamentos na camada
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limite, na qual a classica divisdo do escoamento em duas regides distintas desaparece, sendo
portanto desnecessarios os processos de interagdo viscosa - ndo viscosa.

Sera mostrado que, para o caso laminar, esta formulagdo apresenta a propriedade de
“quase similaridade”, significando que, através de uma mudanga adequada de variavel, o
conjunto de equagdes diferenciais parciais pode ser resolvido como uma equagido diferencial
ordinaria de modo semelhante ao conceito de similaridade aplicado a camada limite classica.
Entretanto na presente formulagdo, essa equagdo € de quarta ordem, diferente da equagdo de
Falkner-Skan (terceira ordem) obtida através da formulacdo de camada limite classica
(Schilichting, 1967).

A solugdo numérica dessa equagdo “quase similar” sera mostrada para o caso de
escoamentos sujeitos a diversos tipos de gradientes de pressdo adversos, assim como para o
escoamento sobre uma placa plana.

2. ANALISE DAS EQUACOES DE CONSERVACAO

Sera aplicado o método da varidvel intermediaria as equagdes de Navier-Stokes para o
caso laminar, incompressivel e estacionario. Para maiores detalhes sobre o método ver Silva
Freire (1996) e Cruz e Silva Freire (1994). Sejam as equagdes do conservagao:

du , ou_ 2P ?u o%u i
— v—:——+-—- =

Yax T Yoy ax it B|

6V + ..a_Y,q._. QE Lr V _az - (2)
Yox T Vay R[ "y J ’

a_u + Q“O (3)
0 x oy

Nas equagdes acima u e v foram adimensionalizadas por uma velocidade U,
caracteristica do escoamento ndo perturbado, X e y por um comprimento caracteristico do
fenomeno L e P= (P, -Py)/p U2 , onde Py € uma pressdo de referéncia O parametro R,
representa o numero de Reynolds. Estudaremos agora o caso do escoamento sobre uma
superficie solida onde R. >>I, para isso definiremos agora as seguintes variaveis
intermedidrias:

y=y/nl(e), (4)
v=v/n(e). ()
onde £ = 1/R..

Substituindo as equagdes (4) e (5) nas equagdes (1), (2) e (3) tem-se:
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+

ou u oP 1[ 2% 1 5211:|

. 0% .. 08¢ 16P 1 ,520 1 82
s Vo= T—A P =
Max "MYe3™ "Roy R "ox? nay
98 4 oo

X oy

(6)

(7)

9

Variando o parametro 7 tem-se no limite com e—0 o seguinte conjunto de equagdes:

Conservagdo de quantidade de movimento na diregdo de x:

0" _01) 6_11 +“@_ a_P
(= e * Y85~ "B
01)>0(“)>0(\/E)-u§B . 2N, BN
( 4 To% 0y  0x

Jdu Q_'_é“u
0y ox 892

O(f) = O(e): u— + ¥

’ ?
O(i) < OWe) 7 =

Conservacdo da quantidade de movimento na direc¢do de y:

0(“ _0(1) ﬂ 3 “ﬁ_ Q
W=0mEy T Vey T oy

om) <0(1)'a—P—0
n 3y

(10)

(11)

(12)

(13)

(14)

(15)
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Observando-se os conjuntos de equagdes (10)-(13) e (14)-(15) pode-se notar a existéncia
de duas equagdes que se destacam das demais. As relagdes (12 ) e (14) sdo chamadas
‘equagOes principais’ desses conjuntos, pois contém todas as demais equagdes sem estarem
contidas em nenhuma delas. Deste modo, no limite com £—0, o sistema (1)-(3) pode ser
reduzido, em uma primeira ordem de aproximagao, ao seguinte sistema de equagdes

du du ﬁ_P 1 8%u

—_— 4+ _— i

" ax v@y 8x+Re ay? %)
ov , 2v_ oP .
“ax Vé‘y_ -6y (h
6_].1 + _a_.‘i._o 18
ox oy (18)

O sistema de equagdes acima foi obtido considerando-se simultaneamente es equagdes
principais dos conjuntos (10)-(13) e (14)-(15). De outro modo, caso fosse considerada
somente a equagdo principal do conjunto (10)-(13) (O(ﬁ)=0(\/;;)), a aproximagdo de
camada limite seria obtida (equagdes (12) e (15)). No caso da equagdo principal ser a do
conjunto (14)-(15) entdo o sistema de Euler surgiria (O(1)=0(1), equagdes (14) e (10)).
Ambos os casos acima citados estdo contidos no sistema (16)-(18), o qual representa um
“sistema principal” das equagdes (10)-(13) e (14)-(15). A solugdo das equagdes de Navier-
Stokes corresponde assintoticamente a solu¢do das equagdes (16)-(18) no limite quando
e=1/R.—0.

As equagoes (16)-(18) representam uma aproximagdo de ordem superior as equagdes de
camada limite e imediatamente inferior a aproximacdo de camada fina - TSL (“Thin Shear
Layer), a qual contém ainda um termo difusivo na equagdo do momento na diregio y.

O modelo proposto pode ser aplicado a problemas de escoamento em torno de aerofolios,
constituindo-se uma solugdo superior ao procedimento da interagdo viscosa - ndo viscosa. Por
exemplo, Pulliam e Steger (1985) utilizando a aproximag¢do TSL resolvem o escoamento
turbulento (Re = 5,7x10% em torno de um aerofélio, apresentando resultados satisfatorios.
Isto sugere que a formulagdo apresentada deva também fornecer uma solugido adequada para
problemas semelhantes.

Como primeiro resultado numérico da aplicagdo do modelo proposto, este trabalho
resolve o problema de placa plana, com e sem gradiente de pressdo, utilizando um método
quase-similar , o qual € apresentado a seguir.

3. A EQUACAO QUASE-SIMILAR

Utilizando-se a defini¢do de fungdo corrente pode-se rescrever o sistema de equagdes
(16)-(18) de seguinte forma:

oy 631;; _aw 63w+6w 63\|;_6w 63\;; =L 64\|1 (19)
dy ay*ox 0x 6y3 oy ax> 0x 9x?ay Re oy?

4
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A equagdo (19) pode ser transformada em uma equagdo diferencial ordinaria atraves da
seguinte mudanca de variavel:

n= y\/E;—l R, x™! (20)

: 21
EJ:W (21)
A=1-§ 22)

2 ! m+l
= , F(n,A 23
¥ m+1 R (:4) s

Substituindo-se as equagdes (20)-(23) em (19) tem-se:

3m-1)_ . (m+1) . -
[—2—JF F—( 5 ](F F+F'")

T 5 e
1m+lJ[[m l][Sm 2JF'F+(m—l)(2m2+7m+ll)nF'2+m[m2 J‘n"F'F".k

[Rex

(et rner (25252

onde F("} =

y

} =0 (24)

A equagio acima esta sujeita as seguintes condi¢des de contorno:

F(0,) =0 (25)

F'(0,A) =0 (26)



F'(ng.A) = 1

F'(Mp,A)=0
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27)

(28)

Onde 1 € um valor de 1 considerado no infinito. As equagdes (25)-(27) representam as
condigdes de contorno classicas aplicadas aos escoamentos em camada limite com
similaridade. A condig¢do adicional (equagdo (28)), caracteriza 0 comportamento assintotico
dos perfis de velocidade em n=no. As transformagdes (20)-(23) sdo semelhantes as
transformagdes aplicadas no caso da equagdo de camada limite para se obter a relagdo de
Falkner-Skan. A equagdo (24) ndo pode ser considerada como uma equagdo similar, para o
caso geral, pois ndo possui todos os seus coeficientes constantes. Isto contudo ndo impede
que essa equagdo possa ser resolvida como uma equagédo diferencial ordinaria, pois todas as
suas derivadas estdo relacionadas a apenas uma variavel. As derivadas com relagdo a A foram

N i
o . 1 * I
0.00 040 0.80 120 160
F|
Figura 1: Perfis de velocidade param =0
6.00
|
( ) |
_‘ m=-0 0804 ~
| —— Fakner-Shan |
—— Re=1000 |
400 | | —— Ae=2000 | -_I
| | ——  Re=5000
| —— Re=100000 ‘
[ 1 Re=1000000 |
eta = 1
|

0.00

0.00 0.40 0.80 1.20

Figura 2: Perfis de velocidade m = -0,0904

desprezadas por somente serem
relevantes para O(A)=0(1), caso este
aqui ndo considerado de forma
analoga ao procedimento classico de
camada limite.

A equacdo de Falkner-Skan,
representa um caso particular da
expressdo (24), como pode ser
observado pelos resultados
apresentados nas figuras (1) e (2). A
figura (1) mostra a solugdo da
equacgdo (24) para m = 0 (placa plana
sem gradiente de pressdo) e para
varios valores de R., fixando-se x = 1.
Como se pode notar, os perfis de
velocidade tendem assintoticamente
para a solugdo de  Blasius
(Schilichting, 1967). Os demais perfis
mostram 0s estagios intermediarios
de desenvolvimento do escoamento.
Na figura (2) sdo mostrados os perfis
de velocidade para m = -0,0904
(gradiente de pressdo adverso), para o
qual a solugdo de Falkner-Skan
fornece uma tensdo nula na parede.
Novamente ¢ observada a tendéncia
assintotica para a solugdo da equagdo
(24). Para R.—»o (E—0) a solugdo
reproduz o valor nulo para a tensdo
na parede, como mostrado na figura
(3).

Convém ressaltar que o unico
caso em que a equagdo (24)
apresenta similaridade completa ¢é
dado por m = -1, que representa o
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escoamento em um canal convergente de paredes retas.

4. ANALISE DOS RESULTADOS

As figuras (1)-(3) mostram que a equagdo de Falkner-Skan representa o limite
assintotico da equagdo (24) para R.—o (£§—0). Os perfis correspondentes aos estagios
intermediarios apresentam um comportamento similar a solugdo de Navier-Stokes para a
regido de entrada hidrodinamica para o escoamento entre placas.

Um ponto importante a ser destacado ¢ o fato da equagdo (24) fornecer a posi¢ao do
ponto de descolamento, como pode ser visto na figura (3) para m = -0,095 e m = -0,1. Isto
nos sugere que o sistema (16)-(18) fornece uma descrigio mais geral dos escoamentos
proximos a uma superficie solida que a formulagdo classica de camada limite. Assim,
melhores resultados poderdo ser alcangados no calculo de parametros de interesse de
engenharia, como por exemplo os coeficientes de arrasto e sustentagao.

O modelo apresentado pode ser estendido para o caso do escoamento turbulento, partido
das equagdes meédias de Reynolds. A aphcaqio da técnica da variavel intermediaria acarreta o

surgimento de um termo adicional na

160 5 B o o i T 5 equacdo (16). Para o caso do
escoamento instacionario, esta técnica
pode ainda ser aplicada com a
= introdugdo de um fator de escala para a
variavel temporal.

m=0.0 {Diasius)
= e, 0904
- m=.085
= m=01

5. CONCLUSAO

F" P

Neste trabalho o método da

variavel intermediaria foi utilizado na

obtencio de uma  formulagio

alternativa para o escoamento de

camada limite. Nessa formulagdo a

divisio do escoamento em duas

regioes distintas  desaparece

eliminando assim a necessidade do

Figura 3: Segunda derivada de F na parede para processo interativo Vviscoso - nao

varios valores de m, x = 1 ViSCOSO.

Foil mostrado que, através de uma
mudan¢a adequada de varidveis esta formulagdo alternativa transforma-se em uma equagao
quase-similar, podendo ser resolvida como uma equagao diferencial ordindria, que contém a
equacdo de Falkner-Skan como caso particular. Uma solugdo numérica dessa equagdo foi
apresentada e comparada com a solugdo de Falkner-Skan para diversos valores do parametro
m.Ea primeira vez dentro do conhecimento dos autores que essa equagdo ¢ mostrada.
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Abstract
Coherent vortices in solid propellant rockets motors are investigated by numerical experimentation, via full
Navier-Stokes solution in two-dimensional configurations and Large-Eddy Simulation (LES) in a three-
dimensional one. Particular attention is paid to the vortex shedding phenomena of Kelvin-Helmholtz
vortices and their interaction with the chamber’s acoustic. The LES results show that streamwise secondary

vortices of mixing layers and Dean-Gortler type vortices may be also present in these kind of geometries.

Keywords
Coherent Vortices - Large-Eddy Simulation - Subgrid Scales Models - Solid Propellant Rocket Motors

1. INTRODUCTION

The existence of pressure and thrust oscillations in segmented solid propellant rocket
motors, like Ariane V boosters and others motors (U.S. Space Shuttle and Titan SRM) were
reported in several studies (Culick, 1966; Brown et al., 1981). In particular, recent studies
developed in the Aerodynamics of Segmented Solid Motor program (ASSM), supported by
CNES and coordinated by ONERA (CNES-ONERA, 1991), show that these oscillations
are provoked by the interaction between the chamber’s acoustic and the periodical shedding
of vortices. The vortices are induced by the segmented design which employs inhibitor
rings to separate adjacent loads of solid propellant (Fig. 1).

In such complex situations, the available linear methods, like acoustic balance, fail to
predict motor instability (Lupoglazoff & Vuillot, 1992). Therefore, full unsteady simula-
tions solving the complete Navier-Stokes equations are a real need to assess the level of
oscillations. On the other hand, all that is known about numerical simulations in these
types of motors, comes from two-dimensional simulations. Hence, the objective of this
paper is to present results from full three-dimensional simulations to improve the under-
standing on the formation and evolution of coherent vortices.

LES consists of simulating explicitly and in three dimensions all motion larger than a
certain cut-off scale, accounting for the contribution of the smaller scales through a sub-
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Hydrodynamic Impact or mass
instability flow rate
growth modulation

{ Acoustic feedback |-—-I

Figure 1: lllustration of possible coupling between hydrodynamics and acoustics modes in a solid propellant
rocket motor (from Lupoglazoff & Vuillot, 1992).

grid model. This presupposes that the large scales are more important than the small ones,
which is certainly true for turbulence but is more doubtful for combustion, for example.
Our calculation strategy was to undertake two-dimensional numerical simulations without
artificial (or eddy) viscosity or limiters, and only for a 3D simulation introduce a sub-grid
model.

2. LES FOR COMPRESSIBLE FLOWS

The LES formalism for three dimensional Cartesian co-ordinates can be found in Comte
et al. (1994). The numerical code used can also consider two dimensional axisymmet-
ric geometries and is written in curvilinear co-ordinates. The formalism for cylindrical
coordinates is presented in Silvestrini (1996 ).

2.1. LES governing equations
In Cartesian co-ordinates and after several simplifications, the compressible continuity,
momentum and energy equations, in LES sense, can be cast in the conservation-like form :

p pu;
g | P 9 puiuy + pRT6; — (p + pu,)S
En puz | + o puius + pRT 82 — (1 + p1n)S; =0 (1)
pus U puius + pRT i3 — (1 + pri)Si oT
pE ple+ RT)u; — uSiju; — cp(pPr + pv,Pr,_l)a;

in which pe stands for the resolved (or filtered) total energy defined, for an ideal gas, by

pe=pec, T+ %p(uf + ul + u?), (2)
and

" Bu.J- 6111- 2 =

5 = |28 ~ 2.6 . 3

5= B T B, 3 3)

is the deviatoric part of the resolved strain-rate tensor. Molecular viscosity is prescribed
through Sutherland’s law, the molecular conductivity is derived from the constant Prandtl
number assumption, and the turbulent diffusivity is calculated assuming a constant tur-
bulent Prandtl number.

2.2. Sub-grid models
To determine eddy viscosities in physical space, the kinetic energy at the smallest
resolved scale A = 7 /k. (k. being the cut-off wave number) should be measured. One of
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Figure 2: Isosurfaces v, = 2/3 v given by the SF (left) and FSF (right) models in the transitional portion
of a spatially-growing boundary layer at Mach 0.5. The same velocity field was used for the two plots (a priori
test).

these local spectra is FyA(7,1), the second-order structure function of the resolved velocity

field defined as :

Fya(@.t) = (|[E(F + 7. 1)) — @(3.1)]*) (4)

: Il=a "
In the case of infinite Kolmogorov spectra, energy-conservation arguments yield the
structure-function model (SF model) (Métais & Lesieur, 1992), defined by

vF(Z,1) = 0.105 CR** A \JFy, (3,1), (5)

where ('x is the Kolmogorov constant. As it involves velocity increments instead of
derivatives, the SF model has the advantage of being defined independently of the numerical
scheme used. It is nevertheless not much better for transitional flows than the Smagorinsky
model: low wave number velocity fluctuations corresponding to unstable modes yield
v,'s so large that affects the growth rate of weak instabilities like Tollmien-Schlichting
waves. One way of remedying this is to apply a high-pass filter onto the resolved velocity
field before computing its structure function. With a triply-iterated second-order finite-
difference Laplacian filter denoted ™, one finds E‘(k)/E(k) ~ 40° (k/k.)? for all k, almost
independently of the velocity field and resolution. With the same formalism used for the
structure-function model, this yields the filtered structure-function model (FSF model),
defined by (Ducros et al, 1996)

vESE(F.1) = 0.0014 C*% A\ Fa (F,1). (6)

Fig. 2 presents a comparison between the SF and FSF models in a transitional bound-
ary layer. While the FSF model do not react to A-vortices, the SF model does.

2.3. Numerical scheme and boundary conditions

The system (1) is solved by means of a “two-four™ extension of the fully-explicit Mc-
Cormack scheme devised by Gottlieb and Turkel (1976). The boundary conditions are
based on a decomposition into characteristics, in the spirit of Thompson (1987) and Poin-
sot and Lele (1992). The Riemann invariants of outgoing characteristics are extrapolated,
whereas the incoming ones are prescribed (e.g. at the inflow boundary).

3. VORTEX SHEDDING IN 2D CONFIGURATIONS
Two 2D simulations undertaken to characterize the vortex shedding phenomenon in
solid propellant rocket motors will be described here. All the test used were defined by

ONERA (CNES-ONERA, 1991).
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Figure 4: Contour maps of vorticity during one period of the most amplified mode predicts by linear stability
theory - C1 test case.

3.1. Test case in a two-dimensional plane configuration

In this first simulation, called C1 test case (see Fig. 3), the geometrical configuration
is plane. As for the boundary conditions, the lateral wall is composed by a step of burning
propellant at a flame temperature of 3387 A" and a mass flow rate, normal to the walls,
of 21.2 kg/s/m*. After the step and at the head-end boundary no-slip conditions are
prescribed. At the outlet nozzle, free supersonic boundary conditions are imposed and
on the upper boundary. symmetry conditions are used. The head-end average pressure is
Pray = 4.66 bar.

Recorded signals at the head-end shows a self sustained oscillation with a average
head-end pressure of Pr4y = 4.62 bar and a fluctuation level of pr4y = 0.015 Pp 4y
Spectral analysis of the signals shows a peak at a frequency of f, = 2670 H:z and its
harmonics 2f,.3f, and 4f,. The frequency f, is very near to the most amplified mode
(the fundamental one) predicted by linear stability theory (f. = 2640 Hz) (Lupoglazofl
& Vuillot, 1992). It corresponds also to the second axial acoustic mode of the chamber.

Fig. 4 shows the temporal evolution of vorticity during one period of the second axial
mode (13 = 0,38 ms). A shear layer is formed due to the separation of a boundary
layer at the end of the horizontal part of the burning surface. The shear layer induces,
through Kelvin-Helmholtz (KH) instability. the roll-up of KH vortices (also called primary
vortices). When these vortices impact the nozzle, they produce an acoustic reflected wave
that excites new KH vortices. After that, the vortices are expelled from the chamber. It
is important to note that no perturbation was added to the mean velocity flow, therefore
the mixing layer is formed only by the perturbation imposed by the acoustic field.

3.1. Test case in a two-dimensional axisymmetric configuration

The Clx test case was developed from an experimental set-up called LP2/C1-x (Dupays
et al., 1995). This test case, with a similar geometry to the C1, is now axisymmetric, with
a total length of 0.785 m, a diameter of 0.085 m and the solid propellant step has 0.018 m
The mass flow rate is 6.63 kg/s/m? and the flame temperature is 2224 K". The resolution
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Table 1: Measured (p,) and calculated (p,) mean pressure at four locations - Clx test case

(1,7) | x (mm) | p, (bar) | p. (bar)
PFAV [ 1,12 [ 0.0 9.50 | 9.436
PC1 |240,1 | 400.0 | 9.10 | 9.141
PC6 |457,.1 | 650.0 | 9.22 | 9.136
PFAR | 5231 | 7205 | 9.02 | 9.158

Figure D: Pressure spectra - Clx test case.

was of 597 x 49.

Time series of pressure were recorded during 20 ms. In Table 1 the mean pressure is
compared with the experimental data. The head-end pressure is very near to the observed
value; the error is of 0.67%. The values of calculated pressure are in good agreement with
the data. Nevertheless the difference between observed and calculated pressure seems to
increase at the nozzle (1.5%). It should be noted that the calculated mean pressure has
increased from the location PC6 to the nozzle PFAR, that is, a adverse pressure gradient
seems to establish. It would indicate the presence of a zone of recirculation at the entrance
of the nozzle. The measured mean pressures, between PC1 and PC6, also show a weak
adverse pressure gradient. : '

The spectral analysis of the time series is presented in Fig. 5. At all the locations, a
frequency peak of 1400 H: is dominant. This frequency is very near to the second axial
mode. At the head-end the pressure spectrum is very rich with a second peak at 570 Hz,
probably corresponding to the first axial mode. The third (2200 Hz) and fourth (2800 H=z)
axial modes are also identifiable in the spectrum. The presence of a peak at 850 Hz at
the head-end and near the nozzle is unexpected and we have no explication for the time
being.

Fig. 6 shows the evolution of vorticity during two periods of the second axial mode
(275 = 1.33 ms). The vortex shedding phenomena is evident from the pictures, while the
shear layer is thinner than the C1 test case. The KH vortices are more elliptical than before
and pairing (or merging) of these vortices are also observed. In this figure can be seen
that the vortex shedding due to Kelvin-Helmholtz instability is established at a frequency
of f, = 1400 Hz. This frequency is present over all the chamber and is determined by the
thickness of the shear layer, which is defined by the velocity profile and therefore by the
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Figure 6: Vorticity evolution for two periods correspond of the second longitudinal acoustic mode - Clx test
case,

motor diameter and the propellant load thickness.

Another interesting issue from Fig. 6 is a recirculation zone at the entrance of the
nozzle, which had been suspected in the examination of the calculated mean pressure
registered at neighborhood locations (see Table 1). This is probably the cause of the
frequency peak at 850 Hz observed at the spectra. but this is still to be confirmed. It is
believed that this recirculation, that do not seems to occur in the experiments (there is
no measured adverse pressure gradient between PC6 and PFAR in Table 1) is due to the
two-dimensional approximation that forced the recirculation to happen.

4. COHERENT VQRTICES IN 3D CONFIGURATION

The C1 test case is now analyzed by LES using the FSF model in a simplified 3D
plane configuration. For this geometry it was taken a spanwise resolution of 90 points
equally spaced over the span L. = 7 H = 0.141 m, with periodic boundary conditions.
The initial condition consists of the 2D flow shown above (Fig. 4), taken at the end of the
simulation, with low-amplitude white noise of amplitude 10~* the speed of sound, at the
surface of the propellant on all the velocity components. Without this perturbation, the
flow would have remained 2D.

After having reached the steady state, which took 50 hours of Cray 90 at 450 Mflops
(corresponding to 8 ms of real time), time series are recorded for 5 ms, that corresponds to
127;. From the sample, it was calculated the mean velocity and pressure at three positions
at the chamber: after the step (1 = 170). before the entrance of the nozzle (i = 224) and
between the entrance of the nozzle and the sonic troast (1 = 270) (Fig. 7). The figure
shows that small negatives mean streamwise velocities are measured at the low part of the
chamber, that seems to denote a low-frequency recirculation zone in this part of the motor.
In particular the streamwise component of the velocity field recorded after the step near
the lateral wall, shows a oscillating behavior with change of sign (see Silvestrini, 1996). In
a rough estimation, during 37, the instantaneous axial velocity is positive while for the
other %Tg. the instantaneous axial velocity is negative. This might explain the measured
adverse pressure gradient observed in Table 1.

An “animation” of an isosurface of vorticity norm during one period of the vortex
shedding is shown in Fig. 8 The figure is taken at the end of the simulation (¢, = 13 ms).
This figure (and also Fig. 9) enables us to identify that, along with the primary Kelvin-
Helmholtz vortices, streamwise secondary vortices can also be observed. These streamwise
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Figure 7: Mean axial velocity profiles (left) and pressure (right) at i = 170 (—), 224 (- - -), et 270 (...)

Figure 8: lsosurface of vorticity norm at t,, t, + T2/4, t, + T2/2, t, + 3T»/4 and t, + T5, T» being the
period of the most amplified mode predicted by linear stability theory.

vortices not only appear in between the large Kelvin-Helmholtz billows, as can be seen in
mixing layers experiments (Silvestrini, 1996), but also at the wall of the nozzle. In the first
case, they are formed by the stretching of vorticity lines due to the strain field imposed
by the primary vortices. In the second case, they are likely to result from a Dean-Gortler
instability of the detached boundary layer, which re-attaches in the convergent part of the
nozzle (Fig. 9).

5. CONCLUSIONS

The coherent vortices of segmented solid propellant rocket motors were assessed by
full 2D Navier-Stokes solution and LES. Their strength as a prediction tool for the study
of the unsteady characteristic of the vortex shedding phenomenon is to be remarked.
The possibility of representing the complex geometries that are common in almost all
the “industrial configurations”, is another feature which makes LES useful for industrial
applications. As far as coherent vortices dynamic is concerned, the LES enables us to
assess complex vorticity structures and quantify oscillations levels where experiments may
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Figure 9: Maps of the entropy field. The left view shows a cross section of the streamwise vortices which
connect the KH billows and the right view the Gortler-type vortices.

be impossible. The knowledge of these levels is of crucial importance for the design of the
anti-vibration protections of the rocket’s control systems.
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Abstract

The present work introduces a new expression for the velocity profile in the near wall region of a turbulent boundary layer.
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1. INTRODUCTION

The turbulent boundary layer has a distinct structure with a number of regions hav-
ing characteristic properties. This fact was acknowledged very early in this century by
several researchers including Prandlt(1910), Taylor(1916) and Von Karman(1939). The
important realization at the time was that the flow in the wall region was determined by
conditions at the wall, as expressed by the local shear stress and roughness. The region
which comprises most of the flow, the outer region, on the other hand, has its properties
determined by scales related to the main flow.

Most of the work that followed in this period was aimed at finding a local velocity so-
lution for the wall region. This solution was termed by Coles “the law of the wall”. Many
expressions describing the velocity behaviour in the near wall viscous region were soon
advanced through different methods. Dimensional analysis and experimental evidence
established a logarithmic functional form for the velocity profile. This form was subse-
quently confirmed by mixing length arguments and asymptotic matching considerations.
Since this formulation could not be extended down to the wall, several authors found it
necessary to use at least two functions to describe adequately the velocity profile. This
introduced some inconveniences in the formulation, notably, the necessity of patching the

solutions. ) _ ) X ] .
As a result, the interest shifted to find a single expression to describe the velocity

for the whole range of inner lengths. Several expressions were soon proposed by a host
of authors. These expressions were more aesthetical and convenient from a numerical
implementation point of view.

The purpose of this work is twofold. First, we review ten different theories advanced in
the past for the problem comparing them with the test case data of Andersen et al.(1972)
and of Purtell, Klebanoff and Buckley(1981). Second, we propose a new expression for the
description of the wall layer flow based on an exact approximated local solution for the
equations of motion together with some purely heuristic arguments. The new equation is
different from all those presented in literature, and is shown to provide a very good match
with the experimental data.
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2. THE UNIVERSAL TURBULENT VELOCITY PROFILE

The flow in the wall layer is postulated to depend on the wall shear stress 7., on the
distance y to the wall, on a roughness parameter x, and on the fluid properties » and ..
Then, from dimensional considerations, it follows that the the functional dependence of
« on the flow parameters can be expressed as

u= f(rw.u K, p,p). (1)

This equation can be re-written, in a non-dimensional form, as

i:q(ufy.u,- K). 2)

T v v

where u.(= \/7./p) denotes the wall friction velocity and v = i /p.

Equation (2) should be a universal function valid in the whole of the wall viscous
region. Using a limit expansion argument, Prandtl(1910) found that in the very vicinity
of the wall the following relation applied

ut =T 0<y™T <115, (3)

where «™ = u/u- and y= = yur/v.
Further out, in the turbulence dominated part of the wall layer, the commom assump-
tion is that the local shear stress deviates only slightly from the wall value. Hence, we

may write
du Ty 4
vt & (4)
where the eddy viscosity v, is a quantity related with the diffusion of momentum between
adjacent layers due to turbulence. For diffusion times short with respect to the Lagrangian
integral time scale, the diffusion has a linear behaviour with respect to time and the eddy
viscosity varies linearly with distance. At a short distance from the wall, the diffusion
of particles is restricted to short distances, so that the eddy viscosity may be considered

proportional to the distance y. Thus, we write
ve=kury, (5)

where «, is a characteristic velocity and & is a constant.
Integration of equations (4) and (5) gives

1
Yy = Ilu yT+ A, T > 11.0. (6)

where the values of #(=0.4) and of A(= 5.5) were determined experimentally.

This expression was first derived by Taylor in 1916, and subsequently by Prandtl in
1925 and Von Karman in 1930. The last two authors reborted again, to arguments of the
mixing length type.

Later on, in 1939, equation (6) was split into two by Von Karman to cover the regions
5<yt <30 and 30 < ;;"'. In this case, the constants assume respectively the values (&, A)
= (0 2,-3.05) and (k. A) = (0.4,5.5).

In fact, expression (6) can be obtained without introduction of a closure condition.
Using overlap arguments of the asymptotic type, Millikan(1939) obtained the logarithmic
law; thus, he only needed to resort to assumptions of a general nature, without any
considerations about the detais of the turbulence to find expression (6). This result set
the logarithmic law as a definitive “truth” in the theory of turbulence.

The law has been widely used to test new theories, calibrate experimental apparatus,
and validate computer codes, having become one of the great paradigms of turbulence
theory. Validated by a large number of experimental data, the law has become a bench

mark result to which all simulations of wall flow have to conform to. Evidence in favour of
the law is, therefore, strong. Some authors, however, have placed the law under a severe

scrutiny, clalmmg the velocity profile to be power-like, and not logarithmic-like!

In fact, the derivation of both laws is equally consistent and rigorous. However,
they are based on entirely different assumptions. Both derivations start from similarity
and asymptotic considerations. The log-law is obtained from the assumption that for

2
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sufficiently large local Reynolds number and sufficiently large flow Reynolds number, the
dependence of the velocity gradient on the molecular viscosity disappears completely. In
the alternative approach that leads to the power-law, the velocity gradient is assumed
to possess a power-type asymptotic behaviour, where the exponent and the multiplying
parameter are supposed to depend somehow on the flow Reynolds number. Thus, the
velocity gradient dependence on molecular viscosity does not disappear however large the
local and the flow Reynolds numbers may be. The form of the power-like scaling law
yields a family of curves whose parameter is the Reynods number. The resulting envelop
of curves is shown to be very close to the universal log-law.

The original result, the logarithmic law, however, has remained central to the theory
of turbulence. The fact that the log-law can be obtained from formal asymptotic methods
and that it has been shown to apply to a variety of flows, has firmly silenced its critics.
In fact, the large body of useful services covered by the law has made it to transcend in
importance. The universal laws of friction for smooth and rough pipes are just one of the
pungent examples of application of the log-law.

Typical examples of application of the law include cases with wall transpiration, rough-
ness, transfer of heat, compressibility, three-dimensionality, and even separation of flow.
Of course, for all of these situations, some modifications need to be made in the original
formulation to comply with specific flow requirements. However, the essence of the law
and its general form are the same for all cases.

3. A SHORT REVIEW OF THE ANALYTICAL FUNCTIONS FOR THE
INNER VELOCITY PROFILE

All previous authors have found it necessary to use at least two expressions for the de-
scription of the near wall flow. In what follows, we will show how this can be circumvented
by using alternative approaches to the solution.

3.1 The theory of Reichardt(1940)

The equation of continuity implies that for the very near wall region, » ~ 3?. Then, as
shown by Reichardt, it results from the momentum equation that », ~ y?. On the other
hand, we have seen (Eq. 5) that for large values of 4= the eddy viscosity must present a
linear behaviour. Thus, it was only natural to Reichardt to assume that

+

- + i
—=kT -4 tauhg). (

vy

|
—

The velocity profile can then be obtained from
o
(1 + pre) 5o = T (8)

Unfortunately, this equation cannot be solved analytically. An approximated solution
is given by

- -+
= % In (14 k™) + e[1 = exp(—y™/67) = 2 exp(~0.3357)], (9)
!
where k = 0.41, 7 =11 and ¢ = 7.4.
3.2 The theory of Rotta(1950)

Rotta assumed that, for the flow in the region 5.0 < y* , the total shear stress is
determined through both viscous and turbulence effects. Thus, a direct application of the
mixing-length hypothesis leads to

P (u +1n,
where I,,, = k(y — &).
The solution to the above equation can be written as

T - (1-V1+413?%) + % In (21 = V1+413%) + 67, (11)

BTz

du |\ du
EDJ?' (10)

3
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with IT = uelpm /v and 8 = usb/v.

The main difficulty with this formulation is that it requires the correct especification
of the value of the thickness of the viscous sublayer s;. The abrupt distinction made
between the viscous sublayer and the turbulent region, however, does not reflect the true
physics of the flow where the turbulent fluctuations are continuosly damped by viscous
effects. In our calculations we will use 6 = 5.0.

3.3 The theory of Van Driest(1956)

Van Driest was the first to consider the inclusion of a damping function into the
mixing length theory of Prandtl. As a result, he wrote

P
ve = k22 (1 — exp(~y™/a))*| = (12)

dy

The rate at which the flow velocity approaches zero at the wall is now controlled by
the damping exponential function. In this case, v, ~ y* as y — 0.
Integration of equations (8) and (12) gives

+

i 2/3 dy” (13
g = —,
‘ o 1+[1+4k2yT2(1 — exp(—yT/a))?1/? ;

where Van Driest considered « = 26.
3.4 The theory of Rannie(1956)

As the wall is approached, all previous expressions for the non-dimensional eddy vis-
cosity show a functional behaviour of the form either ;=3 or 4. However, for finite values
of y© a more appropriate behaviour would be of form y*2. To satisfy this requirement,
Rannie proposed for the region = < 27.5 the following expression

B 5111]12{5;;4'}, (14)
v

The resulting mean velocity profile is then given by

L

1
ut = — tauh(e y ™). (15)
T

where o = 0.0688.
3.5 The theory of Spalding(1961)

The motivation for Spalding was to find a good formula for the representation of the
the velocity profile which presented at the same time a simpler form than the formulas of
Reichardt and of Van Driest. This formula should, according to the author himself, fit the
experimental data closely, contain a sufficient number of constants to permit modification
in the light of the experimental data, and have a simple analytical form. He then sought
at establishing a formula that satisfied the following conditions:

i) passes through the point: 4= = 0,u" = 0;

ii) is tangential at this point to: u* = y™;

iii) is asymptotic at large y™ to: v™ =2.5 ln 3™ +5.5;

iv) fits the experimental points at intermediate 4= values.

The equation that immediately becomes a candidate is

x e +142 k +13 8 +14
y T =uT+C exp{ﬁ'""'}—l—l'u*—( 20 . B A 2 ;

2! 3! 4! (16)

where ¢ = exp(—kA), with A the standard constant in the law of the wall. For 4 = 5.5, the
value suggested by Spalding, ¢ = 0.1108.
Expression (16) furnishes, for large values of y*, the asymptotic behaviour v, /v ~ 4.

3.6 The theory of Rasmussen(1975)

Following the same line of thought of Spalding, Rasmussen introduced a similar ex-
pression but with fewer terms. In his formulation we have

4
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yT=uT +exp 4 [‘2 cosh(ku™) = (ku™)? — 2]. (17)

The above equation satisfies the two boundary conditions specified by Spalding at the
wall. In addition, conditions (y = 6. = us) and (y = 6.9u/dy = 0) are satisfied. Only the
requirement (y = é.u = u,) is not satisfied exactly. However, it is easily shown that the
error becomes vanishingly small for «= > 20.

3.7 The theory of Musker(1979)

Observing the limiting behaviour of the eddy viscosity for small and large values of
4+, Musker proposed the following interpolating formula

1 1 1

=4 - + : 18
vy Cy™3  kyT W8

where (= 0.001093) is a proportionality constant.
Using equation (8), it results that

-+ b +2
2 d =y = (19)
dy™ k+Cyt2+Chkyts
An integration of this equation gives
. [2yT —8:15 (y* +10.6)%6
+ =5.454 tan"}| —0—ono1/| +1 — 3.52 + 2.44. 20
Gl [ 16.7 ] °g‘0[( 28 15y" 1 86)2) (20)

3.8 The theory of Haritonidis(1989)

In the sixties, the structure of the turbulent boundary layer was shown to consist
of a set organized large scale motions that was responsible for the bulk of turbulence
production. The motions occur in a quasi-periodic fashion, giving rise to a sequence of
events which is termed “the burst”. To incorporate these facts into a simple algebraic
model for the eddy viscosity, Haritonidis considered not the details of the flow instability
that leads to a burst but the net result of the burst.

The resulting expression was

%nf',-‘,, 1. (21)
where n is the number of ejections of equal strength and duration over the period At
between bursts, f = 1/At, is the bursting frequency, and /,, is the distance traveled by the

bursts. .
An integration of equations (8) and (21) gives

vy =

= (1/A) tan"(Ay™). (22)
where A? = o fT = 0.00877.
3.9 The theory of Yakhot(1993)

In the renormalization group approach (RNG), a systematic elimination of the small
scales of motion from the Navier-Stokes equation is obtained. By eliminating the small-
scale modes from the wave-number interval A; < & < Ao, the following expression for the
eddy viscosity follows:

€A} ire
4 [HH(G—U..&Lc)] A (23)

where H is the ramp function defined by H(z) = max(r,0), « = 0.12, and C = 160.

The RNG eddy viscosity is, therefore, written as a funcion of the mean dissipation
rate, ¢, and the length scale, A = 27A}', corresponding to the smallest fluctuating scales.
Appealing to well known correlations for the & — ¢ transport model of turbulence, to a
equilibrium hypothesis between production and dissipation near the wall, and to mixing-
length type arguments, equation (23) becomes:

J
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’ ud 4 1/3
% {1+H(A-45—3—c‘)] ‘ (24)

v vy IV

Considering that H(r) = », equation (24) can be written as

Qa(p) = +(C-1)p -0} =0, (25)
Wheres D=wfv, bm=kyT, yT = ury/v.
The quartic equation (25) is solved under the constraint & = maz(.1), so that the

eddy viscosity is turned on for = > C'/4/k.
In the fully turbulent region, the flow is governed by equation (4). An integration of
this equation with equation (25) gives

cV4 41
et —1

FISRPIE | e 1 9 tan—1(5) —
ut(yT) = [4(‘ ‘+I1|( 1)+2t‘m (z) In(

— 9 tan— (V4 .
3% ) 2 tan” " (C/7) |, (26)

where = = (0% — 1+ )"*/p*4 and v = #(y™) is the solution of the quartic equation (25).
3.10 The theory of Barenblat(1993)

In a completely different approach to the problem, Barenblat proposed a velocity
scaling law that involves a special dependence of the power exponent and multiplicative
factor on the flow Reynolds number. Based on arguments related to general fractal
properties of vortex dissipative structures in turbulent flow and on the experimental data
of Nikuradze(1932) for pipe flow, he proposed

]

— =C°, (27)
T
where /3
(':%h]ﬁ'-r%: 3“;‘)0. a=3/2InR.

-

4. A NEW LAW OF THE WALL FORMULATION

As we shall see, the results provided by most of the above formulations are in general
good. The underlying hipotheses in the derivation of the equations, however, are quite
different. In fact, we have just seen that they can be of a dimensional type, of a mixing
length type, of an heuristic nature, of the RNG type, of an asymptotic type, or even a
combination of all these possibilities.

For all formulations, however, the following shortcomings were observed. The theories
of Reichardt and of Van Driest propose modifications in.the mixing-length theory which
lead to quadratures requiring numerical integration. The theories of Spalding and of
Rasmussen, present their solution in an inverse form. Rotta, Rannie and Haritonidis
present solutions with a limited range of validity. The theory of Yakhot requires the
solution of a quartic equation. Barenblat’s solution has been developed for pipe flow.
The remaining theory, due to Musker, is seen by the present author as the easiest to
implement, which still provides a solution with a wide enough range of validity and good
accuracy.

To find a new, alternative solution we will combine some of the ideas of Rotta, of
Spalding and of Van Driest. First, we resort to Cruz and Silva Freire(1995), to identify a
specific region of the flow where equation (8) holds. Next, using equation (5), we perform
a first integral to obtain

1 /1=+/1+4k2y+2
ut(yT) = - ( ¥ + In {’2.‘-‘ T+ V1 +4k2y“'2))‘ (28)

& 2kyt

This exact result is similar to the one found by Rotta, equation (11). The only
difference here is the omittion of the thickness of the viscous sublayer é;". The asymptotic
behaviour of equation (28) is
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ut =yt T =0

vt = 25InyT - 1325, yT — oo

The result is that the single-variable profile, equation (28), fails in the high y= limit.
To insure a good curve fitting for the whole range of inner scales, we add the function

d 2kyT —yl
Da(y™) = 3 [l+ta1111 (-———E——ic-)] (29)

o+
Yr

to equation (28), where d = 6.7 and y; = y; = 8.

This function substitutes the need for the specification of 4 in Rotta’s theory fixing
the wrong asymptotic behaviour of equation (28). It has been selected on a purely em-
pirical basis, very much in the same fashion of Spalding and of Rasmussen. In addition,
it has the advantage of being written in a direct form.

5. DISCUSSION

The theories will be compared with the data of Andersen et al.(1972)and of Purtel,
Klebanoff and Buckley(1981). Curves corresponding to all theories are plotted in figure 1.
The main comments are: i) the theory of Reichardt overshoots the experimental data; ii)
the solution of Rannie is good but limited to y* < 27.5; iii) Rotta’s solution clearly suffers
from an ill definition of 6;"; iv) the agreement with the experimental data provided by Van
Driest’s solution is very good, the same occuring with Spalding’ solution; v) the theory of
Rasmussen undershoots the data; vi) the agreement with the data yielded by Musken’s
expression is very good; vii) Haritonidis’solution is good but limited to 4= < 27.5; viii) the
results provided by the RNG theory are not good in the transition region; ix) the theory
of Barenblat developed for pipe flows needs a better definition of the Reynolds number
for boundary layer flows; x) the present formulation compares well with the data, being
also comparable with the solutions of Van Driest and of Musker.

6. CONCLUSION

We have here presented a new formulation for the law of the wall which can be used
to represent the flow in the inner part of a turbulent boundary layer within the accuracy
of the experimental data. The law was derived based on concepts of the mixing length
type together with an empirically chosen function. The results were compared with ten
other different formulations for the problem.
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1. INTRODUCTION

The turbulent boundary layer has a distinct structure with a number of regions hav-
ing characteristic properties. This fact was acknowledged very early in this century by
several researchers including Prandlt(1910), Taylor(1916) and Von Karman(1939). The
important realization at the time was that the flow in the wall region was determined by
conditions at the wall, as expressed by the local shear stress and roughness. The region
which comprises most of the flow, the outer region, on the other hand, has its properties
determined by scales related to the main flow.

Most of the work that followed in this period was aimed at finding a local velocity so-
lution for the wall region. This solution was termed by Coles “the law of the wall”. Many
expressions describing the velocity behaviour in the near wall viscous region were soon
advanced through different methods. Dimensional analysis and experimental evidence
established a logarithmic functional form for the velocity profile. This form was subse-
quently confirmed by mixing length arguments and asymptotic matching considerations.
Since this formulation could not be extended down to the wall, several authors found it
necessary to use at least two functions to describe adequately the velocity profile. This
introduced some inconveniences in the formulation, notably, the necessity of patching the
solutions.

As a result, the interest shifted to find a single expression to describe the velocity
for the whole range of inner lengths. Several expressions were soon proposed by a host
of authors. These expressions were more aesthetical and convenient from a numerical
implementation point of view.

The purpose of this work is twofold. First, we review ten different theories advanced in
the past for the problem comparing them with the test case data of Andersen et al.(1972)
and of Purtell, Klebanoff and Buckley(1981). Second, we propose a new expression for the
description of the wall layer flow based on an exact approximated local solution for the
equations of motion together with some purely heuristic arguments. The new equation is
different from all those presented in literature, and is shown to provide a very good match
with the experimental data.
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2. THE UNIVERSAL TURBULENT VELOCITY PROFILE"

The flow in the wall layer is postulated to depend on the wall shear stress r,,, on the
distance y to the wall, on a roughness parameter &, and on the fluid properties » and ;.
Then, from dimensional considerations, it follows that the the functional dependence of
« on the flow parameters can be expressed as

u= f(rw y. K, p.p). (1)
This equation can be re-written, in a non-dimensional form, as

— (2)

u o ury ur K
U 9 v v ):

where u.(= \/7./p) denotes the wall friction velocity and v = u/p.

Equation (2) should be a universal function valid in the whole of the wall viscous
region. Using a limit expansion argument, Prandtl(1910) found that in the very vicinity
of the wall the following relation applied

T == y_; 0 S Ii,r‘— < 11<5< (3]

where «© = u/u, and y= = yur/v.
Further out, in the turbulence dominated part of the wall layer, the commom assump-
tion is that the local shear stress deviates only slightly from the wall value. Hence, we

may write
du Tig 4
vp— = —,

‘S ” (4)
where the eddy viscosity v, is a quantity related with the diffusion of momentum between
adjacent layers due to turbulence. For diffusion times short with respect to the Lagrangian
integral time scale, the diffusion has a linear behaviour with respect to time and the eddy
viscosity varies linearly with distance. At a short distance from the wall, the diffusion
of particles is restricted to short distances, so that the eddy viscosity may be considered
proportional to the distance ;. Thus, we write

vy = kury, (5)

where . is a characteristic velocity and & is a constant.
Integration of equations (4) and (5) gives

1
i = Fln yo+ A yT > 11.5. (6)

where the values of ¥(=0.4) and of A(= 5.5) were determined experimentally.

This expression was first derived by Taylor in 1916, and subsequently by Prandtl in
1925 and Von Karman in 1930. The last two authors resorted, again, to arguments of the
mixing length type.

Later on, in 1939, equation (6) was split into two by Von Karman to cover the regions
5 <y’ <30 and 30 < y*. In this case, the constants assume respectively the values (&, A)
= (0.2,-3.05) and (k.A) = (0.4,5.5).

In fact, expression (6) can be obtained without introduction of a closure condition.
Using overlap arguments of the asymptotic type, Millikan(1939) obtained the logarithmic
law; thus, he only needed to resort to assumptions of a general nature, without any
considerations about the detais of the turbulence to find expression (6). This result set
the logarithmic law as a definitive “truth” in the theory of turbulence.

The law has been widely used to test new theories, calibrate experimental apparatus,
and validate computer codes, having become one of the great paradigms of turbulence
theory. Validated by a large number of experimental data, the law has become a bench

mark result to which all simulations of wall flow have to conform to. Evidence in favour of
the law is, therefore, strong. Some authors, however, have placed the law under a severe

scrutiny, c]almlng the velocity profile to be power-like, and not logarithmic-like!

In fact, the derivation of both laws is equally consistent and rigorous. However,
they are based on entirely different assumptions. Both derivations start from similarity
and asymptotic considerations. The log-law is obtained from the assumption that for

2
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sufficiently large local Reynolds number and sufficiently large flow Reynolds number, the
dependence of the velocity gradient on the molecular viscosity disappears completely. In
the alternative approach that leads to the power-law, the velocity gradient is assumed
to possess a power-type asymptotic behaviour, where the exponent and the multiplying
parameter are supposed to depend somehow on the flow Reynolds number. Thus, the
velocity gradient dependence on molecular viscosity does not disappear however large the
local and the flow Reynolds numbers may be. The form of the power-like scaling law
yields a family of curves whose parameter is the Reynods number. The resulting envelop
of curves is shown to be very close to the universal log-law.

The original result, the logarithmic law, however, has remained central to the theory
of turbulence. The fact that the log-law can be obtained from formal asymptotic methods
and that it has been shown to apply to a variety of flows, has firmly silenced its critics.
In fact, the large body of useful services covered by the law has made it to transcend in
importance. The universal laws of friction for smooth and rough pipes are just one of the
pungent examples of application of the log-law.

Typical examples of application of the law include cases with wall transpiration, rough-
ness, transfer of heat, compressibility, three-dimensionality, and even separation of flow.
Of course, for all of these situations, some modifications need to be made in the original
formulation to comply with specific flow requirements. However, the essence of the law
and its general form are the same for all cases.

3. A SHORT REVIEW OF THE ANALYTICAL FUNCTIONS FOR THE
INNER VELOCITY PROFILE

All previous authors have found it necessary to use at least two expressions for the de-
scription of the near wall flow. In what follows, we will show how this can be circumvented
by using alternative approaches to the solution.

3.1 The theory of Reichardt(1940)

The equation of continuity implies that for the very near wall region, « ~ 5. Then, as
shown by Reichardt, it results from the momentum equation that v, ~ 3*. On the other
hand, we have seen (Eq. 5) that for large values of = the eddy viscosity must present a
linear behaviour. Thus, it was only natural to Reichardt to assume that

Uy

4 '
— = kl{y™ — 6; tanh —). 7
= =k(y" -4 ﬁ:_) (7)

The velocity profile can then be obtained from
U'H
{;.i+plfr,'|0—y~= (T (8)

Unfortunately, this equation cannot be solved analytically. An approximated solution
is given by

1 : + :
ut = 3 In(l+ky™)+ r-[l —exp(—y" /6 ) — i‘r—_-_-exp{—{]..?:}y*}]. (9)
7 .

where k = 0.41, §; =11 and ¢ = 74.
3.2 The theory of Rotta(1950)

Rotta assumed that, for the flow in the region 5.0 < y* , the total shear stress is
determined through both viscous and turbulence effects. Thus, a direct application of the

mixing-length hypothesis leads to
d d
p (VHE;Z —);: (10)

Jdy

where I, = k(y — &).
The solution to the above equation can be written as

1 (1—\/1+41,§2)+%]n (21} - V1 +455?) + 87, (11)

u =
2k 15

3
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with I = u.I,,/v and § = u.6/v.

The main difficulty with this formulation is that it requires the correct especification
of the value of the thickness of the viscous sublayer 6. The abrupt distinction made
between the viscous sublayer and the turbulent region, however, does not reflect the true
physics of the flow where the turbulent fluctuations are continuosly damped by viscous

effects. In our calculations we will use & = 5.0.
3.3 The theory of Van Driest(1956)

Van Driest was the first to consider the inclusion of a damping function into the
mixing length theory of Prandtl. As a result, he wrote

du
dy

2

v = 1'2_1;?(1 —Bxp(—y—,.’a})- | (12)

The rate at which the flow velocity approaches zero at the wall is now controlled by
the damping exponential function. In this case, v, ~ y* as y — 0.
Integration of equations (8) and (12) gives
_ Z/y' dy~
T )y T+ 4Kyl —exp(—y /)2

(13)

where Van Driest considered « = 26.
3.4 The theory of Rannie(1956)

As the wall is approached, all previous expressions for the non-dimensional eddy vis-
cosity show a functional behaviour of the form either y** or y™*. However, for finite values
of y© a more appropriate behaviour would be of form ,*2. To satisfy this requirement,
Rannie proposed for the region 4= < 27.5 the following expression

ol 3 = si11112t631+}- (14)

v

The resulting mean velocity profile is then given by

u’ = -1-— tanh(o y™), (13)
T

where o = 0.0688.
3.5 The theory of Spalding(1961)

The motivation for Spalding was to find a good formula for the representation of the
the velocity profile which presented at the same time a simpler form than the formulas of
Reichardt and of Van Driest. This formula should, according to the author himself, fit the
experimental data closely, contain a sufficient number of constants to permit modification
in the light of the experimental data, and have a simple analytical form. He then sought
at establishing a formula that satisfied the following conditions:

i) passes through the point: 4= =0.v™ = 0;
ii) is tangential at this point to: «™ = y™;

iii) is asymptotic at large y* to: ™ = 2.5 lu g™ + 5.5;
iv) fits the experimental points at intermediate 4~ values.
The equation that immediately becomes a candidate is
(kut)?  (kuT)® (kut)?

2! 3 4 | (16)

yT=uT+C |explhuT)—1—kuT —

where ¢ = exp(—kA4), with A the standard constant in the law of the wall. For A = 5.5, the
value suggested by Spalding, ¢ = 0.1108.
Expression (16) furnishes, for large values of 4, the asymptotic behaviour v,/v ~ y**.

3.6 The theory of Rasmussen(1975)

Following the same line of thought of Spalding, Rasmussen introduced a similar ex-
pression but with fewer terms. In his formulation we have

4
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yT=uT +exp A [2 cosh(ku™) — (kuT)? — '2]. (17)

The above equation satisfies the two boundary conditions specified by Spalding at the
wall. In addition, conditions (y = 6.u = ux) and (y = 6,0u/dy = 0) are satisfied. Only the
requirement (y = 6.u = u,) is not satisfied exactly. However, it is easily shown that the
error becomes vanishingly small for «* > 20.

3.7 The theory of Musker(1979)

Observing the limiting behaviour of the eddy viscosity for small and large values of
»*, Musker proposed the following interpolating formula
1 1 1

= e . 18)
mfv  Cy*t3  kyt \

where (= 0.001093) is a proportionality constant.
Using equation (8), it results that

du™ k4 Cyt? ,
= — = (19)
dy~ k+Cy 2+ Ckytd
An integration of this equation gives
_1|2y7 = 8.15 (y™ + 10.6)%¢
+ =5.454 tan" | =———| +1 — 3.52 + 2.44. 20
e [ 16.7 ] "g“’[[ T2 _8 15y~ + 86)2 ’ 49)

3.8 The theory of Haritonidis(1989)

In the sixties, the structure of the turbulent boundary layer was shown to consist
of a set organized large scale motions that was responsible for the bulk of turbulence
production. The motions occur in a quasi-periodic fashion, giving rise to a sequence of
events which is termed “the burst”. To incorporate these facts into a simple algebraic
model for the eddy viscosity, Haritonidis considered not the details of the flow instability
that leads to a burst but the net result of the burst.

The resulting expression was

1 4
vy = E'n.’:n _f. (21)
where n is the number of ejections of equal strength and duration over the period At,
between bursts, f = 1/At, is the bursting frequency, and /,, is the distance traveled by the
bursts.
An integration of equations (8) and (21) gives

= (1/A) tan~'(Ay™), (22)
where A2 = af™ = 0.00877.
3.9 The theory of Yakhot(1993)

In the renormalization group approach (RNG), a systematic elimination of the small
scales of motion from the Navier-Stokes equation is obtained. By eliminating the small-
scale modes from the wave-number interval A; < k < Ag, the following expression for the
eddy viscosity follows:

e A4 1/3
2= [1+H(u-v—,f-(')} : (23)
where H is the ramp function defined by H(s) = mar(+,0), « = 0.12, and C = 160.

The RNG eddy viscosity is, therefore, written as a funcion of the mean dissipation
rate, ¢, and the length scale, A = 2rA}', corresponding to the smallest fluctuating scales.
Appealing to well known correlations for the & — ¢ transport model of turbulence, to a
equilibrium hypothesis between production and dissipation near the wall, and to mixing-
length type arguments, equation (23) becomes:

i
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4{4 1/3
¥ o [1+H(A»4i'-’-§-c*)] : (24)
v

vy
Considering that H(r) = z, equation (24) can be written as
QA(p) =o'+ (C-1)p -3 =0, (25)

where, & = v /v, om = ky™T, yT = ury/v.

The quartic equation (25) is solved under the constraint © = max(i.1), so that the
eddy viscosity is turned on for y* > C'/4/k.

In the fully turbulent region, the flow is governed by equation (4). An integration of
this equation with equation (25) gives

. = 3 ) z+1 cHi 41
ul(yT) = —[—1('“4 —z+ 111(;) +2 tan"(z) - ]11( X

= — e BN -1 1/4 ¢
T - (‘”4_1) 2 tan™(C/ )], (26)

where = = (7% — 1+ )¥4/5*4 and » = o(y™) is the solution of the quartic equation (25).
3.10 The theory of Barenblat(1993)

In a completely different approach to the problem, Barenblat proposed a velocity
scaling law that involves a special dependence of the power exponent and multiplicative
factor on the flow Reynolds number. Based on arguments related to general fractal
properties of vortex dissipative structures in turbulent flow and on the experimental data
of Nikuradze(1932) for pipe flow, he proposed

u

— = (", (27)
s
where /3
1 5 3+ 5
€ =B =200 o 3R,
V3 2 2a

4. A NEW LAW OF THE WALL FORMULATION

As we shall see, the results provided by most of the above formulations are in general
good. The underlying hipotheses in the derivation of the equations, however, are quite
different. In fact, we have just seen that they can be of a dimensional type, of a mixing
length type, of an heuristic nature, of the RNG type, of an asymptotic type, or even a
combination of all these possibilities.

For all formulations, however, the following shortcomings were observed. The theories
of Reichardt and of Van Driest propose modifications in the mixing-length theory which
lead to quadratures requiring numerical integration. The theories of Spalding and of
Rasmussen, present their solution in an inverse form. Rotta, Rannie and Haritonidis
present solutions with a limited range of validity. The theory of Yakhot requires the
solution of a quartic equation. Barenblat’s solution has been developed for pipe flow.
The remaining theory, due to Musker, is seen by the present author as the easiest to
implement, which still provides a solution with a wide enough range of validity and good
accuracy.

To find a new, alternative solution we will combine some of the ideas of Rotta, of
Spalding and of Van Driest. First, we resort to Cruz and Silva Freire(1995), to identify a
specific region of the flow where equation (8) holds. Next, using equation (5), we perform
a first integral to obtain

= 4 k22 )
wT(yT) = i (1 Ly . + In (2 ky™ + /1 +4k2y+2)), (28)

k 2kyT

This exact result is similar to the one found by Rotta, equation (11). The only
difference here is the omittion of the thickness of the viscous sublayer ;. The asymptotic

behaviour of equation (28) is
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ut =yt yT =0
ut — 25lnyT —1.325, yT — o0.

The result is that the single-variable profile, equation (28), fails in the high ,* limit.
To insure a good curve fitting for the whole range of inner scales, we add the function

d eyt —y
D_q{y*'} = E []_ + tanh (u;—_uc—)} § (29)
Hr

to equation (28), where d = 6.7 and y = y; = 8.

This function substitutes the need for the specification of 6 in Rotta’s theory fixing
the wrong asymptotic behaviour of equation (28). It has been selected on a purely em-
pirical basis, very much in the same fashion of Spalding and of Rasmussen. In addition,
it has the advantage of being written in a direct form.

5. DISCUSSION

The theories will be compared with the data of Andersen et al.(1972)and of Purtel,
Klebanoff and Buckley(1981). Curves corresponding to all theories are plotted in figure 1.
The main comments are: i) the theory of Reichardt overshoots the experimental data; ii)
the solution of Rannie is good but limited to y= < 27.5; iii) Rotta’s solution clearly suffers
from an ill definition of §;; iv) the agreement with the experimental data provided by Van
Driest’s solution is very good, the same occuring with Spalding’ solution; v) the theory of
Rasmussen undershoots the data; vi) the agreement with the data yielded by Musken’s
expression is very good; vii) Haritonidis’solution is good but limited to y* < 27.5; viii) the
results provided by the RNG theory are not good in the transition region; ix) the theory
of Barenblat developed for pipe flows needs a better definition of the Reynolds number
for boundary layer flows; x) the present formulation compares well with the data, being
also comparable with the solutions of Van Driest and of Musker.

6. CONCLUSION

We have here presented a new formulation for the law of the wall which can be used
to represent the flow in the inner part of a turbulent boundary layer within the accuracy
of the experimental data. The law was derived based on concepts of the mixing length
type together with an empirically chosen function. The results were compared with ten
other different formulations for the problem.
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Musker(blue line), Haritonidis(red line) and Yakhot(green line). Bottom right: theories
of Barenblat(red line) and present.
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1. INTRODUCTION

The earth surface presents large variations in topography due to changes in the
nature of the terrain. These changes are basically of two types, changes in the land
surface and hills. In the real world, these conditions normally occur at the same time
giving rise to flow configurations that are really difficult to treat theoretically.

In this work, we will be solely concerned with atmospheric flows that develop over
flat terrain with changing surface conditions. In particular, we will be looking at flows
which present abrupt changes in surface conditions from one extensive uniform surface
to another. Two types of changes will be dealt with here: changes in surface roughness
and changes in surface temperature.

Important differences occur in flow behaviour depending on whether the wind blows
from one type of rough surface to another, and on whether it blows from a hot to a cold
surface or vice-versa. The theory to be developed here is expected to account for all
these effects. The atmospheric boundary layer will be split into different regions where
different characteristics are attained. For a neutrally stable boundary layer, the flow is
normally separated into two regions. In the inner layer, where the flow is insensitive
to the earth’s rotation and the wind properties are primarily determined by the local
surface friction and scalar fluxes, the velocity profile is observed to have a logarithmic
form. For more stable or unstable flows, the velocity profile deviates from its logarithmic
behaviour. For all applications, however, asymptotic techniques can be evoked to show
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that the velocity profile always assume a logarithmic form for distances sufficiently close
to the wall.

At the larger scale, convective motions give rise to a near uniform distribution of
the velocity and temperature fields. In this region the flow is nearly insensitive to the
presence of the surface below and can be described through gradient transport turbu-
lence models. These models can be expressed algebraically or may involve differential
equations for the determination of the relevant characteristic properties of the flow.
Models that use two transport equations for the description of the turbulent field are
termed two-equation models. A classical example of a two-equation model is the i
model where equations are specified for the turbulent kinetic energy, &, and the overall
viscous dissipation per unit mass, e.

Here, we will use the k—« model to describe the properties of the atmospheric
boundary layer in the outer region. In addition, a local analytical solution will be
developed for the inner region which will be used as a boundary condition for the outer
solution. This inner solution must, as just argued above, take into account for local
changes in the flow such as those provoked by changes on the surface roughness and
temperature. The analytical solution will be developed on an heuristic basis, based on
asymptotic arguments and experimental evidence. Corroboration on the applicability
of this analytical expression to atmospheric flows is seen by the present authors as the
main contribution of this work.

2. THE FLOW OVER ROUGH WALLS

Theoretical and experimental studies on the development of turbulent boundary
layer flows over rough surfaces have a long history, having being stimulated by such
diverse applications as naval architecture, aeronautics and micrometeorology. The
fundamental concepts and ideas on the problem were established by Nikuradse(1933)
who investigated the flow in sand-roughened pipes. He found that, at high Reynolds
number, the near wall flow becomes independent of viscosity, and is a function of the
roughness scale, k', and of the pipe diameter, p. He also found that, for the defect
layer, the universal laws apply to the bulk of the flow irrespective of the conditions at
the wall. The roughness effects are, therefore, restricted to a thin wall layer.

From dimensional arguments and comparison with Prandtl’s law of the wall, Niku-
radse wrote:

u 1 y Ku-
P Y AR A (1)
U h K v

where all symbols in the above equation attain their classical meaning, that is, «, is the
friction velocity, ¥ the Von Karman constant, and » the kinematic viscosity. The square
brackets stand for functional dependence.

Equation (1) was written in an alternative form by Clauser(1954), who cast it as

o o g B [K”T]. (2)

7. k v 7. v

After an extensive experimental program, Hama(1954) showed that

+C, (3)

which immediately shows that equations (1) and (2) are just the same but written in a
different form.

Flows that follow the behaviour set by equations (1) to (3) are said to occur over
surfaces of the type “k”. Flows, on the other hand, which are apparently insensitive
to the characteristic scale K, but depend on other global scale of the flow are termed

2
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“p” type flows. In the latter case, the roughness is geometrically characterized by a
surface with a series of closely spaced grooves within which the flow generates stable
vortical configurations. To describe the part of the velocity profile that deviates from
the logarithmic law in the defect region, we consider that, in the flow region above the
rough elements, the mean motion is independent of the characteristic scales associated
with the near wall flow. Thus equation (2) may be re-written as

—=—=Ilu—+A

Uy k v U

u 1 yu- Au [Dur] (4)

v

In principle, there is no reason why the functions appearing in equations (2) and (4)
should have the same form. In fact, the distinct length scales used in the representation
of the “k” and “D” type rough wall flows may suggest that a single framework for
the description of both types of roughness cannot be devised. However, Moore(1951)
showed that a similarity law can be written in a universal form provided the origin
for measuring the velocity profile is set some distance below the crest of the roughness
elements. A detailed method for locating the displaced origin is described in Perry and
Joubert(1964). The displacement is normally referred to as the error in origin, -.

To write an expression valid for both types of roughness we make

1
—==1In A —— (5)
Uy k v Ur
where,
1
Ay i oy + C4, (6)
i+ ! v
and C,.i = K, D; is a constant characteristic of the roughness. .

Having shown how an universal similarity law was established for the velocity profile
according to other authors, we now turn our attention to the temperature field. A serious
difficulty with most studies on the problem is the absence of measurements of the active
scalars, temperature and humidity. This is particularly true in micrometeorology. In
the wind tunnel, some investigations were carried out to assess the effects that a step
change in surface roughness and temperature will have on the flow. These are important
works that, however, suffer from the impossibility of reproducing the coupling between
the surface fluxes of radiant energy and sensible and latent heat so important in real
atmospheric flows. The works of Gowen and Smith(1968), of Healzer et alli(1974),
of Ligrani et alli(1979) and of Taylor et alli(1989), all deal with flows over uniformly
heated rough surfaces and will be used here to extend the previous formulation to the
temperature field. The work of Ligrani and Moffat(1985) is the only one to give results
for a step change in both roughness and temperature at the wall and should, for this
reason, be used to validate the theory developed here. These experimental data are
the most important for meteorological applications, providing results for the surface
flux of heat. Unfortunately, at the time this work was being written, Ligrani and
Moffat’s data were not available to the present authors. This, in fact, is being provided
and will be available soon. In fact, this would be an important contribution to the
present article. However, the data of Ligrani and Moffat requires a great effort for their
complete compilation and reduction; they are not presented in tabular form and with
some vital missing information in what concerns their experimental conditions. The
present authors are engaged in a great effort to obtain all the pieces and bits of the
missing information, in a laborous task which will not be completed soon. As a result,
full comparison of the present developments with these data will have to be published
some other time.

To extend expressions (5) and (6) to the thermal turbulent boundary layer we will
follow the procedure of Silva Freire and Hirata(1990a). Alternatively, we could have
used dimensional arguments.
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The very first requirement for the correct assessment the asymptotic structure of
the flow is the determination of the order of magnitude of the fluctuating quantities.
For the velocity field, a classical result is that, for flow over a smooth surface, both the
longitudinal and the transversal velocity fluctuation components scale with the friction
velocity, v,. The direct implication of this result is that the fully turbulent region is
limited by the scales (v2/U2)L and v/u,. The temperature fluctuations, on the other
hand, are shown (Orlando et alli 1974) to scale with the friction temperature, 7.. The
implication here is that the temperature fully turbulent region is limited by the scales
(tirtr/Uso(Tw — Too))L and v/u,P., where P, denotes Prandtl number. Now, the lower
limiting scales are a property of both the fluid and the flow, and, as a result, should
have different values except for the fortuitous case of P, = 1. The mixing properties of a
turbulent flow, however, ensure that the friction velocity and the friction temperature
have the same order of magnitude. The implication of this is that the upper limiting
scales for the velocity and the temperature fields always coincide irrespective of the flow
conditions, provided the flow is turbulent.

All these arguments can easily be formalized through application of the single limit
concept of Kaplun(1967). Indeed, an application of the theory of Kaplun (Silva Freire
and Hirata(1990a)) to the equations of motion, shows that the flow structure consists of
two distinct regions determined by specific regions of validity obtained through passage
of the single limiting process. The domains defined by the limits quoted above are just
the overlap domains of the inner and the outer regions.

For flows over rough surfaces, we have seen that the lower bound of the overlap
regions must change, being now a function of the surface geometry. Indeed, in this
situation, the viscosity becomes irrelevant for the determination of the inner wall scale
because the stress is transmitted by pressure forces in the wakes formed by the crests
of the roughness elements. We have seen that the characteristic length scale for the
near wall region must be the displacement in origin. It is also clear that, in either
case, roughness of the type “k” or roughness of the type “D”, the roughness elements
penetrate well into the fully turbulent region so that the displaced origin for both the
velocity and the temperature profiles will always be located in the overlap fully turbulent
region. The similarity in transfer processes for turbulent flows then suggests that

t—tw 1 (yr +c)ur At
e fij P, T I (7)
ts 't v tr
where,
At 1 Elly
e = P2+ Dy, : (8)
t+ t 4
and D,,i = K.D; is a constant characteristic of the roughness.

Equations (7) and (8) are the law of the wall formulation for flows over rough surfaces
with transfer of heat. They were initially proposed and tested by Silva Freire and Hi-
rata(1990b) for flows over uniformly heated surfaces. The results were very satisfactory.
Validation at that time was, however, achieved only through predictions of the global
parameter lu((6 +<)/<). Here, we will apply, for the first time, the above formulation for
a problem with a step change in roughness and in temperature. Equations (5) to (8)
will be used to specify the boundary conditions on a k-« formulation of the problem.
These equation are, then, numerically solved to provide predictions of the velocity and
temperature profiles.

3. THE TEST CASE
In nature, simultaneous changes in roughness and in temperature typically occur
when the wind blows from the sea to the land. In the simplest possible modelling of the

phenomenon, the velocity and scalar fluxes are considered uncoupled and the momentum

4



CHARACTERISTICS OF A TURBULENT BOUNDARY LAYER...

and energy equations are solved separately. Here we will adopt this procedure, seeking
to discuss the effects of local advection and of downwind development.

The many possible combinations of these two effects furnishes a host of conditions
to be studied. To simplify our discussion, we will refrain our simulation to flows where
an abrupt change from one type of extensive surface to another occurs. The air flow
will also be supposed to encounter a new surface where it is slowed down (smooth-rough
change) and suffers an increase of temperature at the wall. This situation was chosen so
as to emulate a sea breeze that blows over dry land. The flow conditions are: i) external
flow velocity, 10m/s; ii) external flow temperature, 25¢; iii) boundary layer thickness
at r = 0, § = 50m; iv) initial values, Pr = 0.7, v = 1.510°m?/s, k = 0.41, k; = 0.43. The
roughness was characterized through the constants: A4 = 5.0, ¢, = 0.1 e ¢, = 1.4. The
conditions at the wall are shown in Table 1.

Table 1. Conditions at the wall

Region 1 Region 2
Total Length (m) 120 280
Displacement in Origin (m) 0.1 3.0
Temperature (C) 15.0 50.0

The present theory was numerically implemented through the computer code CAST
(Computer Aided Simulation of Turbulence, Peric and Scheuerer(1989)). This program
has the same structure of other existing fluid flow prediction schemes such as TEAM
and TEACH. It is thus a conservative finite-volume method in primitive variables.
Differences from those codes arise in the co-located variable arrangement, the discretiza-
tion scheme, the solution algorithms for the linear equation systems resulting form the
discretization, and in the pressure coupling which is adopted to the co-located variable
storage i

For turbulent flow, the code solves the Reynolds averaged Navier-Stokes equations
in connection with the k—¢ differential turbulence model of Launder and Spalding(1974).
The five empirical constants appearing in the code take on the standard values. Since
CAST uses the wall function method for specification of the boundary conditions at the
wall, an extension of the program to our case of interest was a relatively straightforward
affair. Changes were basically made in the momentum and energy balances at the control
volumes adjacent to the wall. Here, we will spare the reader the main implementation
details. We just point out that the concept of a turbulent Prandtl number was used.
A grid of 100x100 points was used for the calculations. The results converged to a
10-% error within 900 iterations. The boundary conditions for k' and ¢ at the wall are
automatically evaluated by CAST considering the former quantity to vary quadratically
with the distance from the wall, and the latter quantity linearly. For more details
on the implementation of the program, the interested reader is refered to Peric and
Scheuerer(1989).

Figure 1 illustrates the flow geometry and the resulting streamlines. Note the
streamline deflection at the roughness change. Figures 2 to 5 show, in linear and
logarithmic graphs, the effects of surface change on the velocity profiles. The smooth
surface case, figures 4 and 5, were run to validate the code and to permit a comparison
with the undisturbed case. For both conditions, smooth and rough surfaces, a good
reproduction of the law of the wall was obtained. The changes in temperature are shown
in figures 6 to 9. Again, nice log profiles are obtained. In all velocity and temperature
profiles, the correct behaviour is observed. As we mentioned before, only one data
set is currently available in literature which deals with step changes in both roughness
and temperature, and this is not available to the present authors. Comparison of the
numerical results with the data of Gowen and Smith(1968), of Healzer et alli(1974), of
Ligrani et alli(1979) and of Taylor et alli(1989) shows that the expected flow behaviour
is certainly met here by the computations. Graphs of the friction coefficient and of
the Stanton number are shown in figures 10 and 11. The skin-friction results are very
impressive for they stand a close resemblance with the experimental results obtained by
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Bradley(1968). In his experiments Bradley found ¢, /¢, = 2.8, whereas we found here
Cf1/Cr2 = 2.3. The Stanton number results also follow the expected trend.

Rough surface case |

Smooth surface case |
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Figure 1 - Flow configuration and streamlines.
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4. CONCLUSION

We have developed a theory for the treatment of turbulent boundary layer flows
subjected to a step surface change in roughness and in temperature. The theory is
based on late concepts by Nikuradse(1933), Clauser(1954) and Moore(1951), being
extended to the thermal case through asymptotic and heuristic arguments according to
the reasonings of Silva Freire and Hirata(1990a, 1990b). A numerical implementation
of the theory, together with a +— modelling of the outer region, was made, resulting
in coherent velocity and temperature profiles, and skin-friction coefficient and Stanton
number profiles. The theory is undergoing further tests, being currently compared with
the data of Ligrani & Moffat(1985). Further results will be reported later.
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The present work advances a new algebraic turbulence model for the description of bubble plumes. The
model is based on the eddy viscosity and bubble diffusity concepts, resorting to dimensional arguments
and experimental data to arrive at functional relationships involving only primitive variables of the flow.
The model is an improvement over other algebraic models in literature, providing better results at lower
computational cost. The results include predictions of the velocity profiles, of the void fraction and of
the plume radius. The four constants that appear in the theory are determined through comparison
with the data of Milgram and Van Houten(1982) and of Milgram(1983), for depths ranging from 6 to
20 meters. The agreement is shown to be very good.
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1. Introduction

The development of models for the description of turbulent two-phase flows has ba-
sically followed two lines of thought. In the integral models, some ad hoc assumptions
concerning the functional form of the flow parameters are made; additionally, constitu-
tive equations are unleashed to reduce the original set of partial differential equations
that govern the phenomenon to a simplified set of ordinary differential equations. A
classical example of integral method is the entrainment method developed by G. 1. Tay-
lor to describe jets and plumes. We recall that, in these methods, the details of the
turbulence must be embodied in the extra hypotheses for the specification of the consti-
tutive equations and that, in many situations, they are simply not enough to perceive
all subtleties of the flow. The differential methods on the other hand, aim at solving the
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equations of motion in their original form provided they are averaged and complemented
with constitutive equations for the resulting Reynolds stresses. Several possibilities are
then in order. One can use simplified algebraic models of the mixing length type, or
two-equation differencial models, or even transport equations for direct modelling of
the Reynolds tensor components. The advantage of the differential methods is that, in
theory, all properties of the flow, mean and fluctuating, are resolved at the same time
giving a procedure which is deemed more general and precise.

The purpose of this paper is to propose a new algebraic turbulence model for the
description of bubble plumes. After the introduction of the concepts of eddy viscosity
and of effective diffusivity of bubbles, an exact set of equations is derived for these pa-
rameters. The equations are obtained directly from the equations of motion after some
algebraic manipulations are made and some hypotheses are introduced. The hypotheses
are advanced to render the turbulence model explicit, that is, to yield functional rela-
tionships involving only primitive variables of the flow. In other words, the turbulence
model to be here determined is independent on the flow parameters to be resolved. The
result is a new model which represents an improvement over of the algebraic model of
Iguchi and Morita(1990). The derivation of the model of Iguchi and Morita follows the
some procedure presented here but does not make any assumption about the values of
the liquid phase velocity and the void fraction in the centerline of the flow. The same
holds for the position of the plume radius. The implication is that the resulting models
for the eddy viscosity and for the effective diffusity of bubbles are dependent on flow
parameters that are yet to be calculated.

The governing equations for the bubbly two phase flow are given in the next section.
In section 3 we describe the new algebraic turbulence model and make some comments
about other available models in literature.

In section 4 we will give a brief explanation of the finite difference method used
to implement the turbulence model here derived. Then, we will show how the model
stands comparatively with some experimental data. The results include predictions of
the velocity profiles, of the void fraction and of the plume radius. The theory is compared
with the data of Fannelpp and Sjgen(1980), of Milgram and Van Houten(1982) and of
Milgram(1981), for depths ranging from 6 to 60 meters. The agreement is shown to be
very good.

2. The Equations of Motion

In what follows we will be interested in describing the flow properties at a specific
region of the plume, the zone of established flow. Thus, realizing that in this region the
dominant force is the buoyancy force, several simplifications are in order.

The small characteristic radial scale of the plume - its radius - implies that the
boundary layer approximation can be applied here. Then, invoking Boussinesq approx-
imation, the equations of motion can be written in classical notation as:

a) continuity equation:

ou 18(rv)
0z g r dr (1)
b) momentum equation for the liquid phase:
ou ou 10 ou
ua+va—r— ;E(v,_.”ra—r)+ag, (2)
b) momentum equation for the gas phase:
da da 10 oo
(u+u.q)a—z+va—r— ;B—T(D,ff'ra—r) (3)
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We point out to the reader that all quantities depicted in the above equations are
mean quantities. The bar have been omitted for the sake of brevity.
These equations are subjected to the following boundary conditions:

Ou da
-(-9—;(3,0) =0, E’(Z,O) =0, v(2,0) =0,
lim u(z,r) =U,, lim a(z,r)=0. (4).

3. The Algebraic Turbulence Model

The effects provoked by dispersed bubbles on the turbulence structure of two-phase
flows are very complex. Typically, the mixing resulting from the bubbles increase the
turbulence in the flow by a factor of at least fifty percent. In the integral theories,
this increase is taken into account by the amplification momentum factor, which is
pretty much an empirically determined parameter. To obtain more general procedures,
some authors (Lopez de Bertodano et. al.(1990) and Lopez de Bertodano et. al.(1994))
have developed two-equation differential models for the description of two-phase bubbly
flows. In the latter work, Lopez de Bertodano and co-workers discussed two possible
variations of the x — ¢ model for two-phase flows. The more interesting one, the two
time-constant model, considers that the shear induced turbulence and the bubble in-
duced turbulence can be linearly superposed. This approach for a phenomenon which is
inherently non-linear must be considered an approximation valid only for low void frac-
tion flows. In fact, six types of non-linear coupling were identified in literature (Lance
et. al.(1992), Serizawa and Kataoka(1990) and Squires and Eaton(1989)) depending on
the flow conditions. For flows where non-linear coupling effects are important, further
improvements on the model are required. The model to be developed here is expected
to performe, at least for the same flow conditions, as well as the differential models but
with a much lower computational cost.

Algebraic models are normally derived in literature by analogy with the mix-
ing length theory of Prandtl. Dimensional arguments and heuristic considerations
are also commomly evoked. A typical example is the model proposed by Sahai and
Guthrie(1982), which can be cast as

Vers = C [Qq(1 - a)g/D]"?, (5)

where all symbols above have their classical meaning and the value of the constant
C (= 0.00049) has been recently established by Mazumdar(1989). Thus, Q, stands for
the gas flow rate, g for the gravity acceleration and D for the diameter of the cylinder.
Comparison with experimental data shows this equation to overestimate the effective
viscosity and consequently the velocity of the liquid phase. This discrepacy is inputed
to the disregard of the bubble induced turbulence.

An alternative formulation was proposed by Taniguchi et. al.(1988), who considered
both the eddy viscosity and the effective diffusity of bubbles constant throughout the
flow region. Then, considering the liquid phase velocity and the void fraction to have a
Gaussian curve form, and resorting to some experimental data, they wrote

Veff = 0.0783 90.056 H:O‘:jb‘ 02,528‘ (6)

where u, is the slip velocity.
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This equation is valid for flows in the interior of cylinders where wall effects are
negligible.
Other equations were proposed for the mean values of v, ;s averaged over the whole
bath. Examples are the expressions of Pun and Spalding(1967) and of Mazumdar(1989).
To find a more general turbulence model which can be applied locally to the whole
of the plume, we consider first that the velocity and void fraction profiles can be written
as:
U= U ea:p(—c(r/b,,,)2), (7)

a = aq ezp(—c(r/ba)?), (8)

where ¢ = In 2, cl denotes a centerline value, and b, and b, are the half-value radii of u
and a respectively.
Next, we re-write equation (2) in its integral form as

18 [" o [ . 0 "
ru(—;afo rudr)+a/‘; ruzdr=rvef_f6—:+f0 agrdr. (9)

Substitution of equations (7) and (8) into equation (9), yields

1302 5 dug db,, ;
U,,_Jrf — (i) uﬁ[gbi(ar{ ] Ct) = bﬁg(ud e u) — b,;z‘(ﬂd ] u]z]. (10)

The same procedure can now be applied to the gas phase momentum equation.
Substitution of equations (7) and (8) into the integral form of equation (3) yields

Duss =~ o o e ) v )
(%)2(%% +26,2%) (2 — a)ust
(%)2(%% " 2*’"%) iz(uld u)+
G e i w e )

where ( sk
B = bnbrr/(bf.- . bf)za

¥

dB ;b2 1db, 1 db,
R TR )
dz 2c b3 dz b3 dz
Expressions for the values of v.;r and of D in the centerline of the plume can
be obtained through passage of the limit » — 0. It results that

1 b2 dug
& = —-=1 - -, 12
Veff.el - (gari Uel dz ) ( )
and 5
b ue + us dagy
D TN 8 M o L 13
effrel de  ag dz (13)
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All equations derived so far for v,y and D, ;s are dependent on the flow parameters
themselves which are, at this stage, unknowns. Therefore, the next step in our modelling
must be to find functional relationships to v.;; and D.s; which are dependent only on
the flow variables. This will be made in two stages. First, we will consider that v, and
D.ss obey certain functional relationships that involve only flow parameters measured
at the centerline and primitive flow variables. Next, the centerline parameters will be
determined through similarity arguments and an analysis of some experimental data.

The Gaussian curve behaviour of the liquid phase velocity and of the void fraction
is a well documented fact. Equations (7) and (8) can, therefore, be considered a truth
expression of the actual behaviour of u and of a. For v,.;s and D, rr, however, an analysis
of the experimental data leads to a distinct result. Iguchi and Morita(1992) have shown
that, in the zone of established flow, the eddy viscosity exhibits a parabolic behaviour,
whereas the effective diffusity of bubbles exhibits a nearly constant behaviour. Thus,
we may write

1 b2 du,; T \2
e = ——= cl — Upe 1 =4.8{— )
Veff i (ga 1= Y — )( 0 S(bu) ) (14)
and
(0.8b,,)% up + uy dagy
Doy = — - ; (15)

4c el dz

where we have used the fact that b, = 0.8b,,.
Further, a dimensional analysis of the problem (Ditmars and Cederwall(1974)) sug-
gests that the mean flow parameters at the centerline can be written as

1/3  _1y:
uq = C1(Qy 9) F B ) (16)
< r3
cl = C‘ et = R 3 ].
aa =2 (g g,) )
by = Cy 2. (18)

In the above equations, H represents the height of the zone of established flow and
H, the manometric pressure.

Finally, substitution of equations (16) to (18) into equations (14) and (15) yields
the turbulence model here proposed, that is,

Cy Cs 92/327/li+('3 . .
Veff = 4_( 1/3 P T 3 2?13 ¢ Q,I;NQINL (19)
¢ C1Q, " (H + Hyp)“»
and ,
Dipr = —EC Ccs(Cy Q1/3 213 20
eff =~ CaCs(C1Q,/" 2 +uy.z). (20)

The two equations shown above are clearly independent of the flow parameters, as
intended before. In the next section, constants C; to C4 will be determined.

The last parameter to be defined is the slip velocity u.. The slip velocity was ob-
served (Iguchi and Morita(1992))to increase slightly in the radial direction and decrease
as the air flow rate increases. Most authors, however, for the sake of simplicity, consider
u, constant; this will be, indeed, the consideration adopted here.
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4. Finite Difference Solution

The momentum equations for liquid and gas phases are solved through a general
solution procedure for transport equations, in a conservative form

dugp Ovo 0 0¢
e + i 6y(I“¢, 6y) + S5, (21)
where I';, denotes the generalised diffusion coefficient and S the source term.

Equation(21) is solved by using the explicit finite-difference scheme of Dufort-
Frankel. The scheme is a two-step explicit centered difference method with a uniform
grid in the radial direction. The flow parameters at the centerline were found through
a Taylor series expansion using a second order approximation for the velocity and the
void fraction profiles. The Dufort-Frankel formulation applied to jet and plume flows
presented stability restrictions. This restriction has allowed the user of relatively coarse
grids without any prejudice to accuracy. Here, the dependent variable is taken to be
u and h for the solution respectively of the momentum and the energy equations. The
continuity equation is integrated the usual way and iterations are needed to treat the
nonlinear coupling among the equations.

The code was qualified against a laminar jet flow test case. For this flow, the
numerical solution was in agreement with the similarity solution up to six significant
figures, which was considered to be satisfactory for the purpose of this work.

5. Numerical Results

The variation in centerline void fraction with axial distance for the Milgram and
Van Houten(1982) casg is shown in Fig.1. Note that the predictions given by the present
turbulent model compare favorably with the experimental data. The curve fitting was
made considering equation(17). This gives the following expression:

aq = 0.00151z 7197, (22)
0.3 1.0 ™
1 Prediction 0.8 - \ ———  Prediction
02— —1— Curve Fitting N \ Gorve Fittiog
. A Experimental g 0.6 — \,\
S 1 51 \,
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] %% 0.2 —
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z r

Fig.1 Axial variation of centerline void frac- Fig.2 Radial distribution of void fraction,
tion, a4, compared with experimental data  a(r).

(Milgram and Van Houten, 1982).

The radial distribution of the void fraction is shown in Fig.2 together with the curve
fitting provided by Equation(8). Observe that the predicted radial distribution fits well
the Gaussian distribution, except for a very small difference at large radial positions.
This is probably due to the application of the infinite boundary condition at a finite
radial position.
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The variation of the plume radius with the axial distance for the Milgram and Van
Houten(1982) case is given in Fig.3. The bubble plume radius is defined as the radial
position where the mean velocity profile attains half of its value at the centerline. The
numerical results should, according with equation(18), be a linear function of the axial
coordinate. In fact, the present model predicts a reasonably linear variation of the plume
radius. This variation, however, differs appreciably from the experimental data. We
suspect this to happen due to the relatively short total axial length of the experimental
case; in such situation, free surface effects should be important. The present model is
not capable of predicting free surface effects, nor even the flow in the surface region.

03 . 1.0
———— Prediction
. b Prediction
—}— Curve Fitting 0.8 —}—  CurveFitting
0.2 A Experimental " - 1 .\\ X A Experimental
_g 1 A S 06 &*1\
0.1 |
0.4+
0.0 === | T | 02 T L .
0.0 0.5 1.0 1.5 20 25 0.0 0.5 1.0 1.5 2.0 25
¥4 z

Fig.3 Axial variation of bubble plume. b,.
compared with experimental data (Milgram
and Van Houten, 1982).

Fig.4 Axial variation of centerline velocity
compared with experimental data (Milgram

and Van Houten, 1982).

The axial variation of the mean centerline velocity is shown in Fig.4. The numer-
ical results follow, indeed, the trend set by equation(16). We conclude from the four
preceeding figures that the present algebraic turbulence model predicts correctly the
expected axial and radial distributions of important two phase flow parameters.
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Fig.5 Radial distribution of void fration ration
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Fig.6 Axial variation of bubble plume, b,
compared with experimental data(Milgram,
1983)

In Fig. 5 and Fig. 6 we show selected results for the test case of Migram(1983).
Here, only the first 20 meters of his 60 meter experiment are shown. For this case, the
predicted plume radius is in excellent agreement with the experimental data. The radial
profile of the void fraction is seen to fit well to a Gaussian distribution.

We close this section by pointing out to the reader that in all above developments
we have used C; = 2.70, C2 = 0.0015, C3 = —1.37 and C4 = 0.102.
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6. Conclusion

We have here developed a simple algebraic turbulence model for the description of
bubble plumes which was shown to performe well for a range of flow conditions. The
model, to the authors’ knowledge, is the simplest available in literature for this class
of problem. The model is now been tried at more complex flow configurations which
involve more than one plume and where wall effects are important.
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Abstract

The present work makes a critical compilation of some experimental data to corroborate the phyvsical validity of the
theoretical asvmptotic structure resulting from an application of Kaplun limits to the shock-wave/turbulent boundary
laver interaction problem. The interaction of a shock wave with a turbulent boundary laver is a very complex and rich
phenomenon, where the steep pressure gradient imposed to the boundary laver by the shock wave gives rise to an inviscid
interaction process in a region which would be otherwise viscous dominated. Thus. in a classical three deck asvmptotic
model of the compressible turbulent boundary laver (Silva Freire(1989a)). the turbulent region must change so as to comply
to this constraint. In fact, according to the single limit concept of Kaplun, in the interaction region the turbulent region
completelv disappears. The new arising asvmptotic structure consists then of two distinct regions: the wall viscous region
and the outer inviscid region. Here. these two regions are clearly identified by a careful processing of some experimental
data. Considering some flow measurements, one is capable of evaluating the dominant terms in the Navier-Stokes. from
which the asymptotic structure can then be ascertained. With the new asvmptotic structure. a simplified theory can then
be developed for the inner regions of the flow. The results obtained through the simplified theory are compared with
calculations provided by a full Navier-Stokes code and with some experimental data for velocity, pressure and skin-friction.
The full N-S code uses a finite difference explicit scheme. In the numerical simulation, the turbulent shear stresses are
evaluated through an algebraic model and a half-equation differential model.
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1. INTRODUCTION

In a previous work by the present authors (Terra et alli(1996)), the asvmptotic struc-
ture resulting from the interaction between a normal shock-wave and a turbulent boundary
laver was studied. In a straightforward application of Kaplun limits to the problem, a new
two-lavered structure consisting of a set of two principal equations and two characteristic
scales was deducted. In fact, we have shown that for the interaction problem the tur-
bulent boundary laver presents a changeable asymptotic structure, resuming his classical
two-lavered structure into an one-lavered structure at the foot of the shock. A continu-
ous and slow shrinking of the turbulent region is predicted by the new theorv, resulting
from the application of Kaplun limits in the stream-wise direction. The new structure, as
derived, is thus completely different from those found in the literature, being, however,
fully compatible with the observed data.

With the new asymptotic structure for the interaction region, a simplified theory can
be developed (Terra et alli(1996)) for the inner regions of the flow which is capable of
completely describing the main flow features and vet avoid the complications involved in
the matching processes required by the classical approaches. The theory, as advauced,
avoids the specification of a turbulence model, using asymptotic arguments for the con-
struction of a wall solution. This wall solution is then patched to a defect laver solution.

1
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The defect laver is modelled by an inviscid set of equations that is numerically solved
through a finite difference code. The theoretical results include the specification of an
algebraic skin-friction coefficient equation.

The purpose of this work is to obtain complete experimental evidence that the asvip-
totic structure discussed at length in Terra et alli(1996) is correct. This will be achieved
by a careful compilation of the experimental data of Savwer and Long(1982). Through
this compilation, a map that displavs the dominant region of every term in the equations
of motion is constructed, which is then compared with the theoretical results. The results
obtained through the simplified theorv will also be compared with calculations provided
by a full Navier-Stokes code and with the experimental data of Savwer and Long(1982)
for velocity, pressure and skin-friction. The full N-S code uses a finite difference proce-
dure based ou the explicit scheme of Bralovskava(1965). In the numerical simulation. the
turbulent shear stresses are evaluated through the algebraic model of Cebeci-Smithi(1970)
and the half-equation differential model of Johnson and King(1985).

The simplified model is an advance to the previous asviptotic analvses of the problem
by Melnik and Grossmann(1974), Adamson and Feo(1975), Messiter(1980). Liou and
Adamson(1980) and Silva Freire(1988). In these classical works, the matched asvmptotic
expansion method was used to develop specific theories for specific values of a small
parameter that relates the velocity change across the shock wave with the velocity change
across the boundarv laver (see Silva Freire(1989b)). Depending ou the order of magnitude
of this small parameter, four cases were identified for study. In all cases, particular
solutions were proposed which could not be extended to the other situations. The theory
Liere presented treats the two relevant small parameters of the problem in a completely
independent manner, giving an asvinptotic description of the flow field that cau be reduced
to all those derived by the previous authors. In particular, the present theoryv shows how
the logarithimic region of the flow is affected by the foot of the shock, giving rise to a new
asvmptotic structure for the turbulent boundary laver in the interaction region.

2. THEORETICAL ASYMPTOTIC STRUCTURE

The new asymptotic structure for the interaction problem can be obtained through a
straightforward application of Kapluu limits to the equations of motion. The definition of
Kaplun limits, their theoretical foundations. and application to the problem under study,
are discussed in Terra et alli(1996). More details on the method can be found in Silva
Freire and Hirata(1990). In what follows we will summarize the main findings for the
interaction problem.

The resulting asviptotic structure is depicted in figure 1. Please, note that as the
shock is approached, that is, as the order of magnitude of A - the x-wise streatching
function — increases, the validity domain of the turbulent region changes position until
it merges at (A.n) = (¢/(v?R).1/(u,R)) with the viscous region. Here, » stands for the
v-wise streatching function. Indeed, as shown by the calculations (Terra et alli(1996)),
at the beginning of the interaction the outer edge of the turbulent region is positioned
at (A.n) = (e.«?). However, as the order of magnitude of » varies from «? to 1/u,R, the
dominance of the turbulent terms moves along the path (en/u?.n) until reaching the point
(e/ulR.1/u,R). The flow structure is then shown to reduce from a classical two deck
structure to an one deck structure near to the foot of the shock wave. According to these
results, there is a region at the foot of the shock where the full boundary laver equations
are recovered. The simplified theory is developed on that basis.

In the simplified theory, the flow is divided into a rotational and an irrotational part.
Next, appropriate asvmptotic expaunsions are chosen to represent the flow variables. Sub-
stitution of these expansions into the approximate equations of motion and collection of
the terms of same order of magnitude then provides three sets of approximated equatious
(Terra et alli(1996)). These equations are numerically solved and patched to an inner
viscous laver solution. The result is a complete description of the velocity and pressure
profiles in the inviscid flow region, and the specification of a skin friction equation.
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Figure 1. Flow asvmptotic structure

3. NUMERICAL ANALYSIS

The results vielded bv the simplified theory will be compared in section 4 with tle
experimental data of Sawver and Long(1982) and with the results provided by a full
Navier-Stokes code developed specifically for the interaction problem.

In this section we will brieflv describe some implementation features of both the
simplified inviscid theory numerical code and the full N-S numerical code. The N-S code
can be run with either an algebraic turbulence model or a half-equation differential model.
A brief explanation on the turbulence models will also be given lLere.

Since the equations vielded by the simplified model are similar to.the transonic small
disturbance equation, theyv were discretised through a mixed finite difference scheme.
Centered difference was used in the subsonic region whereas a second-order upwind dif-
ference was used in the supersounic region. The algebraic equations that arise from the
discretisation were solved by a successive line over-relaxation(SLOR) techunique.

Two models were used to represent the Revuolds shear stress terms in the full Revuolds
averaged Navier-Stokes equations, the algebraic model of Cebeci and Smitli(1970) and the
half equation model of Johnson and King(1985).

The governing Revnolds-averaged Navier-Stokes equations for steady two-dimensio-
nal flows were solved, in a counservative form, using the finite-difference scheme of
Brailovskava (1965). The Brailovskava scheme is a two-step explicit centered difference
method. The formal accuracy and stability limits of the scheme are given by Carter(1972).
Artificial dissipative terms were added to the discretised finite difference equations to pro-
vide stability against spatial oscillations caused by the centered diffences. A nou-uniform
grid spacing was used in both spatial directions, so as to get a minimum number of
erid points without compromising the accuracy of the solution. A separate compressible
boundary laver code was devised to generate a smooth inflow profile. When the boundary
layver had reached the correct experimental values, the numerical profiles were transferred
to the main solver. The experimental data of Savwer and Long(1982)were used to specifv
the main flow velocity variation. Linear extrapolation was used for specification of the
outflow boundary conditions.

The full N-S code was tested against non-interacting and interacting flows. For
laminar compressible flow, the code was compared with the the similarity solution of
[lingworth-Stewartson. For turbulent flow, the code was compared with the test case
data of Mabey et alli(1974) and with the law of the wall formulation of East(1972). The
agreement was verv good for both flow simulations, for both turbulence models.

For interacting flow, the results were also good for both turbulence models. The fact
that part of the experimental data was used to specify the boundary conditious certainly
made it easier for the code to converge to a solution which was close to the experimental
data. From the two tried cases, the first, M = 1.27, showed a remarkable agreement
between the numericallv predicted velocity profiles and the experimental data. For the
second case, M = 1.37, the agreement was only bad in a ten centimeters x-wise vicinity of
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the shock wave. This corresponds to about 40% of the interaction region. The boundary
laver thickness at the beginning of the interaction was four centimeters.

Therefore, for most of the flow region. the numerical code was considered to provide
good results.

4. RESULTS AND DISCUSSION

Before considering the experimental data of Sawver and Long(1980), we will briefly
explain the reason why they were selected as our test case data.

First, we should recognize that the phenomenon of the interaction manifests itself in
diverse forms and hence a single experimental framework which embraces all aspects of the
problem is very difficult to devise. The experimental investigations have been conducted
with two basic configurations: i) isolated aerofoils and ii) wall mounted models. In the
former coufiguration the shock-wave/boundary laver interaction aud the trailing edge
flow are stronglv coupled, whereas in the latter the coupling effect is eliminated. For
interactions occuring on an aerofoil, investigations on the development of shock induced
separation with several changing conditions such as the increase in Mach number, the
increase in Revnolds number, the changing conditions on the boundary laver nature and
on the shock strength, can be found in literature. For flows over wall mounted models,
the same effects have been studied: now with the advantage of eliminating any misleading
influence of the coupling effects.

Experiments aimed at understanding the detailed structure of the normal shock-
wave/boundary laver interaction have often been performed with flat plate flows. Mea-
surements of the boundary laver profiles, their variation through the interaction. and
the pressures and velocities in the external flow were made by Sawver and Long(1982).
This work is, to these authors’ knowledge, the most detailed experimental analysis of the
interaction problem for the Mach number range 1.3-1.5. Besides, their flow is certainly
two-dimensional and youn-separated, for the range M = 1.3.1.4. For this reason, we have
here decided to compare our theoretical predictions with this work.

Two of the cases of Sawver and Long(1982), lLere identified by 1.3A and 1.4A, were
chiosen to test the simplified theory and the full Navier-Stokes solver. The flow conditions
are given in Table 1.

Table 1. Flow Conditions
flow M Re

1.3A 1.270 3.66x10°
1.4A 1.370 3.66x10°

We start our comparison by looking at the predicted flow asviptotic structure. Figure
2 reproduces, from the experimental data, a map which indicates the dominant region
of everyv term in the equations of motion. Both cases, 1.3A and 1.4A are shown. The
meaning of the shades in grav is clear. Thus. the outer toue corresponds to the inertia
and pressure gradient terms, the intermediate tone to the turbulent terms and the inner
tone to the viscous terms. The shock wave is located at z = 0. Observe, as predicted
by the asvmptotic theory, the complete dominaunce of the inertia and pressure terms in
the vicinity of the shock. This feature is particularly striking in case 1.4A where the
influence of the shock extends down to the viscous laver. The consequence is that the
phenomenon is, for most of the interaction region, and, to a leading order, governed by
inviscid equations.

The predicted velociy profiles are shown in figures 3 and 4. Since the full N-S numer-
ical computations have taken the boundary conditions directly from the data of Savwer
and Long(1982), their conditions downstream of the shock never reach the asvmptotic
levels predicted by the shock wave jump conditions, even at great distances from the
shock. Therefore, as the simplified asvinptotic theorv does satisfy the jump couditions,
discrepancies between botl were expected to occur. In anyv case, the agreement between
the predicted velocity variation along the streamwise direction for both theories is not bad
(figure 4). In fact, the velocity behaviour at the first grid line is predicted quite faithfully
by both approaches.
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Figure 5. Pressure profiles at the bottom and top of the computational grid:
(a) case 1.3A: (b) case 1.4A

In figures 3 and 4. only the data obtained with the algebraic model of Cebeci, Smith
and Mosinski(1970), are shown. The algebraic model proved to be much easier to run.
and since the discrepancies from the experimental data were minimum, except for a very
narrow range in the vicinity of the shock at the higher Mach number, we decided hLere to
plot just the data obtained with Cebeci, Smith and Mosinski's model. The data given by
the Jolmson and King(1985) model will only be explored in figure 6.
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Figure 6. Skin-frictin results: (a) case 1.3A: (b) case 1.4A

The pressure profile results are shown in figure 5. Aﬂdm the same remarks concerning
the shock wave jump couditions apply here.

Finally, the skin friction results are presented in figure 6. This was one of the main
objectives of this work. The agreement for C; prediction is very favorable for the simplified
theorv. The results are well inside an aceptable level, being, in fact, comparable with the
most advanced and complex approaches.

A 155 (streamwise) by 145 (transversal) grid was used in the finite difference solution
of the simplified model (Eq.5-2). Four hundred iterations were necessarv to reach a
converged solution. This took 4 minutes of computational time in a PC 486 DX2-66, with
8M RAM. A 93(z-wise) by 535(y-wise) grid was used to find the finite difference solution
of the full Navier-Stokes equations. In this case, the calculations needed 2000 iterations
to reach a time independent solution, with 200 minutes of computational time being used
in the same PC for the Cebeci-Smith model. About 50% more of computational time was
spent by the Johuson and King model. We estimate a factor of about 50 times between
tlie computational time used by the simplified model and the full Navier-Stokes equations.

The full Navier-Stokes code with the two different turbulent models was observed
to compare very well with the experimental results of Sawyver and Long(1982), provided

the boundary conditions were correctly specified. Counsidering the computational costs of
both approaches, we conclude that the simplied theorv proposed in this work provides a
much more economic and efficient approach to the turbulent boundary laver/shock wave
interaction problem.

Oue should also observe that the specification of a turbulence model is not required
bv the simplified theory. This is just a realization that, as confirmed by the numerical

6
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results, the asvmptotic structure suggested in this work for the main interaction region
of the flow is predominantly non-viscous.

5. CONCLUSION

The present work has, based on the data of Sawver and Long(1982), convincingly
demoustrated that the flow configuration resulting from the interaction of a shock wave
with a turbulent boundary laver resembles verv much the asvmptotic structure derived in
Terra et alli(1996). The conclusion is that an application of Kaplun limits to the equations
of motion shows the flow to attain an one deck structure, which is distinct from those of
other authors but cousistent with the geuneral knowledge of the problem we have. Our
results liave also successfully shown that the simplified theory is cousistent, providing
good results for the velocity and pressure profiles and for the skiu-friction cofficient.
Acknowledgments. This work lhas been financially supported by CNPq through grant
No. 350183/93-7. JS is grateful to CNPq for a research fellowship through graut No.
301476/92-6. In the course of this research GST benefited from a CAPES scholarship.

6. REFERENCES

Adamson, T.C.Jr. & Feo, A. 1975 Interaction between a shock wave and a turbulent
boundary laver at transonic speeds. SIAM J Appl Math,29, 121-145.

Brailovskava, I.Yu. 1965 A finite-difference scheme for numerical solution of the two-
dimensional non-stationarvy Navier-Stokes equations for a compressible flow. Soviet
Physics-Doklady, 10 (2), 107-110.

Cebeci, T., Smith, AM.O. & Mosinski, G. 1970 Calculation of compressible adiabatic
turbulent boundary lavers. AIAA Journal, 8 (11), 1974-1982.

East, L. F. 1972 A prediction of the law of the wall in compressible three-dimensional
turbulent boundary lavers. Roval Aircraft Establishment TR No 72178.

Johmson, D.A. & King, L.S. 1985 A mathematically simple turbulence closure model for
attached and separated turbulent boundary lavers. AIAA Journal, 23(11), 1684-1692.

Kaplun, S. 1967 Fluid mechanics and singular perturbation. Academic Press New York.

Liou, M.S. & Adamson, T.C. 1980 Interaction between a normal shock wave and a tur-
bulent boundary laver at high transonic speeds. Part II: Wall shear stress. ZalDP, 31
227-246.

Mabey, D. G., Meier, H. U. & Sawver, W. G. 1974 Experimental and theoretical studies
of the I)ouudan laver on a flat plate at Mach umnhm from 2.5 to 4.5. Roval Aircraft
Establishment TR No 74127.

Melnik, R.E. & Grossmann, B. 1974 Analvsis of the interaction of a weak normal shock
wave with a turbulent boundary laver. ATAA paper No. 74-598.

Messiter, A.F. 1980 Interaction between a normal shock wave and a turbulent boundary
laver at high transonic speeds. Part I: Pressure distribution. ZaMP 31, 204-227.

Sawver, W.G. & Long, C.J. 1982 A study of normal shock-wave turbulent boundarv-laver
interactions at Mach numbers of 1.3, 1.4 and 1.5. Roval Aircraft Establishment. Technical
Report No 82099.

Silva Freire, A.P. 1988 An asvmptotic approach for shock-wave/traunspired turbulent
boundary laver interaction. ZaMP, 39, 478-503.

Silva Freire, A.P. 1989a Ou the matching conditions for a two-deck compressible turbulent
boundary laver model. ZaMM, 69(2), 100-104.

Silva Freire, A. P. 1989b A detailed review of a solution procedure for shock-
wave/turbulent boundary laver iuteraction problems. Revista Brasileira de Ciéncias
Mecanicas, 4, 210-246.

Silva Freire, A.P. & Hirata, M.H. 1990 Approximate solutions to singular pertubation
groblems: the intermediate variable technique. J. Math. Analysis and Appl., 145, 245-



INTERACTING TBL/SW

Terra. G. S.. Su, J. & Silva Freire, A. P. 1996 The asvmptotic structure of the turbulent
boundary laver when subject to an interacting shock-wave. Anais do VI Encontro Nacional
de Ciéncias Térmicas, 1833-1838.




XIV Brazilian Congress of Mechanical Engineering

Obeid Plaza Hotel Convention Center - Bauru - SP/Brazil
December 08-12" 1997

PAPER CODE: COB328

LAMINAR-TURBULENT TRANSITION: THE NONLINEAR
EVOLUTION OF THREE-DIMENSIONAL WAVETRAINS
IN A LAMINAR BOUNDARY LAYER

MARCELLO A. FARACO DE MEDEIROS !
Departamento de Engenharia Mecdanica
Escola de Engenhariade Sao Carlos - Universidade de Sio Paulo
Rua Dr. Carlos Botelho, 1465, Sao Carlos, 13560-250 - SP - Brazil
E-mail:mafdm@sc.usp.br

Abstract
This paper presents results of an experimental study of the transition in boundary layers. The experiments
were conducted in a low-turbulence wind tunnel. The process was triggered by a three-dimensional
Tollmien-Schlichting wavetrain excited by a harmonic point source in the plate. Hot-wire anemometry
was used to measure the signal and investigate the nonlinear regime of these waves. It was observed
that the three-dimensional wavetrain behaved very differently from two-dimensional ones. In particular,
it did not involve the growth of subharmonics or higher harmonics. The first nonlinear signal to appear
was a mean flow distortion. This had a spanwise structure consisting of regions of positive and negative
mean distortion distributed like streaks, which became more complex as the nonlinearity developed.
Elsewhere studies have revealed the existence of streak-structures in turbulent flow. It is conjectured
that the current experiments may provide a link between early wave-like instabilities and some coherent

structures of turbulent boundary layers.

Keywords
Laminar-turbulent transition, hydrodynamic instability, boundary layer, hot-wire anemometry, nonlinear

systems.

1 Introduction

Laminar-turbulent transition in boundary layers is a subject in fluid mechanics that has
gained increasing interest in recent years. It is known that the process usually involves
waves of small amplitude, the so called Tollmien-Schlichting (TS) waves, which amplify
as they travel downstream. These waves are excited by disturbances in the flow such
as wall vibrations, acoustic waves, free-stream turbulence or wall roughness. When the
waves reach some finite size they cause the breakdown of the laminar flow structure

!Current Address: Departamento de Engenharia Mecénica - Pontificia Universidade Catélica de Minas
Gerais - Av. Dom José Gaspar, 500, Belo Horizonte, 30535-610 - SP - Brazil.
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creating a turbulent flow. For small enough amplitudes the evolution of these waves
can be described by a linear version of the Navier-Stokes equation, the Orr-Sommerfeld
equation (Lin 1955). However, experiments show that prior to transition the TS waves
behave nonlinearly (Klebanoff, Tidstrom & Sargent 1962). Moreover, the amplification
rates are often considerably larger in the nonlinear regime and therefore the transition
point is ultimately determined by this stage. However, scientists have not been able to
explain entirely the nonlinear regime of the TS waves, and this remains a very active field
of research.

Most of the research on nonlinear TS waves has concentrated on the evolution of
plane two-dimensional wavetrains. This effort has been able to established that when
a two-dimensional TS wave reaches some threshold amplitude a secondary instability
sets is causing strong amplification of three-dimensional modes (Kachanov 1987, Herbert
1988, Corke & Mangano 1989). The mechanism is of a parametric resonant nature and
saturates in the form of a staggered pattern of A vortices that, for some yet unclear reason,
breakdown into turbulence. If the primary TS wave is very large, the process involves
the generation of harmonics producing an aligned arrangement of A vortices (Kachanov
1994).

The situation of more practical interest, however, involves highly three-dimensional
modulated waves. Moreover, experiments have shown that these waves cause transition in
a way that is remarkably different from that of two-dimensional regular wavetrains, and
often the appearance of turbulence spots is observed (Shaikh 1997). As an example of this
more generic type of waves, three-dimensional wavepackets have been studied a number
of times (Gaster & Grant 1975, Gaster 1975, Cohen, Breuer & Haritonidis 1991, Konzel-
mann 1990, Medeiros & Gaster 1995, Medeiros 1996, Medeiros. & Gaster 1997, Medeiros
1997). These studies however have not been able to explain the complicated nonlinear
behaviour observed. Research is now concentrating on a simpler three-dimensional wave,
namely the three-dimensional wavetrain (Mack 1985, Kachanov 1985, Seifert 1990, Seifert
& Wygnanski 1991, Wiegand, Bestek, Wagner & Fasel 1995) in the hope that this could
bring some insight into the more complex cases. These works were mainly concentrated
on the linear evolution. The work by Wiegand included the nonlinear regime, but the
investigation was restricted to flow visualization. The objective of our current work is to
investigate the nonlinear regime of these waves in a more detailed and quantitative way.
This paper presents some preliminary findings.

2 Experimental set-up

Experiments on transition in boundary layers are usually carried out in wind tunnels
in which the levels of disturbances of the flow are kept to a minimum. This in turn
excites very small amplitude TS waves which take a long downstream distance to reach
the amplitudes that cause breakdown to turbulence. It is then possible to disturb the flow
with some controlled wave-maker and excite TS waves artificially. If the artificially excited
waves are substantially larger than the naturally arising ones, the transition process can
be controlled and repeated to a considerable degree even at the highly nonlinear stages.
This provides a fundamental tool for research in this subject.

The experiments here presented were carried out in a 0.9m x 0.9m low-turbulence
wind tunnel in which the free-stream velocity was 16.7m/s. The RMS free-stream tur-
bulence level was of about .008%. The boundary layer studied developed on a 2m long
elliptic nosed plate placed vertically at the centre of the tunnel. The plate was slightly

2
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inclined to the tunnel wall on the working side in order to compensate for the boundary
layer growth so as to ensure a constant pressure in the streamwise direction. Fine ad-
justment of the pressure gradient was achieved by flaps at the trailing edge of the plate.
The artificial excitations were produced by a loudspeaker embedded in the plate and
coupled to the flow via a .3mm hole located on the centre line of the plate 203mm from
the leading edge. A more detailed description of the set up is given by Medeiros (1996).

First the loudspeaker was driven continuously

0.2 : - by a 200Hz sine wave and the disturbance
‘ flow field was studied. The streamwise veloc-
s | ity fluctuations were detected by a constant

temperature hot-wire anemometer. The anti-
aliases filter was adjusted at 600Hz. Measure-
ments were taken at a constant nondimen-
sional distance from the wall, namely y/0* =
.58 (0* = displacement thickness), which is
close to the inner peak of the streamwise ve-
o S0 000 1s0 w00 w00~ a0 locity eigenfunction. Figure 2 shows veloc-

e ity records taken along the centreline of the
flow at different distances from the leading
edge of the plate. These results can best be
interpreted with the help of figure 1. This
figure shows the stability diagram of the flat
plate boundary layer obtained by solving the Orr-Sommerfeld equation. It indicates in
a Reynolds number(R)xnondimensional frequency (8 = 27 f6*/Uy) plane the region of
flow instability. The curve indicates the neutrally unstable waves and separate the unsta-
ble region (the inner part) from the stable region. The picture also displays, inside the
loop. curves of constant amplification rates. Waves traveling downstream in the boundary
layer follow straight lines that irradiate from the origin of the coordinate system. The
line displayed in figure 1 corresponds to the wave in figure 2. It is observed that the first
measuring station (R = 1312) is located within the unstable region. This is confirmed by
the observation that the wave amplifies from station x=500 to x=600mm. From stations
x=800 to 900mm the signal starts to decays. That corresponds to the region where the
waves cross the upper part of the neutral curve and return to the stable region.

frequency parameter fi
[=]

0.08

Figure 1: The instability diagram showing
the path of the 200Hz TS wave.

3 The nonlinear three-dimensional wavetrain

A more detailed study of the linear evolution the wavetrain was carried out, but this paper
focuses on the more interesting nonlinear regime. Previous studies have used a continuous
wavetrain to excite the flow. Here the excitation used to study the nonlinear regime was
a finite wavetrain. However, the finite wavetrain was made long enough so as to behave
like a continuous one. Also, care was taken that the ends of the wavetrain were very
smooth in order that the modulation did not affect the results. In this way, the hot-wire
records obtained were composed of two parts, a disturbed part and an undisturbed one,
figure 3. The background noise in the experiment was very low, but the random part of
the signal was further reduced by ensemble averaging a set of 64 records generated by
identical excitations. Analysis of the signals revealed no sign of subharmonic or higher
harmonic. In fact, the first sign of nonlinearity was clearly a mean flow distortion also
indicated in the picture.
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Figure 2: Centreline linear evolution of a continuous wavetrain excited by a point source.
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Figure 3: Centreline nonlinear evolution of a wavetrain excited by a point source.
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Figure 4: Spanwise distribution of the distur-
bance field at x=1100mm.

A somewhat surprising behaviour
was that the mean flow distortion
changed from negative to positive some-
where along the evolution. Under this ex-
perimental conditions, the positive mean
flow distortion occurred after the distur-
bances had crossedthe second branch of
the instability loop. Although the funda-
mental disturbances were decaying in this
region, the positive mean flow distortion
was larger then the negative one. To shed
more light into the phenomenon, the ex-
periments were extended to include mea-
surements off the centreline of the flow,
in order to produce a three-dimensional
view of the disturbance field. Figure 4
shows contour plots of the wave field as
it passes a downstream station, namely
x=1100mm. It is important to note that
this view was constructed from 41 span-

wise equally spaced time series measured by hot-wire anemometer and it should not be
taken as a snap-shot of the flow at a particular time. Figure 4 shows some streak structures
which developed nonlinearly in the flow. A clearer view of streak structures is obtained
by filtering out the oscillating part of the signal, figure 5. "
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Figure 5: Spanwise distribution of the mean
flow distortion caused by the disturbance field
at x=1100mm.

Figure 6 shows the streamwise evo-
lution of the nonlinearly generated mean
flow distortion. At x=.7m the mean flow
distortion is already apparent. It is ob-
served that the distortion is not negative
everywhere, but has some spanwise struc-
ture. At x=.8m the distortion is larger,
but remains similar in structure. At
x=.9m a more complex structure is form-
ing. It is very difficult to obtain span-
wise syminetry in experiments at so large
streamwise distances, and this affects the
interpretation of the results. However,
the picture conveys the idea that the pos-
itive lumps of mean distortion on the
edge of the disturbance field are splitting.
At x=1.0m the central lump of negative
distortion is split in two by a localized
positive mean distortion. It is remark-
able that the phenomenon occurs exactly
at the centreline of the flow, although the
disturbance field appears to be asymmet-
rical. After x=1.0m the spanwise distri-
bution of the streak structures remains
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Figure 6: Evolution of the mean flow distortion.

essentially the same with a widening of the positive distortion generated at the centre of
the wave field.

From figure 6 it appeared that the spanwise wavelength at station x=1.3m is ap-
proximately half of that at x=.7m. To try and gain more insight into the phenomenon
the signals were also studied in Fourier space. Two dimensional discrete Fourier trans-
forms of the signals were taken mapping the spectra onto a nondimensional frequency
(F = 10*3/R)xspanwise wavenumber (a.)plane, figure 7. In the figure the frequency
coordinate was stretched and only the frequencies close to zero were shown. Initially the
mean flow distortion appears as a double peak of symmetrical spanwise wavenumbers.
As the nonlinearity developed the spanwise distribution became more complex and more
peaks appear in the spectra. The change of sign of the mean flow distortion on the cen-
treline at x=1.0m manifests itself in the appearance of spanwise modes of even higher
wavenumbers.

4 Discussion and conclusions

The current experiments have shown that the nonlinear evolution of three-dimensional
wavetrains does not seem to be linked with the appearance of sub or higher harmonics
as occurs with two-dimensional ones. In fact, the first nonlinear signal to appear was a
mean flow distortion. The experiment was not designed for a detailed investigation of
the origin of this distortion, but some conjectures can be made. It is possible that the
nonlinearity arises from the Reynolds stresses terms (u'v’) that are neglected in the linear
approximation. It is known that this terms can produce both harmonics and mean flow
distortion (Stuart 1960). In a three-dimensional case this mechanism would produce both

6
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Figure 7: Evolution of the mean flow distortion in Fourier space.

spanwise and time harmonics, but it is possible that the time harmonics have been highly
dumped because of their high frequency and only the mean distortion remained. The
appearance of the higher spanwise wavenumber number modes might be connect with a
secondary Reynolds stress interaction which would produce even higher harmonics. A
similar mechanism has been found in the so called oblique transition (Elofsson & Al-
fredsson 1997). Our experiment. however, did not have enough spanwise resolution for a
definitive conclusion. In any case, the results appear to provide a link between the early
wave-like instability and streak structures which seem to be a key ingredient of boundary
layer transition (Monkewitz 1997).
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Abstract

A new set of self-similar solutions of a compressible laminar boundary layer is used for air as perfect
gas and where the viscosity is a power function of the temperature. Modified Levy-Mangler and Dorodnitsyn-
Howarth transformations are presented to solve the flow in a thin laminar boundary layer with no external
pressure gradients on a smooth flat plate. This results in an explicit relation between the stream function and the
enthalpy fields described by a closed coupled system of nonlinear ordinary differential equations. In the present
work boundary layer flows with external Mach numbers up to 15 are studied and the skin friction and heat
transfer coefficients for a hot wall case are presented. The present solution methodology provides a straight
forward way of comparing results using the viscosity-temperature linear relation, Sutherland’s law and the
relation according to the kinetic theory. Also, the results may provide important data needed for the design of
future hypersonic vehicles.

Keywords

Self-Similar Equations, Compressible Laminar Boundary Layer, Supersonic and Hypersonic Flows.

1. INTRODUCTION

High supersonic Mach number and high stagnation temperature flows are
characterized by the phenomena of vibrations and dissociation of molecules and ionization of
atoms and molecules. For supersonic and hypersonic cases, the flow can be considered as low
enthalpy condition and may be modeled by a calorically or thermally perfect gas equation of
state.

In a calorically perfect gas the specific heats, ¢, and c,, are considered as constant. A
thermally perfect gas is one in which the specific heats are functions of only the temperature.
This is a result of the vibrational energy within the gas molecules and the electronic energy
associated with the electron motion within the atoms or molecules. In both cases the perfect
gas equation of state may be used. In the more general case of a purely compressible gas at
thermodynamic equilibrium, the specific heats are functions of two thermodynamic properties,
for example the pressure and the temperature. The real gas equation of state should be used
for such cases. This relation may be applied in high enthalpy flows where dissociation and
ionization occur.
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A hypersonic flow over a flat plate can be divided into four distinct regions, Figure 1
(see also Anderson et al. 1984).

Near the plate

SHOCK WAVE s .

T leading edge, there exists a

sHoce o delay in the formation of
UNDARY LAYER REGION IV

MACH >> 1 e the shock layer and the

viscous | RN REGION Il s
LAYER | INTERACTION INTERACTIOK boundary layer as a result of
- R . . .

R R R R, the slip phenomena in this

KINETIC FLOW i HYPERSONIC. INTERACTION — - - - - region (Nagamatsu and

REGION | REGION Il y Sheer, 1960). Close to the
S CONTINUUM — — = = - .« -.

leading edge, region I, the
slip condition is stated and
the flow is not a continuum,

Figure 1.Flowfield on a flat plate at hypersonic flow. .
so that the Navier-Stokes

) equations are not valid, and
the first order kinetic flow theory should be applied (Nagamatsu and Li, 1960).

Immediately after the noncontinuum region, there exists a strong interaction
continuum region, where the shock layer and the boundary layer are merged and the no-slip
condition exists at the surface of the plate, region II. In this region the pressure gradient in the

y-direction may be ignored, %= 0, but the pressure gradient in the x-direction can not be

neglected, due to the presence of the shock wave inside the viscous layer.

Far from the leading edge region, a weaker interaction region may be found. In this
region, which is close to the strong interaction (region III) the pressure gradients in the x- and
y-directions inside the beundary layer are very small and may be ignored. However, outside
the boundary layer, in the inviscid layer between the shock wave and the boundary layer, the
pressure gradient in the y-direction can not be neglected.

Downstream of the strong interaction region, in region IV, the classical approach of
Prandtl incompressible boundary layer theory can be applied to the compressible boundary
layer. In this region the pressure gradients in the x- and y-directions may be neglected, both
inside as well as outside the boundary layer.

Van Driest (1952) used the Crocco’s method and derived a set of ordinary differential
equations to describe the compressible laminar boundary layer. He studied flows with Mach
numbers up to 25 on a flat plate assuming a perfect gas obeying Sutherland's viscosity law.
The main results presented are the skin-friction and heat-transfer coefficients as function of
Reynolds number, Mach number, and wall-to-free stream temperature ratio.

Cohen and Reshotko (1957) studied self-similar solutions for a two-dimensional
steady compressible laminar boundary layer with heat transfer and pressure gradients. They
used the perfect gas assumption, with a unit Prandtl number and a linear viscosity-temperature
relation across the boundary layer.

Mirels (1955) studied the shock wave as it advances into a stationary fluid bounded by
a wall. A boundary-layer flow is established along the wall behind the shock. He employed a
Blasius equation to solve the heat transfer behind the shock wave, with a modified boundary

u, . .
condition at f'(0) = ——, where u,, and u, are the velocity of the shock wave relative to the
u

wall and the velocity outside the boundary layer, respectively. He stated that with increasing
the Reynolds numbers, the laminar boundary layer behind the shock becomes unstable and the
transition to turbulent flow occurs.
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Toro et al. (1997) have recently developed new self-similar solutions for a
compressible laminar boundary layers over a flat plate. The influence of the flow Prandtl
number, wall to free-stream temperature ratio, and the power of the viscosity-temperature law
for supersonic flows with external Mach numbers up to 4 have been investigated.

The purpose of this work is to apply the new methodology of Toro et al. (1997) to
study self-similar supersonic and hypersonic compressible laminar boundary layers with
external Mach numbers up to 15. The resulting skin friction and heat transfer coefficients will
be presented. The work is limited to cases where the dissociation phenomena do not present,
and where the viscosity is a power function of the temperature.

2. MATHEMATICAL MODEL

A steady compressible flow of a viscous, heat conducting, Newtonian fluid is
considered. For this flow at the limiting case of a high Reynolds number, or a small dynamic
viscosity, the Navier-Stokes equations may be simplified to the classical Prandtl laminar
boundary layer. Following Van Driest (1952), the steady, compressible, viscous, thin
boundary layer, with two-dimensional flow, and zero pressure gradients in the x- and y-
directions, over a smooth flat plate may be described by the following conservative equations:

-%Q + % =0, (1)
{
i o o1 i) (au)
pu—a;+ p\rg:g Pr g}+p{g} (3)
Here, p is the flow density, p is the pressure, p=const., (u, v) are the axial and transverse
velocity components, p is the viscosity, Pr is the Prandtl number, Pr = % , Cp is the gas

specific heat coefficient, k is the gas conductivity, and 1 is the enthalpy.
The boundary conditions needed to solve the problem are no penetration and no slip
condition on an isothermal wall (at y =0, x > 0) and the free stream conditions as y — «:

u(x,0)=0, v(x,0) =0, i(x,0)=1,, u(x,0)=u,, i(x,0)=1i_. (4)

We assume a power law for the viscosity change as function of temperature given by

T a
() &

Here p, and T, are reference viscosity and temperature, respectively and o is a given power.

3. SELF-SIMILAR SOLUTION
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We seek self-similar solutions of equations (1) - (5). The boundary layer equations
may be reduced to self-similar solutions by introducing a modified change of variables that
combines the Levy and Mangler and the Dorodnitsyn-Howarth transformations, and the power
o that accounts for the variation of viscosity with temperature. Let

X ' a, k «
&(x) = { PuH, U, dE n(xy)=" e ![pi] dy (6)
The stream function y(x,y) is defined by
PU = Py %p PV =—P, gx_til (7)
We assume a self-similar relation:
y(x.1) = 2u, v, xf(n). i3 o(n) (8)

Replacing equations (6) - (8) into the momentum and energy equations, we obtain the
self-similar compressible boundary layers given by

-1 f'(0")’*
f'''+f ”=——-—OL8 [f‘ﬁ"+28'f"+ff‘8'—a (8) } 9)
[T oY

0"+ Prfb'= —(y —I)M; Pr ) [f"-(a-l)?} 2 (10)

where M, = L. is the Mach number of the external flow. The boundary conditions (4) result
a, :

in

£(0) = 0, £'(0) =0, f'(c)=0.", 8(0)=6,, ©6wo)=1. (11)

iy Te Ps .

Here 8, = —= T = p— is the ratio of the wall enthalpy (temperature) and the free-stream

enthalpy (temperature). This parameter strongly affects the behavior of the flow. When 6 <1
we have a cold wall and when 6, >1 we have a hot wall. For more detail of this theoretical
approach see Toro et al. (1997). Toro et al. (1997) also present results for various hot and cold
walls with Mach numbers of external flow up to 4.

The system (9), (10) and (11) is a system of nonlinear ordinary differential equations
that explicitly describes the relations between the stream function and the temperature fields.
Due to the compressibility effects, density is used here as a variable. The momentum equation
in the x-direction and the energy equation are coupled by enthalpy, as one would expect. For
the special case where viscosity changes as a linear function of temperature (i.e., a=1), the
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compressible laminar boundary layer represented by Blasius and Pohlhausen equations are

recovered.
Notice that according to (7) and (8) the streamwise velocity, u, is given by

w

a-1
u= uxf'(n)[;)p—] ,i.e., u given by f'(n)) and also related to the density. One would expect

therefore, that the local skin friction coefficient c; is not only related to f''(0) (as Blasius
equation). However, the local heat transfer rate at the surface cy is still related to 6'(0) as in

the classical compressible Pohlhausen self-similar equation. Then, the local skin friction and
the local heat transfer coefficients based on free-stream velocity and the wall condition can be
calculated, respectively, by

2[ .. £(0)'0'(0) i, 1(6.)" 00
°r=\/a“m-(“-”w]~ = E}"(a‘f] are Y

where the Reynolds number, Re, and the adiabatic enthalpy, i.., are given, respectively, by

u,x i -1,
Re = Balet f‘—“‘=1+YTM‘. (13)

3 - <]

™ i

4. RESULTS

The system of equations (9), (10) and (11) may now be used to study the behavior of
self-similar compressible boundary layers. This system is solved by a standard Runge-Kutta
fourth order integration technique using MATLAB. There are four parameters that affect the
solution: the Mach number of the external flow, M ; the temperature ratio, 0,,; the Prandtl

number, Pr; and the power a of the viscosity-temperature relation.
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L ' . Figure 2 displays the variation of
Tref = 208,15 ¢ viscosity-temperature law at pressures
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| 312
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. / wall) is shown in Figure 3. Note that the
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= J - —— | viscous dissipation is an important aspect
(| ML T 28 at high Mach number flows. It results in
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s ] 'l /( | — - ot | number about 4 (3 <M_ < 4) represent
: % ,'/ \ —=13 a near adiabatic wall case for 6,=3 (the
1 [ . ¥ | enthalpy gradient at the changes its sign,
0.00 — W : ' - | TableI).
-4.00 0.00 400 800 1200 Figure 4 presents the influence of the
_ _ _ changing external flow Mach number for
Figare 3. Typleal solunan for Botwail, the streamwise velocity and enthalpy

profiles for the hot wall, 6,=3, power viscosity-temperature law with «=0.69, and Pr = 0.71.
As the Mach number increases, for a fixed n, the streamwise velocity decreases and the
enthalpy (temperature) increases. For Mach number less than about 3.5 the boundary layer is
colder than the wall, and there exists heat flux from the wall to the flow due to only the
temperature difference. For Mach numbers less than 3.5 the surface is hotter than boundary
layer, and the temperature gradient at the wall , 8'(0), is negative, see Table 1.
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0= 0.69 |

n

Figure 4. Streamwise velocity and enthalpy profiles.

When the Mach number is about
3.5 the viscous dissipation creates a heat
flux into the wall, see Table I and Figure
4. For external flow Mach number greater
than 4 the free stream flow and also the
wall are colder than the flow in boundary
layer. This means that there exists a heat
flux from the boundary layer to the wall
and to the free stream flow. In the
supersonic cases the heat flux is
dominated not only by the temperature
ratio but also by the viscous dissipation,
since the temperature increases within the
boundary layer. Note that the viscous
dissipation effects become stronger for
higher Mach numbers.

At an external flow Mach number
15 the maximum enthalpy (temperature)

ratio in the boundary layer is about 11, and when the external temperature is about 220 K
(flight at altitude of 10 - 30 km), the maximum temperature in the flow will be about 2500 K.
Therefore, for Mach number high as 15, the free stream temperature must be sufficiently low
to assure that dissociation of the molecules will not occur. For higher Mach numbers or
temperature ratios 6, the flow may reach temperatures above 3000 K where the real gas
effects become important and where the present analysis is not valid anymore.

Finally, we would like to comment on the effect of a on the velecity boundary layer
thickness at M.=0. For a hot wall, 6,=3, u reaches 99% of u_ at n, =3.12 for a= 0.69 and

Pr = 0.71, whereas in the well-known Blasius solution for a=1 and Pr=0.71, n, =3.5. One
can see that the hydrodynamic boundary layer decreases by about 11%.

Table 1. Values of £7(0), 6°(0), u(n,)/u, £ (o), 6(cc) and n.. for various M,

M. £(0) Neg Nu u(Ny)/uxe 0'(0) . | 2ReC,
15 0.39940 | 6.6885 3.97 0.9907 | 12.64320| 7.4773 0.0326
10 0.43445 | 6.2696 3.57 09883 | 5.68680 | 6.2696 0.0350
7 0.45916 | 5.9318 3.52 09919 | 2.52970| 5.9318 0.0359
4 0.48363 | 5.5327 3.28 0.9901 0.29055 5.7998 0.0268

3 0.49040 | 5.7734 315 09872 | -0.21645 5.4940 0.1200

2 0.49579 | 5.4432 3.07 | 09854 | -0.58790| 5.7313 0.0543
[ 0.49875 | 5.2740 3.14| 09887 | -0.78157| 5.5499 0.0506
0.8 0.49970 | 5.2619 3.13 0.9886 | -0.84260 | 5.8535 -0.0467
0.3 0.50035 | 5.5208 312 0.9882 | -0.88470 | 6.2005 -0.0491
0.0 0.50045 | 5.5181 3.12 0.9882 | -0.89160| 5.8319 -0.0494

Although in the present investigation the viscosity-temperature is not a linear relation ,
i.e, a# 1, the local skin friction is only function of f''(0), since f'(0)=0. Note from
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equation (14) that in the supersonic cases when Mach number increases, the velocity boundary
layer thickness 1, increases and the skin friction ¢y decreases, since f''(0) also decreases.

The local heat transfer rate, Cy., (Stanton number) represents the ratio of heat flux to
kT
the fluid and the heat transfer capacity of the fluid flow, and it is given by C, = e u AT
pc,u,
The change of Cy with the external flow Mach number is also given in Table L. It is found that
for subsonic cases, where M _ < 1, the dissipation effects are not dominant, and as the Mach

number increases the local heat transfer coefficient decreases, since ¢'(0) decreases. In the
supersonic cases, where M_ >1, Cy increases because the fluid can transfer heat by

convection. As Mach number increases the enthalpy (temperature) gradient increases, and Cy
should increase but for high Mach number (hypersonic M_ > 5) the heat transfer capacity of

the fluid flow is higher than the surface can transfer at same time, therefore the Cy; decreases.

5. CONCLUSION

A new methodology for calculating self-similar solutions of a compressible laminar
boundary layer, considering the viscosity as a power function of the temperature is applied.
The modified Levy-Mangler and Dorodnitsyn-Howarth transformations describe the similarity
variables in terms of a power of the density that takes into account the viscosity-temperature
power law. These transformations result in an explicit relation between the stream function
and the temperature fields. Solutions are presented for boundary layer flows over hot walls
with Mach number of the external flow up to 15. The present solution methodology also
provides a straight forward way of comparing results using the viscosity-temperature linear
relation, Sutherland’s law and the relation according to the kinetic theory.

These self-similar solutions are applicable to subsonic and supersonic flows. They may
also apply to hypersonic flows with low enthalpy, as long as the flow is far from the leading
edge and is described by a continuum calorically or thermally perfect gas relation.

These self-similar solutions may provide important data needed for the design of
future hypersonic vehicles. It may also be applied in two important areas, as follows:

1) Most of the Hypersonic Shock Tunnels operate at the cold flow condition, where
the total enthalpy is low enough and there are no chemical reactions within the boundary
layer; here the real gas effects may be ignored. For this particular experimental work one can
utilize the present analyses to compare with the experimental data.

2) The Navier-Stokes equations as well as Reynolds-averaged Navier-Stokes equations
for supersonic or hypersonic flows must be solved by numerical methods since there are no
exact solutions for them. The present self-similar solutions can be used as a tool to validate
these numerical simulations.

6. ACKNOWLEDGMENTS

This report was prepared under contract no. NCC9-112 for NASA Marshall Space
Flight Center. The first author wishes to thank the Brazilian Foundation (FAPESP) for
supporting his graduate studies, and the Aeronautic and Space Institute (IAE) which allowed
him to pursue graduate studies at Rensselaer Polytechnic Institute (RPI).

7. REFERENCES



Supersonic and Hypersonic Laminar Boundary Layers

Anderson, D.A.; Tannehill, J.C. and Pletcher, R.H. “Computational Fluid Mechanics and Heat
Transfer,” MacGrawhill, 1984.

Brower, W.B. “Theory, Tables, and Data for Compressible Flow,” NY: Hemisphere
Publishing Co., 1990.

Cohen, C. B. and Reshotko, E. “Similar Solutions for the Compressible Laminar Boundary
Layer with Heat Transfer and Pressure Gradient,” NACA Report 1293, 1957.

Mirels, H. “Laminar Boundary behind Shock Advancing into Stationary Fluid,” NACA TN
3401, 1955.

Nagamatsu, H. T.; Sheer, R.E., Jr. “Hypersonic shock wave-boundary layer interaction and
leading edge slip,” ARS J., vol. 30, no. 5, pp. 454-462, 1960.

Nagamatsu, H.T. and Li, T.Y. “Hypersonic Flow near the Leading Edge of a Flat Plate,” The
Physics of Fluids 3, no. 1, pp. 140-141, 1960.

Toro, P.G.P.; Rusak, Z.; Nagamatsu, H.T. and Myrabo, L.N. “Self-Similar Compressible
Laminar Boundary Layers,” AIAA 97-0797, Jan. 97.

Van Driest, E.R. “Investigations of Laminar Boundary Layer in Compressible Fluids using
the Crocco Method,” NACA TN 2597, 1952.



N s : :
e = XIV Brazilian Congress of Mechanical Engineering

ﬁ“ Obeid Plaza Hotel Convention Center - Bauru - SP/Brazil
i December 08-12" 1997

c@ : w

oy

PAPER CODE: COB686

SIMULATION AND TESTING OF A SATELLITE
SOLAR ARRAY GENERATOR WING DEPLOYMENT

ANTONIO CLARET PALEROSI
Instituto Nacional de Pesquisas Espaciais - INPE
Divisao de Mecanica Espacial e Controle - DMC

SERGIO FRASCINO M. DE ALMEIDA
Instituto Tecnologico de Aeronautica - ITA
Divisao de Engenharia Mecanica e Aeronautica - IEM

PETRONIO NORONHA DE SOUZA
Instituto Nacional de Pesquisas Espaciais - INPE
Divisdo de Mecanica Espacial e Controle - DMC

Abstract

This work studies the solar panels deployment of the Chinese-Brazilian satellite CBERS. The problem solution
demands some deployment tests and the development of two different dynamic simulation models: one more
complex related to the laboratory and another one related to orbit conditions. This work begins with a description
of the deployment mechanisms, of the test device and of the deployment dynamic problem. The problem
formulation is discussed and the use of a computer package for dynamic analysis of mechanisms is justified. The
dynamic simulation models, the test results, the adjustment of the model parameters to fit the simulation to the test
results, the laboratory and the in-orbit simulation results are presented. The importance of the inclusion in the
dynamic models of the solar panel synchronizing mechanisms, of the aerodynamic forces of the solar panels due to
the laboratory atmosphere, and of the solar panels initial deformations are discussed.

Keywords
Satellite, solar array deployment, dynamic simulation model, dynamic of multibody systems, model adjustment.

1. INTRODUCTION

A satellite to be launched must be assembled in the launcher nose cone which has a
geometry designed to minimize the aerodynamic forces. The satellite envelope is determined
by the launcher nose cone design. Therefore, in the launching configuration, the satellite must
be as compact as possible. Specifications like the power supply, the satellite stabilization, the
positioning of sensors far from the satellite main structure and large antennas can be against
the envelope constraints requiring structures exceeding the satellite main structure size. This
problem is solved by means of foldable structures. These structures are held stowed to the
satellite sidewall during launching phase and, after the satellite separation from the launcher,
they are moved to a deployed and locked position. The motion from a stowed to a deployed
position is provided by a set of deployment mechanisms. In the case of solar arrays, the power
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to be generated may require a large area to be covered with solar cells. This is supplied by
solar panels which can have different designs. In this work we will be concerned with the
deployment of a solar array wing with three stiff and flat solar panels. This is the case of the
CBERS (China-Brazil Earth Resources Satellite) satellite which has been developed by INPE
(Brazilian National Institute for Space Research) and CAST (Chinese Academy of Science
and Technology). Figure | shows the CBERS’ structural model.

The CBERS satellite has no active
deployment control. At the end of the
movement the solar panels latch-up and stops
suddenly. This implies in a transfer of kinetic
to potential energy which characterizes an
impact in the solar panels and in the
deployment mechanisms. The dynamic
problem consists (1) in guaranteeing that
there is enough energy to Initiate and
conclude the deployment and (2) in
determining the angular velocity at panel
latch-up. The solution requires some
deployment tests and the development of
dynamic models to simulate the problem in
laboratory and orbital conditions. The laboratory dynamic model must take into account the
characteristics of the test device and of the solar panels and deployment mechanisms. The
results from the deployment tests are used to adjust the parameters of the laboratory dynamic
model. The in-orbit condition can be simulated when the influences of the laboratory are
removed from the calibrated laboratory model. Also, the data from the mechanisms friction
must be updated to those of orbit environment.

A brief description of the deployment mechanisms and of the test device is done in the
next section. The purpose is to give the reader a better understanding on the problem. The
description of the problem, based on the simulation parameter, is done in section 3. The
problem formulation, including a justification to use a computer package for dynamic analysis
of mechanisms and the dynamic simulation models are described in section 4. The test results,
the adjustment to fit the simulation to the test results, the laboratory and in-orbit simulation
results are present in section 5. Finally the conclusions are in last section.

Figure 1: CBERS’ structural model.

2. DEPLOYMENT MECHANISMS AND TEST DEVICE DESCRIPTION

The CBERS’s solar array is a deployable single wing type configuration with the
following characteristics: three solar panels (inner, center and outer) assembled over a flat
composite substrate with aluminum honeycomb core and carbon fibber facesheet; one
positioning structure (yoke) to support and positioning the solar panels away from the satellite
main structure; and a set of deployment mechanisms. The functions of the deployment
mechanism are (1) to keep the wing in the stowed position against the side wall of the satellite
during the launching phase, (2) to release the solar panels allowing the wing deployment
motion in orbit and (3) to fully deploy the wing in a synchronized motion and latch the wing
in the deployed position. The deployed wing is about 6.5 meters long and 2.6 meters wide
(Vaz and Palerosi, 1992). Figures 2 and 3 show the solar array wing at its stowed and
deployed positions, respectively.

The deployment mechanisms are composed by the following parts: (1) Hinge mechanisms.
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QUIER SOLAR PANEL These mechanisms connect one solar panel to

I HOLDDOWN _ .~ i another one, the inner panel to the yoke and this to
- f _______ o ] the satellite main structure. At end of deployment a
locking lever slides into a slot, latching the wing at
full deployed position. They are composed by
spherical bearings, each one with one Archimedes

spring. These springs provide the energy to deploy

A

* N ‘; the wing; (2) Close cable loop (CCL) mechanisms.
, \\ - They synchronize the deployment angles applying a
| | N passive control torque by means of cables and
TS - _\1— pulleys assembled in each rotation axis; (3)
=7 \ Holddown mechanisms. These are composed by six

—_— strengthened pins that hold, by means of solar panel

SATELLITE MAIN STRUCTURE 3
p: and yoke contact bushings the three solar panels and

. | i the yoke in a folded condition against the side wall
MECHANISM /T of the satellite; and (4) Release mechanisms. These
% cut the holddown pins by means of pyrocutter

devices. Figures 2 and 3 show the assembly position

Figure 2: CBERS’s solar array at in the wing of the deployment mechanisms.

stowed position.
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Figure 3: CBERS’s solar array at deployed position and test device.

The test device is used to simulate the deployment without the gravity force. This is
provided by suspension devices which hang the solar panels and yoke during the deployment.
Also, the wing is assembled in this device. The test device is depicted in Figure 3.

The test device has a longitudinal structure which supports a rail. Sliding carriages, one
for each solar panels, are assembled in the longitudinal rail. A suspension device is mounted
in the sliding carriage holding the solar panels by means of a suspension spring. So, the
sliding carriages translate in the rail carrying the solar panels during the deployment. A
structure, called swing arm, hangs the yoke. A suspension device similar to that of solar
panels is used. The satellite is assembled in a integration trolley as shown in Figure 3.
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3. DESCRIPTION OF THE PROBLEM

The problem will be described in terms of the simulation parameters. At end of this
section the degrees of freedom and the problem simplifications are presented.

Mass and inertias: The inertias of the problem in orbit condition are: the translational
and rotational inertias of the solar panels and hinge mechanisms, and the mass and rotational
inertia of the yoke. The translational inertias of the sliding carriages, the mass and rotational
inertia of the swing arm are the mass and inertias of the problem in laboratory condition in
addition to those of orbit conditions previously listed.

Torques and forces: The energy to deploy the wing comes from the deployment springs
assembled in the hinge mechanisms, from the torques applied by the electrical harness which
connects one solar panel to another one until the satellite main structure and from the solar
panel structural deformations. In the stowed configuration the deployment springs are
assembled with a pre-load and at end of deployment the springs have a residual torque due to
reliability requirements. The electrical transfer harness apply a motor torque in the beginning
of the deployment and, at end, it becomes a resistant torque. This is due to the viscoelastic
behaviour of the electrical harness.-The solar panels present geometric imperfections due to
the manufacturing of the substrate and to the solar cells bonding. As the wing is set in the
stowed configuration, the solar panels deform elastically storing potential energy which
provide energy in the beginning of the deployment.

Friction torques and forces: These are from the friction torques in the hinge
mechanisms bearings (laboratory and orbital condition) and from the friction forces in the
sliding carriages (laboratory condition). The friction forces in the sliding carriages are
obtained by means of friction tests performed with the rail inclined. The bearings are coated
with solid M,S, (molybdenum disulphide) The forces acting on the bearings depend mainly
on the wing assembly and they may vary during deployment. So, it is not possible to know in
advance the values of these friction torques. This is the parameter to be adjusted to fit the
simulation to the test results. It is necessary to perform friction tests in the mechanisms at
laboratory and orbital environment to estimate the friction torque at orbital condition. These
results are then compared and a mathematical expression relating them can be obtained.

Suspension springs: The forces acting on the hinge bearings change during deployment.
The suspension springs avoid an excessive increase of these forces by storing and releasing
energy.

Rail levelling and satellite position: The rail levelling and the inclination of the satellite
related to the rails must be as small as possible to minimize the effects of the gravity force.
These parameters must be measured and included in the laboratory dynamic model.

Iteration of the solar panels with the laboratory air: This is a complex problem due to
the unfolding movement of the solar panels. There is turbulent flow around the panels. This
makes the determination of the aerodynamic forces very difficult.

Degrees of freedom (DOF) and problem simplification: There are four deployment
angles: o, between the yoke and the satellite main structure; «;, between the yoke and the
inner panel; a;, between the inner and the center panels and ay, between the center and the
outer panels. These angles are synchronized by the CCL mechanisms. The angle differences
during deployment are due to the flexibility of the CCL cables. So, there are four DOF related
to the CCL mechanisms. The laboratory environment adds complexity to the problem. During
deployment, each sliding carriage has a different angular position with respect to its solar
panel. This adds three more DOF to the problem (f3;, 85 and f,). Also, the yoke and the swing
arm have different angular position during the deployment, which adds one more DOF (f3)).
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The following simplifications are done to define and simplify the problem: (1) the mass
of the hinge mechanisms can be considered to be distributed among the solar and yoke; (2) the
solar panels and yoke are rigid elements; (3) the angular differences from the flexibility of the
CCL cable are very small and do not have influence in the simulation results; (4) the forces
due to the panels deformation are assumed to act on the outer panel and (5) the influence of
the aerodynamic forces on the outer panel is predominant in relation to the aerodynamics
effects on the other panels. The simplification number 3 reduces the four deployment angles
to only one, a . Therefore, the problem in laboratory condition has five DOF, B;, 8>, B, B«
and a. The problem in orbital condition has only one DOF, a.

4. PROBLEM FORMULATION AND MODEL DESCRIPTION

It is possible to find a set of independent generalized coordinates which describes the
system configuration. The number of generalized coordinates is equal to the number of degrees
of freedom (five in laboratory and one in in-orbit condition). No additional equations are
necessary to solve the problem (Meirovitch, 1970). However, the analytical formulation using
the Lagrange equations for this problem, which has several elements, constraints and applied
forces is cumbersome, difficult to visualize, time consuming and subject to errors. This is mainly
due to the time differentiation of those equations which depends on the generalized velocities.
Programs of symbolic calculations like Mathematica® are useful, but the handling of equations
remains difficult. Moreover, if any change is necessary in the mechanical configuration,
significant part of the work must be redone.

A computer package for dynamic analysis of multibody system improves the design
activities. The user can be concentrated in modelling the problem, analysing the results and
several configurations can be rapidly tested. This kind of computer tool provides, in a graphic-
iterative environment, the time-history solution for all displacements, velocities, accelerations
and reaction forces in a mechanical system that is driven by a set of applied excitations. The
program ADAMS" was used to solve the dynamic problem of CBERS’s solar array.

In this program the mechanical system modelling is based on the mathematical description
of the behaviour of each element (parts, constraints and forces) and Cartesian coordinates are
used instead of generalized coordinates. The software adds constraint equations to the problem
set of equations. The resulting equations of motion are greater in number but are simpler
compared to the approach of using generalized coordinates. The efficiency of the software is
enhanced by taking advantages of sparse matrices numerical techniques. The resulting
formulation is a set of equations including the state variables and the mathematical equations
relating these variables. The formulation used in this program is described by Wielenga (1994).

A dynamic simulation model for laboratory and another one for orbital environment were
prepared. The in-orbit is a simplification of the laboratory model. The model construction in
ADAMS" was performed using existing standard types of parts, constraints and applied forces.
Simplified geometries were used to model the system components. The actual inertia properties
of each component was either measured or computed and imposed on the dynamic model.

The wing synchronization was modelled using an artifice. During deployment the solar
panels rotate and translate. A point located at the panel top (synchronization point), follows a
straight path along the deployment axis. The synchronization was modelled by an additional
massless block assembled on the solar panel synchronization point. This block allows the solar
panel rotation and drives the panel according to the defined path. The rail levelling and the
satellite inclination related to the rail were modelled by changing the direction of the gravity
force. The vertical component was decreased and a horizontal component was added to the
model.




SIMULATION AND TESTING OF A SATELLITE SOLAR ARRAY....

5. TEST AND SIMULATION RESULTS

Seven deployment tests were performed. Angular transducers were assembled in each
rotating axis. The software Labview” was used to release the wing from the stowed position
and to acquire the angular position during deployment. A data acquisition calibration was
previously done with the angular transducers assembled in a precision table device. A
numerical operator, representing the calibration curves, was included into Labview". Figure 4
shows the results from the test number 1.

The angular differences among the wing elements (yoke and solar panels) are due to the
compliance of the synchronizing mechanism cable and the force variations on this system.
The center panel shows a more uniform behaviour and is used as the reference axis.

Seven deployment tests were performed to characterize the system repeatability. For each
test there was a different set up for the wing in the stowed configuration. So, the forces due to
the solar panels deformations differs from one test to another. This causes a small difference
among the resulting curves of angular position as a function of time. Test number seven,
which has an average behaviour, was used as test reference to adjust the simulation
parameters to fit the simulation to the test results. Figure 5 shows the test result and
simulations using different values for the friction torques.
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2 In Figure 5 the total motor torque are
Z w0 .‘ multiplied by constants which represent the
g i friction torques in the hinge bearings at
S5 1!;[ laboratory  environment. The  better
£ 1 approximation is obtained using the torque
S 20 Eﬂ 0.64 T. This implies that the friction torque
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Figure 6: Comparison between test and method.

simulation angular velocity.



SIMULATION AND TESTING OF A SATELLITE SOLAR ARRAY...

At end of deployment the angular velocity presents a sudden change and there is a
discrepancy between the simulation and test results. Better agreement would be obtained if a
higher data acquisition frequency was used. Also, it can be seen that the test curve presents
saw tooth oscillations about the simulation curve during deployment. These small oscillations
in the angular displacements can be attributed to the compliance of the CCL mechanism
cables, which were not included in the simulation model, and measurement errors.

There was no available friction test results from the hinge bearing in the laboratory and
orbital environment at the time this work was prepared. So, it was decided to simulate the in-
orbit deployment according to two limit situations: (1) in-orbit friction torque equal to the
laboratory and (2) in-orbit friction torque equal to zero. Under vaccum condition, the dry film
of M,S, applied to the hinge bearings has a better performance than laboratory condition
(Roberts, 1989). So, in the first situation is possible to predict, in a conservative way, if the
torque margin is large enough to guarantee the deployment. In situation two, the angular
velocity is greater than the actual one and the latch-up analysis can be done based on this
conservative value. Figures 7 and 8 show the results for both situations for the in-orbit
condition.
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Figure 8: Angular velocity as function of
time for the in-orbit simulation.

Figure 7: Angular position as function of
time for the in-orbit simulation.

If the aerodynamic forces are not
taken into account in the laboratory model,
the adjustment of the friction torque will be
| 4 biased. This error affects the in-orbit
| simulation results. A new adjustment of the
friction torque to fit the simulation to the
test results without the aerodynamic force
was performed. A comparison between the
in-orbit simulation for the friction torque
adjustment with and without the
aerodynamic forces is presented in Figure
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Figure 9: Comparison between the in-orbit
simulated angular velocity for the friction
torque adjustment with and without the
aerodynamic forces

9. The friction torque situation 1 is used in
this comparision. The figure shows that the
error is non-conservative.
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‘ [ The importance of modelling the
¥ Y- forces due to the solar panels deformations
‘ / /’ is indicated in Figure 10. Tentatives to
9" ' ' adjust the simulation to the test results are
A presented. It can be seen that adjustment is
W not possible. The best approximation is
obtained with the curve 0.80 T, which is
slow in the beginning of the deployment
3 because the energy from the solar panels
KL T P R S it/ e deformations is not included in the
Deployment time (s) analysis.
Figure 10: Tentatives to adjust the
simulation to the test results without
considering the solar panels deformations.
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6. CONCLUSIONS

Excellent agreement was obtained between the adjusted simulation model and the test
results. A higher data acquisition frequency is recommended during the deployment test of the
satellite flight model. This could show the effect of the compliance of the CCL mechanism
cables. The small differences among the deployment angles do not have influence in the model
adjustment. This is a very important simplification because the deployment angles are reduced
from four to only one. The specification of the CCL mechanism cables and its initial tension can
be done based on an analysis of the test data.

If the aerodynamic forces are not included in the simulation model, an error of about 8% in
the in-orbit angular velocity at panel latch-up occurs. The angular velocity obtained in this case
is smaller than the one obtained when aerodynamic forces are included in the model adjustment
procedure. This represents an error against safety conditions.

It is not possible to adjust the simulation model if the solar panel initial deformations are
not included in the model. Measurements of these deformations and corresponding forces during
the set-up of the solar panels in the stowed position must be carefully done.

The problem must be analyzed under a general view. A structural transient analysis must be
performed and stress safety margins due to the solar panels latch-up must be calculated. Once
these models are available, the influence of each parameter in the in-orbit angular velocity at
latch-up can be better analyzed using the dynamic simulation models developed. Moreover, it
will be possible to determine tolerances to each model parameters.
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Resumo

O presente trabalho descreve uma solugdo analitica para a camada-limite de concentragdo junto a superficies
livres em escoamentos turbulentos, obtida a partir de aproximagdes convenientes para a difusividade turbulenta
nesta regidao e de uma adimensionalizagdo particular aplicada a equagdo governante do fendémeno espacial-
temporal de transferéncia de massa. A adimensionalizagdo permitiu gerar uma equagdo governante para o
fendmenos de transferéncia de massa na interface gas-liquido que conduziu a uma solugao geral para a geometria
estudada. A analise dos fluxos de massa através da interface gas-fluido permitiu obter, a partir de uma equagio
aproximada para a solu¢do do equacionamento proposto, uma expressdo que envolve os coeficientes
adimensionais classicos para os problemas de transferéncia de massa. como o numero de Reynolds. Schmidt e
Sherwood. Esta expressdo segue a forma tradicional de relacionar o nimero de Sherwood ao produto de
poténcias dos dois outros parametros adimensionais.
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1. INTRODUCAO

A transferéncia interfacial de massa entre gases e liquidos ¢ um problema complexo que
tem ocupado os pesquisadores ao longo dos anos. Atualmente o tema tem crescido em
importancia devido aos processos de transferéncia na superficie de corpos de agua poluidos,
como rios, lagos, estuarios e oceanos. Assim, em termos ambientais, ha maior interesse em
estudar o sistema ar-agua, pois vincula-se este sistema particular aos processos de
transferéncia de gases nocivos na interface de aguas residudrias com a atmosfera e a absorgdo
de oxigénio em corpos de agua naturais e em esgotos. Como exemplo podemos citar o
processo de auto-depuragdo dos rios, que consiste em absorver oxigénio da atmosfera
enquanto o rio escoa, fornecendo este gas para o metabolismo das bactérias que consomem
materiais poluentes organicos. A partir das primeiras décadas deste século, com o
aparecimento de modelos matematicos suportados em modelos fisicos mais consistentes, a
questdo da transferéncia interfacial de massa tornou-se bastante polémica justamente no que
concerne a validade destes modelos fisicos. Parametros novos, nem sempre possuindo uma
explicagdo ou existéncia fisica real, surgiram e passaram a enriquecer o vocabulario dos
estudiosos do assunto ¢ a fomentar a polémica. Termos como camada superficial laminar,
penetra¢do, renovagao superficial, foram incorporados a literatura da area. No presente




trabalho a atengdo é concentrada na absorgdo de gases pouco soluveis pela agua, como ¢ o
caso do oxigénio. A formulagdo obtida vale, evidentemente, tanto para processos de absor¢do
como para processos de dessor¢do desses gases. Em geral € aceito que a taxa de transferéncia
de gases interfacial, em um processo de absorgdo, pode ser representada pela equagdo (1):

dC,
dt

=K(C.S_Ch} (1)

Cp € a concentragdo média de gas dissolvido no seio do liquido (kg/ms), C; € a concentragao
do mesmo na superficie do liquido (kg/m’) e K é denominado de coeficiente de transferéncia
interfacial de massa (s™). A integragdo desta equagdo produz a variagdo temporal:

€, —C,
SeE S —Kf
; 3 =exp( ) (2)

Cy € a concentragdo média no instante inicial (kg/m3). A equagdo (2) sugere que a evolugdo
da concentragdo normalizada de gas no seio liquido independe de qualquer coordenada
espacial. Entretanto, ha de fato uma grande variagdo da concentragdo media na regido
imediatamente abaixo da superficie, na camada-limite de concentragdo, entre as
concentragdes extremas da superficie e do seio liquido. Lee e Luk (1982), Chu e Jirka (1991)
e Schulz e Schulz (1991) sugerem uma forma normalizada também para a variagcdo da
concentrag¢do no espago:

C(x)-C,

c ¢ =/ (3)

C(x) é a concentragdo média na posi¢do x no liquido (fung@o do tempo) e f{x) ¢ uma fungdo
genérica para a variagdo espacial da concentragdo. Chu e Jirka (1991), baseados em dados
experimentais, utilizaram uma aproximag¢do exponencial para f{x). Nota-se que a
concentra¢do normalizada da equagdo (3) independe agora da variavel tempo. As equagdes
(2) e (3) sao formas de analise comumente encontradas na literatura. Neste estudo ¢ mostrado
que ambas as equagdes estdo relacionadas com a equagdo geral de transferéncia de massa e
que uma equagdo governante para f{x) pode ser obtida a partir da equagdo geral. Uma solugao
para f(x) € também apresentada, seguindo a proposta de Schulz e Schulz (1992)

2. EQUACAO GOVERNANTE PARA f(x)

Considerando o balango de massa para fluidos incompressiveis, sem termos advectivos,
sem fontes e sumidouros que ndo sejam a atmosfera e com turbuléncia estacionaria, tem-se:

(4)

ot ox

-

5 C 7 oC
cC(x) G[Df(x} (x)}

Dg(x) € o coeficiente de difusividade efetiva, ou seja, a soma das difusividades molecular e
turbulenta. Nesta formulagdo considerou-se que a difusividade turbulenta varia, que se
contrapde a proposta de Kishinevsky e Serebriansky (1955). Subtraindo Cs de cada membro a
iguladade ndo se altera. Definindo C"=C(x)-Cs e admitindo separagdo de variaveis, isto