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EDITORIAL

in December of 1985, during the Brazilian Congress of Mechanical Engineering
(COBEM), held in S30 José dos Campos, SP, the brazilian thermal science community
decided to organize a separate meeting in the thermal science area. The motivation
to have an event in this area was that the COBEM, the main forum used so far, had
become too large do allow a close interaction among participants. The expectation was
that with a smaller meeting it would be possible to promote deeper discussions on
scientific and engineering problems related to the area, and to identify trends to be
pursued by our community.

In this spirit, the first Brazilian Thermal Sciences Meeting (Encontro Nacional de
Ciéncias Térmicas) was held in Rio de Janeiro in December 1986. Sixty one refereed
research papers were presented and published in the proceedings. The event fulfilled
the original expectation, and in a general assembly, it was decided to constitute the
Thermal Sciences Committee of the Brazilian Society of Mechanical Sciences, which
from then on has been very active. Additionally, it was also decided that a thermal
sciences meeting was to be organized every other year. The ENCIT 88 was then held
during December 6-8 in Aguas de Lind6ia, SP. Ninety four papers were presented and
published in the conference proceedings. This represented a substancial growth and
encouraged those engaged in promoting the fields of thermal and fluid sciences and

engineering.

The papers included in these two volumes were presented at ENCIT 90, held in
Itapema, SC, during December 9-12. For this meeting an approach different than that
employed in the first two events was adopted. In order to have an event covering a
broad scope in the thermal and fluid fields, and to bring together engineers and
scientist from branches other than mechanical engineering, thirty five areas were
selected. These areas were coordinated by leading scientists having chemical,
petroleum, environmental, food science, aerospace, nuclear and civil engineering
background. Additionally, an internacional representative was chosen to promote
ENCIT 90 outside Brazil. A joint effort of the coordinators and of the international
representative resulted in 216 accepted papers, a number well beyond our original
expectation. Around 25 per cent of the papers came from abroad, indicating that the
event has started its way in becoming an international congress.
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ABSTRACT

The non-Linear transient nesponse of a quasd one-dimensional model fon heat
thansfern 4n fins with a periodic source 48 analyzed in this paper using both asymptotic
techniques as well as numenical methods based in spectral fechniques. In the asymplotfic
analysis, a perturbation method s emplfoyed using the {nverse of the non-dimensdional
frequency of the heat sounrce as the small parametfern of expansion. An asymptotic
solution 48 obtained fon the heat flux at the f{in base using the Green function. In the
numendical pant, the Chebyshev orthogonal polynomials are employed and the non-Linear
Lerms are caleulated using the Fast Fourien Thansform routine.

INTRODUCTION

The transient response of fins is of importance in
many applications in heat transfer equipment. For thin
fins, the heat transfer process in the upper and lower
surfaces can be modelled in the energy equations with a
sink proportional to the local temperature elevated to
some power. The transient response for a convecting fin
(linear dependence) has been analyzed in several works
{1-4]. The exponent may take wvalues of 0.75, 1, 1.25,
3.0 and 4 when the fin is cooled by film boiling,
natural convection, forced convection, nucleate boiling
and radiation [5].

In order to sclve the non-linear equations,
several approaches have been undertaken. Finite-
difference methods as well finite element methods have
been used in several works [6, 7). Perturbation as well
as other approximate technigques have been also
introduced in the analysis of the heat transfer
processes in thin fins [4,8,9]). Aziz and Na [8] used a
perturbation technique in the study of the heat
transfer process of periodic temperature at the fin
base and variable thermal properties. The amplitude of
the temperature oscillations are assumed to be small
with the mean value at the fin base. Aziz and Na [4]
used a coordinate expansion technique in order to
study the transient response of thin fins for small
values of the non-dimensional times. Chang et al, [9]
used the linear approximation of the non-linear
equations with the aid of wariational methods.

The main objective of the present paper is to
obtain an approximate solution for the heat flux at
the fin base with a periodic source using both
asymptotic technigues for large fregquency of the
heating source and spectral techniques.

ANALYSIS

We consider the pseudo-one dime.isional heat
conduction process in a thin straight €fin of uniform
thickness and finite length. At time t=0, the
temperature at the base of the fin changes abruptly
from the ambient temperature to a higher temperature
oscillating around a mean value with a known amplitude
and frequency. It has been assumed that the heat
transfer rates at the lower and upper surfaces of the
fin can be modelled with a power law type of dependence
on the temperature [1, 9]. The non-dimensional energy
equation takes the form

B

3%0/3x% - D B° = 30/31 (1)

where the parameter D and the non-dimensional variables

can be defined in different forms depending on the
dominant heat transfer mechanism assumed in both
surfaces of the fin [1-4, 9]. The value for the
exponent [ also changes depending on this heat transfer
mechanism. In egquation (1), O represents the non-
dimensional temperature and is assumed to be proportional
to the temperature diference with the ambient.,x is the
normalized longitudinal coordinate, with x=0 being the
fin base. 7T corresponds to the non-dimensional time. The
initial and boundary conditions are given by

0(0,1)=1+a Sin(wi), O(x,0)=0(1,T)=0 2)
The solution to egs. (1) and (2) can be cbtained after

splitting the final steady-state and oscillatory parts
as

0= Oe(X) + ¢ (x,T) (3)

The energy balance equation (1) then takes tie form

a%0_/ax* - p 0f =0 (4)
220/3x% - b 1O - 0% = 30701 (5)
with the initial and boundary conditions
Oe(O) =1; Oetl) =0 (e)
$lx,00=-0_(x); &(1,7)=0; ¢(0,7) = o Sin (wT) (7)
For large values of D, that is fur semi-infinite fins,
the solution of eqgs. (3) and (6 is given by
0, = (1+(8-1) VB2t T/ B gor > 1 8
Oe = exp (- vD x)}, for B=1
Introducing the following variables
g=wt; E= Vi % (9)
The energy equation for the oscillatory part (5)
tiransforms to
220/352 - 3¢/00 = ¢ (@0 F-0 " (10)

where € = D/W. In the following section we solve eq. (10}
using a perturbation technigue for the case of a
heating source with large non-dimensional frequency.

ASYMPTOTIC SOLUTION FOR £ <<1

We assume a solution of eg. (10} of the form




]
Eblg:U) =z

eﬂ¢j(a.c) (11)
j=0

Introducing the relation (11) inte eq. (10), #e obtain
the following set of eguations:

order ¢° L($,) =0 (12)

By

order &

L$2)= (146 ) (13)
order € L(62)=8/27TBVD) £ 11 - 1a+0 )" (a)

etc. Here L corresponds to the linear differential
operator defined by

L[ 1 =23%/3E% - /30
with the initial and boundary conditions given by

$4(£:01=-0 (£ ¢,(£,0)=0 for 5 > 0

¢0(0,0)= Cos (0); ¢j(0,6) =0 for j >0 (15)

¢j(m,U) = 0 for all j

The solution of eq. (10) together with the appropriate
initial and boundary conditions, is given by

¢0:-erf(E//§61+ o Relexplio-(1+1)/v2Z &1} (16)

where Re denctes the real part and i corresponds to the
imaginary component, i=/~1. We are interested in the
stationary oscillations of the non-dimensional
temperature for large walues of the non-dimensional
time 0. In this case,

¢0 ~ o exp(-£/V2) Cos (0-£/V2), for o + w (17)

The solution to eg. (13) with the corresponding
boundary conditions can be given by

o

(5] o0
0, = | ao[ ekoler,0ng@,ana (18)

<y ‘o

where G correspond to the Green function

T (E-£')2 (E+E') 7
R e S Te= S s Tea O A

(19)

G(E,0

and g to the function
g(£'.0")=Re{l+a explio'-(1+i)/V2 F,'}}3 -1 (20)

The most important parameter to be obtained corresponds
to the non-dimensional heat flux at the base fin given
by

q=80/0x| =d0 sax| +/@ 3¢ _/3E|
x=0 & x=0 > E=0

3,2
+D ° Jwdda/aE
E=0 £=0

+D/Vw B /0E] o (21)

Therefore it is necessary to obtain the spatial
derivative of the non-dimensional temperature evaluated
at the fin base. After derivating eq. (18) with respect
to £, at £=o, we obtain

12

8] -]
1 do’ £
ad1/0E| == J*-* j ETeRpl- st
e vor (o-a1) i 4m (o=}
({140 explio'=(1+i)/VZ f,']}[3 -1] ag! {22)

where the real part is implicit. For integer values of

B, the binomial form is expressed by a number of finite
terms involving the different powers. For simplicity, we
take in the following lines a value of B= 2. Any
extention to different integer values is straight
forward. In this case, eq. (22) takes the form

Y g =
d¢1/3E =~/% J —U—m Uexpfiul[ X expl-x°/k-x (1+i) ]dy
E=o 5 (o-0") L
40 exp{ZiO]J exp[-x*/k-2y (14i)]dy} (23)
o

Here, y= £'/v2 and k=2(0-0'). After some manipulations,
the asymptotic solution for large non-dimensional times
of eg. (23) is given by

=0 Cos(o—w/4)—02(1+v9/2)Cos{20~n/4),as g+

o (24)

091 /3L

Therefore, up to this approximation, the non-dimensional
heat flux at the fin base is given by

q/Vu=-aCos (0+1/4) -/2 (B+1) Ve~ [Cos (0-T/4)
/2

+0(1+/572)Cos [2(0-T/2) 1 €40 (&) (25)

NUMERICAL SOLUTION

In order to obtain the numerical solution of egs.
(1) and (2) using spectral technigues, we follow the
guidelines given elsewhere [10]. We assume a solution of
the form

M
gm,1y = k a (1 Tm(n) (26)
m=o

where N= 2 x = 1, and T are the Chebyshev polynomials
9 m
defined by

Tm(n} = Cos (mn), 0= Cos-l{n) (27)

and M is the maximum number of modes taken into account.
The boundary conditions then take the form

M M
O(=-1,T)=1+0uSin (wt)+ I am(T}Tm(—1)= %oa (1) {-1)"=1+asin (W)
m=o m=0
(28)
M M
(1, T)=0+ I a (1)T (1)= L a (1) = 0 (29)
m=0 o m=o "

Taking into account only N=M-2 modes and the two extra
modes are used only to satisfy the boundary conditions
as

(N-1) /2
a =1/2 + /2 Sin (w1)=- L a,
N+ n=o
(N-1)/2
a ==1/2-/2 Sin (w1)- E a (30)
N+2 n=o Zn+1

With these relationships, the energy eguation then take
the form

N
da_/at=d/c { I p{pz-m“}ap
p=m+2
p+m even
(n-1)/2

+{N+L+[(N+L}2-m 10(3/2-L)- £ ]}-ZDEE/ﬂCm (31)
n=o
where ¢_=2 and cp=1 for m<0, L=1 for m even and L=2 for

m odd. The last term in eq. (31} can be written as

a2n+L-1




1 r1/2
B = I 2 a-n)y MY2an =21 |

m

eB Cos(2m™mot) do

o (32)
The integral in eq. (32) is the Cosine Fourier trangform

of 6B, using finite difference for the time, eq. (31)
takes the form

N
2 x
am(k+1)—2AT/cm L p(p“-m )ap(k+1)
p=m+2
p+m even
n-1/2
3.8
+287/c (N+L) [(N+L) "-m”] L @, ., (k+1)
n=0
N
=20t/c_ I plp®-m?)a_(x)+4AtT (N+L)c_[ (N+L) -m¥]
p=m+2 P .
p+m even

x[(3/2-L)- I a
n=

B
: 2n+L-l(k)/2] + am(k)—zd_l)ﬁm/ﬂcm (33)

In eq. (33) the index k and k+1 represents the solution
at two different consecutive time steps. Eg. (33)
represents a set of algebraic linear equations given by
a full matrix. The non-linear term can be obtained
through the Fast Fourier Transform routine. The most
important parameter in this type of processes is the
heat flux at the fin base. In non-dimensional variables
is given by

M N
59/0x] =208/0n] =4 LT (-1)/c_ L pa (34)
m m
n=-1 n==1 m=o p=m+1
p+m odd
RESULTS

Fig. 1 different nondimensional temperature

profiles for the case of a step change in the temperature

at the fin base. The parameters used in these
calculations are D=25 and f=2. The number of modes
taken into account were 32. For larger number of modes
the solution oscillates, indicating that some modes
achieve the quasi steady-state behavior. Fig. 2 shows
the nondimensional heat flux at the fin base as a
function of the nondimensional time. Here, it is shown
how the heat flux reaches asymptotically the steady-
state condition. Practically this steady-state condition
is achieved for values of T of order of 10 . These
results show that the spectral technigues are
appropriate for the analysis of this type of heat
transfer problems.

Fig. 3 and 4 show the temperature profiles and "he
non-dimensional heat flux at the fin base, respectively,
for a representative case of u=0.1 and w=10. More
calculations have to be done in order to scan the
parametric space. However, the main objective of this
paper is to present some results using spectral
techniques.
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Fig. 3

Non-dimensional temperature profiles as a
function of T for a=.1 and w=10.
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RESUMO

O presente trabalho propde uma extensdo da formulagdo de otimizagdo
termodinamica de aletas tipo pino cilindrico expostas a escoamentos cruzados,
atraves da minimizacdo da geracdo de entropia associada ao processo de
transferéncia de calor, tendo como restrigdo o volume de material fixo. Sao
apresentados resultados numericos que ilustram a presente analise para valores
numericos de relagdes de aspecto para os quais a teoria de aleta ¢ valida.

INTRODUGAO _ Q .
- Sgen = B

/2 16 k 0¥ (25)'7% teh(g)
Aletas como elementos promotores do aumento da
transferéncia de calor entre uma superficie sdélida e 2
, ! p Uo L DCp (2)

um escoamento de fluide, podem também provocar um
significative arrasto. 2 Ton

Portanto, as irreversibilidades inerentes ao
processo de transferéncia de calor em aletas ocorrem
tanto devido a diferenca de temperatura entre a aleta b
e o fluide quanto a forgas viscosas. Poulikakos e onde, g = 2 {;D] L
Bejan [2] apresentam a equacio de geracdo de entropia
dessas irreversibilidades como fungdo do didmetro e
comprimente de aletas do tipo pine cilindrico.
Otimizaram (minimizaram) entdo a fungdo objetiva da cuja forma adimensional é& a seguinte,
geragao de entropia em relacio ao diametro da aleta pa
ra um dado comprimento fixo, e wvice-versa, ou seja,

restrigem espacgo fisico disponivel, quando fixam

comprimento ou diametro. - (k)72 -
Uma formulagao alternativa consiste em Ns = 2"7‘6 a P

considerar o wvolume de material consumido na (QB Un/kvTam) n/2 Nu™"" Re tgh(m)

fabricagdo da aleta constante. Sob o ponto de vista &

econémico, em escala malor, (—J?La fllLernativa & 1 B Co Re Re (3)

equivalente a determinar as dimensdes da aleta 5 L D

cilindrica gque minimize o custo operacional, este

expresso por uma fungdo de peracidc de entropla

adequada, com custo de capital fixo. i S &
Como sera apresentado neste breve trabalho, o onde, m = 2 Nu (A/k) ""Re /Re e B = pv YTwq?

processo de otimizagdo com restrigiao de volume & o parametro de projeto que ~ avalia a importancia

constante tem como caso limite 6timo o ponto de otimo relativa da irreversibilidade devido ao atrito sobre

absoluto determinade em [2], para cada valor numérico a irreversibilidade devida a transferéncia de calor.

de parametro de projeto fixo. Se o pino é esbelto (L/D > 5), o nimero de

Nusselt e o coeficiente de arrasto para um cilindro
exposto a escoamento transversal podem ser expressos
FORMULAGCAOQ respectivamente pelas correlacoes,

A entroplia gerada pela presenca de uma aleta em &
um escoamento é dividida em duas parcelas, a primeira Nu = a {ReD:?r (4)
das quais devida & irreversibilidade da transferéncia
de calor e a outra devida a Iirreversibilidade da
perturbagdo do escoamento.

A pgeragaoc de entropia €& expressa entdoc pela

€o = c Re (5]
equagao: D

‘Sgen = (égen) + [égcn) (1) onde, as constantes a, b, ¢ e d sio especificadas para
kL 45 diferentes faixas de Re [2].
Substituindo (4) e (5) em (3) tem-se:

Fixando-se o fluxo de calor 0 na base da aleta,
pode-se provar que [2]: £



Ns(ReD ReL} = 3
* w2 a'’? Re Pr’® tgh(r)

Re (6)

A otimizaglo proposta em [2], consiste em
minimizar a equagdoc (6) com relacdo a Re_ ou RBE
0 volume da aleta expresso por,

_n D1 (7}
=g
pode ser adimensionalizado na forma,
3
v
o, e =35Re§uzeL (8)
3 4

Intreduzindo agora o parametro a na equagio
(6) resultz,

1/2
Ns{ﬁen.a) = S +
n’2 Rt&:gfz*1 tghin)

2c¢cB Re;"l a (9)
n

(47079 i
onde, M = T
Pr
_8 E1/2 Re??3 4
7 n M

Através desta expressdo pode-se ver due €
possivel a minimizagdo do numero de Reynolds referente
ao didmetro, para um dado « (volume adimensional) fixt
ou alternativamente, em relagido ao volume para um dado
numero de Reynolds fixo.

A derivagado parcial da equagdo (39) relativamente
a o, para cada Re fixo, resulta uma equagao
ndo-linear, que resolvida numericamente fornece uma
raiz para «. Alternativamente, fixando-se o e
derivando-se a equacdo (B) relativamente a EIQD. tem-se
uma equagdo para a variavel meD

RESULTADOS

Resultados 1ilustrativos sfc apresentados na
figura (1). Esta figura mostra que a fungio Ns possui
um minimo em relacdo ao diametro da aleta, para volume
e parametros referentes a propriedades fisicas do ar e
aleta e referentes ao processo de transferéncia de

calor (M,B) fixos.

3210
24
8
15
12

T T

o x10° =05

EEV/'

m

310"
24
18]
5
12

35 10° 4 k1

1 o i AL g

3IxI0 6 9 12 118 3002 6 9 12 18 3x10°

Rep

Fig. 1 Numero de geragdo de entropia (Ns) em
fungdo do Ren. para M =8100 e B = 10, Valor de «
otimo igual a 3,7342x10

Na tabela (1) sdo apresentados parametros de
6timo absoluto para a geracdo de entropia Ns, onde os
valores de Re foram obtidos da equagdo (8) para ReD e
o 6timos especificados. Como era esperado, existe um
valor de a otimo fixo que corresponde ao valor oOtimo
calculado em [2]. Para valores de o distintos de a« oti
mo (vide figura (1)), Re e Re ndo coincidem com

ot L
os valores calculados e [2].
Ainda da tabela (1) pode-se ver que Ns cresce com
o aumento de B.

Tabela 1. Valores 6timos para Re , o, ReL. Ns e L/D
para varios valores de B (M=100).

B |Re « x107%| Re Ns L/D
D,ot ot o

107° 2021,4| 381627 [11892 |0,0300602 |5, 88

107°|876,09|37750,1 |6262,3|0,0842765|7, 15
379,703734,20 |3297,8|0,2362755 |8, 68
10" °}164,56 359‘384“_EE§;.8 0,6624117]10,6
71,322|36,5391 [914,58/1,8571320|12,8
10™"|27,785(3,02535 |498,96 5, 1454820 18,0

A presente teoria é valida para a relagido L/D
maiores que 5. Nem todos os valores de o sao
compat iveis com este limite. Os valores de a maximos
abaixo dos quais L/D > 5,0, sdo apresentados na tabela
(2), para M=100 e varios valores de parametro de
projeto B.

S —




Takela 2. Valores maximos para « correspondentes a
L/D=5 e Ren , para este a fixo com M=100.
0

B la x10"%| Re
|Smax D0t
10" | g5100000| 28929
107" | 33500000 20432
107" | 7860000| 12602
107" | 1515700| 7280,8
107" | 263800 | 4065, 1
107" 47324 | 2202,7
10°% | 5906,2 | 1145,7
1077 | 723,08 | 568,90
10® | 87,36 | 281,24
107° | 10,457 | 138,60
107" | 1,2435 | 68,156
CONCLUSAD
Os resultados aqui apresentados ilustram o caso

particular de otimizagao termodinamica com restricao
de volume fixe. A otimizagdo sem restricoes como
aquela relatada em [2], fornece o valor do volume
adimensional como resultado secundario. A otimizagado a
volume constante aqui apresentada inclui a otimizacgio
absoluta como caso particular.

0 parametro B representative do pesoc da
Irreversibilidade devida a viscosidade em relagac ao
peso da irreversibilidade devida a transferéncia de
calor deve ter o menor valor possivel, para que o
valor otimo da geragdo de entropia seja pequeno. FEm
outras palavras, a diminuigdo da Iirreversibilidade
viscosa e/ou aumento do fluxo térmico, contribuem para
diminuir a geracio de entropia otima.

NOMENCLATURA

B - pr kTe/Qs”
Co - Coeficiente de_arrasto
( = Fp/(1/2pUx°DL))
- Diametro da aleta
Fo - Forc¢a de arrasto na aleta
h - Coefliclente convectivo de transferén-
cia de calor entre aleta e fluido

k - Condutividade termica do fluido

L - Comprimento da aleta.

M - (k/n) % et E

Ns - Numero de gesaqﬁo dezentropia
( = Sgen/(Q8 " Un/kuTn"))

Nu - Numero de Nusselt ( = hD/k)

Pr — Numero de Prandtl

QB - Calor transferido através da base da
aleta

Ren - Numero de Reynolds referente ao dia-
metro da aleta ( = UnD/v)

Ren W Numero de Reynolds otimo referente ao

! diametro da aleta

ReL - Nimero de Reynolds referente ao com—
primento da aleta ( = UslL/v)

Re - Numero de Reynolds otimo referente ao

L,ot
A comprimento da aleta
Sgen - Geracgdo de entropia

(Sgen)ar - Geragio de entropia devida ao arrasto

(Sgen)tr - Geracio de entropia devido a transfe-
réncia de calor

- Temperatura do fluido

Velocidade do fluido

- Volume da aleta ( = mD°L/4)

= Volume adimensional da aleta
(= VW /Un")

" gy
|

A - Condutividade térmica do material da
aleta )
v - Viscosidade cinématica do fluido
P - massa especifica do fludo
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ABSTRACT

This work reports the optimization of a cylindrical
pin of constant wvolume exposed to a cross turbulent
flow. The entropy generation is expressed as a sum of
the entropy generation due to the heat transfer and
driving force as usual. There is an optimum volume,
which is the limit-point of the optimum found, when
the diameter and the lenght of the pin are considered
as independent optimization parameters.
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SUMMARY

The paper aims to study the behaviour of very low density materials to heat transmission due
to rapid aging treatment and in extreme conditions of use, identifyng conductivity as a parameter of
degradation. The experimental data are analyzed with an inverse method.

INTRODUCTION

Low density insulating materials, widely used in many sectors,
are particularly suitable for use in the aeronautic and spatial
industry due to low values of p - A (aparameter which take account
volume mass and heat transfer).

Nonetheless, all material used in space, including insulating
materials used to protect the outer structure, are subject to
particularly heavy stresses, above all if used in transport vehicles
which pass from the earth’s atmosphere to extremely hostile
environments on repeated occasions during their lifetime and
almost always with rapid temperature changes, reaching extreme
conditions of use for a few minutes at a time.

The thermal characterisation of insulating materials following
degradation in relation to the number of missions accomplished is
one of the most important engineering assessment elements for
their correct use;in fact the maintenance costs and the achievement
of the project conditions, both in terms of temperature and in terms
of thermal flows exchanged with the space environment, partly
depend on them.

Since the studied phenomenon is cyclic, the  most
characteristic parameter is thermal conductivity; the problem of its
experimental assessment in extreme conditions of use within
relatively rapid time limits, and without damaging materials,
remains to be solved. For this reason, stationury methods have been
rejected in favour of transitory methods which can give the same
information within a sufficiently short time, provided the
appropriate methodology is identified.

The materials examined are not homogeneous and in general
show a high degree of porosity; the use of local measuring methods,
such as hot wire or flash methods (see [3]) are not thought suitable,
since they would give rise to local assessments of thermal
conductivity and give a false idea of the overall characteristics of
the material.

The proposed method is based on Vernotte's idea (1937) of
the "mirror image" realised by Beatty et al. (1960) as reported in
[6]. It consists in recording the transient temperature on a plate
placed between two identical flat, and even large size, test
specimens which receive heat through their other two faces from
a thermal source at a constant temperature.

The accuracy of experimental results essentially depends on
the control of edge losses from the test specimens and from the
heat sink. A methodology has been elaborated for the analysis and
interpretation of results which we consider will enable us to
overcome the above mentigned difficulties by realising a very

simple experimental device using a guarded hot plate apparatus
(GHP), built according to ISO/STANDARD DIS 8302 [4], that has
also been used for a European standardisation programme, [7], and
replacing the hot plate with a copper plate.

METHODOQLOGY

A physical phenomenon may be considered well known if all
necessary andsufficient quantities have been identified on the basis
of existing knowledge on the subject to characterise it fully, and if
these quantities can be correlated in a "model”, that is a set of
analytical relations which allows the phenomenon to be explained
in the context of the theaories and basic laws of physics.

All there physical quantities, which are correlated with one
another in the model, are called "parameters of the model” in the
following text. They may be classified into two main groups, one
which includes all that "physically observable”, namely those which
can be directly measured, <y>, and the other which includes all
the others, <b> (see [1]).

If the term "solution of the model" is used to mean the
mathematical procedures with which some parameters uare
obtained in relation to others, "direct solutions" are those
procedures whichallow some measurable quantities to be obtained
in relation to others, "Inverse solutions", on the contrary, are the
procedures which allow some of those quantities which are not
directly observable, to be obtained in relation to all the others.

In the majority of the cases, the inverse solution is easy to
obtainonly in very simple geometric situations and configurations.
For this reason, from an experimental point of view, it is necessary
to elaborate procedures and apparatus in order to reproduce as far
as possible the configurations for which simple solutions can be
found, and concentrate attention on effective measurements.

For example, in the present case, which is aimed at the
laboratory measurement of the thermal conductivity of a given
material, the model comprises a basic equation of conduction in
unsteady state conditions represented by a differential equation to
partial derivatives and the relative boundary conditions.

The use of this model in the above experimental problem, with
all the limits that this may entail, represents the ground on which
all subsequent experimental activity is based, from the conception
of the measuring procedure, to the design and testing of the
equipment, and to the measuring process itself.



In this type of model the measurable quantities are normally
the temperatures in some parts of the body, whereas
non-measurable parameters are almost always the thermophysical
characteristics of materials, the edge losses and the temperature
distribution over the entire body.

In this study, we describe the use of aslightly different method
of inquiry, based on the theory of Inverse Problems, as expounded
in 1] and [2]. A rigourous mathematical treatment based on
statistical calculations allows some of the approximations needed
to resolve the model can be eliminated using more complex
calculation procedures and paying special attention to the
treatment of measuring errors; it is possible to reduce the
complexity of the experimental procedure.

THE EXPERIME
L TI E

The apparatus used is shown in Fig. 1. Two identical samples
of the material, M, of 500 x 500 x 50 mm, are packaged with the
copper plate R between them, When the package is placed in the
cavity C, it is enclosed between the two plates L, maintained at a
constant temperature Ty by a fluid-controlled thermostatic system.
The two samples are separated by a copper plate R, the package is
enclosed in a cavity C, in which a thermostatic control system
enables the temperature to be kept at a value of T,
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Fig. 1 - Experimental apparatus

For the tests the package is first brought to the ambient
temperature T, in an environment in which it is kept for sufficient
time to ensure a perfect spatial uniformity. When this condition is
reached, it is rapidly transferred in the cavity C then producing a
temperature step on the boundaries. The quantity measured is the
temperature at point r of Fig. 1, recorded by an automatic data
collection system.

The model was formulated, taking into account the symmetry
of the apparatus, starting from the heat conduction equation with
boundary conditions of equivalent convection (corresponding to
convection + linearized radiation), and introducing the following
simplified hypotheses:

a.  The temperatures of plates L and cavity C are constant over
time, whereas the starting temperature of the samples is
uniform in every point.

b.  The test material is isotropic.

¢.  Thermal conductivity canbe considered independent from the
temperature.

d. The thermal capacities are all concentrated in two points, m
and r, which are representative of the samples and of the
copper plate (so-called "lumped capacity" method).

e. Theheatflowrate density exchanged by equivalent convection
along the borders is described by an empirical relation of the
type:

q = h-(T -

To) 1
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The heat transfer coefficient by equivalent convection and
radiation is defined by:

h = m-(r - TH" (2)
where <m > and <n> are two constant parameters to be
determined and T is the cavity temperature which is known
a priori.
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Fig. 2 - Analog model

The equivalent electric network is shown in Fig. 2. The direct
model is represented by the set of ordinary differential equations
(the bold letters means vectors and matrices):

a1

: (3)
dt

AT+ B

A more detailed expression of (3) is given in Appendix A. The
solutions of eq. (3) gives the temperatures versus time at points m
and r for fixed values of thermal conductivity, of the heat capacity
of materials, of their geometric dimensions, and of the
temperatures of the thermostatic-controlled plates and the cavity.

The integration has been carried out using a numeric
"predictor-corrector” method, which allows the values of
temperatures at points m and r to be calculated at the generic i-th
instant of time, in relation to the values of temperatures at the
previous instances and to values assumed by parameters, thus
obtaining a recursive expression of the type:

Fioom T 2 ml T Ty

Trab) = T T, 0 T, )

(4)
where T is the vector of temperatures of points m and r.

We assume that Y and T are two vectors whose N elements
are respectively the measured and caleulated temperatures in the
time during the experiment; b is the vector of the parameter to be
determined. Vector e is the error defined by the equation:

e(b) = Y, - T,(b) Vi = [1,...N] (5)
From the theory of inverse problems it is known that the best
possible estimate of parameters is that which maximises the
probability distribution of the parameters and minimises the
expression (vectorial notation):
5 = e (h)y- W' e(h) (6)
Where W is the co-variance matrix of experimental data,
dimensions (NxN), whose terms on the diagonal contain the

squares of the errors of measurements.




The temperature calculated by equation (4) is a non-linear
function of the parameters to be assessed so it is necessary to use
an iterating algorithm for the solution. It can be seen that, if an
estimated value of parameters b(k) is known, equation (4) can be
developed in Taylor’s series around this value, stopping at the first
term; the following is then obtained:

T T 4 X(bm)-(b“‘” (7)
X is the gradient or “sensitivity" matrix, likewise a non-linear
function of the parameters.

Differentiating (6) in relation to the parameters, and taking
into account (4) which is equal to zero, after a few steps we obtain:

b(l))

LED o p® , pl), g (8)
Where:
P = XT(h™). w ' X (%) ®)
e XT(b™y W'y - T(b%™)) (10)

The new values of the parameters can be calculated iteratively
by relations from (8) to (10), until the norm of the differences is
within a preestablished value.

At the end of the iterative procedure, it is possible to estimate
the average standard deviation of each parameter with the relation:

(1

The measured values are the temperatures at point rin Fig. 1.
Four different materials were tested, indicated as A, B, C, and D,
their main physical characteristics are shown in Tables Ia + Ic
(Appendix B).

Material A, which did not undergo aging cycles, was used as a
reference to control the validity of the mathematical model and of
the parameter estimation method. Since the value of conductivity
was measured with a high accuracy in the steady state conditions in
a comparative experiment between different European
laboratories (see [3]), it was possible to estimate coefficients <m >
and <n> of equation (2) as parameters.
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Fig. 3 - Comparison between experimental and calculated values
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Fig. 4 - Errors of the simulation models
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Fig. 3 shows for this materials the temperatures respectively
measured (curve 1), calculated by the lumped parameter model
(curve 2) and calculated by a FEM programme (curve 3), with the
known <m > and <n > parameters as boundary conditions.

The Fig. 4 shows the percentage deviation in both cases
between the calculated and measured values. Table I1 (Appendix
A) shows the parameters values <m > and <n >, obtained using
the same procedure, for materials B, Cand D, on the basis of known
values at cycle 0 of the average steady state thermal conductivity in
the interval 20 +80 °C.

The materials were subjected to repeated accelerated aging
cycles, each of which involves heating and cooling, and
humidification and drying operations, starting from the original
conditions according to procedure III, Aggravated, of regulations
{5]. At the end of each cycle, the samples were heated to a
temperature of 105 °C, then brought back to room temperature
before being placed in the testing apparatus to measure
conductivity using the procedure described above.

Calculations, of thermal conductivity, were performed using
the above procedure in two phases. In the first, the error of
experimental apparatus was assessed as;

o, = 6.25-1077

e (12)

thus obtaining matrix W. The results obtained for the different
cycles are reported in Table 1II (Appendix A).

In order to extrapolate the results at a different number of
cycles to that effectively performed, conductivity values for each
material were represented by a simple regression equation which
is valid only for integers values of the cycle index number j:

13
Ay = hg *+ .M&-exp(-%) (s

where A, is the thermal conductivity measured before carrying
out the aging cycles, A X and aare two constants to be determined
by the best fitting with the least square technique.

The values of AN in Table 1V also represent the estimated
degradation undergone by the materials for an infinite number of
cycles.
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Fig. 7 - SAMPLE D: Thermal conductivity degradation

In figs. 5 +7 are shown the estimated conductivity values, the
best fit curves obtained with (13) and the 95% confidence limits
assessed using Student’s t distribution according to the relation:

A=A, =

i tl-a!Z'(N_z).Sk {14)

where a=5%, N is the observations number and s, the standard
error of the estimate.

Where compatible with the size of the statistical sample and
in relation to the established confidence interval, it is possible to
conclude that the regressions obtained are significant: in fact, it can
be seen that all the estimated points fall within the confidence

range. It follows that the expected behaviour of the materialsin the
aging tests is reliable.

12

N ] N

The results show that the power of the use of the inverse

method of thermal conductivity measurement of some materials is

interesting for the pupose of this study, but it is necessary to stress
three points:

a. The method allowed the parameter estimation <m> and
<n > for boundary heat transfer starting from a steady state
measurement value of thermal conductivity for each material.

b. The temperature range of measurement is not dangerous for
the materials investigated.

C.

The transient duration of temperature variation is too long.
The last two aspect involve the type of the thermostatic fluid

and the design of the apparatus that we used, beside the data
acquisition system and accuracy of this. The method validation
suggested our choice for the apparatus and the ancillary equipment.

The first aspect, on the contrary, puts in evidence the need to

have some more informations on the phenomenon for the
contemporary estimation of the thermal conductivity and the
boundary parameters: for example another measure point in the

test specimens.

The work purpose is the overcoming of these difficulties.
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APPENDIX A

Equation (3) can be written in an expanded form:

dT .
FET - Ay Dup ]Tm by
dT, Qe Graf|| T, bg
dt

where Cis the heat capacity of the materials,s and L are respectively
the thickness and width of each of the two samples and h the heat
transfer coefficient, thus giving:

Ay = —(2-d, 4 * dyu) [o P dyu
QoM oy g apg = —(dyp * (lyy)
by = To(d, y * dyu) by = To‘dz.ﬁ
12 £%
Bigr = B g =
Cwin R . Tu My Ry
" A Cu [T * 2 ]
L? s3
di e = ' tdan =
" Cu R # A Re Ry
" % C"'(T &4 2 )
APPENDIX B

Table la - RM64-BCR Reference material characteristics

Materia|Composition| Nominal Measur. | Thickness
1 Densit Densiéy [mm)
(kg/m?] [kg/m°]
A Glass fiber 88.0 86.0 34.5
resine bonded

Table Ib - Materials characteristics for humidity ageing tests

Table 1l - <m> and <n> parameters

Materia m n
1
B 2.0012 0.7847
C 5.0341 0.4667
D 1.0007 0.7667

Table IIT - Measured thermal conductivity with estimated errors

Thermal ageing Humidity ageing
Cycle | Specimen | 10 A[W/(mK)] [ 107 A [W/(mK)]
B 3.68:+ 0.08 3.686 + (.08
0 G 4.08440.08 4,084+ 0.08
D 6.501 +0.10 6.500+0.10
B 4.794+0.11 4300+ 0.10
1 C 4.671+0.09 4134+ 0.08
D 6.807+0.10 6.817+0.10
B 4,99 +0.11 4.88:+0.10
2 & 4,53 +0.08 4.237+0.08
D 6.773+0.10 6.887+0.1%
B 5222 +0.11 4.276+0.10
3 C 4.913+0.09 4.17:40.08
D 7.085+0.10 6.855+0.10
B 5.268+0.11 4.563+0.10
4 C 497 +0.09 4.27:+0.08
D 7.00:4+0.11 7.09s +0.10
B - 4,699 +0.10
5 s . 4.499 +0.09
D - 7.005 +0.11
B - 4,79 +0.10
6 C - 4,599+ 0.09
D . 6.995 % 0.10

Table 1V - Thermal conductivity degradation

Materia|Composition| Nominal Measur. Thickness
l Densit Densi;y [mm]
(kg/m~] (kg/m”]

B Melamine 11.0 95 50.0
foam

@ Glass fiber 9.6 10.0 49.5
resine bonded

D Polymide 8.0 9.3 50.2
foam

Table Ic - Materials characteristics for thermal ageing tests

Materia|Composition| Nominal Measur. Thickness
1 Densi Densi [mm)
[kg/m>] (kg/m”]

B Melamine 11.0 9.4 50.1
foam

C Glass fiber 9.6 95 49.5
resine bonded

D Polymide 8.0 9.1 50.1
foam

Specimen | Thermal ageing | Humidity ageing
102 AN[W/m | 107 AN [W/(m
K)] K))
B 1.067 1756
& 0.457 0.86
D 0.552 0.583
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RESLUMO

Pon sen  um dado

de suma impontancia no

prejeto teamico de satelites, as juntas

aparafusadas do primeino satelite brasileiro fonam simuladas expenamenxazmanze no INPE,

Este trabalhe
uma analise  comparativa dos
Amgpontantes a  cerca do

apresenta o4 nesultados obtidos para as duas altimas senies de testes, e
procedimentos
Aeu compontamento feamico deaiaa

de
funcoes e

adotados, onde  surgem conclusoes

procedimentos de

isolamento teamico, que mantenham as pendas tenmicas em niveds adequados.

INTRODUGRO

A condutancia térmica de juntas aparafusadas €& um

dado de suma importancia em diversos projetos
mecanicos, dentre os quais, o projeto térmico de
satélites, Seu valor teorico & diffcil de ser obtido,
ja que este depende de uma serie de fatores, muitas
vezes desconhecidos, tais como: tipo de parafuso e
torque de aperto, material e niimero de arruelas,
acabamento final de superficies em contato,

propriedades fisicas dos materiais, resistencia térmica
de contatos entre os diversos componentes da juncgao,
etc. Um procedimento bastante comum, é a determinacao
experimental desta condutancia., 0 grupo de controle
térmico de satélites do Instituto de Pesquisas
Espaciais (INPE), tem adotado este procedimento; para
isto as juncoes aparafusadas do primeiro satélite de
coleta de dados da MECB foram simuladas no Laboratorio
de Controle Térmico de Satélites, e testadas em camara
vacuo— térmica de simulacido espacial., Diversas séries
de ensaios foram realizadas, sempre aprimorando os
procedimentos, de forma a obter resultados cada vez
mais confiaveis. Neste trabalho, as duas (ltimas séries
sao0 descritas criticamente, seus resultados
apresentados e comparados, estabelecendo-se
procedimentos experimentais adequados ao estudo da
condutancia térmica de juncoes aparafusadas.

SIMULAGAO EXPERIMENTAL

Descricao da
aparafusadas em
estruturais (tipo

Juncao do Satelite. As juntas
estudo situam-se entre os painéis
colméia) laterais e horizontais do
primeiro satélite brasileiro. Sao encontrados dois
tipos de juncoes: a primeira possui inserto fixo e
parafuso £10; a segunda possui inserto movel e parafuso
£8. 0 material do parafuso é titanio , as chapas sao de
aluminio 2024 e o0s insertos sdo de aco inox. As
arruelas tem duas funcoes especificas : satisfazer as
condicoes estruturais (garantinde dimensoes, torques de
aperto, etc. ) e satifazer o projeto térmico do
satélite. Com o objetivo de isolar termicamente os
painéis entre si , utiliza-se arruelas fabricadas de
epoxi e fibra de vidro (material usado na confeccao de
placas PCB). Estas sao intercaladas com arruelas de aco
inox para garantir as propriedades mecanicas da juncao.
A arruela que se encontra em contato com a cabeca do
parafuso é de aluminio. Note-se que o parafuso esta
fixando superficies de aluminio pertencentes ao painel
tipo colméia a uma superficie de aco inox » pertencente
ao inserto.
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Figura 1. Junta aparafusadado satélite.

Foram realizados estudos
experimentais para os dols tipos de jungoes descritos
na secao anterior. Para cada caso foram feitas dez
montagems iguais, a fim de possibilitar um tratamento
estatistico dos dados. A Figura 2 mostra um esquema dos
aparatos experimentais construfdos. Nas montagems
experimentais adotadas, as superf{cies de aluminio
foram substituidas por aquecedores planos e circulares,
e as superfficies dos insertos por resfriadores. Cada
aquecedor consiste de um '"sandulche" formado por duas
chapas de aluminio circulares, planas e finas (com
espessuras de 1 e 1,5 mm e 80 mm de diametro), e por um
fio roligo resistivo de Niguel-Cromo de resistividade
de 30 Ohms por metro, enrolado em espiral plana,
situado entre as chapas de aluminio. Para isolamento
elétrico entre o fio resistivo a as chapas, foram
colocados filmes de Polyester (Therphane, fabricado
pela Rhodia do Brasil) de 25 microns de espessura. &
resistencia elétrica obtida em cada aquecedor wvaria
entre 15.5 e 19.0 Ohms. As  espessuras das chapas de
aluminio do aquecedor foram escolhidas de forma que a
sua soma fosse proxima 2a soma das chapas do painel
estrutural.

0 resfriador foi projetado e construido de forma a
manter, dentro do possivel, as caracteristicas fisicas
e téermicas do inserto. Este foi feito de aco inox nas
mesmas dimensdes do inserto, possuindo uma base
circular de 60 mm de didmetro e 2mm de espessura para
facilitar a perda de calor para o ambiente de teste. A

Montagem Experimental.
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Figura 2. Aparato experimental.

altura total do resfriador & de 9.5 mm e o diametro de
seu corpo principal é de 14,2 mm para a jungac que
possui inserto fixo e 17,4 mm para a juncao com
inserto movel. Foram feitas roscas nos centros dos
resfriadores de modo a alojar parafusos £10 para os
insertos fixos e £8 para os insertos moveis.

Entre os aquecedores e resfriadores encontram-se
duas arruelas de epoxi e fibra de vidro intercaladas
por duas arruelas de ago inox nas dimensoes de 1,6 e
0.4 mm de espessura respectivamente, e 10 mm de
diametro , especialmente fabricadas para uso neste
satelite. Uma arruela de aluminio ¢ uma de fibra de
vidro estao localizadas sob a cabeca do parafuso.Os
diametros internos das arruelas dependem do parafuso da

juncao.

Como na época da realizacao do experimento nao
havia parafusos de titanio disponiveis, estes foram
substitufdos por parafusos de ago de alta liga,
facilmente encontrados no mercado, Estes parafusos
comprimem os elementos descritos acima, com torques

iguais aos das juncoes reais.
Os vinte aparatos resultantes foram colacados lado

a lado em quatro fileiras de cinco espécimens
instalados em uma mesa de celeron (material isolante
térmico). Para monitorar as temperaturas dos

aquecedores, foram instalados, nas suas faces internas,
termopares tipo T (cobre-constantan), bitola AWG 36,
revestidos de teflon. A temperatura dos resfriadores
foram monitoradas através de termopares semelhantes,
instalados no centro dos cilindros prinecipais para os
insertos fixos e nas superficies externas para os
insertos moveis.

A resisténcia térmica da junta € obtida dividindo-

se a diferenca de temperatura entre o aquecedor e o
inserto pelo fluxo de calor que atravessa a juncao.
Para forcar que o calor gerado flua pelas arruelas e

parafuso, a face externa da chapa
resfriador e o cilindro principal do

pintadas de preto. Estas superficies apresentam uma
emissividade de 0.85 a 0.90, conforme medidas do
laboratério otico do INPE. Também foram instalados, na
parte externa dos aquecedores, superisclantes multi-
camadas (MLI) formados por 8 folhas de polyester
aluminizadas em ambas as faces, separadas entre si por
redes de nylon.

Os testes foram realizados em camara wvacuo-
térmica, pertencente ao laboratorio de controle térmico
de satélites. Esta camara opera em alto vacuo (10-7
torr) e possui uma camisa refrigerada por nitrogeénio
1iquido (LN2), atingindo temperaturas por volta de
-190°C, simulando desta forma o ambiente espacial.

circular do
inserto foram

DESCRIGAO DAS DUAS SERIES DE TESTES

As duas séries de testes analisadas neste trabalho
sao muito semelhantes, ja que ambas foram realizadas no
mesmo aparato experimental descrito anteriormente. Apds
o tratamento dos dados da primeira série, observou-se
que as perdas térmicas estavam extremamente elevadas,
alcancando em alguns casos cerca de 50% da potéencia
total fornecida, tornando os resultados finais bastante
imprecisos (ver Tabelas 2 e 5). Para aumentar a
confiabilidade dos dados, foi preciso minimizar estas
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perdas. A segunda
primeira, porem
termico mais

série _corresponde a reedicao da
com a adocao de tecnicas de isclamento
refinadas. Para isto as juntas foram
desmontadas e, ao remonta-las, foi tomado o cuidado de
se manter exatamente 0S mesmos componentes e a mesma
ordem original destes em cada junta (como, por exemplo,
as mesmas arruelas, na mesma ordem), de forma que fosse
possivel uma analise critica e comparativa das séries
de testes.

Séries de Testes.
aquecedor voltada para o
foi revestida por uma fita

Diferencas Entre as Duas
Originalmente, a face do
resfriador (ver Figura 2),

de aluminio polido, de forma a manter a sua
emissividade superficial baixa, resultando no
isolamento térmico do aquecedor. Tal medida nao se
mostrou eficiente, e na segunda serie foi inserido
suobre esta superficie, superisolantes multicamadas
compostos de 10 folhas de filmes de polyester
aluminizados. Note-se que, desta forma, o aquecedor
passou a ter ambas as faces 1isoladas por MLI. Este
procedimento reduziu estas perdas térmicas entre o

aquecedor e resfriador, e aquecedor e camara térmica,
em cerca de 50%. Porém, a maior fonte de perda de calor
foi atraves dos fios de poténcia elétrica, revestidos
por PVC, que possuem alta emissividade térmica. Para
minimizar estas perdas, estes fios, assim como os fios
de termopar, foram revestidos por filmes de polyester
aluminizados, de forma a reduzir drasticamente as suas
emissividades superficiais. Este procedimento provocou
uma redugdo de cerca de 907 do calor transferido
através de fios de potencia e termopares, tornando as
perdas por termopares despreziveis. Por serem muito
pequenas, as demais fontes de perda de calor nao
receberam, na segunda série, técnicas de isolamento
especiais, uma vez que as adotadas para a primeira
série se mostraram suficientes.

Note-se que, quando o aparato foi montado para a
segunda série, alguns termopares defeituosos foram
trocados. Também foram realizadas medidas em mais dois
patamares diferentes de temperatura (na primeira série
foram adotados tres patamares, e na segunda, cinco).

A Tabela 1 apresenta um resumo das principais
diferencas entre as duas séries analicadas.

Tabela 1, Diferencas Entre as Séries de Testes

T - e T
| PRIMEIRA SERIF| SEGUNUA SERIE |REL.PERDA|
T T T e} 1
[No . NTVELS [FITA UE ULUMIN. [F1TA DE ALUMIN. | |
| TEMPERHTIURA | PUL1OO [+MLI 10 CHMAUAS| 50 % ]|
¢ } fmm i
|FHCE NUUEC. | [PVC+FILME DE | I
|VOLTADA RESF. | PUC [PULYESTER HLUM.| 90 % {
-— ! __________ %
|F105 UE POT. | | VEFLUN+F ILME DE| |
|ELETRICRH i 1EFLON Ios0% |
L i

|PULYESTER ALUM.
i

| I

RESULTADOS EXPERIMENTAIS

A Tabela 2 apresenta os resultados obtidos para as
duas séries de testes para juncoes com inserto movel, e
a Tabela 3 para com insertos fixos. Estas tabelas
relacionam as temperaturas do aguecedor e do resfriador
com as perdas totais, com a potencia total fornecida ao

aquecedor, com a resistencia térmica da  juncao
(objetive principal deste trabalho), e com as
incertezas associadas: ao calculo das perdas de

poténcia elétrica,

as medidas experimentais, e ao erro
padrao apresentado

pela wvariagao das resisténcias
térmicas das montagens iguais para cada caso. O erro
padraoc & equivalente a incerteza da média das
resistencias térmicas, sendo dado por [1]:

desvio padrao .
raiz quadr. numero aparatos iguais

erro padrao =




Tabela 2. Resultados para Insertos Moveis

e Ch o A 1saeo o o s | el S e e e g
| 1EMPERATURA '”ﬂI?NCIH' | ! INLERTEZAS l
ittt statetts et b oo 4 TOVAL | PERDAYS |RESISY. pr—————mm e e e
} RAUEL.! RESF. | THISSIP.| TOTALS ITERHILQ] PERDHS ]FXPERIH |RESIST. |
T At frommcmmion o 4 e e 1
|PRIM. ! BA. OBR|~1‘ 70211.9472730|0.479975 54.52110.123519| 4.62565| 3.0373)|
ISERIE! 14.06%!-40.173] 1. 08981110 2449587 ] 64.79110.069938| 5.46463| 3.4566|
! 1-13.179]-54.941|0.730549'0 166290 74.22710.046824! 6.17418| 3.2786]
bommm e e e e b e e e e e 4
! ! 15,135!-35.?54| L 465544 | 0.076810 ) 49,709)0.028018) 1.10542| 3.8758)
taREG. ) lU.444!-42_93P!0.9366?210,049883: S6.40210.018549] 1.,21648| 4.4556
!5591&! S1.70% ' -48.38710.613600 10, 0420471 81,901 |10.0166017| 2.571465| B.5456]
| 1-29.1681-65,433|0.34554610.026235(113.47710.012231| 4.51509] 8.93413|
| [-861 SD?i—B?.E?ZIU.U&B&Ed|0.014048|384.882|0.010338i54 56923|28.3706 |
| BN [6 - o e A — R i ———— 0 (R D ————— i A
Tabela 3. Resultados para Insertos Fixos
______________________________________ e e
| TEMPERRTURRA PLTENEIH' ! | INCERTEZRS
e e ) B i 4 TOTHL | PERDAS IRE D B et e
| ROUEC. | RESF. | DISSIP.| TOTAIS 'TERHILH[ PERDAS ]EXPFRIM iRESIST |
pom oo I (R it SN o e pommmmm 1
|[PRIM. | 63.222] 8_C‘d1!.HJBHQ1‘U_51]US4= 46.31210.11484% 4.08110| 1.9777|
1SERIE| 13.447|-25.10211.0268562]0.259940 50.211(0.062307] 4.09765] 1.7303|
| |-13,90?|—4¢.4X4IU (B975310.169030] 55.04410.042198| 4.47708| 2.3844
!. ______ .| ________ .}v__.___.__.l.__._.._.._ —-.+ __________ + __________________________ + _______ _|
| | 32.277|-14.467]1.424113|0.077424| 34.831|0.025814| 0.30723]| 4 3378|
ISEG. | B.4091-27.594(0.970439|0.048580| 38.741|0.016488 | 0.99769| 5.2692)
1SERIE| -9.5811-37,915|0.596254)0.037584| 54.138(0.013823] 1.82015] 7.1526|
! 1-59.01731-53.70810.33674910.025863] 77.15710.010471 4.52077111.6907 |
] 1-124.93|-79.778]0.081493|0.0736381250. 47910.007281136.60355142.8431]
B i e it i e s i 2 e i i o e o i o A i e 1S NN [§ SR RSYE ———— 1
Em cada um dos niveis de temperatura, as medidas apresentam valores globais, onde se observa que, na

foram efetuadas apos os espécimens atingirem regime
permanente, Os aparatos foram mantidos em temperatura e

dissipagao constante por um sistema eletronico de
aquisicao e controle de dados. Para permitir a
verificacao do estado de regime permanente, e para o

calculo preciso das incertezas experimentais assim como
das incertezas das perdas, foram tomadas cerca de 150
medidas para cada temperatura. A poténcia dissipada foi
determinada atraves da medida da resisténcia elétrica

de cada aquecedor e da voltagem correspondente. A
incerteza dos valores obtidos esta associada a motade
da menor divisao da escala utilizada nos instrume tos

de medicao. O procedimento adotado para a determir igao
destas incertezas esta detalhado na Referencia [2].

£ importante notar que nao foi possivel coletar
efou aproveitar todos os dados gerados por uma série de
fatores tais  como: rompimente de termopares, mal
contato de cabos de extencaoc com o sistema de aquisicao

de dados, juncoes de termopares que se deslocaram das
suas posicoes originais, etc. Desta forma as medias
finais nao foram calculadas com os dez especimens

testados.

COMPARACAO DOS RESULTADOS

Através das Tabelas |,
o efeito, em todo
isolamento térmico,
testes. Na
das perdas
fontes que

2, e 3, é possivel observar
o experimento, dos procedimentos de
que diferenciam as duas séries de
Tabela 1| esta mostrada a reducao percentual
térmicas particularizadas para cada uma das
foram modificadas. As Tabelas 2 e 3

segunda série, as perdas totais sao semp-e inferiores
as primeiras., A Figura 3 apresenta graticamente as
incertezas experimentais (barras verticais , associadas
aos valores de resisténcia térmici en funcao da
temperatura media entre aquecedor e resfr ador, para os
quatro casos estudados (dois tipos de incertos, e duas
séries de testes). Note-se que, pera a primeira série,
as incertezas sao praticamente crnstantes e quase nao
variam com a temperatura., J3 para a segunia série, além
das incertezas serem sistematicamente inferiores as da
serie, elas

primeira variam sensivelmente com a
temperatura, tornado-se despreziveis para altas
temperaturas. MNote-se tambén que as incertezas
equivalentes as temperaturas mais baixas na segunda

série, inserto movel e fixo, nao foram plotadas porque,
como suas resisténcias e incertezas sao bastantes
altas, a 1inclusio destes pontos tornariam o grafico de
diffcil vizualizacao.

calculo cuidadoso das
hipoteses foram adotadas,e
0 calculo das perdas através
de potencia eletrica fol feito
radiativas finitas ou infinitas
atingirem ou nao a temperatura
a determinacao das perdas pelos MLIs,
multiplicou-se a condutividade efetiva do MLI pela
diferenca entre as temperaturas das suas camadas
internas e externas . O calcule das perdas por radiagao
do aquecedor para o resfriador e ambiente foi feito
numericamente, atraves de programa de diferencas
finictas, desenvolvido no INPE.

Para o
algumas

Perdas Térmicas.
perdas termicas,
estao descritas a seguir.
dos termopares e fios
considerando-os aletas
dependendo deles
ambiente, Para
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Figura 4. Erros experimentais e erros padrao para a
primeira seérie, inserto movel,

As Figuras &4 e 5 apresentam uma comparacao entre a
incerteza das medidas experimentais (barras verticais)
e a incerteza baseada na dispersac (erro padric) das
resisténcias térmicas dentre os dez aparatos identicos
testados simultaneamente (curvas tracejadas), para a
primeira e segunda série de testes, respectivamente. Na
primeira série, as incertezas experimentais foram
superiores ao erro padrio encontrado, mostrando que os
dez aparatos testados simultaneamente nao aumentaram a
precisao dos resultados finais. Isto nao ocorre na
Figura 5, indicando que o procedimento adotadeo foil
correto, excessao feita ao dado correspondente a baixa
temperatura. Estas curvas (Figuras 4 e 5) sao muito
semelhantes as obtidas para o inserto fixo, que nio
serac apresentadas aqui.
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Figura 6. Compilagao de todos os dados obtidos.

A Figura 6 apresenta todos os dados obtidos, onde
se verifica que a resisténcia térmica & altamente
dependente da temperatura. A quest3o que surge é:

porque exis
em que a t
materiais d
da condutiv
contracao d

alivio na pressao de

junta, dim

te tal dependencia? MNa realidade, a medida
emperatura cai, as propriedades térmicas dos
as juncoes se modificam, provocando: queda
idade térmica e contracao diferencial. A
iferencial dos materiais provoca sensivel
contato entre os componentes da

inuinde a resistencia de contatos (ver

graficos na Referéncia [31). A diminuicao da
condutividade termica, assim como o aumento da
resistencia térmica de contatos, provocam a variacao da

resistencia
efeito just
com a temp

seguinte maneira:

termica total
ifica a variacao
eratura, observados
as trocas de

com a temperatura. Este
da incerteza experimental
nas Figuras 3 e 5, da

calor por radiacao,




principal mecanismoc de perda de calor, quase nao sao
afetadas pela variacao de temperatura. Assim,
aumentando a resistencia térmica da jungao, & de se

esperar que mais calor flua através dos mecanismos de

perdas, que permaneceram quase - constantes. Como a
grande fonte de incerteza ° experimental esta na
determinacao das perdas térmicas, aumentando-se sua

proporgao em relacao a dissipacao total, a incerteza da
resistencia termica da juncao deve aumentar,

COMENTARIOS GERAIS

Da analise dos dados obtidos, algumas observacoes
interessantes podem ser feitas:

- a resistencia térmica € sempre malor para
insertos mdveis, como é possivel observar nas Figuras 3
e 6. Isto se justifica pelo fato de que o inserto movel
tem componentes nao rigidos, permitindo o movimento
relativo de, por exemplo, parafusos em relacao aos
paineis estruturais. Desta forma ha um maior nimero.-de
superficies em contato, aumentando a resistencia,

- na Figura 6 observa-se que ha uma diferenca
quase constante entre as resistencias teérmicas dos
mesmos tipos de insertos da primeira e segunda séries

de testes. Isto significa que quando as juntas foram
montadas na primeira vez, ocorreram transformacoes
plasticas nos materiais. Como na segunda montagem

manteve-se a mesma ordem dos componentes das juntas,
estes ja estavam acomodados entre si, melhorando o seu
contato fisico, reduzindo a resistencia térmica de
contatos, e portanto a resistencia térmica total., Desta
forma nao se recomenda a remontagem de partes
estruturais do satélite, utilizando o8 mesmos
componentes originais,

= com

esta sensivel variacao da resistencia
térmica da

juncao com a temperatura, e possivel

utilizar jungoes aparafusadas como controle ativo de
satelites,
- quando se desejar em experimentos distintos

reproduzir as mesmas juncoes, deve-se sempre procurar
usar arruelas nao testadas, escolhidas aleatoriamente
dentro de um universo grande de arruelas (Referencia

(11,

- fol apenas verificado,
efeito da variacao da resistencia térmica com a
temperatura. Para sua melhor compreensao serao
necessarios novos estudos experimentais concemtrando as
medidas na regiao do "cotovelo" observado nas Figuras 5
e 6.

neste experimento, o

CONCLUSKO

0 procedimento adotado na primeira série de testes
é inconveniente por apresentar erros de medidas
experimentals extremamente grandes, e por conter um
nimero desnecessario de aparatos 1iguais, aumentando o
custo do experimento, sem aumentar a precisao dos
resultados finais., Ja o procedimento adotado na segunda
série mostrou ser satisfatorio, apresentando resultados
com precisao adequada as necessidades de projetos
térmicos de satélites. Desta forma, para este tipo de
experimento, deve-se adotar as técnicas aqui descritas
de isolamento térmico.
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INTENSIFICAGAD DA CONDUTIVIDADE TERMICA DE LEITOS
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Foram testadas duas
condutividade térmica de
bidispersas homog@&neas e de

possibilidades
leitos granulares através
insercBes metalicas.

realizadas por um método transiente.

zeolita, vidro e aco e os
dependéncia da porogidade no
bimodais.
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resultados obtidos
valor
Os melhores resultados obtidas foram através
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de

da
misturas
medicdes foram

intensificaclo
de
As
amostras de esferas de
mostram uma Torte
da condutividade das misturas

da introdugXo

das esponjas no leito, com~ aumentos entre 60 e 120%

INTRODUGAD

A andlise das trocas térmicas em bombas
de calor ® miquinas frigorificas a sor¢3o
sédlida faz aparecer um efeito limitador ao
dessmpenho de tais sistemas: a baixa
condutividade térmica do leito portso do qual
s)o formados seus adsorbedouros.

Em alguns estudos realizados para bamba
de calor (1) e para um refrigerador solar (2),

o C.08.P. foi calculado em fung3¥o de parametros
caracterizando as aletas, onde sXo mostrados
um aumento de desempenho am fungXo da
intensificacio das propriedades de
transferéncia térmica: nIo somente da
condutividade térmica como também do
coeficiente de transferéncia parede/leito
granular.

Este trabalho avalia algumas das
possibilidades de aumento da condutividade

térmica de leitos porosos com a experimentacio
de alguns casos.

A condutividade térmica do leito poroso &
influenciada por varios parfmetros (3-4) entre
os qQuais os mais importantes s3ox a
condutividade térmica dos gr¥os, a natureza do
ghs ® a porosidade. A condutividade da fase
sélida e gasosa sXo determinadas pelas
propriedades termo-fisicas do par utilisado
(carvio ativado-oetanol, zeolita-&gua, silica
gel—-agua, etc). Diante disto, algumas das
possiveis possibilidades de aumento da
condutividade téramica do leito granular
poder¥o ocorrer através de:

~diminuici¥o da porosidade
granular, através um
bimodal

—-preenchimento dos espagos entre os grios
com um pé metialico de boa condutividade.

—insercio dentro de leito granular de
elementos condutores. tendo a forma geométrica
de agulhas, fios, fibras, etc.

—insergXo de esponjas metalicas dentro do
leito granular.

Os fenOmenos fisicos associados a
possibilidades de aumento da
térmica s3Xo basicamente dois:

—A diminui¢c¥Xo da porosidade através de
uma mistura de grios tendo diferentes
dimensBes, permite aumentar a condutividade
térmica devido ao aumento da proporgio da fase
so¢lida maior condutora que a fase gasosa.

—A introducXo de esponjas, inserctes
metilicas, etc, visa a criar uma condutividade

do leito

de condicionamento

11 1
condutividade

em paralelo com o leito poroso:r o objetivo
consiste em fazer uma distribuig¥o de "aletas"”

de uma maneira homogénea dentro do leito fixo
granular.
MODELO PREDITIVOD

Entre os modelos desenvolvidos para

predicio da condutividade de leitos granulares
monodispersos , tem—se o de M.Okasaki(5) e o
de Bauer-Schliinder (&) que foram extendidos
para os casos de leitos bidispersos. Este
altimo foi escolhido para confrontac3o com os
resultados experimentais apresentados neste
trabalho pela sua flexibilidade e
confiabilidade (4). 0 modelo de
Bauer-Sshliinder (BS) € baseado na tranferéncia
de calor dentro de uma célula unitaria formado
por duas particulas em contato (fig.1). Dentro
desta célula, & assumido wum fluxo de calor
unidimensional entre as particulas gue tém a
forma geométrica deformavel. Esta deformac3o é
obtida supondo-se que a interface
solida-gasosa & de revolug3o em torno de um
eixo paralelo au gradiente térmico (eixo dos
zZ) e tem como equacgdo:

2 2%

r o+ =1

(B - (B - 1) z1°

(1)

B @ um pardmetro dependente de um fator
de forma Cforma, do valor I da distribuico
granulométrica & de porosidade £ do leito. BS
dZo para B a seguinte expressXo:
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B = Cforma L[(1-£)/£g1 (1+3F) (2)

0O valor de B depende da forma geométrica

da particula utilizada dentro da célula
elementar (Cforme = 1 para gr3os esféricos) e
do valor do coeficiente de dispes3o

granulométrica I -

Este modelo & apresentado para o caso de
um leito monodisperso em (7). Maiores detalhes
podem ser encontrados em (3,4,46,8,9).

Dentro de um leito bidisperso, a
utilizacio de uma mistura de particulas de
diferentes dimensBSes permite a diminuig3o da

porosidade com um consequénte aumento dos
pontos de contato entre as particulas. Como a
maior parte da transfer@ncia de calor se

efetua na vizinhanga destes pontos de contato,
tem—se em consequéncia a intensificac3o da
condutividade térmica do leitoc granular. Para
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Fig.1l Célula elementar usada para o calculo
da condutividade %té&rnica do leito granular.

levar em consicericio estes efeitos, BS
utilisam o mesmo modelo proposto para o caso
monodispersy mas causando uma deformac¥o na

particula elenentar que represente o leito
bidisperso. BS propfem, para uma mistura
bimodal cCe particulas de - mesma form~
geométrica, a seguinte expressio:
12
g + (1 — DDg) r _ (3)

toDg + (1 — DDg) r>

onde DDg ¢ a propor¢gio volumétrica das maiores

particulas presentes na mistura (Ex: DDg = 1
leito formado com 100% das maiores particulas
de di@metro Dg, DDg=0 leito formado com as

menores particulas de diametro Dp), r
relacXo entre didmetros
particulas.

Enfim para uma mistura bimodal, a
distincia caracteristica D & dada por:

=Dg/Dp,

equivalentes das

1
D = 4)
Dhg , 1 — DDy
Dg Dp
APARELHAGEM

As medidas foram realizadas em um reator
cilindrico de aco inoxidavel (fig. 2) tendo um
didmetro de 250 mm e altura de 250 mm. A
amostra granular ocupa a parte central do
reator e & limitada lateralmente por uma
parede isolante de "teflon". A relaclo entre o
didmetro do leito granular pela sua altura e
superior a 4 que permite wuma reducX¥o das
interferéncias sobre o campo térmico no centro
(10) (local de medida), causado pelas perdas
térmicas laterais. Isto também foi verificado
através de uma anidlise numérica bidimensional
do problema.

. Quatro sondas de temperatura s3o
colocadas dentro da amostra e regularmente
espacadas de 10 mm ¢ estiIo presas sobre dois
fios de ago muito fino extendidos por molas. A
primeira sonda & colocada junto a uma placa de
cobre de 5 mm de espessura que constitue o
fundo do coletor. Uma resist@ncia elétrica
plana com a forma de um disco € colada sob
esta placa de cobre para a dissipag3o de um
fluxo de calor uniforme.

As sondas de temperatura sZo de platina
de 100 (0O montadas pelo método de quatro fios.
D diadmetro & de 0.9 mm e comprimento 10 mm e
apresentam precisXo absoluta de 0.3 "C. Apés

[ i1
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Fig. 2 — Reator utilizado para as medic8es.

(1) sondas de temperatura, (2) amostra a ser
estudada, (3) parede do aparelho em aco
inoxidavel, (4) disco em cobre, (5) cilindro

de "teflon", (&) resisténcia elétrica.

as aferigBes, a precis3o relativa das medidas
de temperatura &€ inferior a 0.01 *C. Un
sistema de aquisicXo de dados HP 3421a ligado
Qoum micro—-computador compativel PC—-IBM
permitiu periodicamente & leitura e registro
de temperaturas (intervalos de 5 segundos) com
uma reprodutividade de 0.01 *C.

METODO DE MEDICAO

E utilizado um método transitédrio que
permite medi¢cBes rapidas e a utilizac3o de
pequenas amostras de material. Neste método, a
amostra recebe um impulso térmico e em seguida
registra-se o histéorico de temperatura, que

permite calcular a condutividade térmica
indiretamente atraveés da difusividade térmica
obtida par identificac3o, atraves da
comparacio com a solug3do de Fourrier.
Conhecendo—se a capacidade térmica

efetiva Ce ® a massa volumétrica o da amostra,

a condutividade térmica e identificada a
partir da soluc3o de:
u"zT =pC¢£ &)
a8
a2y
A condig3o inicial -] o campo de

temperatura uniforme dentro da amostra.

Tly,®) = Ti P/ ® =0 (&)
As condigcdes aos limites para a
temperatura s3o do tipo "Dirichlet":

conhecimento da temperatura em fung3o do
tempo. S¥o utilizados os termogramas obtidos
experimentalmente com as sondas 2 e 4 que se

encontram sobre uma mesma linha de fluxo
(fig.2). No caso tem—-se:
Tiyz,@) = f2(@) 7
Tilys,®@) = f4(&) 8)
£ wutilizado um método numérico a

diferengas finitas para a
problema. A identificac3o da
feita utilisando—se uma routina de otimizac3o
com um critério de erro dos minimos quadrados
entre o termograma experimental da sonda 3 com
os respectivos valores calculados obtidos com
a solug3o numérica do problema.

Este método também permite avaliar o
valor do coeficiente térmico de contato (hplLy
na interface leito granular/parede. Para isto,
utiliza-se como condi¢Bes aos limites ns
termogramas experimentais obtidos com as

resolucio do
condutividade e




sondas 1 e 3:

AL(atT/ay) = hpt (T1 — Tp) )

w=0
Tlya,®) = f3(®) (10)
Tpy, €& a temperatura extrapolada do

gradiente térmico do leito granular ate a

interface parede/leito, calculada com a
solucq¥o numérica. A identificag3o deste
coeficiente & realizada igualmenta como foi

para a condutividade térmica, utilizando-se a
comparagio do termograma experimental
fornecida pela sonda 2 com o0s respectivos
valores calculados.

Um exemplo tipico de uma experi@ncia com
os termogramas experimentais de cada sonda é
mostrado na fig. 3. Para se evitar os
problemas ligados a depend@ncia de grandezas
termo—-fisicas com a temperatura, foram
utilizados para as identificacdes as
temperaturas adquiridas durante 0% primeiros
15-20 mn, tempo no qual o gradiente térmico
entre as sondas de medida & inferior a 15 "C.

0 intervalo de tempo obtido entre duas
experifncias e da ordem de trés horas, gue
corresponde ao tempo de resfriamento do

reator, necessario para um novo estado de
homogeneidade de temperatura dentro da
amostra.

A precisdo para o valor da condutividade
térmica calculada por este método, depende das
incertezas do caonhecimento da massa
volumétrica e capacidade térmica da amostra e
sobre a difusividade térmica, calculada por um
método numérico, que & sensivel ao
posicionamento das sondas. E
precisZo absoluta da ordem de 10% sobre as
medic@®es da condutividade térmica do leito,
valor que fol confirmado através de ensaios de
reprodutividade (3).

A porosidade intergranular foi

determinada dentro de uma proveta de grandes
dimensdes utilizando-se um liguido para o
cdlculo do volume entre os grios. Ela também

pode ser estimada pela seguinte express3o:
€ = 1 - pl/ps {(11)

onde pl & gs sdo respectivamente as massas
Lavmebricas do leito granular e de um gr3o.

-
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Fig. 3 — Exemplo tipico de uma experi®ncia:z

evolucio das temperaturas das quatro sondas
em fung3do do tempo com aquecimento seguido de
resfriamento brusco.

estimada wuma.

Para os leitos porosos monodispersos de
particulas esféricas, foram medidos entre
todos os casos estudados, uma porosidade
compreendida entre 0.37 e 0.39. A variac¥%o é
proveniente da forma de preenchimento do leito
granular e de erros experimentais. Para
misturas bidispersas, as incertezas s3o da
ordem de 10% do valor medido.
As misturas bimodais
diretamente dentro do reator e para ficarem
com uma boa homogeneidade, foram fabricadas
através da colocagXo de camadas alternadas
sucessivas de grandes e pequenas esferas, com
o carregamento feito sempre de uma altura da
ordem de 3 centimetros. Apds a realizagdo de
cada camada o leito era acomodado através de
suaves batidas sobre a parede externa do
reator.

foram efetuadas

MISTURAS BIDISPERSAS COM GRAOS DE
MESMA NATUREZA.

Foram utilizados amostras de esferas de
zeolita, vidro e aco. As respectivas
propriedades 3o dadas na tab. 1. As
experiéncias foram realizadas, misturando—se
materiais homogéneos de diferentes didmetros e
variando-se a cada wvezr a proporgio das
maiores particulas (DDg) em 25%. Para cada
mistura feita, & medida a condutividade
térmica na presenca de hélio ou Argon a
pressio atmosférica (1 bar) e a baixa press3o

(5 mbar). Os resultados obtidos s3c mostrados
nas figuras 4-6.

Em todos estes casos, s3o observadow
aumentos entre 25 e 1004 da condutividade
térmica do 1leito granular bidisperso -m
relac3o ao monodisperso, e s¥Xo

sistematicamente associados a menor porosidade
do leito granular, gque corresponde a uma
proporg3o compreendida entre 70 e B80X das
maiores particulas presentes na mistura. Esta
intensificag¥o da condutividade térmica [ ]
atribuida ao aumento do ndmero de pontos de
contato entre as particulas e pela
substituic3To parcial de uma fase fluida pouco
condutora par outra s&lida de boa
condutividade.

Os resultados obtidos com ©o gas a uma
press3o de 5 mbar sofreram interferéncia do
régime de Knudsen na condutividade da fase
gasaosa; no caso as distahcias intergranulares
s%o da mesma ordem de grandeza que o livre
percurso  medio las moleculas de gas e
consequentema2nte  a condu! | vidade do gas

depende fortemente da press: ). Verificou—se um
exagerado aumento da ‘condutividade térmica em
leitos monodispersas de gri¥os de 10 mm em
relacio a leitos idénticos de mesma natureza,
formado com grios de menores dimensSes. Mesmo
levando—-se em considerac3o a radiacg¥o térmica
(proporcional as dimensSes dos gr3os) ]

possiveis interferéncias devido ao regime de
Knudsen, & provavel que a origem deste grande
aumento seja proveniente de um problema
experimental sistemaAtico ligado ao valor da

Tabela 1. = Propriedades fisicas dos

materiais utilizados (3) (17).
Esferas Aco Vidro Zeolita
Dg (mm) 10.2 10 4
Dp (mm) 2 1.5 0.5
C(Ji/kg K)| 386 750 - 80O
o (kg/m )| 4850 1530 &20
Ag (W/m K) 20 0.9 0.19
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Fig.5- Condutividade térmica e porosidade
(figura inferior) de leitos granulares

formados de misturas de esferas de aco, em
fung¥o da frag3o volumétrica (DDg) ocupada
pelas maiores particulas. Dg=10.2 mm e

Dp=1.05 mm.

parosidade local (B) que pode ter se agravado
com o leito formado pelas esferas de 10 mm de
didmetro, interferindo assim no wvalor da
porosidade da regiZo da sonda 2 (fig. 2},
localizada a apenas 10 mm da parede do reator.

No caso dos leitos formados com gr3os de
menores dimensBes ou de misturas com presenca
de pequenas particulas, este problema é
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Fig.&6—~ Condutividade térmica e porosidade
(figura inferior) de leitos granulares
formados de misturas de esferas de zeolita,
em fung3o da frag3o volumétrica (DDg) ocupada

pelas
Dp=0.5mm.
=
E
kS
-]
Fig.

maiores particulas.

Dg=4 mm e

70
Argon
60.
w-
‘o_
m-
20 T T T T
o 2 4 L] a 10
® 5 mbar
. e D)

a  (W/mK), na
fung3o do didmetro dos gr3os.

minimizado pois a porosidade assume um
homog&neo
subsequentes a parede do reator.

mais

na fig.7

grios.

logo

7 — Coeficiente de Tranferé@ncia
interface

nas

a wvariacfo do
transferéncia
parede/leito em

térmica
fungao

Observa—-se a pressio
este coeficiente aumenta com a diminuicXo das

dimensdes dos grXos,
numero de pontos em contato com a
baixa pressio

particulas,
que limita
gasosa.

que
com

{Smbar) ,

depende

a condutividade

Observa—-se
coeficiente,

uma

primeiras

das

este coeficiente
a confrontacio do numero de pontos de
com a parede, das

o efeito de

maximizac3o
situada para gr3os tendo dimens3o

térmica
leito/parede, em

valor
camadas
S5%0 mostrados
coeficiente de

na interface
dimensdes das
atmosférica, que

consequente do aumento do

parede. A

sofre
contato
dimensdes das
Knudsen
térmica da fase
deste

da ordem de 4 mm de didmetro. Este ponto é& dg

grande

importancia

tecnoldgicas.

Os

resul tados

para

as aplicacBes

experimentais da

condutividade térmica das misturas bidispersas

s3o

cCom uma

Para estes calculos,

confrontados
calculados com o modelo
modificacio
{considerar

com

o parametro
granulométrica,
monodisperso (13) (3).

=0),

conhecimento de parametros

leito granular.
valores
acomodacTo para os gases utilizados:

como

heélio.

Foram utilisados
[§:3]

para o

respectivos
de Bauer-Schliinder,
proposta

como

s30

valores

por Tsotsas
de distribuic3io
para o caso

necessarios o
termo-fisicos do
0.9 e 0.36
coeficiente de
Argon e

A temperatura média para todos os casos
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Yoz Uma anal ise estatistica mais
Tabela 2 - Par ~ R ST s Z
a'?“?t'°5 utll;zados paka: o significativa necessitaria de um maior nameros
calculo da condutividade térmica de leitos de riénci
granulares usando o modelo e experiéncias.

Bauer-Schliinder.

INSERCAD DE ESPONJAS METALICAS DENTRO

: Dg Dp DDg 2
Material | 8 | 00 | Ol | A | p DO LEITO GRANULAR.
: 55 | 621 vas| van| aosis A insercXo de fibras, fios, etc, dentro

Zeolita do leito granular com o objetivo de
intensificar de sua condutividade térmica, ja

Vidro L ol [ cod o Bl et foi estudado por M. Barki (14) e G. Antonini
075 | 0322 (15), que detectaram aumentos relativos da
condutividade da ordem de 20 a 40%.
T 3 025 | o321 20 | 000035 ) A realiza¢3o dgs§as misturas f muito
Aco 050 | 031 delicada devido as dificuldades praticas de

0.75 | 026 orientar estas particulas na direg2o do fluxo
térmico para que possam contribuir de uma
forma eficaz na transferéncia de calor dentro
do leito granular .

Afim de eliminar estes incovenientes de
ordem pratica, foram utilizadas espon jas
metilicas (Cobre e Niquel) de baixa densidade
volumetrica (100  kg/m) permitindo ‘a
introduc3o de gr3os tendo didmetro de 0.3 mm
com grande facilidade.

D leitc foi entZo formado através de
algumas camacas de esponja {cada camada
tinha 5 mm d= espessura) sobrepostas quando
finalmente os gr3os eram derramados de uma
altura de cerca de 3 centimetros sobre elas.
FPara permitir um melhor preenchimento dos
espacos vazios dentro das espon jas,
foiprovocada um pouco de vibragXo no reator,
através de batidas na parede exterior. Foram
obtidos com este procedimento, wvalores de
densidade em relag3o a um leito monodisperso,
de 0.9 com a introducfo de esferas de 0.5 mm
de vidro e de 0.8 com particulas de zeolita de
0.5mm.

Os resultados experimentais obtidos da
condutividade térmica em leitos granulares
monodispersos e em leitos misturados com as
espejas s3o mostrados na tabela 3.
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0s

°%

Fig. B -~ Comparac3o entre os resultados
experimentais obtidos e os respectivos
calculados com o modelo de Bauer-Schliinder.
Tabela 3. — CondutiviHade térmica AL{W/m K)

o Leitos monodispersados, £ ~ 0.38 de leitos granulares (monodispersados e
{ago, wvidro e zealita) misturados com esponjas)
s: zeolita, Dg/Dp = 4/0.5, DDg = 75%
g : Vidro, Dg/Dp = 10/1.5, DDg = 25% Gs Argon Helio
A : Vidro, Dg/Dp = 10/1.5, DDg = S50%
¢ : Vidro, Dg/Dp = 10/1.5, DDg = 75% Pressaao ilbar |5 mb|lbar |5 mb
*1 Ao, Dg/Dp = 10.2/2, DDy = ZHi Esferas de Vidro (EV) [0.12|0.06/0.41[0.12
o Dg/Dp = 10.2/2, DDy = 50X v+ E ja Niquel [0.20{0.13/0.57|0.21
*: Aco Dg/Dp = 10.2/2, DDg = 75% = BEIRAe DaaNe ; * * X
" EV + Esponja Cobre 0.230.12(0.72]0.25
Esferas de Zeolite(EZ) |0.09|0.05| - -
estudados foi de 308 K. Os outros parimetros Ei : E:ngiz g;g::l g:ig g::i = -
utilizados est¥o na tabela 2. Os resultados
530 mostrados, na fig. B.
Nesta figura a ordenada de cada ponto
carresponde ao valor experimental e a abscissa Estes resul tados mostram uma
ao respectivo valor calculado. A diagonal intensificac¥o média da condutividade térmica
(tragco continuo) corresponde aos valores da ordem de &0 a 120%, em relag3o ao leito
caln;xqentes entre a experiéncia e modelo monodisperso, conseguida com a introdug¥o das
preditivo (erro zera). ) espon jas spbilicas (16) . As espon jas
Entre todos os resultados medidos da contribuem para a condutividade efetiva
condutividade térmica obtidos sobre leitos equivalente do leitogranular peraitindo
monodispersos, pode-se observar um bom acordo adicionar uma condutividade térmica em
entre os valores medidos e calculados, com 9&% paralelo. As medidas realizadas com Argon, a
das medi¢Ses apresentando erro inferior a contribuic¥o das esponjas & da ordem de 0.07 a
30% (linhas pontilhadas) 0.11 W/mK junto ao leito. Com o Heélio @&
Para as misturas, a confrontac3o entre as constatado nas medidas realizadas com o leito
medi¢cBes e o0s resultados calculados com o de esferas de vidro, uma contribuic¥o da ordem
modelo apresenta 8674 das medicBes efetuadas de 0.1 a 0.3 W/mK. 0 fato de que a
com erro inferior a 304 e todos as condutividade equivalente das espon jas
resul tados com desvios inferiores a 5SO0%. dependem da natureza do gas, € consequéncia da



resist@éncia térmica de contato entre as
diversas camadas.

Estes resultados s3o animadores e poderio
ser melhoradosdesde que estas esponjas possam
ser fornecidas em blocos de grande espessura.

E preciso ser prudente para o caso de
utilizag3o destas misturas a baixas pressges
devido a forgosa utilizac3o de pequenas
particulas dentro das esponjas. Apesar do
aumento global da condutividade devido as
esponjas as pequenas dimensBes dos grios
penalisam o valor da condutividade térmica do
leito granular em consequéncia da presenga dos
efeitos de Knuden.

CONCLUSAD

Os resultados experimentais obtidos com
os leitos formados de misturas bidispersas
homogéneas, apresentaram aumento da
condutividade termica em relacio ans
respectivos leitos monodispersas, da ordem de
40 a 100%. Esta intensificac3o esteve
sistematicamente associada a menor porosidade
do leita (proporgc3o da ordem de 75% das
maiores particulas).

0 modelo de Bauer-Schlinder para a
predigio da condutividade térmica, foi
utilizado com uma modificagdo proposta por
Tsotsas e mostrou—se coerente com os
resul tados obtidos com leitos bidispersos.

As insercdes de esponjas metialicas dentro
do leito granular permitiu a obtenc3o dos
melhores resultados da intensificac3io da
condutividade térmica com aumentos entre 60 e
120%.

FPara as aplicacd@ies tecnolagicas (maguinas
frigorificas a adsorgdo solidal, as misturas
homogé&neas bidispersas apresentam grandes
dificuldades de ordem pratica para a
elaboragdo de uma mistura homogfénea. For outro
lado, a utilizag3io de esponjas, permitem wuma
facil fabricac3o das misturas com wum leito

granular e mostraram aumentos da condutividade
mesmo a baixas pressiies.
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SUMMARY

This work shows two posztbrlitties
intensification of heat transfer in peliet
beds: binary mixiures of di f ferent stEe
pellets and mixlure of pelletls with metallic
foam. The measurements of the thermal
conductivity aend the wall-bed resistance are
conduc ted UstLng a transient me thod.
MHeasurements were made in zeolite, glass and

ateel beads. Ixperiments show a strong
dependence on the porosity for the
conductivity of a bidispersed bed. The
increase in conductance for a two sizes

mixtures lies belween g factor of .2 and £&.
The use of metallic foam in the bed itncreases
the conductivity by a factor between [.6 and
.2, The experimental results for
Linary-mixtures, show g good agreemsent with
the Bauer-Schlinder model predictions.
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RESUMO

de
volumes de controle € desenvolvida com o objetivo de simular a distribuigfo transien-

durante um processo de sol-

dagem automdtico em placas. A variagfo da condutividade térmica do metal com a tempe-
ratura € considerada e uma avaliacgdo mals rigorosa do coeficlente de convecgdo é fei-

ta. Os resultados numéricos sfo comparados com a solugHo analitica do problema e

boa concordéncia é cobservada.

INTRODUGRO
0 estudo de transferéncia de calor em processos

de soldagem vem ganhando nos Ultimos anos grande inte-
resse por parte dos pesguisadores 11,2.3 . Fatores gue
eram considerados secunddrios ou ndo eram conhecidos,
tarnaram-se cada vez mais importantes. Entre esses fa-
tores, a distribuigdo de temperatura durante a solda-
gem & particularmente importante em vista das mudangas
estruturais e tensbes termomeclnicas que elas originam
e que estdo inteiramente ligadas #s caracteristicas fi

sico-guimicas e mecdnicas dos materiais a serem unidos.

A soldagem por fusdo implica no calor propagan
do-se pela pega e dissipando-se para o meio ambiente,
A variagd3o de temperatura desta propagacdo afeta a fu-
s3o e a solidificagdo de metais puros ou "ligados". A
taxa de crescimento da fase sdlida € cantrolada por in
termédio da velocidade com o gual o calor latente & 1i
berado e podeser conduzido para a vizinhanga. A taxa de
crescimento do volume de liguido ¢ controlada pelo flu
x0 de calor fornecido ao sistema pelo eletrodo (efeito
Joule). Como uma primeira aproximagio, conhecimentos
sabre o campo de temperatura na estrutura da peca a
zer soldada ¢ de muita utilidade na avaliaglo prelimi-
nar de curvas de resfriamento & na andlise de tensdes
térmicas resultantes.

Dentro desta perspectiva @ desenvolvido um proce
dimente numérico para simulaclo do transiente térmico
em placas delgadas sujeitos a um processo de soldagem
automdiico, Na elaboragdo do programa utiliza-se o mé-
todo de diferengas finitas com formulacdo de volume de
controle, desenvelvideo por Patankar lb . A variagdo da
condutividade térmica do material da placa com a tempe
ratura e wuma avaliag8o mais rigorosa do  coeficiente
glebal de transferéncia por cenvecgdo é considerada
cenforme |§|. 0 presente trabalho determina também, a
distribuigdo de temperaturas analiticamente com hase
nos estudos de transferéncia de calor com fonte mowvel
disponivels em |5].

ComparagBes dos resultados analiticos e numéri-
cos s3a feitas mostrando uma boa concordfncia. Assim,
com ¢ programa numérico dispBe-se de uma ferramenta
concreta para simulag®o de diversas situagfes relacio-
nadas aos principais pardmetros de soldagem.

FORMULACARD FISICA E MATEMATICA

Considere uma placa plana de largura "2a", com-
primento "b" e espessura O onde é depositado material
fundente ao longo do eixo de simetria através de um
processo de spldagem como mostrado na figura 1. 0 domi

* Membro da ABCM

27

uma

nio solugdo considerando a simetria do problema é:
0L x££ b e 0L yga.
/
/"
é
Té
0
2
a
Figura 1 - Problema analisado.

0 problema aqui analisado é do tipe condugdo de

calor, Desta maneira, o comportamento térmico durante o
processo de soldagem € governado pela egquagdo da ener-
gla escrita.como,
p %€ _ _div(-kgradt) + S (1)
3t

onde [, k s30 respectivamente a. densidade e condutivi-
dade térmica do material da placa,€ a energia interna
especifica, T @& distribuicloc de temperatura, 5 o termo
de geragdo de energia por unidade de volume e t o tempo.

Hipdteses Simplificativas. Para simplificagfes no
presente modelo, as seguintes hipdteses s&o canside-
radas:

a) 0 problema & considerado guasi-bidimensional;

b) A fonte de calor €& considerada pontual no domi
nio de solugdo;
fs placas s3o rigidas, homogéneas e
cas;

A velocidade de deslocamentoc do eletrodo € as-
sumida constante durante todo o processo de
soldagem;

f variagio da condutividade térmica € atribui-
da apenas & variag8o do campo de temperatura
nas placas;

Despreza-se os efeitos de transferéncia de ca-
lor por radiag3o para o ambiente e os efeitos
de mudanca de fase;

0s efeitos de transferéncia de celor por can-
vecgdo serdo considerados no termo de fonte,S,
da eguagdo de energia (1).

c) isotrdpi

d}

&)

f)

9’



Portanto, para condugdo de caler guasi-bidimensi
ornal transiente, incluindo os efeitos de perdas de ca-

lor por caonvecgdo no termo de fonte, pode-se Teescre-
ver a equagdo (1} como:
3 a7 4 a1 2h a1 (23
i ! Tis . T-T_}=f¢€ -
B { k BK) + dy{k 3‘,"} T { 4 At

onde fi & o coeficiente glabal de convecglo, Ia 4 tempe
ratura ambiente e ¢ o calor especifico do wmaterial da

placa.

CondigBes de Contorne. Para condigfies de contour-
no do problema utiliza-se condigles adiabdticas e de
simetria, exceto para o panto onde localiza-se o ele-
trodo., Meste ponto, pode-se especificar a temperatura
gu 0 Fluxp de calor por unidade de comprimento “ﬁo“
Deta maneira, as condigles de contorno do problema s&a
expressas matematicamente por,

2T
3. C 0 em x=0 para 0£ v£ @ (33
T
gx = D em x=b para 0< y< 8 L4
o1 F
= 0 em y=[ para x # wt (5)
9y
3T - e N 3
K fo) B qofﬂ em y=0 para x= vi i8]

v & a velocidade do eletrodo.

Como condigdo inlcial:

Tlx,y,0)= T {constante) (7

0 valor do fluxo de calor, ﬁo, £ obtido experi
mentalmente conhecendo-se a tens3o (V) e a corrente de
spldagem (7). Deve-se considerar um rendimento de sol-
dagem "n" relacionado com as perdas de calor para 0
meio ambiente |2l. GQuando utiliza-se a condigdo de con
torno de Lemperatura especificada, T, esta deve SET
considerada como sendn igual a8 temperatura de fusdoc do
material !gL

SOLUCAD ANALTTICA

0 problema apresentado pode ser comparado ao prg
biema de deslocamento de uvma fonte de calor, movendo-
-s¢ a uma velocidade constante em uma placa infinita
Neste problema, € identificado o que se chama TEQIm:
quasi-estaciondrio, Neste caso, um cbservador gue se

desloca junto & fonte de calor notard jue a configu
ragdo de isotermas ndo se modifica com o tempe. Por-
tanto, voltando-se ao tamanho da placa finita, dese-

ja-se saber quando o regime estaciondrio acorre, le
vando-se em conta as bordas finitas da place. O pro-
blema em regime transiente pode ser transformado para
regime permanente, através de uma simples mudanga de
referencial, tendo em vista que a fonte mdvel desla-
ca-se com velocidade constante,

A solugdo analitica da equagdo (2) despreza as
variagfes de condutividade térmica com a temperatura
¢ considera um valor do coefleciente de convecgdo cons
tante.

Da equagdo (2), fazendo-se Q= T-T5 obtém-se,

20, 28 tp 1 30 (a)
Bx? By?r k§ o dt

onde 0 & a difusidade térmica do material.

befinindo x, y como as coordenadas de um  siste-
ma abspluto e & , y como coordenadas do sistema mdvel,

onde se¢ consegue o regime guasi-estaciondrio, pode-se
verificar faclimente a seguinte relagdo de coordena -
das,

£ o= x-vt e t=t (99

28

Mo sistema de coordenadas absoluto o campo de
temperatura deve satisfazer a equagio (8). Deve-se ob-
ter entda, a eguag3o diferencial no sistema de coorde-
nadas mivels. Das eguagdes (n9) verifica-se gue:

3 3 . 89, 90, 30 -

Sx  9E ' Bt TNETE ’
ou ainda,

80 - 910 e _230 ..y 28 | j5 que 30 -p

%% PE? at 3 g
no sistema de coordenadas moveis,

Assim, a equagio diferencisl gue rege o proble-
ma no sistema de coordenadas mdvels € dada por,

20 L, 3. - bho .ty 30 (11l

aE Ayt k& 9 B

A soluclo de {11) & da forma,

O(E,y) = expl{-vE/20) £ (F,y) {12}
loga de {11} e (12) obtém-se,

327 _,p*f . |h/kE o+ (w/Z2o?* | F =0 {13)

af ay?

Fazendo uma transformagio do sistema de coordena
das mdveis (fL,y) para um sistema de coordenadas cilin
dricas moveis {r,0}, onde:

r* =L v y? e - arctglysf) (147
obkém-s5e uma nava eguagdo em “{" dada por,
IR TP 0, A N TV s G o (18
dr? F ane
vnde
7
oo B gz (16
ki 2
Frntretanto desde que o sistema & simétrico cam
respeito 8 & pode-se assumir Que T 0, logo de
{138) tem-se, g
e i il e WRRLR - (R i AP (17}
dr? T dr
A solugdo de (18) ¢é da forma,
Iims == Cllntr} + B ) {18}

o

£ C? sd0 vonstantes e T, K
te as fungdes de Bessel de primeira e segunda espécle

mndificadas de ordem "o!". As fungles 1 e K foram a-
proximadas por ajustes polinpmiais conforme |?|A
Utilizando as caondigdes de contorno do problema:

530 respectivamen

ande E1 %

em I+ oo o, (320 & .0 {19}
en r=0, - 2 Vrk 40 - q, 2o
dy
determina-se E] [ E? dadas por,
€20 e T,z g /2% (213

1 Z
Portanto a solugdo analitica do problema reguer

que,

Tix,y. b= T _+ __E_ﬂ_{exp LV(X-\-’L}!’Z‘&] K,
3 29K
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SOLUCRU NUMERICA

0 problema & resclvido numericamente através da
discretizaglo da wquagdo (2), utilizande diferengas
centradas, com formulagdo implicita para o tempo. A
equagdo (2) discretizads € obtida a partir do método
variocional “"fraco", cujs funglo peso & considerada a
unidade |a|. Integrande a equag3o governante no volume
de controle finito mostrado na figura (2), tem-se:

t'A e n
JJJ e
s (K 5y dxdydt .
oW =
ts it & n

d L
f f 5y (k a7 dxdyat -

tofAt 8. n t+AL B n
EyES LS S
= T=T = Pe 4 7
£ o ﬁi atdxdydl 5 bl 31 dxdydt (23}
N

5 ____;i

m

Cc OB‘IEROL

Figura 2 - Discretizagdo por volume de controle

Assumindo um perfil linear de temperatura entre
0s pontos nodais, apds desenvolvimentocs algébricos em
(23), obtém-se a equagdo final de discretizag3o do pro
blema dada por:

a. T_= T + . T T {24
' *ww T %EE T WN T ¥s's S
onde: a . KebY . 5 . _KuhY a o _KalX .
: A NE —2—
(8x) §x) §
%1y ( ox) i y)n
kx| &
as; — & i Sc.xﬁy + B;Tg ¥
(Gy)s
= vA_ovd . ad - i ¥ {
a,= R spfxay i (25)
go- Pelxby. o . 2h 4 S - (20, £ec,
P i C 5 a ' P e ;

0 sistema de equacdes algébricas, obtido apds o
processo de discretizagdo do dominic solugdao, & resol
vido através do método TDMA linha-a-linha descrito em
]n|, cam o seguinte critérioc de cenvergéncia:

K k+1
2} = T
1755 -

0 intervalp de tempo vtilizado € tal que o ele-
trodo coincidia cam um ponto nodal para cada tempo a-
nalisado. Foi utilizada uma malha uniforme de 22 x 22
pontos nodais, igualmente espagados, para um dominio

< 0,59 (26)
ma x

de a= 0,06m e b= 0,1m.

Uma avaliagdo mais apurada do coeficiente de
transferéncia de calor por convecgdo, h, € ronsiderada.
0 cdlculo de h & obtido da equacio:

ci(Gr Pr }m

h= 2 k
2 kar i

/ (b+a) (27)

onde ﬁrr € o ndmera de Grashaf, ﬁrf é n ndmero de
Prandtl, k3; & a condutividade térmica do ar e C', m

sdo obtidos de |8[.

N gp (T -T ) ¢ bra
Gr,= Br''p s 5 2 ! (28)
v

it = _Epif (29)
kar

As condigfBes de pelicula de ar préxima a placa,

tais come B_, v_, p e 580 avaliadas através de
T f ar par
aproximagfbes polinomialis em fungdo da temperatura de
filme definida por:
T +T
T,=_.a" P (30)
¥ 2

A temperatura média da placa, Tp, & sempre avali-

ada durante as evolugdes de temperatura nos tempos com-
putaciaonais.

RESULTADGS

0 estudo foi desenvolvido com a finalidade de
obtengdo da distribuigdo transiente de temperatura em
uma placa de ago carbono de Smm de espessura, 100mm de

comprimento e &0mm de largura. As propriedades termofi
sicas do ago feram levadas em consideragdo. Enguanto
na solugd@o analitica a condutividade térmica € conside
rada constante, os resultados numéricos consideram a
variacdo desta propriedade com a tempzratura. O coefi-
ciente de transferéncis de calor por convecg®o fol con
siderado como sendg de 10W/m*% (valor constante) para
solugdo analitica e avaliads de uma forma wais rigoro-
sa, através da equagdo (Z7), quando utilizada a simula
gd0 numérica, A& temperatura ambiente T4 fol de 25°c.0s
resultados foram obtidos para velocidades do eletrodo
de Z,4 e Bmm/s.

As figuras 3,4 e 5 representam a configuragdo de
isotermas na placa obtidas com velocidades do eletrodo
de 2,4 ¢ Bmm/s, para as duas solucBes, DObserva-se Que
para velocidades de avango maiores tem-se um gradiente
térmico maior & Frente do eletrodo e também umas defor-
magdo das isotermas em relagdo ao eixo x, implicando
numa diminuig#o da extensdo da zona termicamente afe-
tada. Este fato diminui a probabilidade de aparecimen-
to de trincas na junta soldada. O comportamento quali-
tativo levantado foi verificado em ambas as solugides.

Observa-se uma defazagem dos resultados obtidos
nas solugBes numéricas e analiticas em torno de 15%.
Isto decorre da formulaglc analitica, pois existe wuma
singularidade no ponto onde encontra-se o eletrpdo
(To+m) influenciande as temperaturas dos pantos vizi
nhos a estes. Além disso, as hipdteses simplificativas
utilizadas para solugdo analitica ndo sdo totalmente
compativeis com as consideradas na simulagdo numérica.
A formulag3o numérica estd mais prdxima aoc fendmeno re
al.

Na figura 6 s83pc mostrados os cicleos térmicos re-
lativos as wvelocidades de 2,4 ¢ Bmm/s para as duas and
lises desenvolvidas. Nota-se uma boa concordancia en-
tre as duas andlises, tanto no aguecimento como no res
friamento de um ponto da placa. As discrepdncias apre-
sentadas estdo relacionades com o citado anteriormente.
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Figura 6- Cicles térmicos de um ponto da cha-
pa para trés velocidades do eletro-
do. Ponto: x= 42,5mm e y= 4,5mm,

CONCLUSRO

1) A simulagldo numérica desenvolvida é capaz de
determinar a temperatura como uma fungdo do tempo para
qualquer localizag3o de um ponto da placa durante um
processo de soldagem automdtica, Este modelo também po
deria ser aplicado pars qualguer outro metal onde suas
propriedades fisicas sejam conhecidas e incluidas no
modelo. As hipdteses simplificativas utilizadas no mo-
delo numérico o aproximam mais do processo real gue o
modelo analitico. Cabe observar, que dependendo do ma-
terial do metal as discrepéncias entre os resultadaos
analiticos e numéricos podem aumentar. Isto porque na
simulagdo numérica considera-se a variacg3o das proprig
dades do mesmo com a temperatura.

2) Os resultados mostram que existe uma velocida
de dtima de soldagem que proporciona uma pequena  zona
termicamente afetada num tempo suficiente para que o-
corra a fusfo do metal de base. Assim, pode-se pensar
em otimizar um processo de soldagem através do contro-
le da velocidade do eletrodo, minimizando os efeitos
de tensBes térmicas gue ocasionam defeitos no cordio
de solda.

3) 0 presente trabalho tem uma aplicacdo impor
tante na avaliac3o preliminar da zona termicamente afe
tada, tendo em vista que uma montagem experimental se-
ria invidvel para fornecer um campo de temperatura sa-
tisfatdério. Através dos ciclos térmicos obtidos no aty
al estudo, pode-se prever a taxa de resfriamento e a-
quecimento do metal de base, que conjuntamente com en-
saios microgrdficos determina-se a gualidade da junta
saoldada do ponto de vista mecdnico.
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ABSTRACT
During the automatic welding process the
temperature distribution in the metal varies from

position to position and locally with time.To simulate
this process a finite differeance method - Control

Volume Simulation - is used in this work. The variation
af the metal thermal conductivity with temperature was
taken inte account in the simulation. A good

agreement is observed between th2 numerical result and
the analitical solution in this heat transfer praoblem.
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RESUMO

Este trabalho apresenta uma simulagBo numérica para determinagido da distribuigdo
transiente de temperatura em placas durante o processo de soldagem por resisténcia elé-
trica par pontos, Utilizando o programa com condigdes de soldagem reais pré-estabeleci-
das £ possivel simular ciclos térmicos dos pontos de solda, mantendo as temperaturas ma
ximas constantes e iguais & do primeiro ponto. Este controle das temperaturas dos paon-
tos € possivel a partir da redugdo do tempo de soldagem, wvisivel nos resultados, gue na
préatica implica em economia de energia elétrica.

INTRODUCED e
00 —
D estudo de transferéncia de calor na sgldagem o -
por resisténeia por ponto tem sido abhordado tanto a ni- 186
vel teorico guanto a nivel experimental nos Gltimos a-
nos [1—3 l“—’//
A soldagem por resisténcia elétrica por pontos & s
um processg versatil e tem-se apresentado com um  exce- e
tente potencial produtiveo, principalmente para solda- i"o-
gens de placas em juntas sobrepostas [ﬁ-? . g
Na soldagem por pontos sucessivos, guando a dis- i-n-
tdncia entre os pontos de soldagem € tal gue o tempo de s:»-
passagem de um pontg para outrn (Tempo de pausa) &€ me- g .
nor gue o tempo de difus3o de calor gerado em um  ponto it — o EXPERMENTAL
até a regido seguinte, os pontos serdo realizados todas a
3 mesma temperatura, Neste caso, desconsiderandn os pro 0 -
oplemas inerentes do processn, os pontos serdo iguais ou
terdo as mesmas caracteristicas microestrufurais, .‘. R T TR
Entretanto, gquando um ponto pré-aguece o  seguin-
te, mantidos o5 parametros de soldagem constantes, segu
ramente suas caracteristicas serdo giferentes. Desta fa)
forma, surgem duas possibilidades a fim de otimizar o
processo de soldagem por pontas.
4 primeira é, mantidos es pardmetros de soldagem 00
canstantes, diminuir a distancia entre pantos au  aumen i Togpg ® ra N
tar o tempo de pausa, dentro de certos limites. Assim, a0 LY
consegue-se gue a difusdo de calor pelas placas promova
o pré-aguecimentn dos pantos de solda subseguentes. Pog R
cputro lado, esta medida sumentaris o consumo de enersia 210 4
efou o tempo de soldagem total o gue acarretaria uma i 200
minuigdu da produtividade. = a0 o
A segunda & asvaliar a influéncia do pré-agueciren :..o_ —_— ]
to nas caracteristicas das pontos e controlar os narime E
traos de soldagem (corrente, tempo & pressdo), princisal i
mente o tempo de soldagem a fim de nbter pontos com  as g il .
mesmas propriedades. * 100 — BNERKCD
Um modelo computacional fol desenvolvido em ]1J .o o e EXPERIMENTAL
para simular o transiente térmico em placas delagadas Sg’- i
jeitas ao processo de soldagem por pontns, Ma elabora-
¢3o do programa utilizou-se o métodn ue diferengas fini b
tas com formulagdo de volume de contrale, conforme [B % T T T T T T T T T T T -
ComparacBes dos resultados experimentais e  numéricns, " x s . ' " ® 1
obtidas em Il ], apresentaram uma boa concordancia con- TENPO (el
forme pode ser visto na Figura 1. Cabe ressaltar gue o
efeito da fonte externa de calor, responsédvel pela taxa (b)
de energia que produz s solda, fol modelado sob a forma
de uma temperatura pré-escrita e como uma condigdo de
cantorno que especifica esta taxa de energia no ponto Figura 1 - Ciclos térmicos para trés pontos & 10mm do

durante o tempo de scldagem, ponto de solda. a) Fluxo de calor especifi
cado. & b)) Temperatura especificada [1
Utilizando nas investigacBes experimentais um sis

* Membro da ABCM/ARS
tema composto de: (1) Mdguina de soldagem por pontos;

% Membro da ABS/AWS




(2) Amplificador de sinal de termopar; (3) Registradaor
potenciométrico; (4} Fonte de corrente e tens8o calibra
da; (5) Voltimetro digital e (6) Termopares tipo K (cro
mel-alumel) devidamente calibrados, conforme mostrado
na figura 2, feol validado o programa.

Figura 2 - Montagem Experimental [1J

Dentro deste contexto, avalia-se neste trabalho a
influéncia do tempo de soldagem na temperatura de pré-a
quecimento dos pontes, Busca-se assim a obteng3o de uma
curvea base aproximadamente constante, descrita pelos pi
cos de temperatura dos cicles térmicos, a fim de gue os
pontos tenham as mesmas caracteristicas & somado
to, tenha-se economia de energia.

Com objetivo de visualizagdo do pré-aguecimento
dos pontos durante a soldagem, mostra-se também a confi
guracgio de isotermas na placa, tanto para um tempo de
soldagem constante quanto para um tempo de soldagem va-
ridvel durante o processo.

a is-

FORMULAGCAD MATEMATICA

Sejam duas placas delgadas sobrepostas no dominio
O£ x€L e DLyg1/2 ¢ espessura "4 ", sujeitas a um

processo de soldagem por pontos ao longo do eixo de si-
metria longitudinal (x), tal como esta esquematizado na
Figura 3.

Figura 3 - Problema analisado

0 problema aguil analisado € do tipo condugdo de
caleor, DOesta maneira, o comportamento térmico durante o
processo de soldagem é governado pela seguinte eguagio

B AT B AT, 2R 37
ax(k ax} + ay(k a}") - 6[T-—-Td..r = it 3t (1)

Onde T & a distribuicdo de temperatura, h & o cog
ficiente de transferéncia de calar por convecgdo, Ta @
8 temperatura ambiente, t € o tempo e k, p e ¢ sdo res-
pectivamente a condutividade térmica, densidade e o ca-
lor especifico do material das placas awvaliados camo
fung8@o da temperatura através de ajustes polinomiais.

Uma avaliaglo mais rigorosa de h fol considerada,
canforme pode ser visto em [! J. Deste modo considerou-
-se¢ um valor de h mais real, pois avalia-se o mesmo du-

rante as evolugfBes do campo de temperatura com o tempo,
obtidas no prépric programa computacional.

Hipdteses Simplificativas.A formulagdo do problema
baseia-se nas seguintes hipdteses:

1. 0 problema € considerado guasi-bidimensional;

2. B fonte de caler externa é considerada uma fonte pon-
tual no dominio de solugdo;

3. Az placas sdpo rigidas, homogéneas e isotrdpicas. Nio
introduz-se ndc-linearidade no comportamento do mate-
rial devido a irreqgularidades nas placas;

4, A velocidade de deslocamento do eletrodo ou placa du-
rante o tempo de pausa € assumida constante;

5. Despreza-se os efeitos de transferéncia de calor por
radiag3o e os efeitos de mudanga de fase localizada;

6. Os efeitos de transferéncia de calor por convecgdo se
rdc considerados como termo de fonte na equagdo 1.

CondigBes Iniciais e de Contorno. A condigl3o inici
al do problema varia a rcada ponto de solds que & realiza
do. Mo inicio, antes da ocorréneia do primeiro ponto, a
distribuigdo de temperatura € considerada igual 3 ambien
te. Nos instantes posteriores, imediatamente antes da reg
alizagdo de novos pontos de solda, considera-se sempre
um nevo problema com condigdo inmicial igual ao campo de

temperatura obtido no tempo anterior a realizagdo dos
pontaos. Isto pode ser expresso matematicamente como:
i) Condigdo inicial antes deo primeire ponto de solda.
T(x,y,0) = Ta (2

ii) Condig3o inicial antes da realizagio dos pontos se-
guintes,

Tix,y,to) = T*(x,y) (3)

Comg condigdes de contorno do problema tem-se:
i) Durante o tempo de soldagem

em x=0, By S o (a)
T
em x=L, —%: = 0 (5)

em y=0, para fluxo de calor especificado

47 0 para pontos que ndo s3o de solda (&)
1
3y
o i ;
ara pontos de sold (7
2 ka P b 8 ]
onde A = d&rea do volume de controle
para temperatura especificada
a7
g?: 0 para pontos que nEo s3o de solda {8)
T = Yr para pontos de solda (9)
o valor da taxa de transferéncia de calor, q, &

cbtido através de:

g= NVI (10}

cnde N ¢ a eficiéncia de soldagem estimada, Vv a tensdo
e I é a corrente de soldagem svaliados experimentalmen -
te.

A temperatura especificada, Tes & tomada como i-
gual ou maior a temperatura de fusl3o do material [91 .

ii}) Durante o tempo de pausa

a1 (11)

em x= 0, % =0
T 1
em x= L, —2; = 1 {127




em y= 0, —g;— s 1) {13y

em y= 1!2,—2—;—, 0 (14)

Com a especificagdo das condigdes de contorno, fi
ca claro gque & simulagdo € dividida em duas situagBes:
A primeira onde tem-se a presenga oe uma fonte de calor
(Tempo de soldagem) e a segunda descreve um problema on
de ndo héd presenga da fonte de calor (tempo de pausa).

METODO NUMERICO

0 problema é resolvido numericamente através da
discretizag3o da equagdo 1, utilizando o método dos re-
siduos ponderados, cuja fung3o peso £ consjderada a uni
dade, com formulagdo implicita no tempo |8 0 sistema
de equagBes algébricas obtido apds o processo de discre
tizag3o do dominio solugdc fol resolvido através do mé-

todo TDMA linha a linha conforme |8 0 eritério de
convergéncia utilizado foi:
K K+1
| | < 0,5°C 15
i,i fo:d = Lrel

Max

0 tempo computacional para evolugdo do campo de
temperatura é obtido conhecendo-se o tempo de soldagem
e o tempo de pausa do processo. Fol wtilizada uma ma-—
lha de 70x14 pontos nodais.

A equagdo final de discretizagdo deo problema é do
tipo:

aT=a 7T, +aT_+aT +alT_ +b (16)

ande os paradmetros definidos sfo os coeficientes de dis
retizagd3o da equaglo governante e s3p descritaos em
T i

RESULTADOS E DISCUSSAO

A tabela 1 apresenta alguns pardmetros
tais & numéricos utilizados na simulacdo.

experimen

Tabela 1 - Pardmetros experimentais e numéricos

Material das Placas: Ago 1020
Temperatura Especificada (T¢): 2800°c
Largura das Placas (1}: 4,0%10" 2
Comprimento das Placas (L): 1,0x10"'p
Espessura das Placas (8): 2,6x10"2p
Disténcia entre Pantos de Solda (D): 1x10™2q
Tempo de Soldagem {ts): 2,0 seg

Tempo de Pausa (tp): 3,0 seg
Temperatura Ambiente (Ta): 24°c
Corrente de Soldagem (I): 18700 Amperes
Tens3oc de Soldagem (V¥): 0,8 a 1,0 volts

A figura 4 apresenta a configuragdo de ciclas tér
micos, a partir da simulag3o numérica, de 04 ({guatro)
pontos na placa, equidistantes entre si e & 3,57mm  dos
respectivos pontos de solda. Estes resultados foram
obtidos considerando o tempo de socldagem de 2,0 seg €
tempo de pausa de 3,0 seg, constantes durante a evolu-
¢do do problema.

Conforme pode-se observar ocorre um pré-aguecimen
to entre os pontos refletido pela curva base formada pe
los picos dos cicles térmicos. Este Resultado confirma
que, devido ao pré-aquecimento, os pontos est3o alcan-
gando temperaturas diferentes, o que nfdo garante a ho-
mogenidade de suas caracteristicas metaldrgicas. Além
disto, excessivos gradientes de temperatura podem resul
tar em expulsdo de material, cavitagdo e ruptura, redu-
zindo as propriedades meclnicas do material.

CURVA BASE

.

1

TEMPERATURA (C)
g
'

Figura &4 - Configurag3o de ciclos térmicos simulados
para 04 (guatro) pontos de sclda com tempo
de soldagem CONSTANTE de 2,0 segundos.

A figura 5 mostra os ciclos térmicos nos
pontos analisados na figura 4. Esta nova
foi obtida com tempo de soldagem varidvel e

mesmos
configuragéo
apresenta

uma curva base aproximadamente constante para os picos
dos cicles térmicos.
Pode-se observar gque os pontos alcangam a mesma

temperatura miaxima, o gue na prédtica, deve garantir a

haomogenidade das caracteristicas metaldrgicas e mecani
cas dos pontos de solda. Vale ressaltar gue a diminui-
¢do do tempo de soldagem implica em economia de ener-
gia.
200
700 - CURVA BASE
00
800
g
400
300
-
—
200 —_—
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Figura 5 - Configuragdo de ciclos térmicos simulados
para 04 (gquatro) pontos de sclda com tempo

de soldagem VARI \VEL.

A titulo de visualizsg8o da difusB3o de calor pela
chapa, responsivel pelo pré-aquecimento, apresenta-se
na figura 6 a configurag3o de isoterras para as duas si
tuagbes discutidas anteriormente.

Através das configuracgfes, observa-se o pré-ague-
cimento de um ponto sobre o outro pela distorglo das
isotermas nos fins dos tempos de pausa.

Com relagdo a comparagdo das isotermas para as du
as situagdes, nota-se gue para um tempo de soldagem va-
ridvel a difusB3o de calor na placa é mais lenta que pa-
ra um tempo de soldagem constante. Observa-se também
maiores gradientes de temperatura, nas vizinhangas de
pontos de solda, em configuracdes de tempo de soldagem
constante.,
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pausa constante - 3 seg).
CONCLUSDES

Considerando os resultados obtidos com a simula-
¢80 numérica pode-se concluir que:

1. Tem-se agora uma ferramenta muito forte para a autn
magdo do processo de soldagem por resisténcia elé-
trica por pontos;

2. Fica possivel contrelar a regulagem da mdquina de
soldagem estimando o tempe de scldagem pars se ter
pré-aguecimento entre os pontos mantendo as tempera
turas mdximas dos picos constantes e iguais & do
primeiroc ponto;

3. Com as temperaturas de pré-aquecimento controladas
ocorre diminuigdo do tempo de soldagem o gue leva a
economia de energia elétrica. Mo caso do procedimen
to de soldagem apresentado nas figuras 4 e 5 esta
economia fol em média de 16%.
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PERFIL DE TEMPERATURA EM REGIME TRANGITORIO EM
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SUMARIC

Fm alguns tipos de reatores cataliticos,
do material
procurou-se estimar o aumento de temperatu-

ticos sohre a superficie
impregnacdoe. Neste trabalho,

ra nas vizinhangas de uwm centre catalitico,
O problema fol resolvido mediante a solugdo da equagdo
andlise dos

¢hes exotdrmicas.

geral de vcondugde de calor. Da

sS40 encontradoes centros catali-
suporte, devido a um processo de

quande da ococorrénclia de rea-
conclul -se

dados, gue o

aumenta de temperatura obtido ndo prejudica a atividade do catalisador.

INTRODUGAQ

Os reatures cataliticos ae lelto fixo
880 08 Lipos mats comans Ae reatores quimi-
cos, nti1lizZados principalmente para reagfes

altamente exXot&rmicas.
aor & geralmente uma sSubstanclia porosa,
grande area superficial, como por exXemplo,
material ceramico, O nso de am snporte (e
melhor  condatividade T Ermca, come own pd
Mmetilico, pode contrituil pava um resfriamer-
to mals  efelivo Ao reatol. NOs processos de
tmpregnAagao, 4 submtancia catalitica  encof-
tra-se Alspersa  Solae o malerial poroso (su-
porte), formando Concerntragnes e materfal
catalitico (centros cataliticos) de dimensdos
microscoéplcas,. A uma delerminada temperatura,
es8es Centros torrnam-5€ Aatlvos & reAadem com o

0O suporte Ao catallsa-
ae
um

gas, rroauzindoe o elemento  final da veagio,
Desvias dessa  tewperatura de Lrabalho podem

catalisador on favorecer
Lrdese joalos, Q

chegar a desativir o
o surgimento de  elementos

obJetivo deste trahalhio & detervminar teorica-
mente o perfil A temperatuora em redins
transitdrio, Junto a am ventre  catalitico
ativao, guarndo da  oCorTEneiag de reagies

exotfrmicas,

ABORDAGEM DO_FROELEMA

Grac o Leito Catalitico, Neste traba-
analicomi=se ull grao Qoo opatorial porosn,
centro catalitico  Sohre soag superfi-
2ie, Para reagldes exotérmicas, o centro cata-
litico atua oomo fonte de calor. Como o as
aimensdes da saperficlie do centro
Sa0 muto menores Jue An o Aimensces  da
super ficie Ao Jraoc Ao materital  suaporte, o
problema  pode Ser  resnmido A analise da
transteréncia de calor de oma Forite pontual,
localizada na saperficie Ae um corpo Semi-
infinite [(1J. A Flg.(1) mostra o modelo
prosposto.

lha,
COnam

Transferféncia de Calor.
Dns  mecanamos de transteréncta de calor
envaolvidos, dofpsideron-8#  apenas o condugio
Atraves do grAo, Emocondl des normals de fun-
cinmamento, A temperatili-a no Centro catali-

Mefcanlsmoy e

tion, hem conog ns Saa vizinhanga, & maior dque
A temperatura Ao meio, Neste caso, a COnvec-
¢an contrial  para & retirada de calor 4a

catalitico

37

& TaL) _FONTE DE CALOR
r
a
CORPO
SEMI-
GRAO DO -
MATERIAL §<pina,n * INFINTO
SUPORTE //////
Fig. 1: Representagho do modelo utilizado.

superficlie do grao. Trocas radiativas entre
superficies tamb&ém contribuem para a retirada
ae calor Ao grao, uma vez que graos adjacen-
tes, 'destituidos de centros cataliticos, en-
contram-s%e a uma temperatura mals baixa., Com
a exXclusao no problema desses Aols mecanismos
de transferéncia de calor, procurou-se garan-
tir a situagho mals desfavoravel, sSob o ponto
de vista da elevagio de temperatura no grao.
O caso mails desfavoravel A retirada de calor
ao centro ativo ocorre quando naoc ha troca de
calor atraveées da superficie do corpo (super-
ficie 180ladaj.

Calor Provindo da C&lula
que a atividade Ao cata-
lisador pode sér influenciada, dentre outros,
pela temperatura. Nas condigdes normais de
funcionamento do reator, para reagoes exXotér-
micas, & 1liberada uma determinada quantidade
de calor, com a ocorréncia da reagAo, Caso a
temperathora na reglan onde esta localizado o
catalisador exceda um determinado valor, esse
pode ter #ua atividade suspensa. Ocorrendo
resfriamento, ¢ centro catalitico pode ter
recaperada a sua atividade, Desta manelra sao
caracterizados pulsos que definem o8 periodos
de atividade e inatividade Ao catalisador.
FPara simplificag¢ao Ao problema, fol tomado um
valor médio para tais pulsos, admitindo-se
assim que a liberagaoc de calor seja continua.
MNa realidade, uma liberagho continua de calor
requereria um nivel de refrigeragic dque
viesse a impedir a elevagao da temperatura
acima da temperatura limite para ocorreéncia
da reaq¢dce, Para determinar-se um valor para a
mnmtensicdsle da fonte de raio "o, Tomou-5e
como base a quantidade de calor liberada por

Liberagao 4o
Catalitica. Sabe-se




reagio, a area da superficie do material
suporte e dados de reatores tiplcos [2].

Equagles do Modelo. Com base no modelo
apresentado na Fig,(1) € nas simplificaqgles
Ja adescritas, o problema da determinagéoc do
perfil de temperatura resune-se a solugho da
equagho de condugho de calor

o q
E i. - Y2 e+ — (1)
a at k

sujelta a condigbes de contorno especiflicas €
a uma condigio inicial.

A primeira condi¢ho de contorno repre-
senta a liberacho de calor no centro ativo:

ae

-k L 0snr se. (2)

3z Z=+(

A segunda condigio de contorno diz res-
pelto ao 1solamento da superficle:

A condigéo inicial & dada por:

1 -0 (4)

para todos os pontoes (r 2 O, 2 2 Q).

A solugho da Egq.(1), suJeita as condi-
g0es de contorno representadas pelas Eds.(2)
e (3), e sujeita & condigho Iniclal E4.(4).

encontrada por Carslaw & Jaeger [31, tem a
seguinte forma:
@
cq
e(r,z,1t) = — J (xr)Jd (xc) x
ok 0 1
0
Zz
{e~XZerfec [——— - x(at)172)
2(atyl”e
z dx
eXZerfe [—— + x(at)1”213 — (5)
2cat)l”e x

temperatura (°C), "c¢" o ralo da
calor (m), "q" a densidade de Fluxo

(W/m<), "R o coeficlente de
Lteérmica (W/mK), gt e gt

sendo "€ " a
fonte de
de calor
condutividade

coordenadas  (m), 8 0
difunsihilidade Lermica

coeficlents ae
(me /sy, i (]

tenpuls), "Jgt e "I3" fungbes de  Bessel de
ordem Zern e de Primeira ordem,
respectivamente, "erfc” a fungao erroa

complementar e "X" a vartavel de intedragfo,

Esta equaglo fol resolvida numericamer-
te, utilizando-se a suworotina DCADRE (inte-
gragao pelo método AaAé Romberyg) da IMEL-
Limrary (VAX), tomando-se o8  limites da
integral como sendo (1079, 10773,

O programa de computador due calouala o
gorfal e temperatuara Didimenstional em regime
transitdrio @(r, =z, 1) apresenta como variavels
de entrada a intensidade Ada fonte "Q" (W) e o
Sed raio "e" o (m),

O perfil Ae temperal il o n CegIme per
Mmariente foil obhtido tomAndo-se Tt 2w Yt
Eq.(5). A solugdao da ~quagao resltantes, cono
uma fungao dAe SEries hiperhnlloas e funghes
gama, pode Ser encontrata em wWatson [4)

FESULTADOS E COMCLUSOES

Furam realizadas simulaglhes para dols
1tipes Ade materials uty1zados  como suporte,
Ae coptividades térmicas digtintas (suporte
metalioo: Koo 17 W/MK e sSoporte  ceramioo:
K=0, BI1W/mMK) e para Anas reaghies ool mlcas
(sintese da amonia e comtnstao dn wetano) ., Oo
Cesnltanns enncontiam-se ropresentalos em gra-
fFlons do tipn 1ng (@) eSS 10d (1) para

VA1 N&s Pontus  an v po semi-inFinito,
Figa.(e-4) .
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Fig. & rerfil qae temperatura em 1edime
trang1torio, para am - corpo seml o infinito
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Como pode Ser visto atraves das Figs.
(2) & (32, por apresfentar ama condutividade
tEImica mals  elevana, 0 material metalico
apresenta wna  temperatira menor  nas  proxi-
midades da ¢éInla catalitica, quando compara-
da com 0 material ceramlco.

Observa-se ainda que, para reagdes de
sintese da amoénia, a elevagho de temperatura
obtiaa fol de cerca de O,1X107%K, para
suportes metalicos, e O, 3x1079K para suportes
ceramicos, Para as reaqdoes  de combustio do
metano, Trabalhiou-Se com ma malor concentra-
cho da  fonte (g:z1, 2xX10%0 w/mS, c:0, 53107 6m)y,
o gque levou a wun aumento de temperatioa de
até 0,001 K.

Da analise Aos Adados obtidos nas
simalagdes (Figs, (2-6)), prode-se conclalr que
a atividade Ao catalisador nao sera afetada
pelo aumento de temperatura produzido no
centro ativo, para as Aauas reagGes
consideradas, Este fato sugere gque nlo &
Juatificavel gque ge promova a troca de um
material ceramico, de Dbaixa condutividade,
por um material metalico, Aae melhor
condutividade, como tentativa de intenstificar

ret ivata de calor Ao 1er1to do reatul,
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In some types of fixed hed catalytical
reactors, the hed ¢an be  1np ednated  with
catalytlically ACLiVe Substances, In this
VAsr, miciascoplcal amounts of  catalytic
materi1al (catalytic c¢enters) can be found on
Ite s face  oF the support drasins, There 1s
an optimal temperature for every reaction.
Deviations from this working temperature can

Aamage the catalytic material or denerate
urlesiranle  produacts, To investigate the
temperatiy & 1ncrease nearny a catalytic

active ccnter, ore has ahnalyzed the effects
produced on & grain  of the Dbed dae to a
catalytic center on 1ts sarface, The problem
has heen  solved by means of  the well Known
formilation for comluction heat transfer in a
semi-infinite medium  (the support) subdected
tu oA heat sapply distributed over a  small
cirealar area  (catalytic center), on 1ts
airface, Simalations have heen  carried ol
withh data from two exothermic veaclions
(ammonia synthes)s,  methance combustion)  and
twa types of supor e Jodiovkaed, MeLalllc). An
apalysie of the data indicated that the
inerease on  drain temperature  was too small
to rednce the activity of the catalyzer.
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SUMMARY

Infrared re-radiation appears as a promising method to realize natural cooling of

surfaces facing the sky.

geometrical shading.

During the day,
solar radiation to reach the roof plate.

however, there is a need to prevent

This can be accomplished using

This paper presents a theoretical study of a geometrical

shading technique consisting in a rank of parallel vertical fins placed over a

flat horizontal roof.
to 10 -
this technigue is adopted.

INTRODUCTION

As an alternative to the use of
surfaces (see Bartoli et al.)

selective
natural cooling may

be realized preventing the effect of sgolar
radiation by means of geometrical shading
technigues. This paper presents an analysis of

these methods, coupled to a selective treatment of
the shading device. On the opposite, the roof
surface will be considered a grey surface with
high absorptivity (a = 0.98).

The most common geometrical technique
consists in installing a rank of parallel fins on
the top of the roof. As a first approach, the
effect of parallel, vertical fins on a flat,
horizontal roof has been studied.

It should be noticed that any device
interposed between the roof plate and the sky will
also reduce the amount of infrared radiation
emitted by the roof towards the sky. Moreover, any
device, heated by solar radiation, will reach a
temperature somewhat higher than ambient
temperature, thus contributing with an infrared
radiation flux to heat the roof plate.

A gualitative analysis of the optical
characteristics of the fin surfaces shows that, in
principle, they should be as "black" as possible
on the sun facing side, in order to absorb all the
incoming solar radiation, eventually dissipated by
natural or forced convection to the air.
Therefore, their shortwave emissivity should be as
high as possible. On the other hand, in order to
reduce the infrared exchanges between the fins and
the roof plate, longwave emissivity should be as
low as possible.

The influence of height and distance between
fins will be investigated: it has been shown that
the performance of this device is only influenced
by the ratio between height and distance. The
effect of the length of the fins, due to side
effects, will also be analysed.

Further developments of this study will be
in the direction of adopting tilted fins, which
may probably lead to higher emitted powers,
because they allow to increase the shape factor
between roof plate and the sky, while still
preventing direct solar radiation to reach the
roof.

TEMPERATURE DISTRIBUTION IN THE FINS

In order to deal with infrared radiative
exchanges, some hypotheses must be made about the
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Results show that noticeable amounts of thermal power (up
15 w/m?) can be emitted from a roof even with strong insolation,

when

temperature distribution in the fins. The upper
part of the fin is lighted by the sun; due to the
high shortwave absorptivity of the fin, solar
radiation contributes to heat the upper part of
the fin. A longitudinal conduction heat fiow takes
also place, contributing to heat also the shaded
part of it. In order to determine the longitudinal
temperature diatribution the following hypotheses
have been made:

- surface heat transfer coefficient and thermal
conductivity are constant

- the transversal temperature distribution is
uniform

- fin to air heat transfer occurs by natural
convection
- heat flow at the fin tips is negligible

The geometrical features of the fin are

shown in fig. 1.

LYy

r) e et

Fig. 1 - Geometrical features of the fin.

In the shaded part of the fin (from x = 0 to
x = H,) the temperature distribution is given by
the equation:

dig
— - m2@ =0 (1)
dx?

where

@=T- Ta

x = length of the fin (in the vertical direction)



m? = hp/kh
with
h = surface heat transfer coefficient

p = perimeter of the cross section of the fin =
2{L + &)

k = thermal conductivity of the fin
B = cross section area of the fin = L &

The boundary conditions are:

x =0 e=0_ =T - T

o o a
(2)
x = Hy Q/A = - k' (dT/dx) =0
x=H2
It should be noticed that 9, is at present an
unknown. Integration of eguation (1) with boundary

conditions (2) yields the well known solution:
ch[th2 - x}]
0 = 90-.._._.. ———— e
ch(mH?}
In the lighted part of the fin {from x = -H,;

to x = 0) the temperature distribution is given by
the eguation:

de
— = miB + n = 0 (41
dx?
where
n=aI-Li(k:AE) =aTIf{k5)
with
a = shortwave absorptivity
I = solar radiation intensity, W/m?
L = length of the fin
The boundary conditions are:
x =0 He Bl =", 5 M
{5)
X = Hl /A = - k- (dT/dx) =0
x:—H1

Integration yields:

@ - n/m2
ey w )

i H
9, n/m

ch(mH, }

(6)

The unknown ©_ may be found imposing the equality
of heat fluxes at x = 0. In fact:
(QKA)H=O = k'm @, tanh(mi,) (7

on the shaded part, and

(Q/A}x=0 = -k'm{9, - n{m‘)'tanh(mHl} (83

on the sunlit part.
(8) one cbtains

Egqualling expressions (7) and

n!m"tanh(mﬁl}
[ e S SR S (9)
tanh(mHl}+tanh{mH2]

As an example, fig. 2 shows the temperature
distribution on a fin assuming H; = H,, h = 5
W/m?K, «'I = 500 W/m2, & = 0.002 m, the two

for
cases of k = 50 W/m K (e g, steel fin) or 0.5
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Palta—T (K)

W/im¥ (e g, PVC fin), 1 e

2

m? = 100 or 10000 m~

5000 or 500,000 XK-m 2
and

n/m? = 50 K in both cases

Temperature difference clong the fi
u] = 500 Wom' deita = 3 mm
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=== k= 50 W/mK k = 0.5 W/mK

Fig. 2 - Temperature distribution along the fin.

It can be immediately seen that the
temperature drop between the lighted and the
shaded part 1is much more abrupt for the low
conductivity fin, and it may be also seen that the
temperature drop between the two parts increases
with decreasing thickness (8) of the fin.

In order to reduce infrared heat transfer to
the roof plate, the lower part or the fin (having
a higher shape factor to the roof plate) should be
as cold as possible. By adopting thin, low
conductivity fins, it may be therefore assumed
without large errors that the lighted part of the
fin has a uniform temperature egqual to T, + n/m?,
while the shaded part has a uniform temperature
equal to T, . Under this instance conducticon along
the fin may be neglected.

CALCULATICN MODEL

hs a first step it was necessary to make
clear the heat transfer mechanism between the fin,
the roof, and the sky.

In order to solve the problem the aystem has
heen divided in six elements (see fig. 3):

roof plate between two adjacent fins

2 - lower part of shaded fin
3 - upper part of shaded fin
4 - sky

5 - upper part of sunlit fin
6 - lower part of sunlit fin

It has been assumed that heat was exchanged
between the six elements only by infrared and
diffuse gsolar This means that
conductive heat transfer along the fin (as seen in
the previous paragraph) has been neglected and
that the air layer between the fins has been
considered a heat sink, so that convective heat

radiation.

0.3




transfer from one element to the air does not
influence the temperature of the other elements.
The roof (between two adjacent £in), the upper
and lower part of the lighted side of the fin, and
the upper and lower part of the shaded side of the
fin are nonblackbodies, while the sky is a
blackbody. Under these conditions it is possible
to ralculate the radiative heat transfer solving
the equivalent electric circuit (see fig. 4).

Fig. 3 - Schematic representation of fins
geometry.

Fig. 4 - Egqguivalent electrical network for
radiative heat transfer sclution.

The first part of the program calculates the
net solar irradiance incident on the fin, the
diffuse solar radiation, and the geometric shape
factors (F, among the six elements (roof, fins
and sky}. Tge shape factor to the sky includes the
lateral free space shape factor between two
adjacent fins.

The second part of the program is made of
two different steps.

In the first step the temperature of the six
elements are fixed in this way: the temperature of
element 4 (sky) is a fixed value, the temperature
of elements 1 (roof), 2 and 6 is equal to the
ambient temperature, the temperature of elements 3
and 5 is the equilibrium temperature calculated
through the thermal balance between the incoming

solar heat flux in element 5, and the outgoing
convective heat in elements 3 and 5. Now it is
possible to determine the radiative heat exchange
among the six elements solving the system of five
equations for the solution of the equivalent
electric circuit for the heat exchange among five
nonblackbodies and one blackbody (see, e g,
Holman, 1976).
The system of equations is the following:

1 '51/(1—el:~Jl~{slf[l—cl}+F12+F13+F14+F15+F16}+

Wy Typrdy~Fygddy Pigilg "Fyghdg Fig = 0

By tepl(loey) =Ty [y (1meg ) 4Fy #F, g 4F g4 Fp )+

Wy "Foq iy Fag e Foghde "Fue =0

3 €3/ (1me3)=Jy (€3/(1-€3)4F 3 4F 3 +F3o4Fq )+

HI "E gy Ty Fagtdg Fagtdg-Fag = 0

Eg ceg/(l-eg)-Jdg {csf(l—es}+F51+F52+F53+F54]+

Fg+Jy Fgp¥dy FgatdyFgy = 0

'66{[1—56}~J6‘(56}{1—5614F61+F62+F63+F64}+

W Fgytdy Fgatdy Featdy-Fgy =0 -
(10)

where:

gD

; 1is the blackbody emissive power of element i
J; is the radiosity, i e, the total radlation
which leaves surface i per unit time and per unit
area
€, is the emissivity of surface i
Fij is the geometric shape factor between surface
i and j

The radiosities are the unknowns of the
system of equations, except for J, which coinclides
with the blackbody emissive power of the
sky, a fixed datum in this analysis. With these
values it is possible to calculate the radiative
({incoming or outgoing) power for all elements
with the following eguation:

Eln

g~
q = —— - (11)
(1 = ci}}h‘ei

In the second step the new equilibrium
temperature of elements 3 and 5 subject to natural
convection to the air, solar radiation, and to the
just calculated infrared power: g, and gqg is
determined. Using g, and g plus convection the
temperatures of elements 2 and 6 are also
recalculated. By adopting these new temperatures
the system of eguations (10) for radiation heat
transfer is solved again, wuntil convergence ls
attained. The criterium for convergence is that
the new calculated temperature is different from
the old one by less than 3%.

The output of the program are the
equilibrium temperatures and the emitted powers of
all elements, in particular q; {the outgoing power
from the roof).

It is possible to run the program in batch
mode and to obtain the output for different
geometric conditions (different ratioc H/D and
length L of the fins), for different optical
properties (e and a) of the fin and for different
ambient conditions, in order to find the most
favourable conditions to increase heat emission
from the roof.



PARAMETRIC ANALYSIS: HY H s

A parametric analysis has been performed to
identify the effect of different geometric designs
of the fins on the thermal behaviour of the
system.

The following metecrologic characteristics
have been fixed:

- "effective sky temperature" Tsky = 274 K
- zenith angle of the sun z = 20 °
- clear sky conditions (month of May)

Direct and diffuse solar radiation has been
determined using the well known model described by
ASHRAE (1980) for clear sky conditions.

The following radiative properties of the
surfaces have been adopted:

- emissivity of the roof plate € = 0.98

- emissivity of the fins € = 0.1
- shortwave reflectivity of the fins = 0.95

The two geometrical features of the fins
which have been varied are:

- height over distance ratio between the fins H/D
- length of the fins L

Moreover, the ambient temperature has been
varied in the range 295 - 305 K, corresponding to
a temperature difference between air and sky of 21
to 31 K.

The height of the fin has always been
chosen greater than the sunlit part height, so
that there is no direct sunshine on the horizontal
roof plate.

Before analysing the results of the
calculations, some considerations should be made:
increasing the height of the fins or decreasing
the distance between the fins (i e, increasing the
ratioc H/D} leads to a decrease of the shape factor
between the horizontal plate and the sky, and
simultaneocusly to a decrease of the shape factor
from the plate to the sunlit area. This implies
two conflicting effects:

- a decrease of infrared radiation emitted by the
roofplate towards the (colder) sky, and

- a decrease of infrared power emitted by the
warmer part of the fins onto the roof plate.

only the calculations will show which of the
two effects will prevail, but it is clear from the
beginning that the first effect will increase with
the increase of temperature difference between air
and sky.

The calculations show (see fig. 5) that
there is an optimal value of H/D at which the
emitted power is maximum. The optimal H/D
increases in its turn with the decrease ambient
temperature. Other calculations not reported here
for brevity show that the phenomenon depends on
the temperature difference (AT) between the air
and the shky, rather than on the individual values
of the two temperatures. Of course, the maximum
value increases with the increase of AT.

For higher wvalues of H/D the emitted power
tends to zero in all cases (as the shape factor
between the shaded part of the fin and the roof
plate tends to unity).

For an ambient temperature of 300 K (AT = 26
K), the optimal H/D value is around 10, and the
corresponding maximum emitted power is about 6

Ou { WoAmi )

Ga { Wom2 )

Qalir)

(WA}

Qalvia)

W/m2. With a AT of 31 K the maximum emitted power
reaches 13 W/m? at H/D = 6, while for a AT of 11
K, the optimal H/D becomes very large (around 14 -
16), and the corresponding emitted power becomes
less than 2 W/m2.

Taky= IT4 K L =1 m

_l A
14 o '/ b |
i .
12 4 iy i
] -
1o L\x.._,"__‘ !
s ‘H_""h'—o-_._,___*__k__*__* .
: —— —*
6 o e— |
od -‘_‘H‘_‘_"‘_‘-f-—-—.h-___..____ -
34
4 e E——Ee s e o . o
] = z it R
. o |
-2+ 2 i
Gid |
| : .
%4 |
o |
| ! i
104 ; |
' d I
=12 = T T T AT 153 T T T 1
o 10 20 10 w
HAD
0 Ta=1288K +  Ta=300K o To= 308K

Fig. 5 - Emitted power for different H/D and Ta
(L = 1 m)

Taky= 274 K L me

>
P

12~ o L.
-,
10 s -
i S
8 e
& m““—-—__\, ‘—h_“"ﬂ-
-] T
i h——— ""“‘—“-“h—q.__,

B___,—;_._'—.—A;l—‘:—a—r—e—ﬁ—n—‘ M N

o
gl
=
- |
-8 - .'.I i
10 - |
10 i o
L e T T = T 1
o 10 20 30 @
HAD
O To=295K +  Tam 300 K o  To=308K

Fig. 6 - Emitted power for different H/D and Ta

Taby= 274 K Ta = 295 K

' = 1
| e |
| e it )

i - ﬁhﬂmgmﬂ_aqkd_m_q r-tiin I
' s i = S - S
| —— |

L ‘-“*'_"""-—4»__., 1r - Lem I
| R o o O |
| |

B e e e |
| ST i e 3 - heoe
| A=

i | Ea
; T A
| ¥ bttt

—1g - ¥ ’g__,g"" Vi n
t A
=14 £
-29 ¥
‘.I
-25 = 4
b
50 - T T T T T
o L] 20 30 40
HeD
Fig. 7 - Visible and infrared emitted fluxes for

L=1mandL = o,

It can be observed that convergence to zero
becomes more rapid with increasing length of the
fin (see fig. 6), due to the decrease of lateral
shape factors, but this does not influence the
optimal H/D wvalue, although the maximum emitted




power shows a slight decrease.

Fig. 7 reports the disaggregated (visible
and infrared) fluxes for the two lengths L = 1 m
and L = @, It can be seen that both diffuse
(visible) and infrared radiation tend to zero more
rapidly for large values of L.

CONCLUSIONS

Although the calculations performed are
referred only to a specifiec =-- very conservative
-— situation (clear sky, zenith angle of the sun
equal to 20 °), some conclusions of more general
validity can already be drawn.

In fact, geometrical shading of a roof using
a rank of vertical absorbing fins seems to be an
interesting alternative to the use of selective
covers not only to prevent direct solar radiation
to reach a flat horizontal roof, but alsoc to allow
the removal of small amounts aof heat by
re-radiation from the roof to the sky.

The calculations show that there is an
optimal value of the ratio H/D between height and
distance of the fins at which the net emitted
power is maximum. Both the optimal H/D and the
maximum emitted power depend upon the temperature
difference between ambient and sky and probably
also upon the reference data assumed for the
analysis. Therefore the results cannot at this
stage be generalized. However, when the equivalent
sky temperature is about 25 K lower than ambient
temperature the cptimal H/D ratio is around 10 and
the corresponding emitted power is about 6 W/m?2.

Optimization of such a device should be
performed adopting the metecrological data of a
typical reference season, including data of solar
and atmospheric radiation.

Further developments of this research will
be in the direction of a thecretical analysis of
this kind, extended to different geometries of the
fins (tilted parallel fins), and to "real”
materials and dyes with their optical data.

An experimental study of the problem is alsco
planned.
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SUMMARY

Since earth's atmosphere has a transparencx window (8 - 13 um), a blackbody
placed at earth surface can interact with "cold" sky in clear nights and
undergo a sizeable cooling effect if convective and conductive heat exchanges
are removed or deeply reduced. Such effect is strongly enhanced if selective
radiators are used with an emissivity matched with the atmospheric window. In
this paper we analyze thecretically the phenomenon and present some
experimental results which demonstrate the feasibility and the potential of

this technigue.

INTRODUCTION

It is well known that extra-atmospheric
space can be considered as a thermal sink at a
temperature of few kelvin. Since earth's
atmosphere has a transparency window in the band
from 8 to 13 um black bodies exposed to clear
sky during the night can undergo a remarkable
cooling effect if conductive and convective heat
exchange are removed or deeply reduced.

Such effect can be strongly [1,2] enhanced
if selective radiators are used. These radiators
must exhibit optical properties matched to
infrared atmospheric window : i.e. =spectral
emissivity €{(A) =1 in the atmospheric window
and spectral reflectivity r(4d) =1 - e(i) =1
out of the window.

In practice it is impossible to achieve
these results so that generally e{ A} ranges
around 0.8 - 0.9 in the thermal band and around
0.1 - 0.2 out of it. Consequently the net
radiated power looks as shown in fig. 1 when
plotted against the temperature difference AT
between the radiator and ambient temperature.

UNITS

ARBITRARY

RRBITRARY UNITS Av

Fig. 1. Emitted power as a function of
temperature difference AT between the radiator
and ambient.

In typical atmospheric conditions at
Italian latitudes and at sea level the net power
emitted at AT = 0 is around 100 W/m? depending
on meteorological conditions which strongly
affect atmospheric window. In any case these
fluxes are about one order of magnitude less than

47

solar radiation, 8o that radiative cooling is
completely cancelled out by solar radiation
effect during daytime. Of course, such a problem
occurs in the case of black radiators, but is
still present also in the case of selective ones.
In fact a reflectivity of 0.1 is sufficient for
the selective radiator to collect a solar power
comparable to the net radiated power, and in all
practical applications such a wvalue of
reflectivity represents a limit
Consequently such a device can work during
daytime only if it is shaded from solar
radiation.

In principle,
mainly in two ways:
a) using selective covers which are transparent

case.

shading can be achieved

to infrared radiation but opague to solar
radiation;

b) using geometric structures able to stop
incoming solar radiation without affecting

emitted radiation.
In this paper we will briefly discuss the
first approach, while the second is dealt in [3].

THE CASE OF SELECTIVE COVERS

In previous papers [4,5) it has been shown
that the best way to obtain selective covers
suitable to our purposes (i.e. transparent to
infrared radiation and cpaque to sclar radiation)
is the case of plastic films trasparent to
thermal radiation, changing their optical
properties in the solar band with some dyes.

I1f the radiator is selective, i.e.
reflecting in the visible region, the best choice
is to couple together two different films, the
first one reflecting and the second absorbing in
the solar band. In this case the cover must show
the reflecting side to the sun and the black one
to the selective radiator which has a low
absorptance to solar spectrum.

Consequently we obtain that only a little
fraction f of the incoming radiation @ crosses
the cover; morecover most of (f:®) is then
reflected by the radiator and absorbed by the
cover. In practice only a very little part of
the incoming solar radiation is absorbed by the
radiator and the device can operate alsoc during
daytime.

The net radiated power in this case can be
written as [5]:




P =W, = B~ V@ (1)
where

Wy = | WA, 8(A) (X (A) + Edy 1-dd (2)
vo= | o) XA + Ld) el (3)

B = [1-0]'h__ +

cr
oW FAvA)
Tl e ——11-ry(A)-0 ey (A) ] -dA (4)
OT |poga (A
with
I(A) : incoming soclar radiation;
a(d) -T(h)
Xy = ()]
1 - ry(A) 1 =~ a(d)]
1 - a(d)
Lih) =0 {eq(h) + ey(h)- T(h)}
1-ry(A) (1 - a(l)]
(8)
(A) = 1 - a(h) (9
a{l) : spectral emissivity of the sky;
T(A) : transparency of cover;
rlil}f rziil; Eltlj, eztl} : reflectance and

emigsivity of the upper (1) and lower (2) side of
the cover;

a(i) : emissivity of the radiator;
Ky
0= — (10}
g
ow a(d)ey(A)
Ky = h, + - -_—-dﬁ (11)
0T |popa 1-rp (A1 [1-a(d))
Ky s Hgg *+ g+
ow (1-a(A) ] e,% (A)
+| — [eg i) bey(h)m ————— | -dd (12)
ik g P 1-ry(4) - (1~a(})]
ﬂ(l,T) : black body spectrum at temperature T;
'I‘a : ambient temperature;
TC, 'I‘r : cover and radiator temperature;
hcr' hca : conductances between radiator and

cover, and between cover and ambient (due to
conduction and convection only).

It is guite interesting to analyze the
properties of cooling panels in terms of solar
radiation absorbed by the radiator ( P ) and by
the cover ( Q ):

P i
_— e ———— (13)
L2 1= (1 —a)r,

Q a + T-f{l - &)

i ], WG S seim o (14)
L] L= [X = a) ry

where Ly, Ty, a, and T are considered in the
solar band.

It can be seen that P/¢® decreases for
decreasing values of 7, a and r,.

A fraction of scolar power absorbed by
the radiator is re-radiated in the thermal
infrared; consequently it is useful to calculate
Aoggr the fraction of the incoming solar power
which heats the radiator.

It can be shown that the best wvalues of
ageg Aare obtained for T and Ty tending to O and
ry tending to 1.

This condition represents exactly the
behaviour of a two faces film fully reflecting
on the upper side and fully absorbing on the
lower one.

RESULTS

Using a two face film of poliethylene
plastic charged with TiO, on the upper side and
black carbon on the lower side the following
optical properties are obtained:

T transparency to solar radiation: 0.09
r, solar reflectivity (upper side ): 0.67
ry solar reflectivity (lower side ): 0.10
a solar absorptance: 0.20

These values of 7, ry and r, allowed to
obtain that f drops down to 0.05. The
transparency in the atmospheric window was
0.75.

Using cooling panels (see fig. 2) based
on this principle, a full scale warehouse
(2.5 + 5 m2, 2 m high) and an "inverse
greenhouse” ( = 100 m?) was built.

Fig. 2. Schematic drawing of an experimental
natural emitter. C, cover,transparent to IR
radiation; R, radiator; B, insulating box.

In fig. 3 the difference between internal
temperature and ambient air temperature was
reported as a function of the hour of the day. It
is evident that results are satisfactory.

Nevertheless it should be stressed that
satisfactory results can be obtained simply by
shading the radiator from direct solar
radiation. In this case the cover does not need
any more to be selective.

Geometric shading is very simple in the
case of emall radiators (fig. 4) while for large
scale devices suitable geometries must be
chosen.
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Fig. 3. (a) the case of inverse greenhouse. (b)
the case of warehouse.
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Fig. 4. shading a small natural cooling device
from direct solar radiation.

In fig. 5 the comparison of power
radiated during daytime and night-time are
reported in the case of geometric shading shown
in fig. 4.

N T e T

&0 |- 4

.‘+‘- =) +».i,;m

el \ 9 ; = 2
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iadiated power ~

AT, "G

Fig. 5. Experimental performance of a natural
cooling device with geometric shading from direct
solar radiation. T is the temperature difference
between radiator and external ambient.

Results appear much more satisfactory if
one takes into account that they were we
obtained in Naples, where the difference between
ambient temperature and sky temperature is quite
low because of polluted and humid air.

CONCLUSIONS

In this paper we have briefly resumed
some results concerning radiative cooling.

It has been shown that radiative cooling
can occur also during daytime if the radiator is
shaded against solar radiation.

This effect can be performed both using
selective covers or geometric shading. Results
concerning large scale experimental setups have
been reported.

It has been shown that satisfactory
results can be obtained using two faces films
with the upper side reflecting to solar
radiation and the lower one absorbing. The main
problem about this solution regards durability
of plastic films used for the cover while there
is no problem about maintenance of the selective
radiator.

We have briefly resumed also some
results concerning simple shading geometries
which can be used only in the case of small
radiators.

In this case of course there are no
durability problems, so that it is worthwhile to
analyze suitable geometries which can be used
also in large scale setups.

This approach is analyzed in paper [3].
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SUMMARY

In this paper the energy transfer phenomenon in a gray circular plate,

heated by an external

Cbhlack> radiant

source, is considered. The

radiant source its modelled as a spherical black body with constant

heat generation.

A mathematical model

is constructed, assuming that

the heat transfer from/to the body takes place by thermal radiation.
It is presented a functional whose minimum occurs for the solution to
the considered problem. Some particular cases are simulated.

INTRODUCTION

The radiant interchange is an energy
transfer mechanism which is always present
when two bodies are separated by a nonopaque
medium. Nevertheleszs, the radiative transfer
is neglected in most of energy transfer

phenomena considered for engl neering
calculations.

However, at high temperature levels
and-or in a rarefied atmosphere, the

radiative interchange plays the main role in
the energy transfer process and can not be
neglected.

Usually the radiative interchange is
considered under very restrictive
assumplions in order to reduce (drasticallyd
the mathematical complexity of the problem.
The most common assumption consists of
assumi ng uniform temperature for the
considered bodies, approximating a partial
differential equation C(subjected to
nonl i near boundary condi tions) by an
algebric equation.

The subject of this work is the energy
transfer process involving a black radiant
source and a circular plate , as it is shown
in figure 1. The source will be modelled us
a spherical black body, with a constant heat
generation rate Q and radius a Ca+0) wh-le

the plate will be assumed to be rig.d,
opaque and gray, possessing const ant
emittance £ and constant ther mal

conductivity k. It will be also assumed Lhat
there exist no atmosphere, in such a way
that the heat transfer fromsto the plate
takes place only by thermal radiation.

The circular plate will be represented”

by the open set (1, with boundary &0, given

by

O m € Cx,y.2) such that »o+yo<RS, -1¢2<0 >
c1d

while the radiant source will be represented
by the neighborhood TI', with boundary o1,
gl ven by

2

F=(Cx,y.2z) such that x+y=+Cz-H)Z(a®, a<<H >

(4=3]
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It willabeaasgumd that the subset of
40 given by x +y =R is insulated.

The objective of this work is the
mathematical modelling and the simulation of
the above mentioned phenomenon. The
mathematical model will be represented by a
partial differential equation C governing
the conduction heat transfer inside the
plate Y subjected to nonlinear boundary
conditions ¢ which represent the coupling
between the radiative transfer and the
conduction heat transfer on body boundary 3.
This model, based on Classical Thecories,
will be modified ¢ taking into account the
physical reality ) in order to give rise to
a more adequated mathematical description,
that have an equivalent minimum principle.
This minimum principle will be employed for
simulating some particular cases using a
finite element approximation.

MODELLING THE THERMAL RADIANT SOURCE

The thermal radiant sourze will be
regarded as a spherical black body which
dissipates heat at a constant rate Q and is
not affected by the preserce of the plate.
This black body is represented by the set I',
with isothermal boundary 4", in which it is
assumed that ad<{H.

Since the source is a black body., the
emitted thermal radiant energy is diffusely
distributed [(1]. Hence. the amount of energy
thaf, leaving ar', reaches a given subset a0
Ca <D is given by

_["cr'.lA'KdA]dA 3
s

Xed(2

s:j[

Yedl"

[CX-YD)am] (CY-XDanl
n [CX-YD «CX-¥D1Z

K = KCX,Y) =

if the points XedQ and Yedl"
can be connected by a straight
line that does not intersect
r or Q.

K = KCX,Y) = 0 otherwise c4d



in which n is the unit outward normal at
Xed) , m is the unit outward normal at Yedl
and Ts is the temperature on 4 Cconstant).

Since an* is an arbitrary subset, we
define the field s as follows

s=sC0= [ aT:Ecx,YJdA , for all XedQ (%
Yedr

The field s=sC)D represents the
incident thermal radiant energy, per unit
time and unit area, at the point XedO.

In order to obtain an explicit
relation for s, we shall carry out the above
integral Cunder the assumption a<<{H). Aiming
te this, let us define a new rectangular
cartesian system €', y* .2, with an
assoclated orthonormal basis [1',§'.k'] such
that

xi + yj + Hk

k'= EE.ETR
Cx +y + :

J'en=0 , j"ek'=0 and 1'=k’ x 1’ ed

in which [(i,j.k] is the orthonormal basis
associated to the rectangular cartesian
system {(x,y.z2>.

Considering the following spherical
coordinate system Cassociated to (x’,y',z'})

x' = pcos ¢ sin A
yv' = psin ¢ sin XA
z' = p cos A
(are]
O£ , OXA=n , O=¢=2n

we have the vector fields n. m, X and Y

given as follows

CH2+r331/ak'. in which r=Cx?+y231/a(8)

x:
Y=acos ¢sinA il +asin¢sinik j' +
+ acos Ak’ (d=)]
n=cos gi’ —-sin gy J' .
in which sin = BRAHE+DHI"C o
m=cos ¢ sin A L' + sin ¢ sin A J° +
+ cos Ak’ c11d
Hence,
(CX-Y)enl[CX-YDem] _ .2 2172 o _ 23 x

AL CX~Y) aCX-YD 12

_a cosy cos¢ sinA-a siny cask+CHa+r231/asin£
€ £ SUATIOE ¥ fn com K = CHE R T 3

a2y
2 3
dA = a sin A d¢ dx 13

Taking into account the restrictions
C4d, we have that

KCX,Y) = 0 , for -
n - arc cos (aCHE4rH ™12y <\ < nmor z<0
c14d

|

Radiant Source
- @

-

Figure 1 - Scheme for the studied phenomenon.

Consequently the field =, when a<<H.
will be given as follows

2n n/2 H aa
s=f j e 1 sinA cosA dA d¢ =
oo =l ncH"+r
2
= oT: [ Ha ] , for z=0 152
CH +r

Denoting by Q the heat generation (per
unit timed and taking into account that the
source is a black body we have (from Stefan-—
-Boltzmann Lawd

Q=0 T: 4 n aa 18

and, therefore, equation (15) may be written
as follows

e I% L , r=CxtyDI 7, 220 am
C +r D
NG T TR

Since the plate is assumed to be rigid
and opaque, the energy transfer mechanism,
inside 1, is the conduction heat transfer.
Hence, the steady-state energy transfer in Q
will be governed by [2]

AT=20 in Q (8-}




in which "A" denctes the "Laplacian" and the
field T represents the absoclute temperature
£3].

Taking into account the axial
symmetry, equation (18) may be expressed as

}%[r g] % “Edl =0, OSr<R ., -h<z<O0 (19

az
in which
r o= CEry1 e c20d
Since the surface xa+ya=ka is
insulated, we have
g =0 at r=R c21)

The boundary condition on the surface
z=-h arises when the conduction heat flux is
imposed to be equal to the radiative heat
flux. This boundary condition is
mathematically represented by

kgﬂca]"d at z=-h c22)

in which k is the thermal conductivity, &
CO<£<1) 1s the emittance and o 1is the
Stefan-Boltzmann constant [1].

On the surface z=0 we must take into
account the effect of the source modelled in
the previous section. The heat loss, per
unit time and unit area, will be given by
the difference between the emitted and the
absorbed_ thermal radiant energy Cdenoted
here by s).

Since the plate is assumed to be gray
we have (4]

s _ £Q H
S-ES—EW])O 23

and, consequently, at z=0

—k%saﬁ«%g[c—e—gj_—,é] at z=0 c24d
H +r

. Combining €183,C213,(22) and (24> we
have the mathematical model for describing
the considered phenomenon.

AN INDISPENSABLE CAUTION

When Q=0 it 1is easy to see tLhat the
problem C18)+C21)+(22)+(24) admits only the
trivial solution (T=02. It is physically
plausible that, when Q0, the solution T
will be a nonnegative valued field.

Although physically expected, this
reality is assured only if, together with

C1a0+C213+C 220 +C 24D, the following
inequality is imposed
T=zO0 -h=z=0 , O=r=R 28

Alming to ilustrate the necessity of
imposing (25), let us consider the following

Climitd case
Q=68n H2 o i H-+a 262

In such situation, when £=1 and o=k we

G

have

___dal =0 -1<z<0 , O=<r<R
az

g =0 at r=R
% = o 'I'd' at z=-1

=a'1'4—17o' at z=0

+

913

9]

-3
F

¥ e

27>

When regarded under a strictly
mathematical point of view, the above

problem admits the following Creald)
solutions
Cad » T=2z+2 , =-1<z<0 , O=r=R (&= 3]

(b » T =3.2607 z + 1.9250 , -1<z<0 , O=<r=R
c2ad

The solution Cad is admissible,
because TZO in the considered domain, while
the solution (b) is not admissible, because
T assumes negative values in the considered
domain.

Solving (€273, together with the
restriction 2sd, we have only the
admissible solution given by (28).

In order to preserve the physical
meaning of the mathematical model, we shall
work with the following mathematical problem

12 [ a-r] T
= r + ——= = 0, 0Sr<R , -h<z<O0
r ar| ar az°
g =0 at. r=R
k g = £ o Td' at z=-h

aT T4 £Q H
-k == = g o - == at z=0
2 2.372
az 4H[CHB+‘_2)3
T20 , 0Sr=2r ;, “-h=Ez=20
302

SOLUTION'S UNIQUENESS FOR C30)

In order to prove that the solution
CT20) to (30) is unique, let us assume that
T‘l. c'rizo:r and ’I‘a CT,2Z0) are two solutions to

P
C30D.

Hence, the difference C T1 —Ta)

satisfies the Laplace equation and,
consequently, will assume its maximum and
its minimum on the boundary & [5]. In
addition, since 4T/&n=0 at r=R, the maximum
and the minimum occur at z=-h or at z=0. At
a point of &0, in which (T1 —Taj assumes its

minimum, we must have a nonpositive exterior
normal derivative. Thus, at this point

a4 4 .4
W\(Tl T2)£0 © so(Ti Ta)ZO v TIZO . TaZO 312



and, at a point of & in which CTI—TEJ

assumes its maxdmum, we must have a
nonnegative exterior normal derivative.
Thus, at this point

%;c‘ri-ra)ao - ;acr:—-rgaso . T,20 , T20 C32

From C(31) we conclude that the minimum
aof CTi-TaJ is nonnegative and, from (32), we

conclude that the maximum of CT1~Ta) is
nonpositive. Consequently, we must have

T:.'Ta and, therefore, the solution to (30)

i= unique.

VARTATIONAL FORMULATION

The field T which satisfies (30) is
the one that mirnimizes the following
functional

Ith = 13[2 I: K [ [qﬂ[gﬁ r dz dr +

R

Y

|¥|5 r dr] +
z=0

fy

hee (£

+ sa[.r |?|5 r dr] =
(o] z==h

1
g

R
- =Q it ¥roa
= ['ro O ]z=0

Ly

(33

The Euler-Lagrange equation and the
Natural boundary conditions associated to
the above functional are given by

12 L1 _ g
-3 a-'[’ gFf] *25=0  0SCR, -n¢zO
% =0 at r=R C34D

K g =co |TI?T at z=-h
cQ[ H

-k g =0 iT'aT - an W} at z=0
+r

In order to demonstrate that (34D and
C30) are equivalent, let us take into
account that T reaches its minimum at z=0 or
at z=-h. Hence, one of the following
assertions must hold

cngso.

at the point r in which T=Tm.tn’ at z=0

> F=20.
at the point r in which T=T . , at z=-h
min
(3%

If C(bd) holds we conclude, from the
boundary condition at z=-h, that T20 at z=-h
and, therefore, T20 in Q. On the other hand,
if Cad) holds, we conclude, from the boundary
cendition at z=0, that T>0 at z=0 Conce that
@03 and, therefore, T20 in (1. Hence, the
field T is everywhere nonnegative and, thus,

ITIT 2 T  at 220 and at 2=-1 ca®

Consequently, a solution to (34) is
also a solution to C30).

Taking into account that (300 admits
only one solution, we conclude that the
field T, which makes extremum the functional
I, is the solution to C30).

Since I is a convex functional, the
above mentioned extremum is a minimum (6],

FORM ATUR TION

The uniform temperature approximation
is an wusual assumption in engineering
calculations and will be used here for
posterior comparisons with other
approximations.

The uniform temperature approximation

.may be obtained from the functional TI.

Aiming to this, we shall assume that

T = A = constant , OSr<R , -h<z< O (37

Considering (37) the functional I
>ecomes

- A v ar e
T

and, hence. the constant A is the Cunique)
solutien to

df

Y0 eco)a|3aR2+Q H
dA

an| 12

—1]=ocagn

being given as follows

174 14

A Q 1
A= (25 [ - TeoETE o
4noR Ci+C(RAHD ™D
DI MEN: ESS FORMULA

Defining a,3,7,%.7 and 6 as follows

-374
k Q R R
a= K. ., B = . ¥ =& C41)
soh[‘ﬂ ;E] H h
= . n = E- 42
Q -1-4
e = T ——e €430
[ 4dnoR ]
we may write problem (34) as follows
18 a) . &
+ < -
? E[E 3{] onj =0, O_{(r » 1(1](0
% =0 at r=p c44d
a % =181%  at p=-1
a8 3
-a = |g|T8 - at p=0
% [c 1465 A 3/8]

and express the functiocnal I as




1t = § -[f _l': [[?ﬂﬂ[%‘%]ﬁ € dt dn +

SCITIE

+ 5 _[Zl??l5 £ ar ]n=-1 -

¥ &
= & ¢ dr ] 4s
[ ‘ro L+t HZ n=0
A _COMPAR G P NAR
APPROXI MATIONS

In order to ilustrate the employment
of functional I for obtalining approximations

for problem (44>, let us consider the
following approximations for the field 8
Cads 6 = A C uniform temperature
approximation ) , -15np=0, O<Y=<y 48
Cbd+ 8 = A + Bn C uniform surface
temperature > , -1=n<0, OS¥sy 47>
Ccd+ 8 = A +Bp +Cn° , -1<n<0 , 0SL<y C4®)
Cdd+ 8 =A +Bn +Cn> + DE> , -1<p<0 ,
o=¥=<y 400

Ceds & = AL + Bp + C, ~L/y<ps0 , OSf<y

8 = A*CD-BY)/ )L + Dy + C ., -1<ns-f/y , OSL[<y
C800

With the above proposed
approximations, the functional I gives rise
to the following functions

2
cads £,ca0 = & (A1° - ;% 4

[1 = C1+ﬁa>'“a]

(51>

1
2 2
o> 2 5 5
Cbds £ CAB) = H_ g% 4 ’fﬁ['“ +|A-B| ] =

2
- [1—(1+ﬂ%’1’z] 52>

-2BC+acc 3+

Ced+ £ CAB,C = X (B°
raA[l -1+ '1’3] 53>

2
3

4

a
r 8 _; 5
+ B5(1a1%+1a-84c1®)

2
Cdds £,CA.B,C.D) = EE— <B®-2BC+4c% 3> +

a

+ B 0f v o [ 1a+Dy® |1 5ca+Dy® - |a15A +
+ |A-B+C+Dy® | S a-B+c+Dy® - |A-B+C| ¢ A—B+C3] -
- re A (1—c1+ﬁa)_1’aJ - '5(%0 ((14-{!231’2-1} +

+ A oaH17 84>

Ced TECA.B.C.D) =

55

2
=% PG :'—2 CAYC-B+DDZ + DHD +

+ 2 ccapciv I % o -

3
- Lﬁﬁm prc1+@dHI B .

;I 5 5
1 [lay+cl’-1c|’ _ jap+c|Ccay+@-|c| c
,S_AE[ i1 | |ay+C| Ar_E_I c]+
2 7 7
7’5 |Ay-B+C|‘-|c-D|* _
+ [ - ] [Ar !7 I

5 5
| Ay -B+C | cAr—a+c%+|c-D| cc—mcc_m] p——

The minimization of each of the above
functions provides the coeficients for the
approximations Cad,C(b),Cc),.(d) and Ced.

The following equations present the

results obtalned with a=0.1 , f=1.0 and y
=100.0 .
Cad= e = 0.7386 ,

-1%n<0 , OS£<100 (BB
Cbhy+ 8 = 0.408 n + 0.850 ,

-1£pn=<0 , 0=¥=<100 cs7)
Cedw g = 0.408 n + 0.858 ,

-1<0=0 , O=<{=100 58>
Cdd~ g = -0.0000212 Ead- 0.414 np + 0.958

~-1Zp=0 , O=L=100 csed
Ceda 8 = -0.00264 ¢ + 0.364 pp + 1.0290 ,

~-Z/7100€n=0 , O=r=100
8 = -0.00136 f + 0.483 n + 1.028 ,

-1En=-¢100 , 0O=I=100
CB0d

It is to be noticed that the coeficient C,

in approximations Ced and cdd, is
identically zero.
ON C
FINITE ELEMENTSD
In order to present some typical

results, we shall approximate the field 6 by
the following linear field

& = 080 ~ Opyus? [:—-Aéﬂ'—i]

dn + es?.j—i

—C83j+8— 92)*1 » for

g il
Bogey B8 S0 [—M'?'J_]snso

& = COpy4a = B2y [_t_—AEEJ"_i] 5

= COpy ~ 6y g7 Mt Oy -

s [t

for

o i

Caj1 S8 528354

j=1,2,3,4,5,6,...,N2-1 81)

in which N is the number of nodes, 6, is the
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Inserting (61) into (45) and carrying
out. the integrations, the functional I
| becomes a function of 61.92.83. oz ¥ BN.

The minimum of this function is

reached when 91.92.63. NEP QN are the roots
of the following nonl inear system of
equations
ar  _ =4
! 5 T Oy A58y BN (64D

in which f is the considered function.

SOME _RESUL.TS Esy 1
Figures 2 and 3 present results

obtained with 50 finite elements ¢ M=50, Figure 3 - The ratio ﬂ/emax versus dimension

N=102 >. In the above mentioned figures it less radial position , at m=-1 and at =0,

is also presented the uniform temperature
approximitioon ¢ dashed line D.
In all the situations, system (64) was

solved mploying a Newton-Raphson scheme
(71.

1 T =z
a=0.1, (=10.0 and r=100.0 FINAL REMARKS

The considered phenomenon is motivated
by the practical situations in which a small
body, at very high temperature, is placed
near another body.

The obtained results show that usual
approximations, like constant temperature,
may give rise to results very far from the

reality.

This work 1is the first one which
presents a local simulation of a
conduction-sradiation heat transfer

phenomenan from the minimization of a
functional, employing finite elements.

The presented approach is
mathematically accurate and provides
approximations only in the physically
admissible range.
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SUMMARY

8 aimplified model is propased fon the nanhamageneaus nadianl aboonption

inaide a ophene.

back-cancentnated nadiant abaonptian.
feedback {fnam flames ta non-vaponiging ; - T
whene Lange dnoplet Eimit peamite oome oimplificatian
The nesutta ohaw that nan-unifoam nadiant abeonplian

canfiqunatiana,
wavselength integnatian.

Thia madel can be applied fon bath

front and

Ft ia woed ta calcubated the nadiant

dnopleta in oimplified cambuston

in

ia the main oounce of {uel dnoplet heating and feada ta highly asymmetnic

tempenatune field inside the aphene.

INTRODUCTION
The theory of fuel spray vaporization and
combustion is fundamental tool for combustor modeling

and improved design. Much progress has been made in
this theory as few recent reviews [1,2] show.
Vaporization models consist of the heat transfer
analysis of the liquid phase (droplets) and the heat
and mass transfer analysis of the gas phase. The
dgoplet analysis are developed through the classical
d"-law, infinite conductivity, conduction limit and
vortex models [3]. The former do not consider the
droplet heating; the second considers homogeneous
liquid temperature; the third is the spherically
symmetric liquid heating model and the later takes into
account the droplet internal circulation. This vortex
model has been developed by Prakash and Sirignano [4,5]
and Tong and Sirignano [6-8]. As pointed out by
Sirignano [9], there is a increasing need for simple,
yet accurate, vaporization models to be used in spray
combustion calculatlions. This way, Abramzon and
Sirignano [10,11] have recently developed a approximate
droplet vaporization model modifying the classical gas
phase model and accounting for transient droplet
heating by an spherically symmetric effective
conductivity model. This has been shown to agree very
well with the more complex models whose computational
time is very long.
The role of radiation absorption, in spray
combustion models, has been considered in a simplified
manner by Harpole [12]). Recently, Tuntomo et al. [13]
shows that the radiation absorption by a sphere, from a
radiating source, is  highly non-uniform. They
identified three regimes of absorption depending on the
size parameter and the complex refractive index of the

particle. Rangel [14] suggested that the radiation
absorption should be included in droplet models by &
volumetric source term, and that the spherical

symmetric model, with an effective conductivity, is the
simplest to be used.

In the present study, it is proposed a simplified
model for non-uniform radiant heat absorption inside a
droplet for the region before the flame zone, which
will be called the preheating zone. This model is used
to determine the influence of radiation absorption in
the transient heating of a non-vaporizing droplet. In
order to use the results of Tuntomo et al. [13], the
flame front is regarded as a gray source emitting an
unpolarized planar wave. The flame temperature and
emissivity are determined from a simplified heat
balance and a homogeneous non-gray model analysis,
including gas and soot radiation.
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DROPLET TEMPERATURE FIELD : DOUBLE-REGION SOURCE

The three main absorption regimes devised by
Tuntomo et al. [13] are the wuniform, the back
concentrated and the front concentrated. The size
parameter p = ZnasA (a is the sphere radius and A is

the wavelength) and the complex refractive index m = n
- ik determine the absorption regime. Graphics of the
local distribution of radiative energy absorption for
various combinations of n, k and p were represented.
Outside the transition regimes, these graphics indicate
that the Internal absorption could be simplified by
assuming two regions with different local absorplion
constants. If one takes this assumption into
consideration, the droplet temperature field may be
analytically determined. This simplification permits to
write the dimensionless heat conduction equation with a
nonhomogeneous term due to the radiation absorption in
an axisymmetric sphere as

1 a8 e 1 88 5 ae a8
s— |7 —|*5—=|Q-¥)—]|+re=— (1)
1 dn an n dp ap dt
a6
— +Bi@g=0, n=1 (2)
an
B=1, T=0 (3)
Gi, in region Ra
Gln,ul = (4)
G2, in region Rz
where
@(n,p, 1) = (T = Ta)A(Te - Ta) (5)
N = r/a (6)
= at/a’ (7)
Bi = hask (8)
Q a*
G = — — (9)
k(To - Ta)

and r is the radial coordinate, p = cos¢, ¢ the polar
coordinate, t is the time, T, Ta and Te are the local,
ambient and initial temperature, respectively, « is the
thermal diffusivity, k is the thermal conductivity, h



is the gas-droplet heat transfer coefficient and Q is
the local volumetric radiant absorption constant.

Utilizing Green's function, UOzisik [15], the
solution for the temperature field can be written in
the form

2
B8(n,u,t) = Z ﬁop exp[ = Bo,,"" ] JD[ Bopfl ] +

p=0

B
n 2
AG 2: E: —;52 [ 1 - exp[ - Bnpr ] ] J“[ Bnpn ] P“{p} +

n=0 p=0 " np

A
o3 2 [2-onf - 1) o )

p=0 " Op

(10)

where AG = G2 - G1 and

SBOP ji{BDPJ
AOp: : 2 T e Al i 1
4(Bi - 0.5)" + QBOP o7t | jD(Bop)
t 2
B, ==———— n j (B n) Pn[n) dn du (12)
"P N(n) N(B ) i
R Rz
N(n) = 2/{(2n + 1) (13)
(B1-0.5)% (n+0.5)? 2
N(Bnp) = 0.5 = = = = Jh(Bhp] (14)
B B
np np
and the characteristic values, Bnp,are the roots of
(15)

B Jj (B )+ (Bi-n-1)j(B )=0
np ~n=-1 np n  np
where jn is the spherical Bessel function of the first
kind and nth order and Pn is the Legendre polynomial of
nth degree.

The two regions for the Dback concentrated
absorption regime are : Rz, the one inside a small
eccentric sphere of radius c whose center is located at
a distance b backwards from the center of the droplet,
and Ri, the remaining volume of the particle.
Geometrically, Wwe have, using the dimensionless
distances B=bs/a and C=c/a :

R2: (B-C)=n=(B+C) and E(n) =pu=1

where C =B =1 and

E(n) = (n° + B® - %)/ (2Bn) (16)

In the case of front concentrated absorption we
assume that the two regions are separated by the
intersection with a larger eccentric sphere of radius c
whose center is located at a distance b backwards the
center of the droplet. In this case C =z B, using the
same definitions as before. The second region is given

by
Rz : ~-1=p=p and ne =5 =1
2 2
ue = (1 + B - C°)/(2B) 17}
Mo =B | p+ v (c/B)? -1+ uz (18)
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Recalling that in the solution given by equation
the volume integral due to radiant absorption, in

(10),
both regions, has been written in terms of the
coefficients Bnp, which depends solely on the integral
of region Rz, the double integral given by equation

(12) can be evaluated analytically to yield the
following expressions
back-concentrated absorption :
1 B+:
Bnp - J L Jn{Bnpn)
ZN(Bnp] B
{ 3. #=  AEW)] = 8. [Etg]] } dn (19)
nd n-1 n+l
where 8 TR 1 if n=0and is 0 for n # 0.
nl
front-concentrated absorption :
1 Ho !
B =——— | P | 2°5 (B %) dndpu (20)
" N(n) N(Bnp) J_ n J n o np

1 Mo (p)

where, using y = Bnpn, we have

i

[ 'y (,_n) dn

nsa

1 m-1 2 2
T { n[(n+CL5J _(0.5—21)]*'6”0}
B 1=0
np m=0
[y“"J (y) - (n+2m) y'7") (y) ]
n+l n
for n = 0, n even and
1 (n+l)/2-1 B 2
51 =1 ln +0.5)° - (0.5 - 210%1 y™3__(y)
B 1=0
np
(n+l)rs2-1
m=1 5 5
+ E: { nmitn+0.5)7 - (0.5 - 21)7] + 6m0 }
. X 10

[ Y}zmjmlty] - (n + 2m) quzmjn(yl ]

for nz 1, n odd (21)

These expressions for Brp have been numerically
evaluated by Gauss-Legendre quadrature. The numerical
integration procedure has been tested by comparison to
Bop analytical result

One should notice that further
would be possible for the front-concentrated regime,
where the first absorption constant, G1, is
approximately equal to zero. Therefore AG = Gz.

simplification

Radiant heat absorption. The heat absorbed, Q, of
equation (9) is the wavelength integrated spectral
local radiant heat absorbed given by Tuntomo et al [13]

Q= I Q, dA (22)
0
I

= 4nnk S, (n,u) —53
A A

Q, (23)



where dnmnk Sa(n.pJ is the normalized source function

and Ilo
R with volume VR the mean local spectral volumetric

heat absorption is

is the incident radiant intensity. For a region

g, = _%.; 2n IRJ' Q, (m.u) 0° dn du (24)

The mean absorption constants for the two regions
R1 and Rz can be calculated using equations (22) to
{(24). However, here it 1is adopted a simplified
calculation scheme, based on the dimensionless
absorption cross-section, €, defined by Tuntomo et al.
[13]

6nnk l

a 2
G = = J_llein.u) n dn dp

(25)

where V is the droplet volume and Ca is the dimensional
absorption cross-sectlion.

If we consider that there is abseorption only in
region Rz the integrals in equation (24) and (25) lead

to the same result, and the mean local spectral
absorption can be written as
- Ia

q, = f(B,c) 8 = (26)
Az N

where f(B,C) is the total volume of the droplet divided
by the volume of region Rz. For the front concentrated
absorption regime, it is given by

i £8° = F i &=
f(B,C) = 05 - s — ¥
4B 16B 8B
-8 & i~ 1"
+ (27)
16B 8B
This form is suitable for calculations,
especially when the dimensionless absorption

cross-section could be expressed in a simple form. This
is the case in the limit of large particles where that
coefficient 1s primarily a function of the size
parameter, p, and with only a small dependence on the
complex refractive index (mainly through its imaginary
part, k). In the range of k between 0.01 and 1, and for
size parameters around 100, from Figure 11 (Tuntomo et
al. [13]) the dimensionless absorption cross-section is
roughly

€ = 450/p for

p > 50 (28)

This equation will be considered here to hold to values-

of p up to 500. This expression is devised to simplify
the integration in wavelength to obtain the mean total
heat absorption in region Rz using equation (22). It
should be noted that for p > 50 and k > 0.01 we have

mainly the front concentrated absorption regime, where
the assumption of absorption in only one region is
Justified. For back concentrated absorption it |is
necessary to use equatlons (22) to (24) to determine
the mean local heat absorption in each region, and
therefore, equation (28) can not be applied.

The final expression for the local heat

absorption constants for the front concentrated regime
is obtained assuming a gray incident radiation
intensity
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Q1 =0 (29)
= _ 225
Q2 = f(B,C) — Io (30)
Combustor modellng. A simplified combustor
configuration is adopted in order to determine its

flame radiant intensity. Let us suppose that the flame
consists of a cylindrical region with diameter D and
length L. Also, let us consider Lp the distance between
the combustor mnozzle and the cylindrical f{lame.
Therefore, this length is responsible for the droplet
preheating zone.

A simple energy balance, considering the total
enthalpy change in combustlon and the energy lost only

by radiation, 1is utilized to determine the flame
temperature for a known stoichiometry.

Assuming flame homogeneity, Edwards [15] wide
band model for gas radiation (with correction for
overlapping bands of water and carbon dioxide in 2.7
and 15 micra regions) may be combined with the

assumption of soot particles in the Rayleigh limit for
soot radiation, to determine the flame emissivity. In
order to accomplish this, it is assumed the soot
complex refractive index given by Lee and Tien [17]
based on their dispersion model. Following Tien and Lee

[18], it has been used a homogeneous non-gray model for
flame emissivity, which, after spatial integration of
the radiative heat transfer equation, gives the
emissivity as
Eb
:=C+Z AUz -z? Ae (31)
E O_Ta s1)] 1] sk k
gas band overlap
1 i reglion k
where A is the total band absorptance, A& 1is the

overlap correction, ¢ is the Stefan-Boltzmann constant,
EvA is the mean spectral blackbody emissivity power
within the gas band range and es and Ts are the total
emissivity and the mean spectral transmissivity of the
soot cloud within the gas band range. These parameters
are calculated from

15 Co fv T L
€ =1-—y [ 1+ — ] (32)
s 4
n Cz
T = exp| - Coln,k) fv L (33)
s ’ A
36w nk
Col(n,k) = (34)
(n® - k% + 2)% + 4 n%°
where w[i} is the pentagamma function, L is the given

length, Co is Co evaluated at the wavelength of maximum

blackbody function and C2 is the second radiation
constant.

The mean beam-length concept 1s used to determine
the flame temperature. Therefore, the heat loss by

radiation from a gas body of volume Vg irradiating to

all its surface area Ag, in a cold enclosure, is given
by
Qr = e(Lab) Ag oT° (35)
Lot = 3.6 Vg/Ag (36)
The Intensity of radlation incident upon a
droplet in the preheating zone is determined by the

emissivity based on the total flame length, L. Thus,

Io = e(L) oT'/n

(37)
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Fig. 1. Time dependent droplet temperature profile

(t =0.04, y = 0)

Since the flame emissivity is a function of the
flame temperature, an iterative procedure combined with
the simple energy balance mentioned previously will
suffice for their determination.

DROPLET TRANSIENT TEMPERATURE FIELD

Two combustor sizes, as well as three amblent
temperatures for the preheating zone, and two droplet
radius of 50 and 100 micra are used in the simulations.
Reynolds numbers of 50 and 100 have been assumed for
the smaller and the larger droplets, respectively
Since vaporization is neglected in the preheating zone,
the Frossling correlation [19] may be utilized to
estimate the Bi number (which appears in equation (8))
for air flowing past a sphere

20 - 2.0 + 0.558 Rel’? Pri”®
2

(38)

In this equation, f indicates air properties evaluated
at film temperature for non-vaporizing droplets with

surface temperature considered as being the initial
temperature as a first approximation, Tr = (Te + Ta}/2.
Table 1. Combustor characteristics
Combustor 1 2
L (m) 0.5 1 A)
D (m) 0.12 0.25
La (m) 0.08 0.15
-3
mfuel(lﬂ 1kg/s] 2.5 1.0
LI (10 “kgss) 15.78 63.14
v {mss) 28.2 25.3
gases |
(K) | 1492 1452
flame
fv = 10 0.11 012
el{lmnb) 0.065 0.118
e(L) 0.224 0.357
1_(10* wnsr) 1.95 2.86
A (jpam) 1.94 2.00
max
Moreover, isoctane is chosen as the burning fuel,

for which Bard and Pagni [20] have determined a carbon
conversion of 3.1% to soot (in a pool fire). Despite
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Fig. 2. Time dependent droplet temperature profile
(r = 0.08, y = 0)

the differences in configurations, this conversion has
been used to prevent inclusion of complex chemical
kinetic models in this simplified analysis. The
amorphous carbon density is also used as soot density.

The reactants for the combustion are fed at
normal ambient conditions (1 atm and 298 K}, with no
excess air for the combustion stoichiometry. The
characteristics of the two combustor sizes are given in
Table 1. The soot wvolumetric fraction, fv, is
determined in a fairly close agreemenit with the valup
determined by Bard and Pagni [20], that is 0.46 x 107°
For the 3.1% soot conversion, the calculated flame
temperature is about 400 K lower than the adiabatic
flame temperature of 1860 K. The determined gases
velocities are in the expected combustor range. It
should be noticed that soot is the main factor
responsible for the flame emissivity. Since the flame
temperature is increased as its emissivity decreases,
it turns out that the resulting intensity, lo, which is
a functien of both flame parameters, is much less
dependent on the socot volumetric fraction and on gas
concentrations than its emissivity.

The parameters of the proposed model are given in
Table 1 for both combustors, where B = 0.75 and C =
1.25 for the absorption model. Since the simulated
temperature behavier is similar for both combustors,
only the first combustor results will be presented
here. The preheating zone temperatures of 400, 600 and
BOO K are used in the simulations.

The transient temperature field for the first
combustor simulation with a preheating zone temperature
of 600 K and a droplet radius of 50 pum is presented in
figures 1 to 4. These figures show the instantaneous
temperature field (T =1 - ® = (T - To)/(Ta - To)) at
20, 40, 80 and 100% of the preheating zone residence
time, tr, reported in Table 2. The dimensionless
cartesian coordinates (x,y,z) represent the normalized
distance inside the droplet for the radius a. The
highly asymmetric temperature field shows the
importance of nen-uniform radiant absorption in droplet

internal  heating. In the range of Bl numbers
considered, the heat absorbed by radiation is surely
the main heat source in droplet preheating. It should

also be noticed thal the energy blackbody fraction for
p > 50 pum is greater than 0.90, which confirms the
approximation of front concentrated absorption
throughout the whole spectrum.

In Table 2 it is also shown the calculated time
necessary for the droplet surface temperature to reach
the isoctane boiling temperature (tv). Since tb varies
from 0.13 to 2.0 ms, in a range of residence time
variation from 1.3 to 6.5 ms, for the preheating zone
of a combustor, one is led to recognize that droplet
evaporation must be considered in the analysis.
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Fig. 3. Time dependent droplet temperature profile
(t =0.12, y = 0)
CONCLUSIONS
Despite the simplified characteristics of the

present work, one may verify that radiant absorption is
the main heat source in droplet preheating. Since the
initial droplets radius are usually in the range of
50-100 pm, and flame temperatures are about 1500 K, it
is also shown that the radiant absorption, in the
preheating zone of spray combustion systems, occurs
mainly in the front concentrated absorption regime.

The proposed model enables a great deal of
simplification on the analysis, which has permitted an
analytical solution to the present problem. Even though
the droplet heating model has not been tested with
respect to the

exact numerical solution wusing
electromagnetic theory, the radiant energy absorption
effect is found to be very important in droplet
preheating.

Droplet preheating is responsible for fuel vapor
mass fraction and droplet radius in the flame front.
Since this, in turn, controls the flame propagation and
the following diffusion-controled combustion processes,
the radiation absorption has to be taken into account
in the modeling of spray combustion systems.
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RESUMO

j i de aerotérmica
E apresentado o trabalho conjunto desenvolvido pelo grupo i
do ?AE/CTA e o Programa de Engenharia Mecanica da COPPE/UFRJ, no sentido

de desenvolver modelos tedéricos gue

cimento na regido de base de um veiculo espacial.Sdo analisadas as situ

permitam avaliar os niveis de aque-

agdes referentes a decolagem e ao vbo propulsado a grandes altitudes. 6]
modelo proposto para a primeira situagdo é formalmente apresentado e re-
sultados tipicos para a fase propulsada sdc discutidos.

INTRODUGAQ

A anadlise térmica da estrutura de veiculos
espaciais & uma tarefa de grande importancia no projeto
de tais vefculos. E sabido que os primeiros veiculos
das séries Atlas e Jupiter tiveram suas missdes compro-—
metidas devido aoc superaguecimento estrutural. Por essa
razdo uma das fases do projeto do Vefcule Langador de
Satélites (VLS), desenvolvido pelo IAE/CTA como parte
da Missdo Espacial Completa Brasileira (MECB),
Figura 1, consiste em se identificar as principais fon-
tes de aquecimento externo e, posteriormente, desenvol-
ver modelos tedricos e experimentais que permitam ava-
liar, guantitativamente, os niveis de aguecimento sobre
regides criticas do veiculo, tais como a ogiva e a re-
gido de base. Neste contexto, pode-se identificar as
principais fontes de aquecimento, como sendo:

- Aguecimento aerodinadmico (cinétice);

- Agquecimento convectivo e radiativo devido aos
gases de exaustdo a elevadas temperaturas, na
plataforma de langamento (Figura 2);

- Aquecimento radiativo devido a energia emitida
pelas particulas solidas de A1205 existentes

nos produtos de combustde (Figura 8&);

- Recirculagdo de gases quentes scobre a regido
de base, devido a interagdo da plumagem com o
escoamento externo.

A teoria, bem como o modelo desenvelvido para o
calculo do aquecimento cinético sobre a ogiva do WS
s3o apresentados na Ref. [3]. O desenvolvimento de um
modelo tedrico que permita avaliar o coeficiente de
convecgdo, entre a regidc de base e os gases quentes de
recirculagdo, durante a fase propulsada, esta longe de
ser alcangado, pois envolve a solugdo das equagdes de
Navier-Stokes tanto para o escoamento externo como para
o escoamento bifasico gas e particulas sélidas, no in-
terior da plumagem. A solugdoc adotada, neste casc, foi
a utilizag8o de coeficientes de convecgdo obtidos expe-
rrimentalmente para uma configuragdo que se assemelha a
do VLS, Ref. [4]. O presente trabalho trata, portanto,
do aquecimento causado pelos produtos de combustio de
um motor-foguete a propelente sélido em altitudes supe-
riores a 33 km. Além disso, propde um modelo conserva-
tivo que permite avaliar o aquecimento durante a parti-
da do wveliculo.
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Figura 1: Configuragac basica do VLS
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Figura 2: Veiculo sobre a plataforma de langamento

DECOLAGEM

Por ocasidao do langamento, o wveiculo estara
montado sobre uma plataforma, conforme ilustra a
Figura 2. Para evitar que os gases expelidos pelos 4

propulsores do 1g estagio incidam sobre o solo e
retornem ao veiculo, serdo instalados defletores de
jato. Entretanto, deve-se considerar a hipftese de que
parte desses gases retornem ao veiculo fazendo com que
sua regido de base figue por cerca de 3 s , tempo ne-
cessario para que o veiculo atinja uma altitude de
10 m, em contatp com esses gases. Considerando-se gue
nessa regido est3c localizados diversos componentes




eletrénicos, bem como o sistema de separacgio de esta-
gios, deve-se avaliar, cuidadosamente, a condigdc de
aguecimento da regido de base.

A formulagdo desenvolvida considera a ocorréncia
simultanea dos trés processos de transferéncia de ca-
lor, mas dada relevancia a formulagdo do problema radi-
ativo devido a sua predominancia no processo, bem como
sua natureza matematica mais complexa.

Seja a cavidade formada pelas superficies mos-
tradas na Figura 3. Considere-se ainda as segu’'ntes
hipétteses simplificadoras:

- Superficies 1 e 2 cinzentas e opacas;

- Cavidade preenchida
pante;

por um meio ndc partici-

- Emissdo e reflexdo difusas;

- Tubeira alinhada com a diregdo longitudinal do

veiculo;
- Superficie 3 negra, emitindo a temperatura do
as (T ).
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Figura 3: Configuragdo da cavidade a ser estudada

A analise consiste em se dividir as superficies
1 e 2 em varias regides, nas quais a radiosidade possa
ser considerada uniforme.

As expressdes para as radiosidades s3o dadas
por:

Superficie 1:

i MR+ NX 7
B = g Took G =) [ = FE. R % E, 07 ] ;

i 1 e L i 9
i= 1,...,NR (1)

Superficie 2:
4 L 4

R‘ = Eg Ti + (1 - EZJ[ j§| F‘%] Rj + s B T“ ]‘
i = NR+1,..., NR+NX (2)

Para os fluxos de calor, tem-se:

Superficie 1:

N R+NX 2
q. =R - [ z F._.R +F _oT ] )
! j=wmet 4 i 8

= 1,..., 8 (3.a)
ou
R, o T
9= R.- Lt s o= 1, MR (3.b)
(1 -¢e.)
Superficie 2
NR i
g, =Ror [ ?;1 Fiap Bywlygy 010 ] ;
i = NR+1, ..., NReNX (4.a)
ou
R, @ T:,‘
9=R-|— = | &
i i
(1 62)
io= NR+1, ..., NReNX (4.b)

0 célculo dos diversos fatores de forma foij fei-
to a partir de expressdes, ja existentes na literatura
(Refs. [5]) e [B]), para o fator de forma entre um ele-

mento de area infinitesimal, localizade sobre a super-
ficie 1, dA1. e a superficie cénica 2, Az(x]. ou seja,
Fdlﬁﬁ' Vale contudo ressaltar que as expressdes

12
apresentadas nas Refs. [5] e [B], apresentam incorre-
¢bes, conforme mostrado em [7].

Pela algebra de fatores de forma:

F (5)

F
dA > Azix) »

=F 3
da,l-> Aa.z m1-> Az(xd-dx} 4

onde AAZ & a area do anel sobre a superficie 2.

Dese ja-se, contudo, o fator de forma entre dois
anéis finitos, ou seja, F
1 J &Nad*g 0 mesmo é& dado pela

expressao:
F da
J daSBA, 1 (B)

A integragdo em cada anel AN' foi feita numeri-

camente empregando-se
sete pontos.

a férmula de Newton-Cotes, com

0 célculo dos demais fat F
i Mi-n%‘ sz—)mi'

Fb é feito utilizando-se as expressdes anterio-
a‘anl




res, Jjuntamente
fatores de forma.

Obtida a solugdo para o problema radiative resta
fazer o acoplamento com os problemas de condugdoc e con-
vecgdo. MNeste caso, o coeficiente de convecgdo foi
considerado constante e conhecido. O problema de con-
dugdo & formulado considerando-se que seja transiente e
unidimensional, na diregao perpendicular as espessuras
[esp1 e espz]. As propriedades dos materiais sido admi-

com a relagdoc de reciprocidade de

tidas ndo variarem com a temperatura. Além disso, os
ultimes anéis de cada superficie sdo considerados iso-
lados. A solugdo do problema condutive foi obtida
utilizando-se o método das diferengs finitas com formu-
lagdo explicita. Dessa forma, fazendo-se um balango de
energia sobre cada um dos elementos de volume conside-

rados, Figura 4, obtem-se:

Para a regidoc de base (superficie 1):

dT .  _
Vi p1, Cp1 .

hA(T -T)-qg, A +
dt ig i r

1
v

(7)

onde:

Vi: Volume do elemento considerado;

P, Massa especifica do material 1;

kq: Condutividade térmica do material
C%: Calor especifico do material 1;
h: Coeficiente de convecgdo de calor;
Tg: Temperatura do gas;

g, : Fluxo de calor por radiagio;

i,r
Ai:Area do anel i;

; (8)

(9)

Para a regifo do divergente (superficie 2):

dT .
Vi pz Cpe i

=hAI(T -7, -q, A +
dt Vg =

(10)
onde:

Ax/cosf3

2l (11)

b |
(x) dx-dx /2

2 2
L ¥ [ re‘(x} P
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onde:
Pex(X]: raio externo do divergente;

rin(x}: raio interno do divergente.

Ax/cosf
R = -, (12)
i, i+ 2 e ;

k, ® [ rox) =l () ]x+dxg2
|
1
|
| : ( condugao _J
; y e ) —
l 4;L.ésp 2 K;

\/‘-T"*\f\y
radiacao = convecgdo

Figura 4: Balango de energia num elemento de volume

Uma validagdo preliminar desta
ser feita,
calor por radiagao

formulagac pode
considerando-se apenas a transferéncia de
(h=0}, e €= Ta Dessa forma,

obtem-se a seguinte expressao para a radiosidade:

R.=

4
=T, [L1+ (1 - c1) F“i“]

2

+ (1 ~-e) e T‘ F. f=1, ... (13)
1 g i

3
RESULTADOS

Uma wvez gue uma expressao anal 'ticas & conhecida
para FdA G [5], a equagdo (13) represent. uma solugdoc
12
exata para a radiosidade scbre a superficie 1. Assim,
resolvendo-se as eqguagdes (1) e (I') para um ndmero de
20 regides (NR=NX=20), obtem-se os resultados apresen-
tados na Tabela 1, com boa concordancia.

Tabela 1: Resultados para a raciosidade sobre a sup. 1
(e,= 0,8; B =15% T,= 1000 K e T,= 700 K)
. | reowosioace (wn?l |
(m] _;;quéo exata solugao numérica
0,8152 17.069,75 17.212,77
| 0,4218 17.334,16 17.498,99
0, 4660 18.099,19 18.304,12 o
_32501# ;8.475,51’ {8.898.95 o
_6,5?88 19.101,98 19.353,32
Uma vez validado o programa, & possivel avaliar




os niveis de temperatura sobre as duas superficies con-
sideradas e, dessa forma, especificar o tipo e quanti-
dade de materiais que devem ser utilizados como prote-
cd3o térmica. Para o exemplo apresentado neste trabalho
considerou-se, como material isolante, a cortiga, cujas
propriedades 3 de 1nteress% sdoc : p = 4B0 kg/m’,
k = 0,025 Wm e a= 2,6x10" m/s, sendo a a difusi-
vidade térmica.

A Figura 5 apresenta a distribuigdc de temperatu-
ra em fungio do tempo. Observa-se gue o seu crescimento
di-se de forma extremamente rapida. Isso se explica
pelo fato de gque ha, para o exemplo dado, predominancia
da transferéncia de calor por radiagédo.
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Figura 5: Distribuigdo de temperatura em fungao
do tempo

A Figura 6 apresenta a distribuicio de tempera-
tura, ao longo da superficie 1, considerando-se varias
espessuras de cortiga. Observa-se gue apesar do pequenc
intervalo de tempoc considerado, ja4 se verifica uma
grande elevagdoc nos niveis de temperatura do isolante.
Este resultado pode ser usado para avaliar a espessura
de material a ser utilizado, de modo a garantir que
condigdes criticas de temperatura nac se estabelegam
sobre a estrutura do vefculo. Vale ressaltar, contudo,
que a temperatura scbre a estrutura do veiculo pode nao
ser a condigdc determinante da espessura do isolante,
haja visto que, acima de uma determinada temperatura o
isolamento térmico pode sofrer grandes variagdes nas
suas propriedades fisicas podendo, inclusive, mudar de

700.00
(K
650.00
2 M
600.00 ——— o
550.00 =
3 MM
500.00 -
" 4 MW
450.00 = 5MM
wooo i ]
350.00 Frerrrrrmrirrrrrrberrrrrrrr ke v e
0.36 0.40 0.44 0.48 0.52 0.56 0.60
R (M)

Figura 6: Distribuicio de temperatura ao longo da
superficie 1.

fase. Além disso, pode ocorrer que a cola utilizada pa-
ra aderir o isolamento & estrutura ndo mantenha sua
aderéncia acima de uma determinada faixa de temperatu-
ra. Para avaliar cada um desses fatores, devem ser rea-
lizadas medidas experimentais a fim de verificar os
limites de temperatura tanto do material como do adesi-
vo. Ao se comparar dois materiais distintos, outro fa-
tor que deve entrar na analise &€ o pesoc. Eventualmen-
te, um determinade material gue apresente melhores pro-
priedades térmicas, notadamente baixa difusividade tér-
mica, pode apresentar uma elevada massa especifica in-
viabilizando, assim, sua utilizagdo.

A Figura 7 ilustra para uma dada situagdo a in-
fluéncia da emissividade superficial. Quando se analisa
a alteracgdc da emissividade superficial, investiga-se a
possibilidade de se revestir o material isolante com um
filme com alta refletividade. Pelo fato de que se esté
considerandoc um coeficiente de convecgido elevado,
300 W/m a emissividade da superficie nd3o alterou
significativamente a distribuicac de temperatura.

Vale ressaltar que, para cada uma das situgdes
analisadas, efetuaram-se testes de modo a garantir a
convergéncia da solugdo numérica. Por exemplo, para os
resultados apresentados neste trabalho adotou-se um
incremento temporal de 0,002 s, e um numero de 10 anéis
em cada superficie. A temperatura do gas foi assumida
constante e igual a 1000 K. A condigdo inicial de
temperatura da estrutura foi de 300 K. Os valores de
emissividade e espessura de isoclante foram 0,8 e
3,0 mm, respectivamente. Em todas as simulagdes, a
cortiga foi o material utilizado.
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Figura 7: Influéncia da emissividade da superficie

VOO PROPULSADO

Durante o véo propulsado de um veiculeo espacial,
o mesmo fica exposto, durante um intervalo de tempo re-
lativamente grande (60 s no caso do VLS) a radiacidc e-
mitida pelos produtos de combustio do seu propulsor,
como ilustra equematicamente a Figura B. Nos veiculos
que utilizam motores a propelente s6lido, este proble-
ma torna-se mais critico uma vez que existe uma quanti-
dade significativa de particulas de Oxido de Aluminio

(28 %, em massa) as quais, durante o processo de expan-
sdo que ocorre no divergente, ndo diminuem sua tempera-
tura tdo rapidamente como o fazem os gases. Dessa

forma, mesmo a altitudes elevadas tem-se nos produtos
de combustdoc desses motores, particulas sélidas a ele-
vadas temperaturas emitindo radiacdoc térmica. Adicio-
nalmente, essas particulas (com diadmetro variando de
0.5 a 10.0 pm} espalham energia radiante. Tal fato
faz com gue a plumagem se torne um meioc no qual se tem
emissdo, absorgdo e espalhamento de energia radiante. A
solugdo de tal problema constitui, por si s6, uma labo-
riosa tarefa, entretanto, acoplado ac problema radiati-

|




vo existe o problema convectivo. Dessa forma, a
lugdo do problema do aguecimento da regidoc de base
vefculos espaciais a propelente sélido,
fases distintas, quais sejam:

sSo-
de
compreende trés

- CAlculo do fluxe de calor emitido pela pluma;

- Calculo da fragdo de energia emitida pela plu-
ma que atinge a superficie do veiculo;

- Determinagdc dos niveis de temperatura scbre
essas superficies.

0 modelo desenvolvido para calcular o fluxo de
calor emitido pela plumagem, ndo sera aqui discutido
uma vez que as Refs. [1] e [2] tratam detalhadamente
desse problema, ou seja, apresentam um modelo aonde a
equagdo de transferéncia radiante & resclvida, junta-
mente com o problema convectivo. O calculo da fragdo de
energia emitida pela plumagem que atinge a superficie
externa do veiculo, notadamente a regiidoc de base & fei-
ta utilizando-se os fatores de forma propostos na
Ref. [6].

Booster
(e Es?cguu!

[\ Plumagem formada
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\

\

Figura B: Representagdoc esquematica da transferéncia de
calor da plumagem para a regidc de base do
veiculo

A Figura 9 ilustra um resultade tipico obtido
para o fluxoc de calor incidente sobre a regido de base
do 3= estagico do VLS. Apresenta-se os resultados para
o fluxo de calor incidente sobre varios planos de
base. Para Y1 = 1,43 m (coincidente com o planc de
descarga dos gases) o fluxo maximo se da em X2/Re =1,

diminuindo & medida que afasta-se deste ponto. Para
¥1 = 1,35 m, verifica-se que o fluxo maximo se da para
X2/Re ligeiramente maior que 1. Para ¥1 = 1,00 m
observa-se comportamento semelhante ao anterior

diferindo, porém, no valor de X2/Re onde ocorre o fluxa
maximo, em torno de X2/Re = 1,5, 0 deslocamento do
ponto no qual se da o fluxo de calor maximo €& atribuido

basicamente a dois fatores. Sdo eles: protegac dzvido
ao divergente e aumento da distancia do plana de
interesse, relativamente & pluma
12000.0 - — e
: Yl=i,40 m s
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& E
£ E \ -
T 8000.0 \
(o 3
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Figura 9: Fluxo de calor incidente sobre varios planos
de base
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Uma wvez avaliado o fluxo de calor
possivel
térmica utilizando-se as mesmas hipéteses anteriores,

incidente, é&
resolver o problema de condugdo na protegdo

utilizando-se a
que mesmo
cerca de 60 s,

ou seja,
Observou-se
prolongado,

equagdo (7)), com h=0.
ocorrende por um perfodo
o problema de aquecimento

ndo €& critico. A explicagao para este fendmeno
deve-se ao fato de que o fluxo de calor incidente é
muito baixo (vide curva da Figura 9 para yl = 1,0 m).

Dessa forma, o aumento de temperatura nessa regido é
extremamente baixo.

CONCLUSOES
Foi apresentado um modelo teérico gque permite

avaliar o aguecimento da regido de base de wveiculos
espaciais durante a decolagem. 0 modelo desenvolvido
possibilita, ainda numa fase preliminar do projeto, o
dimensionamento de protegdes térmicas sobre essas
regides. Os resultados aqui apresentados s3c importan-
tes, no sentido de gue auxiliam a identificar situa-
gdes ( ou regides) criticas. Foi também avaliada a
condigdo de aquecimento quando do véo propulsado a
grandes altitudes. Dos resultados apresentados, para o
fluxo de calor incidente e para a distribuigiaoc de
temperatura ac longo da regido de base, concluiu-se que
que tal aguecimentoc ndoc & critico.

REFERENCIAS BIBLIOGRAFICAS

[1] Pessoa Filho, J. B. e Cotta, R. M. "Radiagdo Térmi-
ca Proveniente da Pluma de Foguetes a Propelente
S6lido"”, Anais do 111 Workshop de Combustdo e Pro-
pulsdo, pp. 51-62, Lorena-SP, 198S.

[2] Pessoa Filho, J. B. e Cotta, R. M. "Analytical

Models for Radiative Heat Transfer from Solid

Propellant Rocket Exhaust Plumes”, Anais do X Con-

gresso Brasileiro de Engenharia Mecanica, pp.

313-316, Rio de Janeiro-RJ, 1989.

[3] Tore, P. G. P., “Determinacdo do Fluxo de Calor em

Escoamento Supersénico Utilizando a Teoria de Aque-

cimento Cinético de Van Driest”, t—abalho a ser

apresentado no IIl Encontro Naciona de Ciéncias

Térmicas, [tapema, SC, 1990.

[4] Lourme, D. “Firing Tests of Modeis of Several

Ariane 4 Launch Vehicle Configurations™, Acta

Astronautica, 15(1):17-28, 1887.

[5] Urquhart, J. B., "View Factor from Conical Surface

by Contour integration”, AIAA Journal, 7(11):2157-8

1987.

[6] Bobco, R. P.,

Nonuniform Radiosity”,
1966.

"Radiation from Conical Surface with
AIAA Journal, 4(3):544-6,

[7) Pessoa Filho, J. B. "Analise do Aquecimento por
Radiag8o e Circulagado de Gases sobre Vefculos Lan-
gadores de Satélites - Revisdo Bibliografica”. Re-
latério Interno da Divisdo de Projetos - Instituto

de Atividades Espaciais, Abril, 1988.

ABSTRACT

This work decribes the activities developed by
the Aerothermal group (IAE/CTA) and the Mechanical
Engineering Program (COPPE/UFRJ) in order to develop
theoretical models to establish the heating level on
the base region of a space vehicle during its 1ift off
as well as during flight at high altitudes. In the
first situation the developed model is formally
presented and typical results for the second phase are
discussed.
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SUMMARY

In this paper, a radiation transfer algorithm for the solution of the equation of radiative transfer based on
a finite difference implementation of the discrete-ordinates method is presented. Given the finite difference
Sormulation of the resulting computer program, (ANDISORD), extension of the current 1-D version to 2-D
or 3-D situations is straight forward. The program can handle a wide variety of boundary conditions, it has
built-in anisotropic capability, it allows for thermal sources, and it can interact effortlessly with other modes
of heat transfer. These characteristics make ANDISORD an excellent tool in engineering applications.
Results obtained from benchmarking tests in both atmospheric and engineering applications are given.

INTRODUCTION

Rainfall over the tropics and oceans is one of the most important
variables that needs to be estimated in order to properly calibrate the
performance of the global circulation models. Given the spatial and
temporal variability of rainfall, satellites represent the only viable
alternative for obtaining such estimates. At the core of any satellite
rainfall retrieval scheme remains the problem of solving, efficiently,
the inverse radiation problem which in turn relies on a radiative
wransfer algorithm.

It is of interest to develop a general model for the solution of the
radiative transfer equation in multidimensional, anisotropic,
inhomogeneous medium [1]. As a first step in this direction, a
radiation transfer algorithm for the solution of the equation of radiative
transfer based on a finite difference implementation of the discrete-
ordinates method is presented. Given the finite difference formulation
of the resulting computer program, (ANDISORD), extension of the
current 1D version to 2D or 3D situations is straight forwurd. The
model contains all the procedures necessary to evaluate the optical
properties of polydispersions. These polydispersions can be directly
related to rainfall through a Marshall-Palmer type of relationship,

The model can handle a wide variety of boundary conditions, it
has built-in anisotropic capability, it allows for thermal sources, it has
the capability to evaluate the optical properties of particulated media,
and it can interact effortlessly with general application programs for
the solution of the conservative equations of momentum, mass and
energy. These characteristics make ANDISORD an excellent tool in
engineering applications.

Results obtained from benchmarking tests in both atmospheric
and engineering applications are given in the following sections.
Comparisons with other algorithms show the great flexibility and
accuracy of ANDISORD.

THE GENERAL EQUATIONS

The ultimate objective of the described work is to develop a
radiative transfer model that could be applied to cloudy and rainy
atmospheres. This implies that the method used to solve the problem
should account for: 1) multiple dimensions (3D); 2) anisotropic
scattering (including water droplets); 3) compatibility with other
modes of heat transfer; 4) inhomogeneities; 5) real gas; 6)
computational efficiency; and 7) accuracy and stability.

The first five conditions are desirable due to the geometry,
composition, and radiative properties of clouds themselves. For the
sixth condition, computational efficiency, high speed is required
because it is foreseen that the method will be applied to the
interpretation of satellite data. As for the last condition, accuracy and
stability, it is understood that the extra effort necessary to achieve
“exact” solutions, although desirable in some situations, is not
justified in this type of atmospheric problem due to the inexact
knowledge of cloud constituents or their vertical distribution [2].
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Hence, good, stable approximations rather than "exact" solutions are
sought.

Subject to the boundary conditions of the particular problem at
hand, the system of equations governing the problem are:

Energy Conservation Within the Medium. The well known
form of the generul energy conservation equation follows [3]:

DT

DP .
PCp o =PeT iy +* VkVT-q) +q+ @' (n

The left hand side of equation (1) represents the convection and
transient energy storage while the terms on the right hand side are, in
order, compression work, conduction, net radiative energy gained per
unit volume, local heat generation, and viscous dissipation.

The divergence of the heat flux vector. In terms of radiative

intensities, the divergence of the heat flux vector is expressed as:

0-04
]
(

where ® denotes solid angle; and W, §, and y are the cosines of the
angle between the direction of T (the intensity) and the x, v, and z axis,
respectively, and I, is the monochromatic intensity at wavelength A.

b
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The monochromatic intensity. The monochromatic intensity is
expressed as:

dly,

dg

- {;ll+xl)]1(C) + axdpa (D)

an

+ 3 fuﬂmi? DA, w,0)) doy 3)
an g

where 1 is the radiant intensity, {3 is the extinction coefficient, Iy is the
blackbody intensity, £ is the line of sight of incident radiation, o and
w; are, respectively, the outgoing and the incident solid angle, and ®
is the scattering phase function. The left hand side of equation (3) is
the variation of the monochromatic intensity along the line of sight
direction (LSD). The three terms on the right hand side are,
respectively, the attenuation of monochromatic intensity along the
LSD due to the absorption and outward scattering characteristics of the



medium, augmentation of monochromatic intensity into the LSD due
to emission in the medium, and the augmentation of monochromatic
intensity due to inward scattering of the incoming radiant energy into
the LSD. The monochromatic absorption and scattering coefficients
are ay_and s;_respectively.

SOLUTION OF THE GENERAL EQUATIONS

Selection of a Method. A comparison among the different
methods to solve the radiative transfer equation (RTE) is tabulated in
Byun [4]. He classifies the various methods into four categories: flux
(subdivided into flux, P-N or differential approximation, and S-N or
discrete ordinates), integral, Monte Carlo, and zone methods. For
three dimensional, emitting, absorbing and anisotropically scattering
media the P-N and the S-N methods may be selected as those that
better satisfy the needs expressed above.

Although the P-N method (in particular P-3) has been
formulated and applied to 3D radiation transfer problems with
anisotropic scattering conditions [5,6], the results seem to be very
poor and questionable [7]. On the other hand, the use of the P-3
method for 2D geometries is ¢l imed to be already too cumbersome.
This leaves the S-N method as ihe best choice for the problem.

In situations where scat‘ering is important, which is the case in
the presence of raindrops and cloud water, the discrete ordinates
method (S-N) is reported to work very well [8]. Very good
agreement is reported [7. 9] between the S-N method (for N equal to
or greater than 4} and the zone method for 3D problems with isotropic
scattering.

The discrete ordin ites method |7, 9, 10] is, therefore, selecte.
as the working tool. The pros and cons for the use of the discrete
ordinates metho 1 in atmospheric applications are discussed in detail in
Lenoble [11] and Sicgtrid [12].

The Disc ete Ordinates Method. The general formulation as
well as the des ription of the numerical implementation of the discrete
ordinates mett »d in three dimensional, anisotropically scattering
radiative heat transfer problems is readily available elsewhere |7, 9,
10]. Some modifications have, however, been introduced here in
order to make the scheme more applicable to atmospheric problems.
In particular: parallel beam radiation (solar beam) and isotropic
radiation on the boundaries (background radiation) have been
included.

For the control volume depicted in Figure 1 the face intensities are
related to the volume-center intensity throughout a spatial interpolation
of the form:

[E’z € 4- a)l _a|y°+(l 04:)Iy -a]

: Sl @)

whcrc o is a weight factor (0.5 € <1 ) and the superscripts "r" and

¢" denote reference and end-face (to indicate where the energy
originates and where it arrives) for the indicated coordinate direction.

Equation (3) is discretized and rewritten as:

InilAn ql 22 IB,!AB WI % Iy,l/\fbl o (S1+52453)AVp

e ——— 5)
InilAn,s + ISlIAe w + IilAf b + aBAVp

where I, §;, and ¥; are the direction cosines for the discrete direction
i, and where the face areas (A), and the source terms (S1, 52. and 83
for a differential volume (AVp = Ax Ay
expressions:

Az) are given by the

Aps = Ay Az north/south faces
Agw = Ax Az east/west fuaces
Afb = Ay Ax front/back faces
S1=(1-QBIp = Sy=alf (6)
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Fig. 1. Three-dimensional Control Volume.

In Equations (6-8) €2 is the scattering albedo; w are the weights
for the quadrature procedure; Fg is the external flux for a parallel beam
in direction [, 8y, and ¥o; and @jj is the phase function.

The phase function is reprcsemed by:

N
Pjj = Zn (2n+1) bn Pr(pipj, 88, viv;) (9)
n=t

where by, are coefficients for the series expansion of the phase
function in terms of Legendre polynomials of order n (Py).

When the surface bounding the enclosure is gray, opaque, and
emits and reflects diffusively, the boundary conditions for equation
(5) are

at x=0 I = zlh+ o Z wimjily  for >0
W< 0
at x=Lx li=€ly+ “E—E) Z Wil I for <0
Hj= 0
a  y=0 li=¢ly + z w81 for 8;>0
6_]( 0
(1-8) (e
a  y=Ly li=€elp4 Z widjlj for 8i<0
aj: 0
-
at z=0 lizflh+(—£--). Z Wiy for vi>0
Yi< 0
1-e
at z=1, [i=€[h+("n_2 E wiYlj for %<0
¥i> 0

4 s il



where € is the surfuce emissivity and L;j is the total length of the
domain in the direction i.

If an external intensity I is incident on any of the surfaces, the
term I should be added to the boundary condition at that su.face.

Solution Procedure. If the temperature distribution throughout
the computational domain is known, the terms Sy as well as the
optical properties of the medium can be evaluated as needed and the
system of equations (4-10) can be solved independently of the energy
equation. Normally, this is not the case and the radiative transfer
equation has to be solved iteratively with the energy equation (global
iterations) in order to find the needed temperatures.

For steady state, the energy equation (equation (1)) for a moving
continuum can be written in the following general form:

C(T) = D(T) + 8(T) (11)

where C(T) 1s the convective termy, D(T) the diffusion term, and S(T)
the source term.

The source term can include compression work, viscous
dissipation, heat generation and a radiation source. Whatever the
other constituents of the source might be, the radiant source, if
present, has to be found.

The radiant source is evaluated at each control volume (p) as:

=1

n
(V.arp za(mﬁ .zwjlj] (12)

Equation (11) is normally non-linear and must be solved
iteratively by a numerical procedure [13]. Applications involving
complete global iterations are not commonly found in the literature. In
most cases, conduction and convection are assumed negligible and the
source is considered to be either a radiation source alone (v.qr=0) or
radiation plus generation sources (v.q, =q). ) )

In order to solve for a general energy equation, an iterative
procedure between equations (4-10) and equations (11-12) has to be
applied.

It is out of the scope of this paper to describe the details or to
give examples of problems involving global iterations. However,
given the importance of this type of problems in engineering, the
interested reader is referred to Sdnchez. et al. [ 14] were an example of
the procedure for global iterations in a two-dimensional geometry 1s
given.

THE ONE DIMENSIONAL IMPLEMENTATION

As a first step toward the full solution of the problem, a one-
dimensional, parallel layers version of the procedure described
previously was implemented. The geometry solved by the program is
shown in Figure 2.
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Fig. 2. Parallel Plates Geometry

The main characteristics of the program (called ANDISORD, and
written in FORTRAN 77) are:

Sources. The program allows for any combination of parallel
beam radiation at any angle 8¢ isotropic background radiation, and
thermal sources.

Homogeneity. The layers are considered homogeneous in the
horizontal direction, but they can be inhomogeneous in the vertical
direction. i.e., the optical thickness (1), the scattering albedo (w,) and
the phase function can vary from layer to layer.

The program allows for isotropic, anisotropic by
similarity, Mie, or Henyey-Greenstein scattering.

Quadrature _schemeg. The code uses a Gaussian quadrature

scheme to solve the integrals.

Azimuthal distribution. The program solves for azimuthally
independent radiation. No effort was made in order to implement the
azimuthal distribution of radiances, since this would require a Fourier
expansion of the intensities. In the future, when the three-dimensional
quadrature points are implemented, the azimuthal distribution will be
obtained without extra effort due to the spatial distribution of the
direction cosines.

Output. The program evaluates the radiances at any level and at
any polar angle; the heat fluxes in and out of each inter-layer plane,
discriminating between direct and diffuse fluxes; the irradiation at each
inter-laver; and the transmissivity, reflectivity, and absorptivity of the
whole "atmosphere”.

The optical properties. Of primary importance for the
application of ANDISORD to the problem of rainfall retrieval is the
determination of the optical properties of polydispersions. To this
effect, a companion program was written (POLY) that allows for the
evaluation of those optical properties based on the following formulas
[15,16]:

Flr_l-.ax
B= [ oo TG dr (13)
Tmin
Timax
s= [ owatn) T dr (14)
Tmin
max
2@ =1 [owea® a0 %2 dr (15)
"m‘in
d%ir}_ = 16000e- AT [m3 mm-!] (16)

where Ogxq, and Ogcq are, respectively, the extinction and scattering
cross-sections for a single sphere; B is the extinction coefficient (a + s)
for the polydispersion; r is the drop radius; n(r) is the drop size
distribution; 8 is the scattering angle and A is:

A =82 R-021 [mm-1] (17)

R being the rainfall rate in {[mm hr-!]. Equations (16-17) imply a
classic Marshall and Palmer type drop distribution.

The extinction (Oex() and scattering (Ogea) cross-sections are
evaluated from the exact Mie calculations, for a single-hydrometeor of
radius 1, using wavelength dependent index of refractions tabulated
from Kondratyev [17] and the computational procedure of Dave [18].
Expansion of the phase function in a series of Legendre polynomials -
to find the by terms in equation (9) — is performed by means of a
procedure similar to that described by Kumar [19].
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In order to benchmark the program (ANDISORD), several tests
were executed. Due to space limitations, only some representative
results are presented here.

Test 1. A set of six problems: three involving haze, two related
to thicker clouds and one concerned with a more realistic atmosphere
(including aerosols, etc.) were proposed to the scientific community
by the Radiation Commission [11]. ANDISORD was used to solve
the first two cases. Results from "case 2" follow.

The charactenistics of the problem are: homogeneous plane-
parallel atmosphere with total thickness T = 1 and albedo for single
scattering 0, = 0.9; black, non-emitting ground, incident solar beam
from direction (Le,0) = (-1,0) and flux nF = n (F = 1); anisotropic

Test 2. The ability of the program to handle different angles of
incidence for the solar beam was tested by evaluation of reflection and
transmission (direct plus diffuse) for two "atmospheres" with optical
thicknesses of 0.25 and 1.0 respectively. Non conservative scattering
(o = 0.8) and Henyey-Greenstein scattering with asymmetry factor
(g) of 0.75 was considered. In Table 3 results are compared with
those tabulated in Liou [20]. These latest results were obtained with
the use of a Discrete Ordinates Method (DOM) with 2, 4, 8, and 16
streams and by the Doubling Method. ANDISORD was run with 16
streams and 10 layers for optical thickness of 0.25, and 16 streams
and 16 layers for the optical thickness of 1.0.

Table 3. Reflection and Transmission

scattering with the coefficients for the expansion of the phase function Reflecti R
into Legendre polynomials given. eflection Transmission
Tables ipand 2 present the result of the computations for T Lo =2 0.1 0.9 0.1 09
comparison with other methods. Methodl
In all cases, ANDISORD was run with only six layers (T = -
0.05, 0.05, 0.1, 0.3, 0.25, 0.25) ¢nd with 32 streams (16 up and 16 G2 D{)zﬁ’ 4 g%ﬁgg gg”gg_ 812_?)22 833292
down), while the phase function was approximated with a series of 31 ] 0"29‘5'99 0.01473 | 0.44354 093728
Effe?;dlri{?gllynon‘xa!s (some o' the other programs used up to 50) of 16 029406 | 0.01558 |0.43120 |0.92679
ANDISORD provided excellent results. The error in the A’]\‘)P)‘.Ilggl};gr) gggg?l 32;:? g‘ﬁ?éﬁ ggg?gg
integrated quantities (fluxes) was always less than 0.1 percent, while  |— = iDO 5 0’.‘ 9 G- 0ea 0‘2290,) o “;31
for the discretized intensitics the maximum error was in the order of 4 .Ut M, 2 ‘-175] B .{J()()g = 23 1'7,(;' 3
percent. Increasing the number of layers and streams would diminish 4 0.37646 0‘”5;1“5 0'2"7(24 0.72003
these errors further 8 0.36938 | 0.04901 10.20192 [0.71702
16 0.36071 | 0.04942 10.20416 |0.71784
Doubling [ 0.35487 | 0.04929 | 0.20556 |0.71772
Table 1. Radiance * 10: Haze L ANDISORD [0.3559 0.0493 10.2073 0.7179
T Tspher. [Discr. | FN__ | Monte || Current
i " harmo. | Ord. | method | Carlo || ANDISO Test 3. The purpose of this test was to compare the results
RD provided by ANDISORD with those from the "exact” zone method in
0 0.2788[0.278410.2795 [0.283 0.2665 an anisotropicaly scattering media [21,22]. The problem involves a
0.3 0.313910.3143 | 0.3144 1 0.323 0.3124 layer of total optical thickness (1), black walls, conservative
).2 0.6701 [ 0.6702 1 0.6696 [ 0.703 0.6715 scattering, and linearly anisotropic media with the phase function P(8)
0 0.5196|0.5177|0.5175 | 0.475 || 0.5255 =1+3gb. Results are given in table 4.
0.5 1 0.1371]10.1369 | 0.1374 1 0.136 || 0.1317
0.8 0.1607 | 0.1609 | 0.1609 [ 0.163 || 0.1599 Table 4. Hemispherical Reflectivity of the Slab
0.2 0.6676 [ 0.6673 10.6671 [ 0.680 ().6845
0 0.941010.9399 1 0.9401 | 1.13 0.9283
-0.2 0.9168 [0.9155[0.9160 | 0.948 || 0.9208 ¥
-0.8  [2.385 [2.385 |2.385 |2.38 | 2.3854 & References 0.1 1.0 10.0
-1 22.48 |22.40 |22.40 |22.4 22.492 1O [Byun & Smuth [21] | (.1048 0.5138 0.9092
IANDISORD 0.1061 0.5138 0.9096
1.0 0 0.796210.7991 1 0.7932 [ 0.749 || 0.8022 0.7, [Dayan & Tien [23] | 0.099 (1.495 --
-0.2 1.243 |1.242 |1.242 |[1.30 1.2425 Yuen & Tien [24] | 0.099 0.495 --
-0.8 3.870 [3.870 [3.869 |3.91 3.8730 Byun & Smith 0.0987 0.4954 0.9026
-1 29.77 129.67 |29.67 |29.8 29.791 IANDISORD 0.1001 .4954 0.9030
0.0 |Bleachet.al [25] | 0.0843 0.4466 0.8833
Busbrige et. al 26] | - 0.4466 0.8833
. Dayan et al 0.084 0.447 0.891
Table 2. Flux Case 2: Haze L. Ozisik & Yener [27]] -- 0.4466 -
N — Sutton & Ozisik [28]] - -- -
Method Diffuse Flux Net Flux Byun & Smith 0.0843 0.4465 0.8828
FH0) | F-(z1) | =0 =0.1 |1=0.5 |1=1 Fivelund (§-6) |29]] -- (.4475 ().8842
SheAe ANDISORD 0.0857 | 04465 | 0.8832
harm. D 0.1236]0.1516 | 3.0180 [ 2.9832 | 2.8418 | 2.6712 0.7 Dayan ctal 0.069 0.389 =
i 36 ! 6 Byun & Smith 0.0694 | 03872 | 08529
Ord. L 0.124311.537 30178 --- .- 26714 ANDISORD (.0708 ).3872 0.8533
N S = 1.0 [Busbrige et. al. - 0.3577 0.8351
, 5 Byun & Smith 0.0628 0.3577 0.8348
Method 0.1237 ] 1.5155[3.0179 [ 2.9831 | 2.8418 |2.6713 Fiveland (S-6) o 0.3583 0.8330
Doubling  [0.1237]1.5155|3.0179]2.9831 | 2.841% | 2.6713 ANDISORD 0.0643 | 03576 | 0.8351
Finite
iffer. 23 : 3 2]2.9835[2.8425 | 2. -5
(;,Iif}f:;— D231V 1] A0SR 48 9000 2.8020 128713 Test 4. Figure 3 shows the excellent agreement between the
: 5 5 dimensionless blackbody emissive power results obtained using
CuloP 10123011516 13.019 2985 12837 12672 |  ANDISORD and the zone method [22] for the solution of an
Eddi. W 0.1471 | 1.4998 | 2.9945 | 2.9601 | 2.8225 | 2.6555 absorbing, emitting and isotropically scattering medium enclosed by
LTI black walls. In this problem, the equation:
Standard 0.0999 | --- 3.041713.0066]2.6569 | ---
"exact”
value 3018 |2.9832]2.8418 [2.6713 i
ANDISORD _v. s sie
0.1235] 1.5190]13.0181 | 2.9834 [ 2.8439 | 2.6748 e s ‘{EWJIJ 4“[{;] .
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is solved for (=V: qr)p = 0.0 (radiative equilibrium)
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Figure 3. Dimensionless Emissive Power.,

Test 5. Wiscombe et al.[30] (see also [31]) provide a series of

tests for their computer program DISORD. Some of these tests were
run to bench mark ANDISORD. The different "cases™ are named as
in the original reference.
] Table 5 compares results for cases 8A to 8C. These cases
involve two inhomogeneous layers (denoted by the subindexes 01 and
02). The source of energy is isotropic radiation of intensity
XISO=0.31831 incident on the upper surface and the scattering is
isotropic.

TABLE 5. Intensities for two inhomogeneous layers.

Intensities atp =
Attd to1 | Tz | 901 | @02 | 10 0
Case 8A
Method 0.25] 02510571 0.3
DISORD 0.00 ).31831 [0.019442
ANDISORD 0.31830 [.019472
DISORD (.25 1.262711 0.005519
ANDISORD ).262728 10.005514
DISORD 0.50 1.210014 0.000000
ANDISORD ).209978 0.000000
‘ase 8B
0.25] 025108 0.95
DISORD 0.00 .31831010.049558
ANDISORD ).31830 10.049542
DISORD 0.25 ).277499 (0.025058
ANDISORD 0.277265 [0.024978
DISORD 0.50 1.240731 [0.000000
ANDISORD 1.240736 [1.000000
Case 8C
1.00] 2.00[ 0.8 ] 095
DISORD 0.00 ).318310[0.104766
ANDISORD ).31830 [0.104748
DISORD 1.00 1.189020 [0.065445
ANDISORD ). 188999 10.065383
DISORD 3.00 1.068476 0.000000
ANDISORD 0.068384 0.000000

TABLE 6. Fluxes for two inhomogeneous layers.

Fluxes
At T9; | T2 | @01 | @02 [ Down | Up
Case 8A diffuse | diffuse
Method 0.25] 025[057T 0.3
DISORD 0.00 1.000000 10.092963
ANDISORD 0.99997 10.093183
DISORD 0.25 0.722235 10.027895
ANDISORD 0.72122 10.027907
DISORD 0.50 0.5131329.09E-18
ANDISORD 0.51214 10.00000
ase BB
0.25] 0.2510.8] 0.95
DISORD 0.00 1.0000000.225136
ANDISORD 0.99997 10.22516
DISORD 0.25 (0.79533210.126349
ANDISORD (0.79494 10.12627
DISORD 0.50 0.650417 2.20E-16
ANDISORD ).65010 [0.00000
Case 8C
1.00[ 2.00] 0.8 0.95
DISORD 0.00 1.000000 10.378578
ANDISORD 0.99997 10.37849
DISORD 1.00 0.486157 10.243397
ANDISORD 0.48580 [0.24319
DISORD 3.00 159984 1.19E-17
ANDISORD 15972 10.00000 -
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CONCLUSIONS AND RECOMMENDATIONS

Development of a 3D radiation transfer model accounting for
hydrometeor scattering, real gas participation and all the boyndary
conditions appropriate for problems related to atmospheric radiation
and satellite rainfall retrieval is an important objective of satellite
remote sensing.

As a first step in the fulfillment of the goal, a 1D computer
program (ANDISORD) was developed and implemented on a personal
computer. The program, based on the finite difference version of the
discrete ordinates method, was tested in a variety of situations with
excellent results.

Although the program was not timed, it can be said that in all
the cases tested, the required wall clock time was only a few seconds.

Future testing of ANDISORD, in its 1D version, as well as
POLY - the companion program for the determination of the optical
properties of polydispersions— will include thicker atmospheres and
interaction with conduction and convective heat transfer. These are
applications for which the program is already designed. In the near
future, the 1D version will be enhanced to account for non-lambertian
ground.

In addition to atmospheric remote sensing, the program can be
readily applied to a wide variety of engineering problems. A recently
developed 2D version of the program was applied to the problem of
combined natural convection and radiation in a rectangular enclosure
[ 14].

ANDISORD is available, upon request, to qualified users.
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ABSTRACT
Incident solar radiation upon oceans and generally, large water bodies
is reflected, transmitted to greater depths and absorbed by the fluid mass
(Viskanta and Tovor, 1973, 1978). There are presently several commercial
systems thal operate under these circumstances, such as solar-saline water
ponds, solar collectors with descending film, pools, etc. The main objective
of this paper is to oblain the transient temperature induced by thermal
radiation in large water bodies, by use of the finite element method to
discretize the space and finite differences to discretize the time variation.
g emissivity
NOMENCLATURE. [ Stefan-Boltzmann constant H/mzi(‘
e conduction heat transfer,
- 0. 2557 (Mx) (Ts-Tal
Cp specific heal of water kJ/kgK
o : 3
glx) local radialion absorption rate, h‘/m? INTRODUCTION
HD g incident direct solar radiation, W/m
H diffuse solar radiation, W/m The temperature distribution for shallow depths
iy i e of water ponds or similar systems is a solved problem
Kk water absor'p?:ion eoatiloienl we-a wave in the literature {Viskanta and Toor, 1978, Cengel and
length function. Ozisik, 1984), among others, however very few or no
k Lheraal conduct;wt:_f of yaker, b s attempts at all (Romero and Riesco, 1987), have been
kr poiacatiae Enerml SLtPunlytis S made to describe the radiation induced transient
s parameter in Fresnel’'s equation temperature distribution of oceans or large water
Tl E] temperature distribution in water bodies, like lakes, dam reservoirs, etc.
Ta ambient air temperature, K
Ts surface temperalure, K This paper presents an algorithm to predict the
f Lime, s behaviour induced by solar radiation in large waler
v approximation l'unction from v to T bodies (see Fig. 1 & 2). The model assumes an Initial
X space variable, m temperature distribution and considers very large but
% o dT/8x finite depths. The results are then compared with
c? a2t %t available experimental data from authors like (Viskanta
{52 belonging sign, "belongs to. " and Toor, 1973, and Behnia and Viskanta, 1979). The
2 . vectorial space under study initial conditions can also be varied to suit actual
TeK temperature belongink to a sub-region distributions present in natural water bodies.
of 0
K sub-region of Lhe space under study ANALYSIS.
He weight parameler
£ any value within the weight parameter
A wave length, m, pm (—’ CLOUDS .)
n refraction index (1.333 for sclar (SOLAR —
ponds) -,n.nunm’- =
e angle
; 050 wOSEATERG U
i incident angle
2] density kg/m" AR ¥ ‘REFLECTION * * i—“:‘lrn WAVES
pa Fresnel! reflectivity of air ——
u Snell’s law, (1-n"(1 - p*)%)1"? seawateR W
$n solgr radiation absorbed by surface ABSORPTION T
i P % T —— TEMPERATURE DISTRIBUTIN
den net radiation in surface, W/m
pan atmospheric rad_iqat]on iné_:idcnl ir12 the
Butface . RKIQ (Ter O, LT, FIG 1 SCHEMATIC REPRESENTATION
Gor Surface black body radiation OF THE PHYSICAL MODEL
e heat flow due to evaporation,
palvf(Wz)les - ex)
i) wind velocity at the height x
We wind velocity at 2m height :
Lv evaporation enthalpy of water, J/kg The energy equation for the thermal behe%\-’iour‘ 1
€s saturated vapor pressure at Ts, mbar water, considering s“imulLaneously conduction and
ex vapor pressure at the height x, mbar radiation is given by (0zisik, 1973)
C clear or cloudy sky factor
po reference density kg/m’
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FIG 2 MATHEMATICAL MODELLING
OF THE PHYSICAL BEHAVIOUR

aT(x,t)

(1)
at

2
8" Tix,t)
k-—aé’—(——— + g(x) =pCp

where g(x) is the source term and represents the solar

absorption rate per unit
measured from the surface.

volume at a depth "x"

In (1}, the following assumptions have been made:

1) The water body
system

is a semi-infinite onedimensional

2) Air-water interface

are present)

is flat (no transversal waves

3) Refraction angle follows the Snell's law.

4) Thermal radiation within the water is negligible in
the infrared spectrum (A > 3 um).

5) Solar incident radiation on the water surface is
composed of direct (Ho) and diffuse (Hd4) components.

The boundary and initial
glven by (Atkinson, 18983):

conditions for (1)

are

kTBT_¢naL *x =0 for all t

ax

z 278 Kfor x - ofor all t (2)

T =T

o

for L = Ofor all x

The term g(x) is defined as follows:

. : H
gR(x]— KR 1 P, {pil]—ﬁ’he
r

~kux/ur*

1
n 2 _ sy | omkex/p
4 2 Hd'kJ [l pa(g )]e dp

m

P

(3)

FORMULATION OF THE FINITE ELEMENT METHOD.

In principle, the variational problem of
ta be obtained, that is to find T such

((0,T), C%(Q)), (see Fig. 3)

(1} has
that TeC'

T=280 inQxJ
k AT + G = p CT"

ulo) = Uo

(4)
inQxJ

in

The first condition (2) has to be satisfied over
4 @ x J, that is rising a Newman's type problem:

K {v & c’[(O,T}, C’(Q)]: 0<v(t)=278 in Q, th}
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where K represents the set of admisible temperatures.
The following equation can then be written:

[(KﬂT+GJvdﬂ=[pC T' v dR (5)
o} o °F

Expression (5) can be transformed

through application
of Green's theorem:

—kaTon Q= —I k,-g—z v dg -
Q fel?]

So that the problem reduces to determine T ¢ K

—I KF{pCpT'v}dB—j(KUTnvv}dH z ¢n[O)VIO)— [CvdB (7]

B
B B

j pCpT’ v dQ (B)
Q

L]
valid for all v £ K, where:
viL) so} (8)

Then the variational problem of (1) is to find T £ K

J H[L){pC 'l"v} d&[(n VT+¥ v) dB =
& P

¢n(0)/ktv[0)-

B B
J'GvdB ¥ vekK (9)
B
The limits are set as follows:

T=0
HU(L} - |T/e,0=T=¢
1, T=e

In such a way that {9) leads to the solution of a

matrix problem
fix)

Hit)a' (L) + kalt) = (10)

The space is then divided by finite one-dimensio-
nal elements, from which Lhree different matrixes are
developed, k, H and f, the first one being a band
matrix, the second a diagonal matrix and the third one,
a column matrix, whose representation is not presented

here due to space limitations, (see Figs. 4 & §5)
Time discretization is made with finite
differences (Bathe and Wilson, 1976) from Lhe mabrix

problem (9), and the utilized interpolation functions
corresponds to first degree polynomials of Lhe form:

wix) = a0 + 01 X, % £ E (11)
with (11), the interpolation functions are generated on
each finite element E.
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By combining (8) and (11), the matrix problem is
formally stated (matrix representations are omited here
for the sake of space limitations, see Figs. 5 & B,
too). In order to discretize time, the method of
forward finite differences is used (Bathe and Wilson,
1976), such that equation (9) can be written as:

(1/8T)H(t Ja(t+At )= f(x)+
(12)

+[§ + 1/51}}1(:.)]&{&)

LR |
o W E:- S &

a(teat) = ot [Hoo] [roo]eufuoo] [k] [omm] 1] [et]

DIAGONAL MATRIX STIFNESS MATHIX
% =
L o1 . L N e
I L, |oa ez

LpcHg

FIG 5 MATRIX EQUATION AND TYPES

For the solution of equation (12) a computer
algorithm was implemented for which the finite elements
were taken of the same length and for 40 nodal points.
The temperature profiles were then calculated for some

values of the solar radiation at different incident
angles.
RESULTS

The figures 7 & 8, represent the temperature

distribution as a function of time and depth for
several time increments and three incident angles (0O,
45 and 75"). Each curve corresponds to an overall lime
change of 30 minutes or 1800 sec, the qualitative
behaviour agrees reasonably with some experimental
values from other authors (Behnia and Viskanta 1979).
The asymplotic approach to the cold temperature “of
greater depths (z =z 25 m) agrees with temperature
distributions found in Lhe oceans.

In the determination of the absorption function
G(x), direct and diffuse radiation values were taken as
800 and 200 Wsm , respectively, however in natural
envirenments they must be a funcion of incident angle.
Water absorption coefficients, were assumed to be equal
to those of fresh water, and was taken from (Cengel and
Ozisik, 1984)

FIG 6 BASE FUNCTIONS
IN THE ELEMENTS

CONCLUSIONS

1. The present model reproduces some of the features
that are present in natural water bodies,

2. Like any numerical model it has some limitations for
the exact reproduction of natural phenomena, however
the results can be reasonably used for some
preliminary studies of ecological nature or even, by
modification of the source term, could be possibly
used to predict temperature distribution under the
effects of large thermal discharges in addition to
the scolar radiation effect

3) An initial linear temperature distribution was
imposed for the few computer runs. The induced
transient temperature, as predicted by the model,
approaches the same linear distribution as the depth
increases, however, near the surface a temperature
peak is detected, consistent with some
stratification that occurs in nature. For all
practical purposes, the total mass of the water body
can easily be regarded as inifinity, it is therefore
natural that at some depth, the water reaches the
initial imposed temperature distribution.

4} A more realistic initial temperature distribution,
can of course be imposed on the model, however, this
requires a careful determination of some actual
temperature distribution in a large natural water
reservoir. Due to the nature of thermal radiation,
this implies serious field difficulties, at the most
this could be instantaneously achieved and the data
so obtained fed to the computer,

5) It is evident that additicnal work has to be done in
order to include not only a reliable data field
measurement, but of course to consider the turbidity
and salinity effects, in order to attain future
improvements of the model.
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EFEITOS CONVECTIVOS NA TRANSFERENCIA DE CALOR RADIANTE
EM MEIOS PARTICIPANTES ENTRE SUPERFICIES PARALELAS
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RESUMO

Eate thabatha analisa ao efeitos consectisos na estuda da mecaniama cambinada
candutiva canvectiva nadiante de thansfenéncia de calon em melos aboowsedones e

emiabones.

4  inweatigagia

canhecidaa. s aclugdc matemalica e

cancentha ae na auwaliacgia
panticipanties  contidaa  entne  aupenficies planas  panalelas  cam
obtida athavéa

da {fenémena pana meicas
tempenatunaa
da métada daa calocagbes

a tinha de abondagem anteniounente adatada pelos autones na

antagonaia
diacussda da madelo condutisa nadianie.

INTRODUGAQ

0 estudo do fendmeno de transferéncia de calor em
meios participantes (absorvedores e emissores)
constitui aspecto fundamental no dimensionamento de
camaras de combustdo, em razdo da necessidade imediata
de utilizag@co de modelos fisicos mais abrangentes e
precisos, que substituam os procedimentos simplificados
ainda hoje adotados no projetc de fornos e caldeiras
industriais, e  minimizem as perdas de energia
decorrentes da analise destes equipamentos através de
metodologias limitadas.

Entretanto, apenas recentemente, a comunidade
cientifica iniciou a pesquisa integrada dos mecanismos
condutivo, convectivo e radiante de transporte de
energia, observada a complexidade inerente a este tipo
de problema, mesmo em situagBes onde é possivel admitir
certas hipoteses simplificadoras relativas as
propriedades do meio e & geometria em questdo. De uma
forma geral, os trabalhos teéricos e experimentais eram
desenvolvidos com o pressuposto da simultaneidade de
apenas dois modos de transmlssio de calor condugdo e
radiagdo, ou convecgio e radiacgio.

Na linha de estudo do mecanismo condutivo-radiante,
estes autores apresentaram trabalhos anteriores [1,2],
onde determina-se o perfil de temperatura e calcula-se
o fluxo térmico total (e suas parcelas condutiva e
radiante) em meios absorvedores e emissores com
geometria plana, bem como avalla-se a influéncia das
principais propriedades do meio sobre a definigdo da
importancia relativa entre os dois mecanismos. A

validade do formalismo matematico adotado e da técnica
numérica usada fol verificada através da comparagdo com
alguns resultados da literatura [3,4,5].

A segunda categoria de problemas (convecgido e
radiagdo) vem recebendo mais atengdo a partir da
intensificacgio dos empreendimentos aercespacials,
notadamente os projetos de sistemas de propulsdo de
foguetes, e os textos de referéncia mals importantes
para o acompanhamento deste assunto podem ser
encontrados na documentagdo periodicamente publicada
pela NASA.

0 trabalho em pauta apresenta o desenvolvimento do
modelo condutivo-convectivo-radiante para a obtencgdo do
perfil de temperatura e do fluxo térmico total, pelo
coémputo de suas parcelas, em meios participantes
contidos entre superficles planas paralelas. Evidencia
ainda a aplicagdo do método das colocagdes ortogonais
para a implantagio de um cédigo computaclonal que
traduza o algoritmo representativo do modelo e facllite
a analise da Influéncia dos principais parametros
envolvidos no problema.

Ratificando a
apresentada, os
tabulares) da

adequacio da modelagem  aqui
arquivos de saida (graficos e
rotina computacional, estruturada em
FORTRAN para microcomputadores do tipo IBM-PC
compativel, sdoc objeto de uma analise comparativa com
informagBes da literatura, através da determinagdo do
perfil de temperatura em alguns casos praticos de
interesse.

Na seqgiiéncia deste trabalho, os resultades do
modelo em questfo serdo confrontades com aqueles
originarios da investigacao do modelo

condutivo-radiante [1], visando destacar o limite de
relevincia dos efeitos convectivos e avaliar os erros
derivados da hipétese que considera o gas como um meio
estacionario, de forma imprépria, em algumas situacgdes.

MODELO CONDUTIVO-CONVECTIVO-RADIANTE

A forma diferencial genérica da equagioc da energia
para o escoamento laminar de um fluldo compressivel
considerado como um meio participante é dada por [6]

DT
pC\r

= div(Ke grad T) - div gr = P div U
Dt

+ u b (1)

onde p, u, Cv e Kc sdo a densidade,
dindmica, o calor especifico e a condutividade térmica
do fluido, T e P sdo a temperatura e a pressioc do meio,
U & o vetor velocidade do fluido, gr &€ o vetor fluxo
térmico radiante e @ é a fungido dissipagido de Rayleigh.

a viscosidade

Esta expressio é obtida através da analise da
primeira lei da Termodindmica para um volume de
controle do fluldo, admitindo as seguintes hipéteses
simplificadoras :

a) a existéncia do continuo ;

b) a ocorréncia de equilibrio termodinamico local

c) a energia interna do fluldo € apenas fungdoc da
temperatura ;

d) ndo hé termo de geragdo de energia ;

e) o efeito da pressioc radiante é desprezivel ;

f) as propriedades fisicas do fluldo s3o constantes.

A partir do conceito de entalpia , da equagdo da
continuidade e de algumas relagdes termodindmicas
auxiliares, é possivel deduzir uma forma alternativa
para a equacdo (1), ficando evidente a separagic dos
termos referentes aos mecanismos condutive e radiante




de transferéncia de calor, aos efeitos de

compressibilidade e aos efeitos viscosos :

DT DP
= div(Ke grad T) - divgr + B T ——
Dt Dt

+ o d (2)

p Cp

onde B é o coeficlente de expansdo térmica do fluido.

Supondo pouco relevantes os efeitos de
compressiblilidade e os efeitos viscosos (numero de
Eckert bastante inferior a unidade) quando comparados
com os demals termos da expressdo da conservagdo da
energia para um meio isotrépico, resulta da equacdo

D

DT
p Cp =Ke V" T~ div gr (3)
Dt

Para o escoamento bidimensional (x é a diregéo
axial e y & a diregdo transversa) em regime permanente,
vem que

3T 3T 62T 62T
p.Cp. (u +v ) =Ke. [— + —)
34 ay 5x2 6y2
8qrx  8qry
=~ + ) (4)
83X ay

onde u e v sio os componentes do vetor velocidade , e
grx e gry sdo os componentes do vetor fluxo térmico
radiante.

Considerando que & valido negligenciar a condugac
(nimero de Peclet elevado) e a radlagdo na direcio
axial, face a magnitude do fendmeno térmice na diregao
transversa :

8T 8T 62T 1 8qry
u——m + v = .

ax S8y Byz

(5)

p.Cp &y

onde a & a difusividade térmica do fluido.

Concentrande o estudo no escoamento desenvolvido,
ou seja, sabendo que o perfil de velocidade ndo varia
na diregdo axial, em uma regido onde os efeitos de
entrada sdo desprezados, a equagdo (5) reduz-se a :

aT 52T 1 dqry

1 — =0 - (6)

8% ayz p.Cp 8y

Alnda fazendo wvaler a consideragio do escoamento
desenvolvido, & possivel aproximar o gradiente axial de
temperatura pela seguinte expressido [7]

aT Tw = T 2.qw
2 [ ] (7)
ax Tw = Tb p-Cp.um.L
onde Tw €& a temperatura da parede do duto, Tb é a
temperatura bulk do fluido, um & a velocidade média do
fluido e L é a distancia entre as paredes do duto na
diregdo transversa.

Na equagdo (7) , qw é o fluxo térmico na parede do
duto, dado pela composligio de suas parcelas condutiva e
radiante :

8T
guw = = Ke - + Qgry = (8)
3y =0 y =0
Desenvolvendo esta expressio através da

investigagdo detalhada do fluxo radiante na parede do
duto e introduzindo o conceito de espessura 6tica (t),
resulta que :

T 4
gw = - Ke K _ + 20 Tw (1-E3(70))
T =0
8T
TO 4
- 20 IG T (t) Ez(t) dt (9)

onde ¢ & a constante de Stefan-Boltzmann, K é o
coeficiente de absorgio do melo, to é a espessura 6tica
total e En sd3o as funcgdes exponenclals integrals de
ordem n.

Uma vez que a configuragfio do duto consiste de duas
placas planas, paralelas, infinitas, pretas e
isotérmicas, e o melo é cinza e ndo defletor, o termo
radiante da equagdo (6) é dado por [8]

dqry

20 Te E2(z) + 2 ¢ T E2(to-T)
dt

TO 4 4
+ 2 Io T (t) Er(|r-t])dt -4 o T (1) (10)

Neste ponto, admite-se a validade da adogdc de um
perfil parabélico de wvelocidade para a descrigio do
escoamento de Poiseuille desenvelvide pelo fluide em
questdo. Com isto :

2
¥ Y
u=6um [ — - — ) (11)

L LZ

Reunindo as equagdes (7)., (10) e
transforma-se a equacdo da energia (6) em :

(11},

48 % <2 1-0

B oo i ] e i e S

dtz T0 T0 T% 1-6b

Ez2(T)

'[04 4
- Ez2(to-1) - ID 8 (t) Ex(]z-t|)dt + 2 8 (1) (12)

Ke K
onde foram utllizados os adimensionais N = ,
3
T Th qu 40 Tw
8 = —\ B = — e Y = 0 parametro ¢ &
Tw Tw 4
o Tw

resultante da modificagdo da equacdo (9}, através do
uso dos mesmos adimensionais apresentados
anteriormente:



de
Yg=-4aN -0 + 2 (1-E3a(70))
dt
m4
i Io 87 (t) Ea(t)dt (13)
Fara a composigdo final do modelo, resta ainda

estabelecer as condigdes de contorno necessarias para a
solugdo das equagdes (12) e (13) :

T=0 => 8 =1 (14)
T =10 => g =1 (15)
A equacgdo integro-diferenclial assim obtida,

derivada da modelagem do fendémeno termico em questido, é
ndo linear e de segunda ordem, caracterizando-se como
um problema de complexa solugdo analitica.

Também com base na equagdo (13), define-se o numeroc
de Nusselt para o problema em questdo :

2.T0.4
(16)

N.({1-8b)

que & um adimensional de grande utlilidade na avalliacgao
comparativa para a determinagio do mecanismo
predominante no processo de transferéncia de calor. Nos
exemplos onde o transporte de energia ocorre apenas por
condugdo e convecgio (valores extremamente elevados de
N}, a combinagdo das equagbes (13) e (16) mostra que o
nimero de Nusselt reduz-se a sua forma convencional
Frosseguindo na analise destas duas equagoes,
observa-se a possibilidade de reescrever o numero de
Nusselt da expressdo (16) como a soma de um numero de
Nusselt devido a convecgido (Nuc) e outro devido a
radiagdo (Nur).

FORMAL ISMO MATEMATICO

0 grau de complexidade das expressdes anteriores
permite concluir que a solugio da equagdo da energia,

mesmo para situagdes fisicas relativamente simples, é
extremamente dificil. Na verdade, a equagio
integro-diferencial gerada na construgdo do modelo

condutivo-convectivo-radiante nav apresenta solugdo na
forma fechada e, em consequéncia, é necessario recorrer
a procedimentos numéricos.

A maior parte dos trabalhos encontrado: na
literatura especlalizada aponta para as técn cas
iterativas de solugdo, principalmente quandc nao sc¢ tem
em mente a linearizagdo da wvarilavel dependente : a
equagdn (12} pode ser prontamente convertida em uma
equagdo integral ndo linear para posterior aplicacao de
uma adequada rotina computacional iterativa.

Alternativamente, como visto em [9], a referida
equagdo pode ser resolvida com base na expansio da
variavel dependente em uma sérlie de Taylor a equacao
da energia assume a forma de uma =quacgdo diferencial
nao linear, fato que, apesar da aproximagdc introduzida
pelo truncamento da série em questdo, simplifica

acentuadamente o tratamento matematico do problema. A
abordagem que se segue envolve o método de
Newton-Raphson e conduz a determinacio do perfil de
temperatura no meio, satisfeitas as condigdes de
contorno (14) e (15), e a tolerincia pré-estabelecida
para a convergéncia.

No presente trabalho, optou-se pela utilizacio do
método das colocagdes ortogonals apés a linearizacido da
variavel dependente, seguindo a linha adotada por estes
autores na resolugdo das equagdes oriundas do
desenvolvimento do modelo condutivo-radiante [1].
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A expressioc final a ser avallada pelo algoritme
apdés uma sequéncia de operacdes algébricas
apresenta a seguinte

numérico,
agul omitidas pela sua extensao,
forma genérica

2
de

+ Co.folu).6(u) + C1 I; 8(u').fi{u,u").du’
2
du

+ Ca.fz(u),(l—ﬁ(u}}.fé 6(u’).fa(u').du’ = C3

+ Ca.fafu) + Cs.fs(u) + Cs I; filu,u').du’ (17)

onde Ci1 sd3o constantes do modelo, fi1 sdo fungoes
resultantes do formalismo matematico adotado e u tem
como origem uma conveniente mudanga de variavel (T =
To.u).

0 coédigo computacional para a obtengdo dos
resultados do modelo condutive-convectivo-radiante,
estruturado em linguagem FORTRAN, contém, além das
rotinas de entrada e saida de dados, outras rotinas
integradas:

- calculo dos zeros e derivadas dos polinémios de
Jacobi ;

- interpolacgdo através do polinémio de Lagrange ;

- determinagdo das derivadas dos pesos da interpolagio
de Lagrange e dos pesos da quadratura gaussiana ;

- solugdo de sistemas lineares ( eliminagdo gaussiana
com pivotamento parcial ) ;

-~ calculo dos pesos da quadratura de Radau e Lobatto
( previsio da inclusdc dos extremos )

ANALISE DE RESULTADOS

A solugdo do modelo condutivo-convectivo-radiante,
através da metodologia proposta neste trabalho,
mostrou-se compativel com os resultados presentes na
literatura [9]. As figuras 1 e 2 apresentam o confronto
entre os perfis de temperatura obtidos pela referéncia
em questdo e pelo método das colocagdes; ortogonais,
destacando a semelhanga entre as curvas prsra diferentes
valores do  parametro condutive-radi.nte N. As
aproximagdes consideradas no desenvols imeto do modelo
tornam-se mais evidentes para os cascs ea que o valor
de N esta proximo de zero (condugdo nvla., uma vez que
nac ha previsdo de um salto de temperatur: na parede do

duto o gradiente de temperatura nesta poisigdo, apesar
de impreciso, ndoc compromete a determinagio da
distribuigio de temperatura para toda a faixa de
espessura otica.
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A figura 3 mostra uma femilia de curvas que
possibilita o estudo do mecanismo combinado

condutivo-convectivo-radlante, a exemplo do que ja fol
feito em [1] para © modelo condutivo-radiante. A
analise abrange um amplo espectro de valores de N,
considerando desde o caso do limite convectivo-radiante
(onde N = 0) até o extremo condutivo-convectivo (quando
N tende para valores extremamente elevados). E
interessante ressaltar que o predominic do mecanismo
condutivo manifesta-se mesmo para moderados valores de
N (ja a partir de N = 1), o que pode ser observado na
figura 3 pela tendéncia de superposigdo com a curva do
extremo condutivo-convectivo. Esta caracteristica
apenas deixa de ser registrada com a diminuigidoc do
parametro condutivo-radiante e a aproximagio do caso
puramente radiante (na figura em questdo, N = 0).
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FIG- 3- EFEITQO DO PARAMETRO N
[ COLOC ORTOGONAL)
CONCLUSOES

A valldade do formalismo matematico empregado neste

trabalhe fol wverificada através da comparagdo dos
resultados encontrados pela rotina
computacional, desenvolvida para o modelo
condutivo-convectivo-radiante, com as informagoes

extraidas da literatura. Este aspecto, aliado ao éxito
ja obtido na andlise do modelo condutivo-radiante (1],
permite concluir pela perfeita adequagio do método das
colocagBes ortogonais nos problemas de transferéncia de
calor em melos absorvedores e emissores.

De imediato, & possivel admitir que os calculos do
perfil de temperatura e do fluxo térmico total podem
ser wutilizados no dimensionamento de equipamentos
térmicos industrials, desde que sejam avaliadas as
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hipoteses simplificadoras do modelo para uma dada
aplicagdo. Além disso, ja consolidada a estrutura do
cdédigo computacional, torna-se viavel a elaboragio de
um estudo de sensibilidade dos diversos parametros
relevantes na investigacio do fendmeno fisico em foco
(propriedades fisicas e espectrais do gas, velocidade
do meio, temperatura da parede do duto, etc.).
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ABSTRACT
This work presents the analysis of a

conductive-convective-radiant model in order to explain

the thermal behavior of an absorbing and emitting
media, in a fully developed laminar flow, limited by

isothermal parallel surfaces a finite distance apart.

The resulting integro-differential equation is solved
numerically by the orthogonal collocation methed,
allowing for the determination of the relative

importance between the heat transfer mechanisms.
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SUMMARY

Heat transfer of a plate embedded in water or in a water-saturated porous medium are

described.

Experiments included flow visualization of the boundary layer flow.

Free

convection heat transfer in a pure fluid, as expressed by the power law relationship
between the Nusselt number and Rayleigh number, Nu=0.890.2 is adequate for 104 < Ra<

1013,
medium as it is for a pure fluid.

The expression, Nu=ARan is not as effective for free convection in the porous
A, and n varies from one heat [lux to another.

Close to the leading edge of the plate the effects of wall channelling are important.

INTRODUCTIUN

Lorenz [l] was the first to carry out an experi=-
mental investigation on natural convection from a
vertical plate in liquid. In 1934, he measured the
mean heat loss from a l2¢m high plate in oil. A good
review through 1964 is given by A.J. Ede [2], and by
Imadojemu [3]. Considerable research has been done on
the study of convention between a vertical impermeable
flat surface and a surrounding viscous fluid, or satu-
rated porous medium. The studies are often theoretical,
however, a few of the studies, involve experimental
work, but no studies are reported for a comparison for
the different media in the literature.

From an extensive review of literature it is seen
that much of the previous attention has been devoted to
the analytical and theoretical studies of convection,
with relatively little emphasis on experimentation.
This situation is most pronounced for convection in a
porous medium. The sparsity of experimental studies is
most probably due to the difficulties in measuring and
obtaining the right flow, temperature and visualization
of the flow in the presence of the porous matrix.

Ping Cheng [4,5], and M.A. Combarnous and S.A.
Bories [6] give good reviews of analysis efforts in the
area of free convection in porous media. H. Darcy {7]
was the first to report any experimental work on porous
media and he summarized his findings in a mathematical
equation called the Darcy's law. Since then many
theoretical studies have assumed that in Darcy's law,
that the area-averaged fluid velocity through a col'mn
of porous medium is directly proportional to the praos-
sure gradient established along the columns, applies.
Subsequent experiments, however, show that the areus—
averaged velocity is alse inversely proportional te the
viscosity (M) of the saturating fluid. Darcy's law
may be written as:

-KdP
U= ffdx (1)

for one-dimensional forced flow.
and P is pressure.

G.H. Evans and 0.A. Plumb[8] carried out an exper-
imental study to verify the similarity solutions of P.
Cheng and W.J. Minkowycz [9] for a vertical heated
porous layer adjacent to a vertical, heated, isothermal
plate. They placed a heated flat aluminum plate verti-
cally at one end of a box. The box was filled with
glass beads. Ping Cheng and Minkowycz [9] report a
Nusselt number (Nu) given by

K is the permeability

Nu=0.772 Ra0.3333 (2)

Where Ra is the modified Rayleigh number based on con-
stant heat flux

K E \er g‘l
Ra= kot ¥ (3)

K is permeability, g is gravitational acceleration.ﬁ
is co-efficient of thermal expansion Q" is Mean heat
transfer per unit area W/mZ, k is effective thermal
conductivity, of is thermal diffusivity and ¥ is
kinematic viscosity.

Their experimental results fell slightly below the
similarity solution for Rayleigh numbers 1.ss than 300
and this was due to the conduction error i1 the tempera-
ture measurement by the traversing probe. For the
higher Rayleigh numbers the data fell ahove the values
predicted by the similarity solution. Mosc importantly,
they found that for particle Rayleigh numbers on the
order of unity (Darcy flow regime), and a nodified
layleigh number of about 400, measured tenperatures
within the boundary layer were periodic. The periodi-
city indicates the appearance of a secondary flow, for
which the similarity solution is not adequate.

No experimental investigation has been done for a
semi-infinite vertical plate imbedded in a water satu-
rated natural porous medium with a constant heat flux
at the boundary, with the Darcy number greater than
unity.

In order to better understand the heat transfer
phenomenon we experimentally investigated the free, and
mixed convection about a heated vertical plate with a
constant heat flux, in water and in water saturated
porous media. Im this paper a comparison of the free
convection for the three different conditions will be
reported. The plate was submersed and tested in a
homogeneous pure fluid (water), and then in water
saturated porous media such as glass beads and gravel.
The temperature profile was measured with thermocouples
and the velocity profile by the electro-chemical
formation of dye technique.

EXPERIMENTAL PROCEDURE

Apparatus. The apparatus employed in this investi-
gation is depicted schematically in Fig. 1. The
apparatus consists of a heated vertical plate imbedded
in a porous material. The plate and material form a



test cell and are contained in a rectangular glass tank
91.4cm x 30.5cm x 58.4cm. The test tank is placed
within a bigger 121.9cm x 45.7cm x 61.0cm glass tank to
form a water jacket. The 25.4cm x 30.5cm x 58.4¢cm
(length, breadth and height) test cell is partitioned
from the filter material with a stainless steel screen.
The screen allows free movement of water through the
test cell, while keeping the beads in place.

The vertical plate is constructed out of two
brass plates each 50.8cm x 25.4cm and 0.32 cm thick.
Three strip heaters placed in series are sandwiched
between the two plates and bonded together with a
silicone paste. The heaters cover the entire surface
of the plate and supply a constant heat flux per unit
area to the plates. The leading edge of the plate is
located about 5cm from the floor of the box. Holes
housing the thermocouple beads are located at 0.0254m
intervals on the vertical centerline and in the hori-
zontal line mid-height of the inside of each brass
plate. The thermocouple leads lay in narrow horizontal
and vertical slots on each side of plate, which are
filled with epoxy. The thermocouple locations are
shown in Fig. 2. The thermocouples are used to
determine the spatial variation of the wall temperature.

Fluid temperatures close to the plate surface are
measured with thermocouple probes. The probes are
supported by a narrow strip of brass 7.6cm from the
plate. The first thermocouple is placed at 0.224cm
away from the plate surface and the other two are
equally spaced at 0.64cm intervals. This form 3 x 3
array of thermocouples as shown in Fig. 3. All
thermocouples are copper—constantan T-type thermocouples.
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The thermocouple leads are connected to a 100
channel ACUREX autodata digital strip TEN/S data
recorder.

The first step in the main experiment is ensuring
that the temperature of the saturating fluid in the tank
is uniform, by thoroughly mixing or agitating the fluid.
The bulk temperature is read from the thermocouples
placed near the end of the tank. The sensing beads of
the thermocouple is dipped in a silicone paste to
prevent reaction with the matrix and the fluid, and the
leads in the water are protected to prevent electrical
leakage by hard varnish coating.

The water is deaerated by allowing it to sit for
some time and thoroughly stirring it. This will get rid
of the air bubbles that might form in the tank or
especially in the porous matrix. Keeping the surface
covered except during the experimental run can keep the
water sufficiently deaerated for several days.

Some time is needed for the apparatus to reach
steady state whenever the power is turned on or changed,
this will be determined by monitoring the plate temper-
atures and determining the heat flux of the plate by
measuring the heating strip resistance and current or
voltage from the voltmeter. (Calibration of the thermo-
couples provided accuracy to within + 0.04°C. 1t took
approximately 3 hours to reach steady state the temper-
ature varied only to within + 0.1°C.

To keep the bulk fluid temperature constant, it
was necessary to circulate water from a constant
temperature bath through the outer glass tank which
served as a water jacket. By this arrangement we were
also able to reduce thermal stratification. Temperatures
were measured at b0 sec intervals., The fluid properties

. k., v, p. and cp were evaluated at the average
temperatures between the bulk fluid temperature and the
heated wall temperature at any given vertical location.

The flow is made visible by local changes of color
of the fluid itself. The coler changes result from
changes in pH (acidic to base). Arrangements were made
for these color changes to occur both at the surface
of the vertical plate and within the boundary layer.
This enhanced the visualization of the three dimensional
character of the flow. The flow visualization tech-
nique was originally described by Baker [10].

Thymol blue, a pH indicator, was added to the water in
an amount 0.01% by weight, or about 0.l gms/liter, and
the solution was then titrated to end point (pH=8) with
sodium chloride (NaC). Addition of hydrochloric acid
(HC1) made the solution acidic and yellow-orange {tea
color) in color. A small dec voltage (10-20V) from a
dry cell source impressed between two wire electrodes
inserted within this tea colored fluid produces a
proton transfer reaction at the negative electrode.
This results in a change in pH balance of the fluid
(acidic to base) at the surface of the negative
electrode with a corresponding change in coler from the
tea color to deep blue.
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The gravel is characterized by having a small,
irregular particle size and shape with a porosity of
0.48 and a permeability of 4.8 x 10-8 m2. The beads
are characterized by having spherical particles of size
l4.bmm with a porosity of 0.43 and a permeability of
4.5 x 10-7 m2. The porosity may imply an uncertainty
of about 4.07%. The effective stagnant thermal
conductivity for the gravel/water medium was
determined to be 2.37 W/m-K and for the glass/water
medium the experimental conductivity is 3.9 W/m-K.

The effective thermal conductivity of the porous
material is a complex function of the materials packing
geometry, and particle shape, and there was no
resolution between the experimental and predicted value.
An uncertainty in the experimental data mainly from the
conductivity measurements were estimated at about 107
which was quite reasonable.

The detalls of the experimental set—up and
procedure, flow visualization as well as the
determination of the physical properties are reported
in Imadojemu [3].

RESULTS AND DISCUSSION

Parameter non-dimensionalization. As is normal
in free convection studies, results are presented in
unified non-dimensionalized parameters. For free
convection in water, the dimensionless parameters are:

X
1. LENGTH LA=-
L (4)
Tw(¥)~ Too )
2. TEMPERATURE = Slw(¥)= Teo )
R (Tw(Y)= Tew )max (5)
3. HEAT TRANSFER Nu(y)= h Y = Q" Y
k k (Tw(y)- Teo) (6}
Ra= g f_’ ¥4 Q"
(Vv k) (7)

The non-dimensional parameters that are used to
characterize free convection in a porous medium are:

1. LENGTH L*= ¥
L (8)

g:’y (9)

(Twi¥)= Tes )
(Tw{Y)— Teo ) max

2. TEMPERATURE a8 (10)

Q" Y

3. HEAT TRANSFER
k (Tw(y)= T )

Nuy= h ¥ =
k

(L1}

2"‘
ook 8P ¥2 0

AV k (12)
. € v x BAT
d‘P' (13)
where o, = keff
Fcr (14)
REp= K 5 %AT
v (15

crp= kg EAAT
v2 (16)

Gr is Grashof number, h is convective heat transfer co-
efficient, Ra is Rayleigh number, RaT is Rayleigh
number based on constant wall temperature, Ray* is New
or modified Rayleigh number, Re is Reynold's number,
Rep is porous Reynold's number, is Boundary layer
thickness, A.is Forchheimer's constant, is Dimen-
sionless Length, # is Dimensionless temperature,
is Density and Grp is the porous Grashof numbers
respectively. Rep,Grp are an indication of the
deviation from Darcian flow.

In Fig. 4 we can see that for the same heat flux
the gravel has the greatest temperature difference
at the wall while water has the smallest. This is due
to a combination of the particle shape, porosity, and
thermal conductivity. For the porous material there is
more restriction to flow and the heat exchange between
the heated plate and porous particles is slower than
the water alone. The symbols used in Fig. 4 are
explained in Table | and Table 2 gives the correlations
for the temperature variation.

TABLE 1. HEAT RATES
RUN HEAT FLUX (W/mZ)
WATER 1 558.00 Lower Q"
3 1116.00 Higher Q"
BEADS 1 527.00 Lower Q"
3 1178.50 Higher Q"
GRAVEL 1 558.00 Lower Q"
3 1178.50 Higher Q"
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FIGURE 4 COMPARISON OF THE WALL TEMPERATURE DIFFERENCE
FOR FREE CONVECTION.

TABLE 2 = A ¥n

WATER BEADS GRAVEL
RN A n A n A

1 4.386 0.377 6.543 0,315 1l.15 0.235

3 5.669 0.252 10.939 0.264 27.32 0.182

There is a difference in value but no difference
in the character of the temperature response between
each medium at the lower heat flux at mid height in the
horizontal coordinate of the plate as shown in Fig. 5.
As the heat flux in increased, we notice the sinuscidal
nature of a temperature wave. The wave has the most
definable peaks and valleys for the experiments with
beads. Although the temperatures at the wall for the
gravel medium are higher the sine wave is less well
defined. The sine wave is a function of the impressed
heat flux and the porous material. We can further see
the higher temperature response of the gravel medium
and Reynold's number establish the fact that the
constants A and n in the equation Nu = A Ran differ
for each heat flux and material. See Table 3 for
the different values of the constants.
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NUMBER ~OR .LL HEAT FLUXES FOR FREE CONVECTION.

Fig. ‘. compares the result for all the water and
beads exper:ments for each of the six different heat
fluxes. The data for the porous material experiments
are clustered at the lower Rayleigh number because of
their lower heat transfer characteristics. See Table
3 for a comparison of the different values for the
gravel and beads. For the water experiments we found
a fairly good fit of

Nu = 0.89 Ra0.2

TABLE 3 Nu = A Ran
MEDTUM Q: (Nu = Ran) (Nu = A Rarn)
W/m2 A n A n
BEADS 527 1.28 0.228 1.:38 0.29
1178.5 1.36 0.222 1.47 0.28
GRAVEL 558 0.136 0.400 0.13 0.62
1178.5 0.270 0.400 0.04 0.67

In Fig. 7 we compare the heat transfer parameter

Nu/afRaT for the two porous media tests, beads and
gravel. At the leading edge the slope of the curve
for the beads matrix is seen to be steeper than that
for the gravel matrix. This is due to the fact that
for the beads, the wall channelling effect is more
felt, because of the bead size, and because porosity
at the wall is almost unity. Especially at the
leading edge, where the boundary laver is thinner than
a typical void, the wall channelling effects the
flow directly than it would in a homogeneous porous
medium. The resistance to flow is less for the beads
than the gravel and this means the fluid in the bead
matrix will have a higher wvelocity. This leads to the

fluid particles picking up more energy along the plate.

Therefore the wall heat transfer for the beads is more
enhanced when compared to the gravel. The wall effect
is smaller for smaller permeability.

In Fig. 7 we can see the flow regimes: non-
Darcian flow, the transition to Forchheimer's flow.
The critical numbers of each flow regime is material
and heat flux dependent.

Fig. B shows the variation of the heat transfer
coefficients with the plate vertical distance. The
gravel medium has the lowest coefficients while the
water has the highest values. Again notice the over-
lapping and similar profile of the water and bead
medium at the leading edge of the plate.

15
o
o
- 1.0 & a
= o o
od
2 o
3
z o
1 8o
0.5 LR
o
° o,
O BEADS
~ ® GRAVEL
00 T T v
] 2 4 6 8
Gr

FIGURE 7 COMPARISON OF THE HEAT TRANSFER PARAMETER WITH
GRASHOF NUMBER FOR FREE CONVECTION AT THE HIGHER HEAT FLUX.

05

- U ™
& w a " WATER (LOWER Q")
™ o O a ° WATER (HIGHER Q")
E 041 : "o "&, a ® BEADS (LOWER ()
a e © BEADS (HIGHER Q")
g P ° O 8 * GRAVEL (LOWER Q)
. L o a o o L] VE = "
= 03 o i GRAVEL (HIGHER (")
= 13 o =0 o
= L 1] e « 0O o
-~ 024 - 2 0 o
= L) o » OO
_E & LT
=
;] 0.1 L] oo O
L] oo o
00 3% y .t . o |
o 200 400 600 BOO

h = QAT

F1

TIORGOS OLTYE YARATION 0 ThE vewr

Flow Visualization. Figure 9 shows the heat trans-
fer mechanisms for the plate in pure water. The
marker or tracer fluid (dark blue in color) which
blankets the lower portion of the plate surface, is
moving slowly parallel to, and up the surface of the
plate. Up to a certain height on the plate, the flow
is stable and fully laminar. At 0.338m, from the
leading edge a faint two dimensional tracer fluid
accumulation begins to appear. This is as a result
of small disturbances entering the laminar [low regime
from the surrounding fluid outside the boundary level.
These are sent as the darker tracer fluid, immediately
after the uneventful blanket of the tracer fluid on the
plate.

The disturbances mark the end of the stable and
fully laminar flow regime and the start of a very
long and complex regime called transition regime.
Notice that the tracer fluid is about sinusoidal in
form, across the width of the plate at aboutr 0.3315m.
These waves are formed in a random manner, with no
discrete amplitude peaks, nor discrete wavelength.
These are referred to as the Tollmien-Schlicting waves
(T - § waves) in laminar forced boundary layer flows
over a flat plate (Blasius flow). The T - S waves
travel in the mean flow direction. We measured the
wavelength which is the horizontal distance between
peaks, approximately as 0.0254m. Because of the
natural way the waves are formed, a portion of a wave
moving downstream could be partially or completely
engulfed by a second wave started at a slighly
higher vertical location. 1In addition, there is also
a spanwise motion very close to the plate's surface
that help sweep the tracer fluid outwards.




tracer streaks
result

Further up the plate there are
more adjacent wave fronts which

the tracer {luid

from two ig a

of a secondary twisting ol

o
near the

surface of the plate, giving rise to the formation of
secondary mean 1 lows or secondary instabilityv. The
waves appear as successive wave fronts, with an array
of ordered spike-like peaks and wvalleys in the
streamwise direction. These 'peak-va.ley' like waves
are produced intermittently in the boundary layer.

Up to this regime the flow is still considered laminar

but not stable.
process begins.
linear process,

Beyond this point, the transition
Transition is lundamentally a non-
and it is a result of the uncontrolled

growth of the unstable 3-dimensional waves. The
growth is a result of non-linear iInteractions of the
J-dimensional waves with the basic 2-dimensional
instabilities. This 3-dimensional instability,

which is the growth of the secondary instability, is

variation and differential
through corrugations of

attributed te a spanwise
amplification of the T-8
the boundary layer, that lead to a spanwise
alternating of the peaks This means an
alternating enhancement and reduction of the wave
amplitude.

The orginial mean momentum and thermal energy
of the 3-dimensional disturbance lies with the free
stream. This energy is redistributed both in the
spanwise and normal directions including alternate
spanwise concentration of the high shear laver. A
shear layer within this unstable region has the
capability to amplify slight 3-dimensional disturbances
present in any natural convection spectrum [3]. The
onset of these peaks-valleys can be clearly observed
between locations 0.216m, and 0.229m. At this lecation
the wave pattern is somewhat broken due to energy
amplification. This results in a weak 3-dimensional
displacement of the tracer fluid particles and the
formation of stream wise vortices.

Vortices are formed with the rolling up of the
tracer fluid. Sometimes this occurs just following
the formatior of the initial T - § waves. The roll-up
process produces highly concentrated (very dark) spots
for single streaks, or thick lines for several streaks.
When formed, the vortices are mainly 2-dimensional,
but soon atter, they exhibit 3-dimensional character-
istics. During this development the vortices begin to
form a vortex loop as can be seen in the top portion
of the plate. This precedes the formation of a
turbulent

waves
eventual ly
and valleys.

burst.,

SPANWLSE VORTICITY AND 3-D VORTEX
BREAKDOWN

FIGURE 9

B7

BEADS IN TEST CELL UP TO 0.127 m OF THE
PLATE

FIGURE 10

The last process, is the formation of the
turbulence burst, or Emmons spot. Emmons spots are
sporadic turbulent spots and they are the final
breakdown, rather than a growth to turbulence. In our
experiments the plate was not high enough for the
given heat fluxes to observe the complete transition
to turbulence. The later part of this regime is the
first real sign of turbulence commencement. The
change to turbulence is not a sudden spatial
phenomenon, but rather a sequence of complex mechanisms
that are beyond the scope of this investigation. We
observed the vortices being stretched and then begin-
ning to disintegrate, intco a highly random motion. In
this regime intense local fluctuations occur at random
times and location in the shear layer. Turbulent
bursts emerge and grow downstream inte turbulent
s5pots.

Fig. 10 is the corresponding mechanism for a
vertical plate embedded in water saturated bead
porous medium and it shows the flow with the beads in
the test cell up to a height of 0.127m. We observed
that at the leading edge of the plate, the tracer
fluid begins to form and move up the plate just like
would without a porous medium. This can also be seen
in the temperature measurement in Fig. 9. The
temperature profile near the leading edge for the pure
water is similar to that for the beads in water. Soon
after the leading edge the tracer fluid begins to
disperse laterally all across the plate's lower region
movement outward into the bead matrix
The fluid forms longitudinal streaks that move with
fast speed towards the top of the bead level. The
flatness of the plate straightens out the streaks.
Once the boundary layer has grown to the order of one
bead size, then the outward motion of the tracer fluid
into the porous matrix is slowed. The fast moving long
streaks move up the plate and soon form vortices, and
further downstream start to behave as turbulent flows.
The porous matrix acts like a trip and results in a
quick formation of turbulence. Near the leading edge
of the plate we can see how the dispersion of the
fluid takes place, and the tortuous path the fluid
particles take in the porous matrix.

and begins a slow

CONCLUSION

From experiments with porous media it is conclude
that the power law used to describe the variation of th
Nusselt number with Rayleigh number for free convection
Nu = A Ran is not as effective as was found for heat
transfer in a pure fluid. There are two features
present in the data that need to be considered. The
first is a variation of coefficients A and n for the
heat flux. The second involves the apparent difference
in coefficient n for Rayleigh numbers below 104 and for




kayleigh numbers above 5 x 105.

From Table 3 the value of n can be approximated
as a constant for the gravel, whereas both A and n
vary with heat flux for the beads. This variation
has its origin in the plots of Nusselt number against
Rayleigh number. The experimental data clearly
indicates two regions of behavior. One region for
Ra € 104 and another for Ra > 104. The region for
Ra € 104 includes a portion of the plate from the
leading edge to a location a distance up the plate.
From the data we conclude that heat transfer in this
region behaves like free convection heat transfer for
a pure fluid. Beyond this location Ra is greater
than 5 x 104 and the heat transfer appears to be
different, and more like that seen in the experiments
with the gravel.

Close to the leading edge of the plate the effects

of wall channelling appear to be important. Wall
channelling effects are due to the non-homogeneous
nature of the packing of the porous matrix and
porosity in the neighborhood of a fixed boundary.

For spherical particles the porosity is almost

unity at the wall but approaches the bulk porosity

at a distance of a pirticle size from the wall.
Therefore near the leading edge a thin boundary

can form that is similar to that in a pure fluid
(porosity = 1). This boundary layer development

may be evident tor the vertical distance up the plate
corresponding to the distance it takes the boundary
layer to grow t» a thickness of one particle size.

At this location the ratio of thermal and

momentur boundary layer thicknesses are close to one.
This als» ajpears to correspond to the location

where R:. iz approximately equal to 104 for the beads.
Calculazior of the boundary layer thickness is
complic: ted by hydrodynamic dispersion due to flow
around ndividual particles. Hydrodynamic dispersion
produce: a further thickening of the momentum
boundary layer over and above the molecular diffusien.
It also produces higher heat transfer rates because
of the carrying of heat out inte the flow. The
significance of the region for Ra€ 104 for the beads
and not for the gravel is therefore attributed to

the bead size (boundary layer thickness) and the
particle shape (spherical beads have porosity of one
at the wall, whereas the irregular shaped gravel

has a porosity of less than one at the wall).
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SUMMARY

An asymptotic investigation of the deve
heat transfer in vertical channels with symmetr
Nu/Nugore was investigated for two different val
obtained by an asymptotic solution are compare

developed flow.

Introduction

The laminar mixed convection has Leen investigated b
several anthors. The practical applications of this flow l!'m'l‘:
from the loss of cooling accident( LOCA) of nuclear reactors to
electronic  cooling.  Generally  speaking, laminar mixed
convection occurs when the inass flow rate 1s sulliciently low Lo
make buoyancy effects iniportant. In the heat transfer literature
, one finds analytical, numerical and experimental works, with
different geometries and {low conditions(see Ref.(I to IG’)).

The object of the present study is to provide additional
insight into the asymplotic characteristics of the developin
laminar mixed convection belween two vertical flat plates wilﬁ
uniform heat fluxes at the walls and a parabolic velocity profile
at the beginning of the heated section. A schematic description
is presented in Figure L. The pure forced convection for this
initial flow configuration has been already analyzed from an
asymptotic point of view by Worsge-Schmidt(17) as a special
case of an annular [low. Here, we extend his asymptotic analysis
to account for the buoyancy effects on the momentum and heat
transfer.

NANNN

ANNNANN

Fig. 1 — Schematic of the physical situation

Joping laminar mixed convection momentum and

ic heating is presented. The behavior of the ratio
ues of the buoyancy parameter M=Gr/Re. Results
d with a numerical solution, that reaches the fully

Analysis

For simplicity we assume

(a) Incompressible, steady, two-dimensional laminar flow

(b) No pressure gradients perpendicular to flow direction

(¢) The initial velocily profile is

(d)constant fluid properties, except for the density change with

parabolic.

temperature in the body force term.

We also assume, that the fluid satisfies the approximation

o=y [1-prre-my

where * characterizes dimensional variables and parameters.
‘The initially chosen dimensionless variables and paramneters are

X2 ;¥ =
2:bPe
- ,
=4 ; V= ¥
"y u;
~(p*-py)
pE—
Po g’
et
Pre——t ; Gr=
A‘
2b
".;é_]_ w*{( £)-dé
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The corresponding governing equations aye:

LS. (2)
aX  dy

L V-a_‘-=_ﬂ2+1’r-aii'-+l';-n1-a (3)
X oy dX Ay

U.Q+V.@=ﬂ (’1)
X & e

With the boundary and initial conditions

u(lhy)=6{y —y2) WX MN=u(X,1)=10

avy)=0 : p(0) =0

For very small X-values we can divide the flow into two regions:

the first one contains the developing thermal boundary Fayers

near the walls. The second one is an isothermal region in the

center of the channel. The direct buoyancy effects are restricted
to the first region and the heal transfer can be understood as a
l:ellurlxat.inn of the isothermal regime. We formulate this with
elp of the following transformation:

(X,y) = (ey) ; aé[gx]m(ll (%)

The dimensiouless equations become:

"'_’+3Ez..‘i.v_.=(] (G)
e dy
i .J‘_‘+ 'ZE'J..V-@: _dp s 252‘111-.'-_’?;! +2¢2.P-M-T ()
e dy de y?
w g ger v IL L yen 2T (8)
de dy dy?

We assume now, that the the solution of the central region can
be expanded in the form:
u(e,y) = Ugy) +e-Ujly) + e2Uy(y) + .. '
Vigy)=e-Vi(y) +e2-Vy(y) + ..
Hey) =0yy) +2-0,(y) + 2 Oufy) ..
ple)=DPo+e-P 4+ €Dy =¥ Pg+et-Py 4. (9)

One obtains as the solution for the lirst terms, that are necessary
for the matching with the inner solution:

u(7) =60y -y ; Oyfy) =0
Po=0; Py=0; Pa=0; Py=—12p¢ (10)

We introdace the Lovigue~Translormation for the fommulation
of the near wall region:

A
(ey) = (em) § 92— (11)

Oune substitutes the eq.(11) into the eqs (6 to 8) to ohtain:
[:;-u‘l—a‘nc——'.EE?-V“] =1) (12)

%[—1;-%—8-!1[] 4 E?"v"ll‘}ztl_;f,"l‘“-f - ren 4

m
+e2-Dr-M-0 (13)
1 5
Q[E'Ga“'?‘ﬂ'J'”+E-"’V'ﬂqz'3"("»p, (14)

We assuine again that the solution can be expanded in powers of
£

u=eugn)+ et uln) + edouy(n) +...
V=cv(n)+etvoly) + ..o

p= 53-}"3 + 54']'4 + ...

L2720 + <D + £ D) . (15)

By substitution of eqs.(15) into the eqs.(12 to 14} and by
ordesing in powers of € we obtain the problems:

(a) = Lévéque—Problem or lst. Worsde-Schmidt's problem
{(problein in g):

["l)_ ’J""ﬂ!]] =0

-
172—;-«: i | =i
i Iy 1"ty | = iy

[90-— 'f'ﬂU-J Mg Hm]" (16)

Lol b

with the boundary and matching conditions:

ng(0) =0 ; I'i mn,=6y(matching)
e

b‘m]{ll} =-1 ; 1 im#f,=0(matching) (17),

—m

or already solved for the velocity :

no( ) =6y

0“']‘1 3t -390, =1 (18)
Gl ==1 1 Limbyn)=0 (19)
n—

This problem cortesponds to the pure forced convection
with a linear velocity profile.



(b} — Ist correction to the Lévéque—solution or 2nd
Worsge—Schinidt's problem (problem in ')

2y =gy =0

3ugui— ‘;("o*‘lq + uoqui] =-3-P,

QUOE + 'Il|9 - l( u(!y’q + Ilqgcrl] = 'Z'BI‘N (ZU}
with the boundary and matching conditions:
w(0)=0 ; 1imuly)=->62
N—
qu([l)={3 climB(p=0 (21)
=0
or already solved for the velocity:
u(ng)=-612 ; Py=-12
E_J;rm + 39 91“ =Gy g, = 33 90'1 -3 ;9"
a,q(o)zu s lim by =0 (22)
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The equations(22) are the furinulation of a correction lor
the pure forced convection due the quadratic term from the
parabolic velocity profile and a pressure term, that appears for
the first time.

[c2 — 3rd correction of the Lévéque-solution with the buoyancy
elfects (problemn in £2):

"1’-\.'|r1 + 3ug = ey, = 0

'reus L+ 3:;9-uz“-i_h;v1|g-(iv| =—Pr-M-04 20,

ﬂz‘m + 42 ‘32‘] -0y = .1:;3-94')— KR/ %ﬁg?ﬂ +
viB,,, - Sial, (23)

with the boundary and matching conditions:

m(0)=0 3 Timuly)=0
=0

By (0)=0; Lim Do(n) =0 (24)

1j—aon

The last three terms on the right side of the set of
eqs.(23) take into account the buoyancy effects. They disappear

for vanishing values of the parameter M(=Gr/Re), while 6,
converges to the asymptotic 2nd correction of the pure forced

convection solution (3rd Worsge-Schmidt's problem), [
For finite values of M,however, thete is a non—trivial solution
for the corrections vl(q) and us( g} together with a departure of

0; from Baocc.
These 3 sets of equations(problems (a), (b) and (¢)) were

solved numerically, in block, by means of a 4th order
Runge—Kutta method( an analytical solution for the prablem(a)

was indicated by Worsge-Schmidt(17). The problem: () is linear
in M and needs to be solved just for two values of this
parameter, for instance, M=0 and M=I1. We are specially

concerned with the values of u ﬂo, 9 and 9 at the wall, which
determine the momentum and,‘]leat lran‘;[cr The \rahle‘; listed

in Table 1 are independent of the parameter M, Uy, Ui, 9 and

0, are also valid for the pure forced convection and are not
influenced by the buoyancy effects or the Prandtl-number. The

values of uz, and 8 at the wall were calculated for two values of

Pr.

Table 1 — Values on the wall

u {U; 12

UT%U 0

u,(0)/M (.1245a 020650
Po/M 0.0645a 0.2400b
04(0) 0.73849

0,0) 0.09635

Btorc(0) 0.04004

(0,—Bstocc) /M 0001862 —0.(0)399b
a Pr=0.7

l? P = T U

Friction factor ¢p — We define the [riction [actor

27 ek OE* , i
c :....__“’_=i’*.__ ='TJ{'»"—' (25)
phu*? u*? gyt S
With help of the equations{ 15) one obtains:
- duo duy dus
ey [ ‘HT-I- e2- T} ]1; ]
¢po-Re
P
=.'{-Re = 12 +2:e2K(Pr)-M+4 O(e?) + ...
o i .
(w=l+—G—-E:~-l,|{]r]>M (26)
where K(Pr)= uzq[{l_]/'M (see table 1)
Nusselt—nuinber ~ The delinition of the Nu—number is
2-q3-h 9
Nu = = &
AYTy =T} (¢, - )
(27)



IPor the bulk temperature results

Ub{:()='lx -—.',E‘-[%_.E_S] =__g__£3 (28)

and from the asymptotic series for ¥ p) = ﬁéﬂl one obtains

ng E'yf]({” + Ez'ylfl}) + Ea‘_gﬂnrr_'“]) +

€% [Pa('n-?%:rmrﬂ}] + v (29)

It follows

2fN'llnrc

“‘3—— £ Bo(0) + €2-Bi(0) + €3-Tarorc(0) —e2- —r+

ki [??-e{ 0) -vm”(mJ o (30)

We linally have

Nu forc N“fnt'
N 2l+—3

r el Ky, (Pr)-M (31)

where Ky (Pr)= ~T\i;{— [ﬂg((!} —9;;',.-(-(”}] (see Tahle 1)

M = 1000
fully developed flow

Cr/ Cto

fully developed flow

==
-

1 T T 7T T ITTTy T T T TTrrrg T T 1T rrrrr

0.001 0.01 0.1 . 1
X=x'/(2b.Pe)

Fig. 2 = Friction facter ¢, ; Pr = 0.7

The equations(26 and 31) are illustrated in the Figures 2
and 3 for Pr=0.7(air) together with a nnmertcal solution and the
values of the fully dnvell:npml flow( for details of these last two
solutions see rel.(18)) for two values of the parameter M. The
asymplotic solution is in good agreement with the numerical
snful.mn for X < 0,01, These results were oblained with the first
term of the asymplnl,i:- expansions, that takes into account the
buoyarcy effects. We expect, that additional terms would
increase the agreement for greater values ol M and X.

2
=]
a
=
\5 ----- numerical solution
- M = 1000
fully developed flow
= 200
fully developed flow
1 T l_'llllll T T I'ITI||| T L} mrerrr
0.001 0.01

01 1
X=x /(2b.Pe)

Fig. 3 — Heat transfer: Pr = 0.7

For moderate values of the parameter M( as M < 200), the
asymptotic solution gives a good approximation for nearly all
the developing flow region.

Concluding Remarks

The analysis of Worsde—Schmidt(17) was extended to
take into account the buoyancy effects of the two dimensional
laminar mixed convection in a vertical flow between two {lat
plates. The present analysis has demonstrated the usefulness of
an asymptotic formulation for compnting the momentom and
heat transfer rates in the tegion of developing (low. The results
ate corrections for the friction factor ¢p and the Nusselt—number
of the pure forced convection depending on the buoyancy
parameter M=0Gr/BRe and on the Pr—number. The solution was
compared with a mnnerical procedure,
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INCREMENTO DE_LA TRANSMISION DE CALOR POR

CONVECCION NATURAL ENTRE PLACAS PARALELAS
VERTICALES CALENTADAS PARCIALMENTE.
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Antonto Campo
fFlorida International University, Miami, F1, USA,

RESUMEN
Este trabajo presenta un estudio numérico sobre la conveccion natural en un conducto formado por
dos placas paralelas en posicion vertical. La region inferior de las placas se calienta & una temperatura
uniforme, mientras que la regién superior se conserva aislada. La discretizacion de las ecuaciones
diferenciales que gobiernan el fendmeno se realizo en la direccidn transversal solamente, utilizendo el
método de las 1ineas combinado con el método de fos volimenes de control (MOLCY). Los resuitados del
analisis se muestran en términos de las distorsiones de las distribuciones de la velocidad axial v de la

temperatura a lo largo del canal.

El tema de la transferencia de calor por conveccion
natural en ductos verticales constituye un problema de
gran trascendencia en algunas aplicaciones térmicas
relacionadas a flujos internos. La aplicacion mas
difundida es la de enfriadores compactos de equipos
electrénicos [8). Estd aplicacién ha motivado a un grupo
substancial de investigadores a estudiar la conveccion
natural en ductos verticales [1-5); pero todavia, aspectos
muy importantes permanecen sin resolver.

Numerosos investigadores se han dedicado a
realizat estudios experimentales y numeéricos sobre la
conveccion libre en ductos verticales o placas paralelas,
por ejemplo: Carpenter y Wassell [6], Elenbass [1]y Bodoia
y Osterle [2] Este Ultimo trabajo muestra estudios
numeéricos y experimentales sobre la conveccion libre en
placas verticales totaimente calentadas Quintiere vy
Mueller [7] realizaron un trabajo sobre la conveccion libre
y forzada en placas verticales proporcionando un aporte
significativo en cuanto a 1a condicidn de presién a 1a
entrada del canal. También se ha contemplado la condicion
de flujo de calor en las paredes del canal, tanto simétrica
como asimétricamente. Cabe mencionar: Dyer [9] y Wjrtz y
Stutzman [10]. Por otro lado, un trabajo que muestra un
estudio numérico de flujo laminar en convedcion libre a
través de un ducto vertical parcialmente calentado, es el
presentado por Oosthuizen [11], concluyendo que el
incremento en la transferencia de calor esta relacionado
¢on la adicioén de una seccién de pared adiabatica sobre 1a
seccion calentada del ducto. Recientemente, Azevedo y
Sparrow [12]; Sparrow, Ruiz y Azevedo [13] y Sparrow y
Ruiz [14] han trabajado la conveccion libre en canales
nclinados.

Habiendo investigado y analizado las referencias
mencionadas anteriormente, en el presente estudio se
propone examinar si es posible incrementar 1a
transferencia de calor en un canal formado por placas
paralelas, el cual tiene una seccion inferior de pared

calentada a una temperatura uniforme y una seccion
superior de pared adiabatica. La discretizacion del
conjunto de ecuaciones diferenciales que gobiernan el
fenomeno fisico se hizo mediante la utilizacion del
método de las lineas combinado con el método de los
volumenes de control (MOLCV), que muestra una solucton
alternativa para problemas parabdlicos asociados al flujo
del tipo. de capa limite. Este método propone un
procedimiento de discretizacidon de cada una de las
ecuaciones diferenciales, obteniendo un sistema de
ecuaciones diferenciales ordinarias que se resuelve por
alguna técnica de integracion analitica o numérica. El
método MOLCV ha sido aplicado en otros problemas de una
manera exitosa [16].

FORMWLACION DEL PROBLEMA

~ Considérese el proceso de conveccién natural de
aire en un canal vertical formado por placas paralelas. En
la Fig.1 se dibuja 1a situacién que caracteriza el fenomeno
fisico del presente trabajo.
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Fig. 1.- Esquema del fenomeno.

El canal esta conformado por una seccién inferior
de paredes calentadas a una temperatura uniforme Tw que




es mayor que la temperatura del aire que circula a 10
largo del canal, y una seccion superior en la cual las
paredes se mantienen adiabaticas. La temperatura y
presién del aire circundante estan caracterizadas por T.,

Y P, Fespectivamente. Para realizar el analisis del

presente problema se dispone de la ecuacién de
continuidad, de cantidad de movimiento, de energia y de
continuidad integral. La formulacién del problema se
simplifica ya que los gradientes de presién seran
Unicamente importantes en la direccién del flujo.

Las suposiciones hechas en el modelaje vy
resolucion de las ecuaciones fueron: fluido newtoniano,
flujo laminar y uniforme, simetria térmica e
hidrodinamica, propiedades termofisicas del fluido
constantes excepto 1a densidad, ecu'a_ciones del tipo de
capa limite, no existe fnversién en el campo de velocidad
axial, uttlizacion de la aproximacion de Boussinesq para
expresar 1a variacion de la densidad con la temperatura y
el perfil de velocidad uniforme a la entrada del ducto (up).

Al  aplicar’ las suposiciones mencionadas
antertormente y despreciando 10s términos de disipacion
viscosa, difusién axial y la contribucion de calor por
radiacioén, el sistema de ecuaciones adimensional formado
por la ecuacion.de continuidad, cantidad de movimiento,
energfa y continuidad integral, se puede escribir como:

(1

2
+

2
i
o

W, y._ P, 2, ,06r
Uezwav 4z ' Re av2 4@" @)
0,38 __2 .
V' Var “Repr o2 3)
1/2
i ,[
A T 0umr I (4)

donde 1as variables participantes han sido definidas como:

<X . = U .

Y=5 z=£ 1] s Vv U
- *—

O pe R r; Re = PU(2D) s)
C =

pr= ¥ Gr:Bg(T,,zT ) D
k ¥

Las condiciones de borde asociadas a las ecuaciones
(1)-(4) son 1as siguientes:

Para Z=0

Y= (6)
8=0 (N
P g (8)
Para Z<Zc

EnY=1/2

0=1 (9
Para 2>Z,

Eny=1/2

_@:

ay - © (10)
Para ZsZ,

EnY=0

_a—lj——:

Y 0 (i
ﬁ:

5y -0 (12)
V=0 (13)
Eny=1/2

Uu=0 (14)
V=0 (15)
Para =2,

P=0 (16)

La resolucion de las ecuaciones (1)-(4) unidas a
sus condiciones de borde permiten obtener el campo
hidrodinamico y térmico del fluido. Esta informacién sirve
de punto de partida para calcular los siguientes
parametros de interés:

Flujo volumétrico:

1/2
’—qu—-= = =
Ty EJUGY Up = | (17)

Temperatura volumétrica media:

0= 7= =2 U oy (18)
w oo
[}
Flujo de calor;
2h 1/2
[ T | B— =
T 2ReJUGGY 8 Re (19)



YETODO DE SOLUCION NUMERICA

El método MOLCV combina el método de los
volumenes de control (CV) con el método de las lineas
(MOL). Basicamente la idea consiste en integrar el lado
derecho de 1a ecuacion (20) empleando el método de los
volumenes de control, mientras se mantiene continua la
derivada del lado izquierdo de dicha ecuacion.

La secuencia de caiculo se inicia con la
introduccion del Numero de Grashof (Gr), el Numfero de
Reynolds (Re), el Nimero de Prandti (Pr) y 1a longitud de
calentamiento adimensional (Zc). EI algoritmo proporciona
los parametros de interés tales como: el flujo
volumétrico, 1a temperatura volumétrica media y el flujo
de calor. Es importante destacar el hecho de que la
longitud de las piacas se determina en forma indirecta. La
solucién se obtiene estableciendo una distancia axial lo
suficientemente grande, en donde la longitud especifica
de las placas se determina ubicando la posicidn axial para
ja cyal 1a presién es cero (P=0). La ventaja de aplicar esta
metodologia radica en el hecho que evita el tener que
realizar un proceso de ensayo y error para satisfacer la
condicion de presion (P=0) a la salida del canal. Esto
ocurre cuando de antemano se especifica la longitud de
las placas. El algoritmo utilizade es de proposito
multiple, que resuelve en general ecuaciones del tipo:

alpug)  alpve) _ o 1&) Lo lr»

los términos de difusividad (I) y de fuentes (S¢) se
especifican para cada variable ¢.

Tabla 1.- Términos de difusividad y de fuentes.

Ecuacion ¢ r 5
Continuidad | 0 0
Cantidad de F _dp Gr
movimiento u Re az ez ®
Energia 8 s 0
Re Pr
En la Tabla 1| se muestran los términos de

difusividad y de fuentes particularizados para el presente
estudio.

RESULTADOS Y DISCUSION

Los resultados numéricos obtenidos son para aire
(Pr=0.7) con 6000 < Gr < 100000 y 50 < Re < 1000. La
malla utilizada fue de 21 volumenes de control de igual
tamano (malla uniforme) asegurando independencia con el
numero de volumenes de control empleados. A
continuacién se presentan' resultados representativos.
Para mas detalle se remite al lector a la referencia[17].

Las comparaciones presentadas en las Figs. 2y 3,

con los resultados de Bodoia y Osterle [2] y los de
Qosthuizen [11], para e! flujo volumétrico en placas
paralelas totalmente calentadas, muestran una excelente
concordancia, demostrando que la metodologia numeérica
es capaz de predecir el fenémeno de conveccion natural en
placas paralelas parciaimente calentadas.
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Fig. 2.- Comparacion para el flujo volumétrico con los
resultados de Bodolia y Osterle [2].
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Fig. 3.- Comparacién para el flujo volumélrico con los
resultados de Qosthuizen[11).

En la Fig. 4 se observe .2 variacion del flujo de
calor y del Numero de Reynolc's en funcion de la longitud
adimensional del ducto para Zc=2.24 y 6r=75000. En la
Fig. 5 se observa la misma variacién pero con Zc=5, Se
aprecia que para mayores longitudes de ducto, el Reynolds
que se impone es mayor. Desde el punto de vista fisico
este fendémeno corresponde al hecho que al colocar
paredes adiabaticas sobre la longitud calentada se obtiene
un incremento en el flujo volumétrico. En cuanto a la
transferencia de calor, a medida que el ducto es mas
largo, 0 en otras palabras, cuangdo el Numero de Reynolds
aumenta, el calor transferido es mayor. Este aumento es
originado por el incremento del flujo volumétrico inducido
en las placas.”
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Fig. 4.- Varmacion de Hy Re en funcion de Zp para
Gr=75000y 2c=2.25.
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Fig. 5.- Variacion de Hy Re en funcion de Zp para
Gr=75000y Z¢=5,

En 12 Fig 6 se aprecia el desarrollo de los perfiles
de temperatura a lo largo del ducto para 7¢=2.25 vy
ibr=75000. Se observa que para el ducto parcialmente
calentado, el perfil de temperatura se desarrolla hasta
mostrar una pendiente horizontal en 1a pared (adiabatica)
Tambien se aprecia comoe el perfil tiende a uniformizarse
al valor de la temperatura volumeétrica media En la Fig 7
se aprecia el desarrollo del perfil de velocidad a lo largo
dei ranal para la mismas condiciones mencionadas
anteriormente  Se aprecia claramente el efecto de la
conveccion natural ya que la velocidad en el centro no
itega a ser maxima (distorsion del perfil).

Una conclusion resaltante del presente estudio es
que la adicion de longitudes de pared adiabatica
contribuye a incrementar la transferencia de calor en el
canal Este incremento viene acompanado por un aumento
del flujo volumetrico a traves del ducto, y es este mismo
incremento el que determina el aumento del Numero de
Reynolds que <se impone en el canal y por ende la
rransierencia de caior

TEMPERATURA ADIMENSIONAL
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Fig. 6.- Desarrollo de los perfiles de temperatura para
ductos con 2¢=2.25 y Gr=75000. Totalmente calentado
2p=2.25 (@), parcialmente calentado Zp=9.49 (b) y
Zp=26.06 ().
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Fig 7.- Desarrollo del perfil de velocidad para un ducto
tatalmente calentado, Zp=2¢=2.25 y Gr=75000.
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ABSTRACT

A numerical study of laminar natural convective
flow between vertical plates partially heated has been
conducted. The lower section of walls is heated to a
uniform temperature and the upper section is insulated.
The basic governing equations are continuity, momentum
and energy. The discretization of these equations is
performed in the transversal direction ¢1ly using the
combination of the methods of lines an ccatrol volumes
(MOLCV). This method represents ancthe: step in the
development of control volume methodolocy. This hybrid
procedure shows a reformulation using a system of
ordinary differential equations of first order. A selected
group of results including the temperature and velocity
profiles are presented. In all cases, the addition of the
adiabatic section has increased the heat transfer rate and
that this increase is associated with an increase in the
volume flow rate. A compaiison is made between the
results of this theorical irvestigation and the works of
Bodoia & Osterle and Oosthuizen.
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APPROXIMATE ANALYSIS OF FREE CONVECTIVE HEAT TRANSFER =E
FROM A HEATED VERTICAL PLATE
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Department of Mechanical Engineering
Faculty of Engineering and Technology
University of Ilorin, Ilorin, Nigeria.

SUMMARY

The effects of polynomial approximations, in one space coordinate, for the velo-
city and temperature profiles on predicted heat transfer coefficients due to laminar
natural convection are investigated for a vertically suspended flat plate heated iso-
thermally in some fluid media. A computer code is used to automatically compute heat
transfer coefficients for any desired pairs of velocity and temperature profiles. For
the best pairs of profiles, computed heat transfer results, which compare well with
known empirical correlations, are presented graphically.

will respectively give average deviations in heat trans-
fer results of 6.0 and 4.0 percent from the empirical
correlation for the parameter space 0.689 ¢ Pr ¢ 1050.

To ensure that the laminar range is not overshot,
the local Grashof number, er is computed a priori for
each Pr and compared with the transition-to-turbulence
‘value before computing the heat transfer coefficient.
For brevity, some optimum heat transfer results are pre-
sented graphically to show comparisons of present
results with those obtained using the empirical correla=-
tion in Wong.

The advantage of the present method is the simpli-
city of its presentation. The approach is easier than
the similarity transformation technique which converts
the coupled phrtial differential equations to a system
of coupled ordinary differential equations. The solu-
tion of these coupled equations is difficult and often
involves the use of special numerical techniques such
as the shooting and the Runge-Kutta methods whose compu-
ter codes are robust and difficult to comprehend for an
average undergraduate student.

INTRODUCTION

The problem of natural convection heat transfer
from a heated vertical surface is of considerable inte-
rest in several technological applications, particular=-
ly in electronic circuitory and some manufacturing sys-
tems.

Approximate analytical methods are available in
heat transfer literatures [1- 8] for the determination
of laminar natural convection heat transfer from a ver-
tically suspended heated flat plate. One of such app-
roximate analytical methods, which is considered in
this work, involves the use of polynomial approxima-
tions in one space coordinate for the local velocity
and temperature profiles to solve the coupled momentum
and energy transport equations.

In this work a total of nine possible pairs of
velocity and temperature profiles which rigorously
satisfy prescribed boundary and asymptotic conditions
are considered. For each pair of profiles, percentage
deviations of the present results from those obtained
using an empirical correlation are computed for each
fluid medium. Hence, a computer code is designed to
facilitate quick computations of heat transfer coeffi-
cients for any desired pairs of velocity and tempera-
ture profiles. The best pairs of profiles for which
the heat transfer coefficients compare well with empi-
rical correlations in Wong [9] are determined for low
and high Prandtl (Pr) numbers. TQe choice jof fluids
has been restricted to air, waterj carbondioxide and

ANALYSIS

The physical model, coordinate system, some boun-
dary and asymptotic conditionk are shown in Fig.1l. The
fluid is Newtonian and th.: Boussinesq approximation
applies. Hence the governing equations of continuity,
momentum and energy transports for the laminar flow,
cast in primitive variables, are respectively:

unused engine oil because they are easy to procure for 3u v _ 4 1)
students' use. 9x 9y

For low Prandtl numbers (Pr = 0.689) less than 4
unity, a pair of parabolic velocity and parabolic tem- gdu ,  8u gB(T-T,) + g2u (2)
perature profiles yields the best estimates of local 9x Iy dy?
heat transfer coefficients. The maximum deviation
from empirical value is 1.70 percent. For Prandtl num- uﬁI ¥ VEI s aﬁ:l (3)
bers (Pr = 2.22) greater than unity, the parabolic ve- ox Iy oy

locity profile and a cubic temperature profile consti-
tute the best pair with a deviation of 0.37 percent
from the empirical results. Also, for very high Pran-
dtl numbers (Pr = 1050), the best result is cobtained
when a cubic velocity profile is paired with a parabo-
lic temperature profile, The recorded deviation from
the empirical correlation result is 1.40 percent. How-
ever, over the entire range of Pr, the best two alter-
native pairs of temperature and velocity profiles are:
(a) the pair of parabolic velocity and cubic tempera-
ture profiles and 4
{2) the pair of gquartic velocity and parabolic tempe- u=0; E_E = -gB(T "Tm)/v (4a)
rature profiles. u

These two pairs of velocity and temperature profiles

where u, v are the velocity components in the x- and
y- directions respectively, T is the local temperature,
g the acceleration due to gravity, B the volumetric
coefficient of expansion, Vv the kinematic viscosity
and o the thermal diffusivity of fluid. The corres-
ponding boundary and asymptotic conditions are respec-
tively:

(a) At y = 0:

101




= 0, (4b)

{b) As y + §,

u =+ 0; SE + 0 (zero shear stress at the edge of
¥ the boundary layer)

%:'*0; (5)
T+ Tm H %% + 0,
where Tw is the wall temperature and T_ is the
ambient or guiescent fluid temperature.
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Fig.1 Physical model, coordinate system and some

boundary and asymptotic conditions.

To solve the problem, the local velocity, u and
the local boundary layer thickness, § are postulated
in the following generalized forms, respectively:

CE R N €O R M2
5 ! (6)
¢1(x) = Ci x
n:
- 1
61 e

$,(x), ¢I(y) are functions of x and y only and C,,

Ji’ m, and n, are undetermined constants,

where i = 2,3,4 denote parabolie, cubic and quartic
velocity profiles, respectively. The assumed generali-
sed local temperature, T is:

T = T
j J(.V) (7)

where j=1,2,3 dencote linear, parabolic and cubic
temperature profiles, respectively.

Typical Computational Technique. Consider a ty-
pical pair of quartic velocity profile (i=4) and cubic
temperature profile (j=3). The corresponding polyno-
mial representations deduced from Eqs. (6) and (7) are:

uy = ¢,0x) ¢3(y)

where, m,
b (x) = € % (8)

¢;(y) g a:A+b:y + c:y’ + d;y' + e;y“ (9)

- 2z Y
T3 = ag + bsy + ey + day 4 (10)

The boundary conditions applicable to Egqs. (9) and (10)
are obtained form Ege. (4) and (5). Thus the local co-
efficients in Egs. (9) and (10) are:

a: = 0
* - -
b4 = BB('I‘“r Tm)/ﬁ\’%(x)
et = gB(T. - T )/2v$,(x)
4 w o 4 (1)
* - -
af = gB(T, - T,)/2v,9,(x)
e: = gB(T_ - Tw)/6v62¢4(x)
and,
33 = '1'w
by = -3(T_ - T,)/26,
cg = O (12)
= P 2
A, = (T, - T /28

From dimensional considerations, the quantity,

Bg(Tw - Tm)£6v¢4(x)[=] L_’. where L 1is a characteris-
tic linear dimension. Since the effect of buoyancy is

predominantly felt within the §- region, then by impli-
cation, Bg(T, - T )/6vé(x) [=] 6;’. Incorporating this
into Egqs. (11), we have, except a;. the following modi-
fied local coefficients to be:

n;* = a; =0

% = Yt 5 of* - Vel a3)
*xx _ 3.3 ** _ 1.y

d4 = S8 iy gy = /64.

The local velocity field becomes:

¥ Y6 43
/8,1 =7/6) (14)

ny
where 64 i J4 F S (15)

Substituting these local coefficients inm Eq. (12) into
tHe temperature Eq. (10) ?nd normalising, gives:

]
3/ow

3y 1y5 42
1 5 (/54) + 2( /54) (16)

I

where ] (T - TN)J(Tw -T).

The assumed forms of u, and 93 are now substituted
into the governing equations and integral analysis
carried out for the momentum and energy transport equa-
tions. Also, utilizing the expressions for 64 and

¢4(x) yields, after simplification:

m, = ¥
10 v, .-} ]
€y = 5.29v( /27 + /a) “(gB O, /v?) an)
and
n4 = 54
10 Ya Ya -3
I, = 3.76C 727+ Vo) "7 (g8 6 M)t as)
Hence,
8 Ly Y
4/0 = 3.76 pr'*(o.3?0+n)/ Gr (19)

x



= and er =

v
where Pr fa
Grashof number.

gﬂﬁwx}ve. is the local

Local Nusselt Number. In order to compute the
local Nusselt number, Nux. we proceed as follows.
The local surface film heat transfer coefficient, hx
is given by:

h Ye, (20)
x
where q is the local heat flux at wall and
4 = iy (21)
4
where k is the thermal conductivity of the fluid.

Therefore,

k
h = .
e /oy (22)
From Eq. (19),
E 1
4
hx = Pr*Gr; /3.76(0.370 + Pr)x4.
Hence,
1
hxx k ]./4 =L x4
Nu, = e = 0.399 Pr” Gry (0.370 + Pr) . {23)

The above procedure is repeated for other pairs of ve-
locity and temperature profiles. The average heat
transfer coefficient over a vertical plate of height H
is given by

A Mutx = (24)

N =
s 3

0-H

RESULTS AND DISCUSSION

the local Nusse-
velocity and
transition-to-
from 8.13 x 108

Listed below are the results for
1t numbers for the stipulated pairs of
temperature profiles. In general, the
turbulence Grashof number, Gr; varies
to 9.76 x 108,

Parabolic
Linear

1. Velocity Profile:

Temperature Profile:

3 a

1 ~
6r/% (0.667 + Pr)

0.420 Pr (24)

Nux

Parabolic
Parabolic

Velocity Profile:
Temperature Profile:

1
1, Ya gl
0.562 Pr er (2.220 + Pr) .

I\lu)c (25)

Parabolic
Cubic

3. Velocity Profile:
Temperature Profile:

0.485 Pr&

1
&4 -4
er (1.429 + Pr) .

Nu, (26)

Cubic
Linear

Velocity Profile:
Temperature Profile:

Y

1
Nu, = 0.370 Pri Gr 4(0.317 + Pr)_ 8 . (27)

Cubic
Parabolic

Velocity Profile:
Temperature Profile:

Nu, = 0.508 prt

1
.'|;{‘1 /4
er (0.952 + Pr) .

(28)

Cubie
Cubic

Velocity Profile:
Temperature Profile:

l/ -/4

Nu, = 0.436 Pri Gry 4{0.625 (29)
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7. Velocity Profile: Quartic
Temperature Profile: Linear
1
3 Ya =4
Nu = 0,334 Pr” Gr, = (0.196 + Pr) . (30)
8. Velocity Profile: Quartic
Temperature Profile: Parabolic
1
3 =14
Nu, = 0,467 Pr er (0.556 + Pr) 3 (31)
9. Velocity Profile: Quartic
Temperature Profile: Cubic
1
3 a =4
Nux = 0.399 Pr er (0.370 + Pr) « (32)
The empirical correlation of Wong is given by
1 1
4 - -/4
Nu, = 0.600 (Gr, Pr) 7% 11+ (14pr *)2] 5 (33)
70r
— Present work
60 ————-— Empirical [9]
=94 x108
=0.689
1 i i 1 1 i
0.0 01 02 03 04 05 06
x [m)
Fig. 2 Nux Vs. x(m) for parabolic velocity and
temperature profiles for Air.
In Figs. 2-5, the plots of local Nusselt numbers

for the best pairs of velocity and temperature profiles
are shown together with that of empirical correlation in
Wong. Fig. 2 illustrates the case of Prandtl numbers
less than unity. Fig.3 shows the case for water whose
Pr 2.220. Figs. 4-5 represent the different pairs of
velocity-temperature profiles for unused engine oil
whose Prandtl number is 1050.

It can be seen from the figures that although the
deviations of the computed local Nusselt numbers from
those obtained from empirical correlations increases as
er increases, the percentage deviations remain practi-
cally constant. Results also show that the best pairs
of temperature-velocity profiles is significantly depen-
dent on the heat transfer fluid considered. For exam-
ple, while the best temperature-velocity profiles pair
for low Pr, such as air and carbon dioxide, is parabo-
lic-parabolic, the best pair for very high Pr, such as
engine o0il, is parabolic temperature and cubic velocity
profiles.

However, if the general idea is to have a pair(s)




of profiles which will give a deviation which is less
than 10% for a wide range of Prandtl numbers 1i.e.,
0.689 < Pr ¢ 1050, Eqs. (2B) and (31) will satisfy this

requirement.

70k
Present work
60F - ———o Empirical [ 9]
50} //’
"6 =813 x108
LOF Pr =0.738
- |
v
30+
20
10F
U _:_ 1 i 1 1 1 1
05 01 015 02 025 03 035
x [m)

Fig.3 Nux Vs. x(m) for parabolic velocity and tempe-
rature profiles for COZ.

To validate the results of the present work, we
compute the two Pr limits of interest for the best pair
of profiles. In the present case the best pair of pro-

files is as stipulated for Eq. (28).
2L0r
Present work 7
WU o o o Empirical 19]
420
s 976 x 108
PT :1050
300r
x
o
Z uor
1801
120-
60r
L L 1 1 1 1
00 05 10 15 20 25 3.0
x (m)
Fig.4 Nu  Vs. x{(m) for parabolic velocity and cubic

temperature profiles for unused engine oil.
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5.0

Present work
—=———Empirical {9]

£80

420
360
300
x
=
240
180
120
|
60
1 1 L 1 1 B
00 05 10 15 20 25 30
x{m)

Fig.5 Nux Vs. x(m) for cubic velocity profile and
parabolic temperature profile for unused engine
oil.

For Pr + 0, the usynpiolic local Nusselt number
is given by 0.514 (Pr Rax) /% . The dimensionless

group, Pr Rax = Box, is the Boussinesq number. For

Pr + =, the asymptotic Nusselt number is O.SOBRak“,

where Rax is the Rayleigh number, Prﬁrx.

The governing non-dimensional groups for the two
Pr limits are in agreement with the scale analysis of
Bejan. The asymptotic local Nusselt numbers compare
well with those of Lefevre [10] as quoted by Bejan and
recast here appropriately for ease of reference. Thus,

y4
Nux O.G{Rax Pr) as Pr + 0O (34)

Nu =

1
4 »
g 0.503(Ra,) / as Pr + =,

(35)
It is clear that the Pr + @ limit results of Lefevre
and the present work are very much in agreement. How-
ever, the Pr + 0 results show a disparity of about 14%
between the present analysis and that of Lefevre. We
conclude that the polynomial approximation approach is
not only simple but yields results that are as accurate
as the similarity and empirical correlation results.
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COMBINED NATURAL CONVECTION AND RADIATION HEAT TRANSFER
IN A RECTANGULAR ENCLOSURE IN THE PRESENCE OF A POLYDISPERSION AND

A NON-PARTICIPATING GAS

A. SANCHEZ A., J. M. HOUSE, and T. F. SMITH

Department of Mechanical Engineering
The University of lowa
Towa City, lowa 52242-1585, USA

SUMMARY

In this investigation, combined heat transfer due to natural convection and radiation in a vertical
rectangular enclosure containing a fluid with a polydispersion is studied. The four walls are assumed to be
gray, and diffusely emitting and reflecting. The fluid within the enclosure walls consists of a radiatively
transparent gas with water droplets. The water droplets absorb, emit, and scatter radiation. A finite control
volume formulation and a two-dimensional discrete ordinates method were used 1o solve the governing
equations. Results are presented to illustrate the effects of radiative heat transfer on the natural convection
flow pattern within the enclosure and the heat transfer across the vertical walls.

INTRODUCTION

The problem of combined convection and radiation heat transfer
in the presence of polydispersions has received particular attention in
applications related to the cooling system of fast reactors, combustion
chambers, and environmental processes. Recently, the need to cool
electronic equipment in sealed enclosures has added interest to the
field.

A similarity relationship was derived by Close and Sheridan [1]
for the study of natural convection in enclosures filled with a saturated
gas-vapor mixture in the presence of a polydispersion of fine water
droplets (a fog). Radiation, however, was not included in that study.

Recent studies of combined natural convection and radiation in
rectangular cavities show that the topics of interaction of surface
radiation and gray gas participation with natural convection in the
absence of scattering have been fairly covered [2-6]. Although it is
known to over predict the interaction of natural convection and
radiation, most of the work done has been based on the P-1
approximation [4, 7-11]. In one case, a4 one-dimensional radiation
model [5] was used. In only a few cases, the effects of isotropic
scattering and non-gray gas (using different spectral techniques) have
been examined (mainly CO3z) [7-12]. The method of discrete
ordinates has seldom been used in these types of problems [6]. A
recent method [13] has yet 1o be fully tested in situations involving
convection-radiation problems. To the best of our knowledge, the
complete problem of interaction of natural convection with radiation in
rectangular enclosures in the presence of an anisotropically scattering
medium remains an unsolved problem. Furthermore, the discrete
ordinates method (more accurate than the P-1 approximation) has only
been used, in these type of problems, to solve the basic case of
participating gray media.

It is of interest to study the effect, normally neglected, of the
polydispersion in the overall heat transfer process when radiation is
considered. In this paper, the combined effect of natural convection
and radiation heat wransfer is studied for a two-dimensional rectangular
enclosure containing a non-participating gas that is saturated with a
Mie-anisotropically scattering polydispersion. Following the work of
Close and Sheridan, the equations of conservation of mass,
momentum, and energy are rewritten in a form similar to those for a
single component. After discretization of the control volume, the
resulting elliptic problem is solved by means of an iteration procedure
involving a finite control volume analysis and a two-dimensional
radiation analysis using the discrete ordinates method. The radiative
properties of the droplet cloud are calculated using the Mie theory.

Results showing the relative effects of considering convection
alone, combined radiation and convection, and the presence or not of a
radiatively participating medium are presented.

ENCL. RE DE [TON

The system under study is shown in Fig. 1 and consists of a
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Fig. 1 Schematic of enclosure.

square enclosure with sides of length L. The vertical walls are
isothermal at temperatures Ty and T, where Tp > T, and the
horizontal walls are adiabatic. The enclosure walls are gray and
diffusely emitting and reflecting. The fluid within the enclosure
consists of a saturated air-water vapor mixture that is assumed to be
radiatively transparent gas and water droplets. The water droplets
absorb, emit, and scatter radiation, where the scattering is anisotropic.
The flow is laminar, and gravitational acceleration acts parallel to the
isothermal walls. Except for the mixture density in the buoyancy
term, the mixture properties are assumed to be constant, and the
Boussinesq approximation applies. At a given spatial location, the
mixture and water droplets are assumed to have the same velocity and
temperature. The characteristics of the water droplets are described
later.

NSERVATION TION

Conservation Equations for a Single Component Fluid. The
steady-state conservation equations for a single component fluid in
dimensionless form are as follows [14]:

Continuity:

d (- J (-

i(u) # a(“) =0 (1)
X-momentum:

2G5+ 2G7)- [ﬂg_é] oB g_nﬂg_g o




y-momentum:

3(5 )+ 2(5 5) ope| (3, afov)| oP
B_ﬁ(v u) +$(v v) = Pr[ag B&J - i{aﬂﬂ -

+RaPrf® (3)
Energy:
ai(ﬁ B)+1(F 9)=§{g—f)+ 2 a_e)__g____ (4)
g an Q) men) § - 1)

where & and 1] are dimensionless distances in the x and y directions,
respectively; the velocities are normalized with o/L; the pressure is
normalized with p o2/L.2; @ is given by (T - Te)/(Ty - Te): Pr is the
Prandti number, Ra is “18 Rayleigh number; N is the conduction to
radiation ratio (k/L o T_); and y = T/T.. The fluid properties are
denoted by p for density, o for thermal diffusivity, and k for thermal
conductivity. T is the temperature of the fluid. In Egq. (4), the
dimensionless divergence of the radiative heat flux is represented by Q
(=L V-q./0T.), where q is the radiative heat flux vector and o is
the Stefun-Boltzmann constant.

The flow boundary conditions are zero velocities at all surfaces.
The thermal boundary conditions become at

£=0,0=1;£=1,08=0 (5)

_0®_ @O
Nyn-1)

n

where the dimensionless radiant surface flux is q (= L qi/C Tﬁ’),

Conservation Equations for the Mixture. The same equations
presented for a single component fluid apply to the mixture provided
that saturated conditions exist throughout the cavity, that the cloud of
droplets (with the characteristics of a fog) circulates within the gas,
and that the effect of the liquid droplets on density and viscosity is
negligible.  Under these circumstances, the properties and
dimensionless groups of the equivalent single component fluid are
evaluated as [1,15,16]:

Thermal conductivity: K=Km+pm(l +m) D hpy a‘-l_l: ("{M?rfi ] (7

i B st _dhy  dm  pidh
Specific heat: C= ar - h aT +pd aT (8)

Thermal expansion coefficient: z ={1 L Wy ‘bﬂ’“] 9)

Ym 1 +m RT

where subscripts m, 1, d, and v denote mixture without mass transfer,
liquid, non-condensing component, and vapor, respectively; m is the
mass ratio of vapor to non-condensing component; D is the diffusivity
of gas-vapor mixture; hyy is the enthalpy of vaporization; M stands for
molecular weight; and R is the universal gas constant.

p
Prandtl number: Pr = % (1m
where v is the kKinematic viscosity.
3
Rayleigh number: Ry BXATL (11)
Vi O

The properties for the mixture were evaluated using the mass ratio and
the individual properties of the vapor and the non-condensing
component.

Heat Transfer. The overall heat transfer across the enclosure is

expressed in terms of the overall Nusselt number defined by
Nuy = Nug + Nuy (12)
The average Nusselt number for natural convection is expressed by

1

20
Bl | 22
e J’aﬁ

0

dn (13)

E=0

and the average radiation Nusselt number is evaluated from

1
Nup = J qr(n) dn
N (whn-1)

At the cold wall, the minus sign is omitted for the natural convection
relation and inserted for the radiation relation. By conservation of
cnergy across the cavity, the overall Nusselt numbers at the hot and
cold walls must be equal. Note that although an attempt has been
made to separate the overall Nusselt number contributions due to
natural convection and radiation, Nug is nonetheless dependent on
Nuy, that is, radiant exchange within the enclosure affects the
temperature of the adiabatic walls and, therefore, the velocity fields.
In turn, the velocity fields affect the temperature gradients at the
1sothermal walls that are used in the calculation of Nug.

(14)

RADIATION MODEL

One of the motivations of this paper is to study the influence of a
cloud of particles, namely, a fog of water droplets, on the overali heat
transfer processes that take place in the enclosure when radiative
transfer and natural convection are considered simultancously. For
this purpose, the gas mixture is considered non-participating and,
therefore, all the radiation effects are due to surface radiation and to
the presence of the polydispersion. The radiation problem to be
solved is a two-dimensional problem in the presence of an absorbing,
emitting, and anisotropically scattering media surrounded by gray,
diffuesely emitting and reflecting walls.

-hromatic lem. The governing equation of
monochromatic radiative transfer is [17]

di dl dl
u§+5@+“fa=*ﬁ[+(l'wo)f“b

4
4 Dol [ 101 ®A0.0) dop  (15)
dr g

where 1, 8, and y are direction cosines; 1 is the radiant intensity; B is
the extinction coefficient; Ty is the blackbody intensity; @y, is the single
scattering albedo; € is the line of sight of incident radiation; oy is the
incident solid angle; and @ is the scattering phase function. Unless
otherwise noted, all radiant energy and property quantities are
understood to be monochromatic. The discrete ordinates method [ 18-
20] was used to solve Eq. (15) for the intensity. For this method, Eq.
(15) is discretized and rewritten, for two-dimensions, as:

TR . 1’:‘ +181 A 1{’ +ar (S1+52) AV,

= - - (16)
il Aps + 181 Ae.w + ar PAV)
subject to: I? =a If°+(l - ap) If’
=a "+ (a1 an
=al*+(1-a) "
where: Si=0-wy)pll = Si=alp (18)
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i

(19

In Egs. (16) to (19), s is the scattering coefficient; a is the absorption
coefficient ( = P - s); a, is the spatial interpolating weight; w; are the
weights for the integration procedure; Apg, Aew, and AV are,
respectively, the north-south and east-west areas and the volumc of
the grid element, where Eq. (16) is being applied; I is the outgoing
intensity in the discrete direction i at the center (p) of that grid element;
and superscripts xr and xe indicate reference (where energy originates)
and end (where energy arrives) faces for the coordinate direction x.

The phase function is represented in terms of Legendre
polynomials of order k:

N
i = z (2n+1) bk Pr(pip;,8i8;,viv;)
k={)

(20)

where by are coefficients for the series expansion of the phase
function in terms of Legendre polynomials Py and N is the number of
terms.

The boundary conditions for Eq. (16) are at

(1-g)

x=0 Ii=elps— ijulj]lj for ;>0 (21a)
pj< 0
(1-g)
¥=l Ii=E[h+_n'”_ ijp.jlj for ;<0 (21b)
|,.lj>{]
(1-8)
y=0 li=elps 0 X wjl§lty ford>0  (2lo)
‘<0
1
y=L Li=ely, 2 Zw 851, for8i<0  (21d)

8> 0

where € is the surface emittance. The summations in Eq. (21) are
performed over the incoming directions for each surface.

The net radiation fluxes leaving the enclosure walls are evaluated
at

x=0 and x=L Qr,x=2“’jp‘j I (22a)

i
y=0 and y=L

Qey = 2 wid I (22b)
J

The divergence of the radiative flux for each control volume is

calculated from
Z Wj r,—)

J

I'he spectral integration problem. Equation (16) is formulated for
a single wavelength (or a gray media). In order to account for the
spectral variation of optical properties, an integration of Eq. (16) over
the entire spectrum is needed. To this effect, the spectrum was
divided into M rectangular wavelength bands, where the radiative
properties, evaluated at the wavelength (L) corresponding to the center
of each band, are assumed constant over each band. Integrated
quantities are found as the summation over all bands of the individual
contributions for each band. Equations (22) and (23) become at

V-qr=a(4n P - (23)

M

x=0 and x=L q,(y)=z ZWjI.lj [ (24a)
R A
M

y=0 and y=L qr(x)=z (Z wi g Ij] (24b)
R A

The boundary conditions in FEq. (24) are combined with those in
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Eq. (6) to evaluate the temperature distribution along the horizontal
walls. The total divergence of the radiative flux is calculated from
summing Eq. (23) over all bands to yield

),

V.q¥=;[a[4nlz - Y wil

i
A computer program (an S-4 implementation of the discrete
ordinates method) was written to solve Egs. (16) to (23) subject to the
boundary conditions given by Eq. (21) and to perform the spectral
integration.

(25)

WATER DROPLET PROPERTIES

Number distribution. The cloud of droplets is assumed to have
the number distribution characteristics shown in Fig. 2, where n is the
number of particles of radius r, N is the total number of particles per
unit volume, and w is is the water content. The particle number
density is given by the following relation:

n=352rle 213 (26)

- S,

I N=213 drops;"cm3 1

6 W=17?mg;’m3 1

= 4 . .

3 4

2 = -y

L 4

1 A iy ]

0 5 10 15 20

Drop radius, pm

Fig. 2 Characteristics of the polydispersion.

Table 1. Spectral Data

Wavenumber Scattering Extinction
Range, cm! Coefficient, m-! | Coefficient, m-!
0— 189 0.0 0.0

189 — 211 0.00726 0.02394
211 = 236 0.00815 0.02442
236 — 268 0.00957 0.02575
268 — 310 0.01246 0.02915
310 — 367 0.01557 0.03382
367 — 450 0.01790 0.03816
450 — 583 0.01939 0.04071
583 — 833 0.01418 0.03401
833 — 1500 0.02050 0.03069
1500 — 2500 0.03214 0.03903
500 — o 0.0 0.0

Under this conditions, the polydispersion has characteristics similar to
those of a fog [21].

¢ s : iscretization. The spectrum

was subdlvrdcd into twelve bands as shown in Table 1 (M = 12),

Detailed calculations were performed for ten of those bands,

concentrated in the region between 5 and 50 um, where most of the

radiant energy is concentrated. For each one of these bands, and for

the polydispersion represented in Fig. 2, the parameters of interest are
calculated from the following relations:




Trnax

mdr

B= [ oentn O @7)
"min
Tmax
5= Jﬁsca(l’) 4_1_16(_1_1‘_) dr (28)
Tmin
Fmax
o®) =1 jcm(r) o(0.1) 1% 9)

Tmin

The extinction (Opxg) and scattering (Ogeq) Cross-sections were
evaluated from the exact Mie calculations, for a single water droplet of
radius r, using wavelength dependent refractive and absorpive
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Fig. 3 Volume extinction, absorption, and
scattering coefficients for the polydispersion.

indices tabulated by Kondratyev [22] and the computational procedure
of Dave [23]. Expansion of the phase function in a series of Legendre
polynomials to find the by terms in Eq. (20) was performed by means
of a procedure similar to that described by Kumar | 24].

Results of applying Eqgs. (27) to (29) to the polydispersion
presented in Fig. 2 are shown in Fig. 3 and Table 1. A qualitative
comparison with similar results evaluated by Curran [25] for a C-1
cloud shows excellent agreement.

NUMERICAL PROCEDURE

Numerical solutions for the fluid flow and temperature patterns
were obtained using the control-volume formulation and the
SIMPLER algorithm described by Patankar [26]. The distribution of
the control volumes were skewed along all surfaces in order to resolve
accurately large velocity and temperature gradients. The control
volumes for the flow and radiation models were identical.
Convergence of the numerical solution was checked by performing
overall mass and energy balance.

With the exception of the radiation model, where the divergence
of the radiative flux given by Eq. (25) is treated as a heat sink term,
the code is identical to that used by House, et al. [14]. The accuracy
of the calculations for mixture velocities and temperatures is identical
to that reported in the cited literature, and is not repeated here.

The resulting computer code for the radiation model was tested,
where possible, against known results from other authors [13, 27-
29]. With the exception of cases involving highly reflecting wall,
where the code (as reported for other 5-4 discrete ordinates
implementations [27]) tends to over predict irradiations, the results
obtained were always very good. Constant wall emittances of 0.8 are
used in the present work and, therefore, very good results for both
heat fluxes and irradiations can be expected. As an example of the
accuracy of the radiation model, representative results for the
nondimensional heat transfer rate at the hot surface are displayed in
Fig. 4 for an square enclosure containing an isotropically scattering,
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non-absorbing medium. For the two cases presented (black and gray
walls) the emissive power is one for the hot wall and zero for the other
walls. The notation of ANDISORD refers to the current radiation
model.  Tests were performed to check the correct coding of the
spectral problem. For these tests, results from a single band problem
were compared with the results obtained after subdividing the single
band into several rectangular partial bands and integrating. The results
were in good agreement.

Convective Nusselt numbers, under the effects of radiation, at
the hot and cold wall of a black square enclosure containing a non-
scattering gray medium have been recently reported by Kassemi [30].
The combined radiation-natural convection code used in this study
was tested against Kassemi [30]. The results of these tests show
discrepancies, particularly for the convective Nusselt numbers at the
cold wall. These discrepancies accentuate, and become significant, as
radiation becomes the dominant mode of heat transfer. Unfortunately,
Kassemi does not report radiation Nusselt numbers, and, therefore,
energy conservation can not be verified. In all the cases tested with
the present model, conservation of energy was satisfied.

Although not required to be, the grids for the flow and radiation
models are identical. The results reported were produced using a
nonuniform grid with 40 control volumes in each of the x- and y-
directions. The grid generation algorithm placed a greater number of
control volumes nearer to the surfaces where large gradients occur.
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Fig. 4 Radiation model comparisons.

The computations were performed on an ENCORE computer
system.

RESULTS AND DISCUSSION

Cases. Two sets of problems were solved, each set consisting of
four cases: convection only for pure air, convection only for the
mixture air-vapor, convection plus wall radiation for the mixture, and
convection plus radiation with the mixture as a participating medium.
For both set of problems the length of the cavity was 0.15 m, the
average temperature was 300 and 350 K for sets 1 and I respectively,
and the temperature difference between the hot and the cold wall was 5
K. The other properties are given in Table 3.

Table 3. Properties®.

Air Mixture
Set| Pr |Ra, 106 | kg, 10-3| Pr |Ra, 105| k
I | 0.707| 154 263 |[1.284 | 1527 |U.1304
| 0.700] 1.08 30.0 |0.404 8.48 | 1.8680

# Units for k are W/m-K

Streamlines and isotherms. Figures 5-8 show the streamlines
and isotherms obtained from the solution of the two sets of problems




gescribed above. For both convection plus wall radiation for the
mixture, and convection plus radiation with the mixture as a
participating medium, the streamlines and isotherms are similar, and
therefore, only one set is presented. The streamlines and isotherms
for air alone are available elsewhere [14] and are not repeated here.

—

(a) Streamlines (b) Isotherms

Fig. 5 Setl. Mixture. Natural convection alone.
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S

(a) Streamlines (b) Isotherms

Fig. 6 Setl. Mixture. Natural convection—surface radiation.

() Streamlines (b) Isotherms

Fig. 7 SetII. Mixture. Natural convection alone.

(a) Streamlines

(b) Isotherms

Fig. 8 Set [I. Mixture. Natural convection—surface radiation.

In Figures 5-8, ¥in 18 the minimum stream function value.
Eleven equally spaced isotherms or stream functions are shown in
each plot. In all the cases presented, the temperature and flow fields
show symmetry and boundary layer characteristics. These results are
due to the weak absorbing characteristics of the mixture, the small
temperature difference, and the assumption of constant properties

throughout the enclosure. When surface radiation is present, (Figures

6 and 8), the characteristic "s" curves appear as a consequence of the
radiation exchange at the insulated walls.

Nusselt numbers. Tables 4 and 5 show the Nusselt numbers
obtained from the solution of the two sets of problems given in Table
3. Results of applying Eq. (31) (2 commonly used correlation [31]
for problems involving natural convection alone), are given , for
comparison purposes, in Table 4. Recalling the sharp difference in
thermal conductivity between air and mixture shown in Table 3, itcan
be inferred from table 4, that the presence of the mixture produces a
drastic improvement in the heat transfer by natural convection.

111

Pr 029
Nuc = 0.18 ({J—_‘Z e Ra) 31
Table 4. Nusselt numbers for natural convection alone.
Air Mixture
Set Eq. (31) | This study. | Eq.(31) | This study.
I 10.43 9.97 10.72 10.21
Il 9.40 9.03 8.392 8.09
Table 5. Nusselt numbers for the mixture.
Set With With surface radiation and
surface radiation. participating media
Nuc | Nur | Nu Nuc | Nur | Ny
Hot wall
I 9.498 3.543 13.04 | 9.502 3.547 13.05
11 7.962 ().395 8.357 7.963 0.395 8.359
Cold wall
I 9.522 3.519 13.04 | 9.532 3.516 13.05
11 7.965 0.393 | 8.357 | 7.966 0.392 8.359

As reported by other authors [12], Nug at the cold wall is
always higher than Nug at the hot wall when radiation is present.
Tables 4 and 5 show that Nug at the hot wall, for combined radiation-
natural convection, is always smaller than Nuc for natural convection
alone. This result has been reported previously [12] for gray gases,
and for the range of Rayleigh numbers used in this study.

For the first set of problems (1), radiation accounts for
approximately 27% of the total heat exchange, while for the second set
of problems (II), the contribution of radiation to the total heat
exchange is less than 5%. This relatively small influence of the
radiation on the overall heat exchange 8,12} is due to the temperature
difference ratio (W, -1) which, in set I, is in the order of 0.017 and in
set I1, in the order of 0.014.

It can be seen in Table 5 that the influence of the participating
medium (polydispersion) in the overall heat exchange is negligible.
This is due to the small water content (177 mg/m3) and insignificant
optical thickness for the problems under consideration. Similar
behavior has been reported [32] for sodium droplets in the same
domain of optical thickness and droplet distribution.

That energy is conserved in the numerical procedure can be
verified from total Nusselt numbers at the hot and cold walls.

CONCLUSIONS

In this paper, the combined effect of natural convection and
radiation heat transfer were studied for a two-dimensional rectangular
enclosure containing a non-participating gas that is saturated with a
Mie-anisotropically scattering polydispersion. Following the work of
Close and Sheridan, limitations were imposed on temperature
difference and liquid water content and the equations of conservation
of mass, momentum, and energy were rewritten in a form similar to
those for a single component. A finite control volume analysis and a
two-dimensional radiation model using the discrete ordinates method
were used to solve the governing equations. The radiative properties
of the droplet cloud were calculated using the Mie theory.

The results of this study show that natural convection is highly
enhanced when the mixture is present; the contribution of radiation to
the overall heat exchange decreases rapidly with increasing average




temperature (for the imposed temperature difference of 5 K, surface
radiation accounts for less than 30% of the total heat transfer when the
average temperature is 300 K and less than 5% when the average
temperature is 350 K); for the water content and droplet size
distribution required for this study, the polydispersion has negligible
influence on the radiation process.

Flow and temperature patterns, as well as Nusselt numbers,
show qualitative agreement with other studies. Quantitative
comparisons with similar studies are impossible at this point, due to
the lack of published work in this area.

The methodology and computer codes described in this work
represent a powerful tool for the study of combined radiation-natural
convection heat ransfer in the presence of particulate media.
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SUMMARY

A set of numerical experiments covering the Prandtl number range 0.01-10 and
Rayleigh number range 102-1011 is performed in a rectangular enclosure. The results show
that the onset of inertia sustained fluctuations occurs at lower Rayleigh numbers when the
Prandil number decreases. The qualitative trend is compared with experimental observations
of transition to turbulent natural convection and with the "local Reynolds number” criterion
of transition to turbulence recommended by the buckling theory of turbulent flow. Final
considerations show that is the Grashof number of order 109 and pot the Rayleigh number of

order 109 that pinpoints correctly the transition to turbulence.

INTRODUCTION in which the time-derivative terms have been retained
Despite the large volume of rescarch dedicated already
to natural convection in enclosures, there is a lack of au v _ 0 1
information on low Prandil number (luids, especially at X * Y (
high Rayleigh numbers [1]. Particularly abscnt in this low /2
Pr / high Ra range arc numerical simulations of the flow au UBU vaU 9P 4 (Pr ?2U (2)
and associated heat transfer phenomenon. In the ol X N Iy X Ral °
Iilcr;;turc. this observation was stressed recently by Wolff 1/
ct al. [2], who rcported an experimental study av av v aP Pr =2
complemented by numerical simulations based on the et Uﬁ <y Va_Y Ty (‘R_;) o¥ 3
stcady-siate form of the governing cquations. 2
In order to shed new light on the phenomenon of % Uﬂ + v LB Ve (4)

natural convection in enclosures filled with low Pr fuids, dt X ay 1/2
we designed a scries of numcrical simulations that place an (RaPr)
cmphasis on the dctection of unstcadiness (Muctuations) in
the flow field. This numerical approach was uscd recently
by Henkes and Hoogendoorn [3], who rclied on the
unsteady two-dimensional Navies Stokes cquations in the
study of the beginning of fluctuations in a squarc cavity
filled with air or water.

In the present study, the emphasis is placed on the l‘g“'
Prandtl number cffect. Indeed, the numerical results Th 1;:
described in this paper show that the Prandil number has o]
a strong influence on the Rayleigh number above which VAY
fluctuations tend to persist. We find that the highest !
Rayleigh number of the present laminar flow solutions
decreases dramatically as Pr decreases. This trend cxplains X u
the lack of numerical results in the low Pr /high Ra !

YIS SIIIIITIIII SIS IS IIIIIS SIS LS

domain. Tt suggests also that the transition to turbulen ¢ in HEAE TR AALLLACAL LS,
low-Pr fluids occurs at Rayleigh numbers that are much . | ,
lower than the often-mentioned order of magnitude ~ L
Ra ~ 109 [4]. , ‘ ,

Fig. 1 Two-dimensional  enclosure.
MATHEMATICAL FORMULATION

Thesc equations have been nondimensionalized by using
the height H as length scale, and defining the wariables
The two-dimensional rectangular cnclosure model is
presented in Fig. 1. The fluid is trealed as Newtonian and
Boussinesg-incompressible, with constant transport

properties (v ,k,a) and coeflicient of thermal cxpansion. (X,Y) = Q!TIL) . (Uwy) = gu.\-'! (5)

The enclosure is initially occupicd by motionless fluid the
temperature of which is uniform and equal 10 the
enclosure average (Tp +Tc)/2. Beginning with the time
t=0, the temperatures of the side walls arc sct cqual to the
new levels Th and Tg, where Th > Te. The imposed

(a/H) (Rzﬂ"r)hIr2

1/2
- o (RaPr) ¢ . azT-(TmTcZZ )
Th- Te

temperature  difference induces symmeiric boundary layer 2
flows ncar the two side walls and, in time, these (Mows P = H P*+pgy (7)
merge into a circulation that covers the cntire enclosure. 2 RaPr

pa

The anticipated time-dependent flow is described by the
cquations for mass, momentum and cnergy conservation,




where x, y, u, v and T arc the physical variables defined in It is evident that the act of incrcasing the number of
Fig. 1, t and p stands for time and pressurc. The Rayleigh control volumcs continues to have an cffcct on the Nu(rt)
and Prandtl numbers have been delined in the usual way, curve in the © — O limit, because, theoretically, Nu(0) =

The 52 x 52 grid with ag = 1.117 and A = 0.004 was adopted
for Ra=10!1 and all the lower Ra cascs documented in

3 . this study.
Ra = gBH (T - 10) pr=Y (8) Convergence at each time step was achieved when the
pa o relative discrepancy between two consccutive values of
the overall Nusselt number was less than 1076,
The numcrical work was performed on the
IBM 3090-600E vector computer of the Comell National
The dimensionless boundary and initial conditions that Supercomputer Facility (CNSF). The neced for
correspond to Fig. 1 arc (note that the top and bottom walls supcrcomputer use was determined based on preliminary
arec adiabatic): calculations conducted on slower machines.
U=V=0 on all four walls
B =05 aX=0,
8 =-05 at X = L/H, ©) The strategy uscd _in the selection ulr the !Ru.Pr} cases
an ALY =0 Ve | chosen for complete, time-dependent simulation, consisted
awy of first fixing the Prandil number, and simulating flows of
U=V=0=0 — increasingly higher Raylcigh numbers. The Rayleigh
S s e = number was increased to the point where inertial cffects
(Muctuations) in the flow and the ecxcessively long
. . i computational time nceded for a true stcady-state solution
NUMERICAL METHOD became prohibitive. In this way, we scarched for the
approximate upper boundary Ra(Pr) above which we could
no longer simulate stcady laminar flows. To the shape and
The preceding problem was solved numerically using location of this boundary we rcturn in Fig. 11 and 12,
the control volume mecthod described by Patankar [5]. Two examples of how oscillations prolifcraie as Ra
The grid was sclected as a trade-off between numerical increascs al constant Pr arc displayed in Fig. 3. In both
accuracy, stability and computational time. The graphs, the uppermost curve corresponds to the highest
nonuniformity of the grid is described by the relation Ra value for which we were able to obtain stcady-state
results.  Another interesting effect is the dependence of
the oscillation amplitude on the Prandtl number. In
relative terms, the amplitude increases as Pr decreases.
S i This effect is explained by the fact that, as Pr decreases,
Si#] =8j -+ 0g A {10) incrtia incrcasingly nulw)::ighs friction in the momentum

balance of the vertical boundary layer,

in which sj represents the spatial location of the gridline,
A the siep size, and ag the rate of grid streiching. Equation

(10) prescribes a grid the density of which is higher near 10 P
[Pr=0.1

the solid walls of the enclosure, where sharp gradicents of

velocity and temperature are cxpecied. Nu
The lincness of the grid was determined based on 6
accuracy tests of type illustrated in Fig. 2. The Ra=10
instantancous, height-averaged Nusselt number is defined
as
10
1o

Nu = kq(;: -8 f(ax)x:o an .

0 10 20

T
300
Nu
] iqd time
250 grid step
—|104x 104 0008
—| 52x52 0016
—-| 26x26 0032
200 , , : . 0 -
2 4 6 8 10 12 0 4 8
1 T
Fig. 2 The effect of the grid fincness on the evolution of
the overall side-wall Nusselt number (Pr = 10, Fig. 3 The effcct of Pr and Ra on the Nusselt number
Ra = 1011 L/H =1). oscillations en route te steady statc (L/H = 1),
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Figure 4 shows for Pr = 0.01 not only the side-wall
Nussclt number Nu of Eq. (11}, but also the midplanc

Nussell number
. 1
1/2
Bl o [(Ral’r) . UB-@} dy (12)
k (Th-Tc) X [X=L/2H
0

The figure shows that in the beginning of the differential
heating process the midplane Nussclt number is much
smaller than the side-wall Nu. This fcature is explained by
the t=0.6 frame of strcamlines and isotherms of Fig. 3,
which show that the thermal boundary layers have not
cxtended to the center of the cavity, and that not all the

S 2
Nu,Nu,,

0
0 5 10 12
T
Fig. 4  The cvolution of the side-wall and midplane
Nussclt numbers in a low Prandtl number fluid
(Pr=0.01, Ra = 105, L/H = 1),
[-=06] [=2] 1-4]
— S
D{)Dls@
L\,{ |
p4]
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2
: 01
Fig. 5 The development of the flow and temperature

ficlds in a low Prandtl number MMuid (Pr 0.01,

Ra = 105, L/H = 1).

fluid that is driven by the side walls manages to cross the
midplane of the cavity.

The Nu(t) and Num(t) curves intersect around the Llime
Tt = 2, when according (o the sccond frame of Fig. 5 onc
farge clockwise roll dominates the circulation pattern. In
the same frame, we notc thc appecarance of two small
counterclockwise rolls in the upper-left and lower-right
corners. These are the comers where the two side-wall
boundary layers "arrive".

The Nu(t) and Numpm (1) curves cross at least lwice more
as they reach their common steady state value of 2.77 at
time t of approximately 8. The streamline patterns of Fig. 5
show the formation of two additional counterclockwise
rolls, this time in the "siarting" comers of the side-wall

boundary layers. These rolls arc considerably weaker than
the rolls housed by the corners discussed in the preceding
paragraph.

Small cells in all four comers were observed also by
Wolll ¢t al. [2], in numerical simulations covering the
range Pr=0.011-0.0208, and Ra=(1.682)103 - (6.727)105.
A direct quantitative comparison cannot be made because,
of the different Pr value, and because unlike the present
calculations, Wollf et al.'s were performed based on the
stcady-state version of the governing cquations.

The development of the circulation pattern is quite
different at higher Prandil numbers. Figures 6-8 show the
run made for Pr 10 at the highest Raylcigh number of
1011, for which the simulation proved too lengthy 10
permit the calculation of a true steady state solution,
Although the side-wall Nusscelt number rcaches a steady
value around t = 120, the midplanc Nussclt Nupm number
oscillates appreciably about the steady Nu value (Fig. 6).
The oscillation is almost periodic after t = 100, and is
amplitude decays very slowly.

The carliest phase in the development of the Nu and
Num curves is illustrated in the four frames of Fig. 7. The
vertical wall jets driven by the differentially heated side
walls continue over the horizontal boundarics, as
horizontal jets. The latter induce local clockwise rolls in
the ncighboring core Muid. These rolls travel the length of
the horizontal boundaries, and at a time of approximatcly
T = 45 they rcbound against the opposing vertical wall. One
by-product of this rcbound is the creation of two
counterclockwise cclls further into the core [Mluid, as
shown in the last frame ol Fig. 7. These counterclockwise
core cells are responsible for the severe drop cxhibited by
the midplanc Nusselt number around 1 = 45 in Fig. 6.

600
Nu,Nu_
d \-' —Figure 8-+
-150 ——— e :
0 50 100 50 200
Fig. 6 The evolution of the side-wall and midplane
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Nussclt numbers in a higk Prandtl number [luid

(Pr=10,Ra= 1011, L/H=1).

[T=30
l,-— h
RN —~\ =
0.1
Fig. 7 The development of horizontal jets in a high

Prandtl number fluid (Pr = 10, Ra = 10}, L/H = 1)



The bottom threc frames of Fig. 8 show the flows that
correspond 1o three consccutive minima of the Num (1)
curve of Fig. 6. The minimum midplanc Nussclt number is
duc to the intermittent presence of a practically motionless
core fluid in the vertical midplane of the cavity.

The upper row of Fig. 8 shows the strcamline patterns
at the in-bctween moments when Nugy is maximum,

namely at T = 90.6, 115 and 140. Ay these times, the core
fluid is dominated by two clockwise cells positioned in the

upper-left and lower-right quadrants.
[T=140]
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Common fecatures of the strecamline patterns
corresponding to the Nup maxima and minima

indicated in Fig. 6 (Pr = 10, Ra = 1011, L/H = 1).

Fig. 8

TALL ENCLOSURES

Additional numerical runs were made in order 1o study
the cffect of the geometric aspect ration L/H, while the
Raylcigh and Prandil numbers arc held fixed. Accuracy
tests for cach new L/H run preceded the numerical
solutions that are reported in this section. These runs and
their corresponding steady state Nussclt numbers arc
summarized in Table 1.

Table 1. The effect of the geometric aspect ratio L/H on the

overall Nusselt number
Pr Ra L/H Nu
0.01 109 1 2.77
0.5 3.07
0.25 4.14
0.1 106 1 5.62
0.5 8.06
0.25 7.80

Figure 9 shows the effect of L/H on the oscillations
cxhibited by Nu(t) and Num(t) in a low Prandtl number
fluid (Pr = 0,01, Ra = 105). This figure can be compared
dircctly with Fig. 4, which deall with the same casc in a
squarc cnclosure. Worth noting is that the abscissa of
Fig. 9 covers only the carly part of the timc-dependent
natural convection process, when the Nu and Nup
oscillations are most pronounced. It is clear that the
amplitude of these oscillations decreases as L/H decreases,
or as the dilfcrentially hcated side-walls approach one
another. In the case of L/H = 0.25, for cxample, the Nu and
Num curves coincide as early as 1 =1 cven though both
curves continue (o undulate until 1 = 6,
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Fig. 9 The evolution of the side-wall and midplanc
Nusselt numbers in 1all enclosures (Pr = 0.01,
Ra = 109).
STEADY STATE HEAT TRANSFER RESULTS

Figure 10 summarizes the main heat transfer
conclusions for steady laminar natural convection in
square cavities, The Nu(Ra) curve is displaced downward as
Pr decreases. Near the high-Ra end of cach curve, Nu is
proportional to approximately Ra¥-28  The fact that in the
boundary layer regime the Ra cxponcnt is slightly larger
than 1/4 agrces with previous corrclations of overall heat
transfer in enclosures (sce, for cxample, Catton's review

[61). _ ‘
| |

10% il

- : s e
Nu |— s S ;

ped
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Fig. 10. The Pr effect on the steady-state Nusselt number

for natural convection in squarc cnclosures.

Onc interesting feature of the preceding numerical
experiments is that the Prandtl number has a significant
cffect on the highest Rayleigh number of the laminar
stcady-state solutions, This effect is indicated by the white
squarcs in Fig. 11, which represent the highest Ra runs.
Throughout the Pr range 0.01- 10, the highest Rayleigh
number decreases appreciably as Pr decreases.

It is also interesting that the highest Rayleigh number
of the Pr = 1 solution, Ra=109, agrees with the widely
recognized Ra order of magnitude for the transition to

turbulence [4]. This agreement is not surprising, because
the incrtial effects that sustain the [luctuations that
cventually limited our scarch for stecady-stale laminar
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Fig. 11. Experimental obscrvations of the highest Rayleigh
number for laminar boundary layer flow along a
vertical wall.

solutions are the same effects that in a real flow lead to the
sinuous deformation of the bouyant wall jet

Surprising is the apparcnt monotonic relationship
between the Ra and Pr values of the while squares in
Fig. 11, because the recommended Ra crilcrion for
transition in natural convection vertical boundary
flow (Ra = 109, Ref. [4]) is independent of the Prandtl
number. In a first attempt to clarify this conflict [7], we
reviewed the transition observations reported in nine
experimental studies [8-16]. The Ra(Pr) points of the
observed transitions are represented by black circles in
Fig. 11. The observations reported by Mahajan and Gebhart
[12] and Godaux and Gebhart [13] agree qualitatively with
Henkes and Hoogendoorn's numerical simulations [3],
which showed that in water fluctuations develop at a
higher Rayleigh number than in air. In their experiments
with oils, Farmer and McKic [16] obscrved only laminar
flows, thercfore the transition Rayleigh number is
somewhere above the white circles plotied on the right
side of Fig. 11.

The experimental data assembled in Fig. 11 recommend
the relation [7]

layer

Ra = 109Pr (13)

as an ¢mpirical criterion for transition. In other words, it
is Grashof number of order 102 that marks the transition
in the entire Pr range 0.01-100, and not the often
mentioned Raylcigh number of order 109.

It remains to provide a theoretical basis for the Ra(Pr)
trend of the experimental and numerical data (transition
boundary) of Fig. 11. One way to procced is by invoking the
time scale comparison [17,18] that led to the general
conclusion that any straight flow ccases to be laminar
when its local Reynolds number exceeds the order of
magnitude 102,

2
*0 (14)
v
The local Reynolds number vD/v is bascd on the local
longitudinal velocity scale (v), and the local transversal

length scale of the flow (D). The transition criterion of
Eq. (14) has been tested extensively [17]. The same
criterion was derived based on a different theoretical
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argument by Mikic [18], who also demonstrated its power to
predict the transition in turbulent flows.

In order to apply the local Reynolds number criterion,
Eq. (14), to boundary layer natural convection in an
enclosure heated form the side, it is important to first
recognize the proper velocity and length scales of the
Mow. These scales depend on the Prandtl number range;
furthermore, the velocity boundary layer has two length
scales (cf. Ref. [17], p. 120):

Pr<l Pr>1
longitudinal o 1/2 « 1/2
velocity (v) ﬁ(R aPr) ] Ra
distance f{rom
wall to -1/4 -1/4
velocity peak HGr HRa
outer thickness of -1/4 -1/4_ 1/2
wall jet H(RaPr) HRa Pr

A third transversal length scale that is cligible as D in
Eq. (14) is the horizontal half-width of the enclosure, L/2.
This last scale is the correct scale when il is smaller than
the calculated outer thickness listed in the above table.

Low Pr fluids. Consider first the range Pr< 1, in which
the longitudinal velocity scale is v -~ (a/H)RaPr)!/2 1r D

is the outer thickness of the wall jet, then the criterion
(14) reads

8§ 3
Ra - 10 Pr (15)

On the other hand, if the enclosurc is narrow cnough to
interfere  with this outer thickness,

-1/4
L < H @RaP) t (16)
we set D ~ L/2, and the criterion (14) becomes
2
4
Ra -~ 10 (JL) Pr an
L/2

For a fixed ratio H/L, equations (15) and (17) describe
the Ra(Pr) boundary that limits from above the laminar
flow domain, Fig. 12. The choice of using Eq. (17) instead of
equation (15) is based on the inequality (16