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Resumo. Um dos grandes problemas das industrias de processamento de minérios, galvanoplastia e metalurgia
extrativa € a alta toxicidade de alguns de seus efluentes, que contém metais pesados (cobre, chumbo, zinco, niquel e
cromo). Neste trabalho realizou-se um estudo a respeito da recuperacdo do ion Cu (1) em solucbes aquosas com
concentracdo de cerca de 1000 ppm. Foi utilizado um reator eletroquimico de leito particulado com configuracédo
perpendicular (método que tem sido considerado promissor, devido a grande area superficial especifica e a alta taxa
de transferéncia de massa). A performance do reator eletroquimico foi pesquisada utilizando varias porosidades, e
para caracterizar as propriedades de transporte de massa do reator chegou-se a seguinte correlacao entre 0s grupos
adimensionais Sh = 0,07.Re"®2.5¢™*,

Palavras chave: reator eletroquimico, recuperacéo de metais pesados, tratamento de efluentes.
1. Introducédo

O Cobre ¢ um metal de grande importancia industrial, muito utilizada nas industrias eletronicas (Fornari e
Abbruzzese, 1999), de galvanoplastia e mineragao.

Os efluentes contendo ions metalicos, mesmo em baixas concentragdes (0,009 mg/L para o cobre, Resolugio
357/2005), constituem efluentes muito toxicos. O seu descarte sem tratamento prévio pode ocasionar varios tipos de
poluicdo, tais como: exterminio da vida aquatica e problemas relacionados com a saude humana.

Os métodos mais comumente usados para a remog¢do de ions metalicos incluem: precipitacdo com hidréxidos,
sulfitos ou oxalatos; troca idnica por via quimica ou eletroquimica; osmose reversa; adsorsdo quimica ou fisica;
estabilizagdo ou solidifica¢do; reducdo quimica; remediacdo bioquimica e mais recentemente, deposicdo eletroquimica
(Rajeshwar e Ibafiez, 1997). Mesmo efluentes com baixas concentragdes de metal formam efluentes toxicos. Uma
solugdo ideal para este problema seria um processo que recuperasse ¢ reciclasse tanto o metal quanto a agua. Os
métodos classicos estdo se tornando cada vez mais inviaveis devido a grande quantidade de subprodutos a serem
recuperados, por apresentarem um alto custo para as industrias pelo uso de muitos reagentes quimicos e a necessidade
de estocagem da grande quantidade de lama (passivos ambientais) formada (Bertazzoli et al., 1998).

Uma opgdo que vem se tornando cada vez mais viavel ¢ o método de recuperagdo desses metais de solugoes
diluidas utilizando o processo de eletrodeposicao em leitos tridimensionais com fluxo de eletrolito [Sioda e Piotrowska,
(1980), Simonsson (1984), Langlois ¢ Coeuret (1989), Widner et al. (1998), Ruotolo ¢ Gubulin (2002) e Kaminari et al.
(2005)]. Os eletrodos de leito particulados ou tridimensionais tém sido considerados promissores devido a sua grande
area superficial especifica e a alta taxa de transferéncia de massa obtida, o que torna o sistema atrativo para diversos
processos eletroquimicos (Wilkinson, 1971 e Sarfarazi e Ghoroghchian, 1994). Entretanto, o processo eletroquimico
esbarra em varios desafios tecnoldgicos incluindo: 1) A diminuicdo da concentragdo em funcdo do tempo que leva o
sistema a apresentar baixa eficiéncia de corrente; 2) A necessidade de um eletrdlito suporte que deve ser adicionado
quando a concentrag@o do ion é muito baixa; 3) A interferéncia da reagdo de evolugdo de hidrogénio e/ou oxigénio tem
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que ser prevenida ou minimizada; 4) A taxa de deposicdo e a composicao da solugcdo que, em alguns casos, podem
favorecer a producdo de dentritas ou depositos esponjosos e 5) A necessidade de altas vazdes que favorecem o aumento
da corrente limite, mas também reduzem o tempo de residéncia, proporcionando pequenas taxas de remogéo (Rajeshwar
e Ibafiez, 1997 ¢ Ponte, 1998).

Com relagdo ao aspecto construtivo, existem, em particular, duas configuragdes em relagéo as direcdes de fluxo de
eletrdlito e fluxo de corrente, como pode ser observado na Figura 1. Os arranjos de fluxos de corrente e eletrélito
paralelos [flow-through electrode — Figura 1(a)] é freqiientemente conveniente em estudos de laboratorio; a espessura
do leito ¢ limitada pela queda de potencial, o que resulta em uma baixa fragdo de conversdo por passo ¢ uma
distribui¢do de concentragdo dos ions relativamente uniforme dentro do reator. Por outro lado a ampliacdo de escala ¢
severamente limitada.

Na configuracdo com o fluxo de eletrélito perpendicular as linhas de corrente [flow-by electrode — Figura 1(b)],
obtém-se uma maior conversdo da reducdo dos ions metalicos presentes no eletrdlito e, conseqiientemente, uma maior
taxa de eletrodeposi¢do por passagem do eletrolito no leito.
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Figura 1 - Diferentes configuragdes entre fluxos de corrente e eletrolito: a) eletrodo de fluxos paralelos; b) eletrodo de
fluxos perpendiculares (Pletcher, 1990).

Este trabalho teve como objetivo estudar a deposicdo do ion cobre sobre as particulas do reator particulado, para

distintas porosidades (€ ). Este pardmetro ¢ um dos mais importantes deste sistema por estar diretamente relacionado
com a transferéncia de carga, e ¢ a quantidade de carga disponivel no reator a responsavel pela reagdo de reducdo do ion
cobre. Caracterizar as propriedades de transporte de massa do reator através de uma correlagdo adimensional.

2. Materiais e Métodos
2.1. Equipamentos

O reator eletroquimico de leito particulado (RELP) foi projetado em acrilico transparente possibilitando uma
melhor visualizacdo do processo, com geometria retangular de 8 cm de comprimento, 10 cm de altura e 2,4 cm de
espessura. A corrente elétrica foi aplicada ao reator por meio de uma placa de cobre (alimentadora de corrente ou
catodo). Fechando contato elétrico no reator tem-se uma placa de liga de Pb/Sb (4nodo). O reator particulado foi
composto por particulas de cobre com 1 mm de didmetro, que atuavam como leito eletricamente condutor estando em
contato direto com a placa alimentadora de corrente (catodo). E na superficie destas particulas que ocorrem as reagdes
eletroquimicas de redugdo do ion cobre presente na solugdo, através da diferenca de potencial aplicada na célula.

Para o estudo da recuperagdo do fon cobre uma unidade experimental foi projetada e montada conforme
representagdo esquematica apresentada na Figura 2.



Proceedings of ENCIT 2006 -- ABCM, Curitiba, Brazil, Dec. 5-8, 2006, Paper CIT06-975
z
LY
6
1
T 4_1

o

o X

Figura 2 - Unidade Experimental (1) reator eletroquimico; (2) fonte de corrente; (3) bomba centrifuga; (4) reservatorio
de eletrolito; (5) valvula da linha principal; (6) valvula do by-pass; (7) valvula da linha de esgotamento.

A solugdo eletrolitica utilizada nos experimentos foi preparada através da mistura de agua deionizada, 0,4 Mol/L de
acido sulftrico (H,SO,, grau de pureza P.A.) e 0,016 Mol/L (equivalente a 1000 ppm de ions Cu) de sulfato de cobre
(CuSQy, grau de pureza P.A.).

O fluxo do eletrdlito foi obtido por meio de uma bomba centrifuga, permitindo assim a obten¢do de um fluxo
continuo, e o controle da vazao foi feito através de valvulas reguladoras.

Dentre as medidas a serem realizadas esta a retirada de aliquotas da solucdo no inicio e final de cada corrida
experimental em intervalos pré-estabelecidos para a realizacdo das leituras de concentracdes através do
espectrofotdmetro da marca FEMTO modelo 600 PLUS.

2.2. Metodologia

A fim de que os objetivos desse trabalho fossem alcangados fez-se necessario o cumprimento de uma série de
etapas, a saber:

Planejamento Experimental: uma vez especificadas as variaveis a serem estudadas, definiu-se os valores que tais
varidveis iriam assumir nas corridas experimentais;

Foram utilizadas como variaveis as seguintes porosidades (¢) 0,40, 0,43 ¢ 0,47 ¢ as seguintes correntes (I): 4,9A,
6,5A ¢ 8,0A. Em todos os experimentos a temperatura foi mantida em torno de 25 °C.

Preparacdo e realizacdo dos experimentos:

O procedimento experimental utilizado consiste na seguinte seqiiéncia de etapas: preparacdo e armazenamento do
eletrolito; preenchimento do leito com as particulas até uma altura de leito pré-determinada de acordo com a porosidade
escolhida; ajuste da fonte de corrente elétrica de modo que a corrente determinada fosse conhecida; admissdo do
eletrolito no reator com uma vazdo pré-estabelecida; ajuste da fonte de corrente elétrica; acoplamento dos contatos
elétricos. As corridas experimentais foram planejadas de forma que o reator ficasse em operagdo durante
aproximadamente 3 horas, periodo durante o qual eram recolhidas aliquotas, a intervalos de tempo regulares, com o
objetivo de monitorar a variagdo da concentragdo de cobre no eletrolito. Ao mesmo tempo em que as aliquotas eram
retiradas, verificava-se a diferenga de potencial instantanea (fornecida pela fonte).

Tratamento dos dados obtidos:

De acordo com Pletcher (1990), o sistema pode ser modelado satisfatoriamente como um reator de batelada
simples. Com base nos dados de variagdo das concentragdes com o tempo ¢ da obtencdo das figuras de mérito ¢
possivel determinar as condi¢des de corrente limite para cada caso, e assim desenvolver uma correlacdo entre grupos
adimensionais do tipo:
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Sh=aRe"Sc"? (1)

Onde a e b sdo constantes, Sherwood (Sh), Reynolds (Re) e Schmidt (Sc)sdo definidos como:

Sh=-—" 2
D )
Re = p.v.L 3)
7
7
Sc=—"— 4
c D )

onde:

km = coeficiente de transporte de massa (m.s™")
L = comprimento caracteristico (m)

D = coeficiente de difusdo (m”.s™)

p =massa especifica do eletrolito (kg.m™)

1 = viscosidade absoluta (kg.m™.s™)

v = velocidade do eletrolito (m.s™)

3. Resultado e Discussao

Seguindo os procedimentos experimentais anteriormente mencionados, as condi¢des limite foram obtidas mediante
analise das figuras de mérito principalmente dos graficos de concentragdo versus tempo. A curva representa uma reagao
de ordem variavel, isto ¢, os dados se ajustam a uma determinada ordem de reacdo a altas concentragdes € por uma
outra ordem a baixas concentragdes. Com base neste estudo pode-se obter a condigdo limite que é o ponto quando a
reacdo de ordem zero passa para uma reagdo de primeira ordem, Levenspiel (2000). A reag@o de ordem zero representa
o sistema controlado pela corrente e a reagdo de primeira ordem representa o sistema controlado pelo transporte de
massa.

A Tabela 1 apresenta os valores obtidos para a condig@o limite do sistema.

Tabela 1 — Concentragdes equivalente a corrente limite

Porosidade (¢) I(A) Liimite (A) Climite (ppm)
0,40 6,5 6,0 400
0,43 8,0 4,0 78
0.47 8,0 5.6 44

O balango de massa no reator pode ser escrito relacionando-se a taxa de decréscimo da concentracdo com a corrente
da célula, de acordo com a Lei de Faraday.

3 dC(t) _ (1) 5)
dt  z.FV,
onde:

I (t) = corrente instantdnea no tempo t;

Vr = volume do reator.

z = numero de elétrons.

F = constante de Faraday (96487 C.mol™")

C(t) = concentrag@o no tempo t

Considerando a reagdo completamente controlada pelo transporte de massa, teremos:

I (t) = Limite = z.F k- Ac. Ve.C(t) 6)

Onde:
Liimite = corrente limite (A);
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A. = érea especifica por unidade de volume do eletrodo (m™);
V. = volume do catodo (m™).
Substituindo-se a equacdo (6) em (5) e integrando tem-se a equacdo (7) que mostra a variagdo da concentra¢do
em fun¢do do tempo:

C(t) = C(O).exp(— k\r;'A .tj @)

R

Tomando-se o logaritmo natural tem-se:

In[C(t)] = In[C(0)] —( k\”}‘A .tj ®)

R

Com base nestes dados o coeficiente de transporte de massa pode ser calculado através da Figura 3, neste trabalho
sera apresentado somente a representacdo grafica para a porosidade de 0,40, sendo o procedimento idéntico para as
demais porosidades.
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Figura 3 — Grafico de In[C(t)] em funcdo do tempo — porosidade 0,40.

O coeficiente de transporte de massa foi determinado através da regressdo linear da Figura 3. A tabela 2 apresenta
os valores de k;,, que foi calculado através da equacao (8).

Tabela 2 — Valores do coeficiente de transporte de massa (k)

Porosidade (g) 0,40 0,43 0,47
Ky, (m/s) 2,43e-5 3,03e-5 3,52e-5

Com os valores obtidos acima, pode-se calcular a correlagdo conforme a equacdo (1). As constantes a e b foram
obtidas a partir da curva In(Sh/Sc'?) vs In (Re) via regressdo linear.
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Figura 4 — Correlagdo entre os adimensionais
Desta forma pode-se escrever a equagédo (1) como:
Sh=0,07.Re**.Sc'” ©)
4. Resultado e Discusséo

. Em todas as situagdes o sistema se mostrou capaz de reduzir a concentragdo de ions cobre até niveis muito
baixos, confirmando que o reator eletroquimico de leito particulado pode ser utilizado como um sistema unico de
tratamento para solu¢des aquosas diluidas de metais pesados.

. A reagdo de redugdo dos ions cobre no reator eletroquimico, diferentemente do que a literatura supde, esta
ocorrendo controlado por um processo misto sujeito, provavelmente, a reagdes paralelas.
. A correlagdo obtida foi satisfatoria, comparada com os obtidos pela literatura [Simonsson (1984), Hunsom et

al.(2002)], pois conseguiu representar as propriedades de transporte de massa.
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Abstract

One of the biggest problems with ore processing in extractive metallurgical industries is the high toxicity of the
heavy metals waste content (as copper, lead, nickel and chrome). This work aims a study related to the copper (II) ions
removal from aqueous solutions in concentrations up to 1000ppm. So, it was used a particulate bed electrolytic reactor
with flow-by configuration considered as a hopeful method due to the large specific surface area and the high mass
transfer rate. The performance of the electrochemical reactor was investigated by using different porosities.
Dimensionless Sherwood and Reynolds numbers were correlated to characterize the mass transport properties of the
reactor, and they were fitted to the equation Sh=0,07.Re**.Sc"”.

Keywords: electrochemical reactor, heavy metal recovery, treatment of effluent
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MOISTURE TRANSPORT IN WOOD.
Material data, calculation model and comparison with measurements.

Jesper Arfvidsson
Dept. of Building Physics, Lund University, Box 118, 221 00 Lund, Sweden.
Jesper.arfvidsson@byggtek.Ith.se

To predict the risk of mould growth, rot, deformations and cracks in wood, it is necessary to know the moisture levels in
constructions and building components. This paper presents a theory and a two-dimensional PC-model based on the use of
Kirchhoff potentials to calculate moisture flow in wood. Anisotropy is allowed for using different flow coefficients in the different
directions, in both sapwood and heartwood. The theory also deals with the internal boundary between sapwood and heartwood, and
the external boundary to the outer air. The discrete form of the partial differential equation and the numerical technique to solve the
problem are presented. The values of the flow coefficients used in the model are based on direct laboratory measurements.
Calculation results from the model are compared with independently measured two-dimensional moisture distributions. The
agreement is good.

The choice of moisture flow potential has been a matter of controversy. Different potentials have been advocated as the best choice.
It is shown that Kirchhoff's potential has advantages both in the mathematical and the numerical formulations, and in the
experimental determination of moisture flow data.

Keywords. moisture transport, wood, calculation model, Kirchhoff potential
1. Introduction

Moisture transport in porous material is a complicated non-linear process that changes with moisture conditions.
Different models to calculate the moisture flow have been developed during the past. One class of models does not
consider the variable moisture distribution through the material. The average moisture content curve versus time is
found from suitable combinations of analytical and empirical relations for the boundary flow under different conditions.

Another class of models is the ones based on partial differential equations, for example Luikow (1966). His
equation system has been solved analytically with constant parameters (Liu, 1990) and numerically with variable
parameters (Stanish et al 1984; Plumb et al 1984; Avramides et al 1992). The values for the different parameters and
relations, for example the temperature dependence of moisture flow coefficients, are often obtained from a mixture
between assumptions and measurements. Very often the results from the models are focused on the average moisture
content.

To calculate stresses that cause deformations and cracks in a piece of wood during drying, it is necessary to know
the moisture distribution during a process. A model for moisture distributions is much more sensitive to the internal
flow processes than a model for the average, or total, drying with time. It is imperative to have good data for the
internal moisture flow coefficients and in particular for their variation with the moisture state.

The moisture flow calculation in wood during drying is complicated considerably by the polar anisotropy. There
are different moisture flow coefficients in radial, tangential and fibre directions for both heartwood and sapwood. These
coefficients depend strongly on the moisture content, which causes interpolation difficulties in the numerical
calculations. This interpolation problem may however be removed completely by the use of a Kirchhoff transformation.
In the presented two-dimensional calculation model four different Kirchhoff potentials for the moisture flow are used to
take care of the anisotropy of wood.

A main purpose of the present model is to predict the distributions of moisture content at different times during
drying. We have endeavored to use as few assumptions as possible and to base the moisture flow calculations on data
from direct measurements on sapwood and heartwood in all three directions. The approach is a phenomenological one,
where ad hoc assumptions about flow on the fiber level are avoided.

A general Fickian approach is used. Fickian moisture flow is based on the use of a well-defined moisture state
variable. The flow is proportional to the gradient of the moisture state variable, and the moisture flow coefficient
depends on the moisture state. In a Fickian process, the moisture flow is determined by differences of the moisture state
variable between adjacent layers. In the isothermal case with known relations between the moisture state variables, it
does not really matter which potential we use. An exception is, in our opinion, the so-called Kirchhoff's flow potential,
which has distinct advantages considering simplicity in both theory and numerical applications, (Arfvidsson and
Claesson 1989).

Moisture flow due to temperature or total gas pressure gradients in the wood is not considered in the theory
and model presented here. The temperature level may change with time.
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2. Moisture State Variables

Any one of the following state variables may determine or characterize the local moisture state in any small part of
humid wood: relative humidity ¢, absolute humidity v or water vapour pressure p, pore water pressure Py, chemical
potential 4, for water, or moisture content u (kg/kg). Let ¢ denote any of these moisture state variables:

P=p.\V,p, Pp.w.nuw or u 1

We consider the case of essentially constant total air pressure and spatially constant temperature. There are a
number of relations between the moisture state variables. We have the gas law for vapour pressure, Kelvin's law for
pore water pressure, In(¢)-dependence for the chemical potential, and the measured sorption isotherm. See for example
Claesson (1997). The moisture state is then determined, when one of the above variables is known. The process is
determined by a single moisture state variable ¢. The temperature is constant throughout the drying wood specimen.
The temperature level may change with time as long as the temperature distribution is kept uniform, without a
significant temperature gradient in the material.

3. Fickian Moisture Flow

The moisture flow g (kg/m?s) is in most models described by a Fickian flow law. In three dimensions we have:

O]

G=-D, (V¢ v¢:(% o %j

ox' oy oz

The moisture flow coefficient D, depends on the moisture state ¢ (and on the temperature). The relation between
the moisture flow coefficients D, and D for any two moisture state variables gand ¢ from Eq.(1) is:

»
D, - D¢.d—Z )

Here, the derivative of #'(¢#) (for constant temperature) is involved. It is clear that the choice of flow potential does
not matter when the functional relation ¢ =¢'(¢) is known from the relations between the moisture state variables
Eq.(1).

In numerical simulations, moisture flows between adjacent cells are calculated from Fick's law at each timestep. A
particular problem is the variation of the flow coefficient D, with the moisture state ¢. In a one-dimensional steady state
case we have:

- d¢
g=Db, (4) i (4)

This is an ordinary, non-linear differential equation. The flow g is independent of x. Integration over an interval
from x; to x,, or between two nodes in a numerical mesh, gives the exact solution:

% dg #(X2)
(-0)- (%, —x) = [ D, (4x)) L= [D, (¢ ©
X1 $(x)

In many models a suitable average value for D, is used. The exact average is given by the above integral of D, In
numerical modeling of moisture transport, we have found that is much better to use this integrated form.

4. Kirchhoff's Flow Potential
In the three-dimensional isotropic case, the moisture flow is given by Eq.(2). The flow coefficient D, depends on ¢.

Kirchhoff originally introduced Kirchhoff’s flow potential for heat conduction with temperature-dependent thermal
conductivity (Carslaw & Jaeger, 1959). For state-dependent moisture flow, the corresponding potential is defined by:

¢
v(#)=vres + [D,(9)dg ©
Bret
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Dy

¢ref ¢ ¢

Figure 1. Kirchhoff’s flow potential y(¢) which is the area under the curve D,(4), (6).

The potential y is the area under the curve D,(¢) between ger and ¢, see Figure 1. It is a function of ¢ for each
material: y=y(¢). It follows from Eq. (3) that the flow potential y is independent of which ¢ and D, one chooses to use.
The reference values ¢ and wies can be chosen arbitrarily for each material. We normally, by convenience, put the
value of w to zero for the reference level g.¢ for the material: w1 = 0. The derivative of y(¢) gives the flow coefficient
D,. Using Eq. (3), the flow coefficient D, becomes equal to 1:

dy _ _p..Y¢ _
d¢_D¢(¢) D, =D, dw—l @)

The variable flow coefficient vanishes. The moisture flow has the following simple form without a state-dependent
flow coefficient:

5. Moisture Balance Equation
The general moisture balance equation is:

au _
Pd§=—v'9 ©)

Here pyq is the dry density of the material.
Using the Kirchhoff's flow potential, the moisture balance equation has the following simple form, Eq.(8-9):

ou %y oy W o
—= + + =V (10)
ot ox? oy ozl v

Pd

This equation for the moisture flow process in an isotropic, homogeneous material involves only the moisture
content u and Kirchhoff’s moisture flow potential . The functional relation between u and  is needed:

u=u(y) (11)

In a conventional Fickian description, the moisture content is given by the measured sorption isotherm,
u=u(e), and the moisture flow by a flow coefficient D(¢). The description involves two functions of the moisture state.
From D4 ¢), we get y(¢), Eq.(6). The combination of u(¢) and y(¢) gives the relation u(y). In our description, based on
Kirchhoff’s potential, we use the relation u(y) internally. The sorption isotherm is needed at internal and external
boundaries. See Fig. 2.



Proceedings of ENCIT 2006 -- ABCM, Curitiba, Brazil, Dec. 5-8, 2006 — Paper CIT06-XXXX

6. Determining y from Steady-state Measurements

Internally in the material we only need the relation u=u(). It is interesting to notice that this basic relation may be
determined directly from a steady-state measurement.

<& »
< »

174 ®

Figure 2. Representation of flow and sorption properties in two curves. The relation between u and v is used internally
in the material, and the relation between u and ¢ at boundaries.

We consider a one-dimensional steady-state situation in a slab 0 < x < L. The reference state u =u, is kept on one
side, x=0, and u =u_ is kept on the other side, x=L, Fig. 3. We have:

_dy
g_dx

-9 (x=0)=w(x)-y(0) 12)
174

X = ——
-9

Kirchhoff’s flow potential varies linearly with x through the slab. The potential y is obtained by multiplying x by
the factor (-g). Let u(x) be the measured moisture content through the slab, Fig. 3. The relation between u and x gives
the relation between u and  obtained by multiplying x by the factor (-g).

By measuring u(x) and the constant flow g, we obtain u(y) directly. In a conventional evaluation, the flow
coefficient Dy(u) is obtained by -g divided by the derivative du/dx. In an exact numerical calculation to determine the
flow between nodes, we need to integrate Dy(u) according to Eq.(5). This ‘circular' procedure is avoided if  is used
directly.
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» X=yl(-9)

L

Fig 3. Steady-state distribution of moisture u(x) through a slab. The curve and the measured flow g give u(w) for the
material, Eq.(12).

7. External Boundary

Let v, be the absolute humidity of the air, and vy, the absolute humidity at the surface (Figure 4). We use the
following boundary condition:

0
On = _6_l// = Py (Vsurt —Vair) (13)
N lsurt

Here, n denotes the normal coordinate (directed outwards), and £, (m/s) is the surface moisture transfer coefficient
related to a difference in v. It depends on the airflow conditions. There may be a moisture flow resistance between vy
and the open-air surface. In this case the moisture flow over the boundary is lower and g, is lower than values from the
literature.

Fig. 4. Steady-state flow through a surface layer and a part L, of the wood.

The surface flow may be expressed in moisture content u instead. Then we have for the right-hand side of Eq.(13):

ﬂu (usurf - uair) = :Bv (Vsurf _Vair) (14)
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Here, u,i=u(gs,) is the equilibrium moisture content for the relative humidity ¢y, of the air. We expect the factor
B, to be fairly constant. Then S, may vary considerably due to the relations Us,=U(@surs), @suri=Veurt NVeat(Tsurf) and
Uair=U(@air), @air=VairlVsat(Tair). There is a variation caused by the different temperatures in the vapour content at
saturation, vsx(T), and by the sorption isotherm. Therefore, we avoid the formulation involving 4, and u.

Let us now consider the boundary condition between the outside air and a point at the depth L, inside the material,
see Figure 4. The vapour content at this depth is vy, which might be the value in the first internal node in a numerical
model. We seek the flow g, and the vapour content vy, at the surface We use a constant value of £, Here, we use
Kirchhoff's potential y(v) with vapour content as dependent variable. We have in a local steady-state situation:

_ V/(Vl) - W(Vsurf )

L, =Py (Vsurf —Vair ) (15)

n

The equation to determine vg¢ is then:

9n =¥ (V1) =¥ Vsurr) = LiBy (Vsurt — Vair) (16)

8. Anisotropy

Let r,6, z be the cylindrical coordinates fitted to the sapwood-heartwood boundary. There are different moisture
flow coefficients D;(¢), D« ), D.(¢), in radial, tangential and axial or fibre direction:

¢ 104

—g=f.Dr(¢)g—r+é-Dg(¢);£ ¢

R 0

+7-D,(¢)— 17
2(9) e an
Here I, &, and 7 are unit vectors in the three cylindrical directions.

The flow coefficients may be different in heartwood and in sapwood. We get in the general three-dimensional
case six flow coefficients, which all are functions of the moisture state ¢ (and the temperature). For each flow coefficient
we define a corresponding Kirchhoff potential:

¢
v =i + [ DL(@)Ig

¢ref (18)
A = sapwood or heartwood

a=r,0,z

All six potentials are evaluated with the Kirchhoffian moment method (Rosenkilde and Arfvidsson, 1997).
The moisture flow vector Eq.(17) in heartwood and in sapwood becomes:

(19)

This expression for the flow is inserted in the general moisture balance equation, Eq.(9). In cylindrical coordinates
the moisture balance equation for wood becomes:

(20)

A 2. A 2 A
pda_uzla(rawr]+1aw9 2%y}

—— +
ot ror| or r? 00*  oz®
9. Internal Boundary

There is an internal boundary between heartwood and sapwood. Intensive variables (¢, v, p, Ppw and z,) are
continuous at an internal boundary, while u is discontinuous. The flow coefficients, and in particular y, are of course
different in different materials. We consider the boundary between sapwood and heartwood. The radial moisture flow-
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coefficients are D,,**(¢) and D,;,""(¢), and the corresponding Kirchhoff potential y°*(#) and y+"*"(¢). The normal
flow has to be continuous. We have the following boundary condition;

D V/Peart B al//?ap
=L - (1)
or or

Figure 5 shows the one-dimensional steady-state case with an internal boundary between any two materials A and
B. In our case we have =y and ys=y;"*. The values ¢ and ¢ are known, and the boundary value ¢, is to be
determined. Here ¢ denotes any one of the variables in Eq.(1) except u. Using Kirchhoff potentials, we have:

g= V/A(¢1)EV/A(¢12) _Ys (¢12)L—V/B (42) (22)
A B

or

we(f) - ‘//B(¢12)—— ‘//A(¢12)_— wald) (23)

This equation determines ¢,.
g

e
S

by
i
&

."-"-"-"."-"-"-"."-"-"-".'E:"I.-"
- DS
R

v

2

Figure 5. Steady-state flow through a slab consisting of two materials A and B.
10. Comparison with Experiments

10.1 Material data

Experimental results for Scots pine (pinus silvestris) are reported in Rosenkilde and Arfvidsson (1997). Moisture
content distributions were measured in a number of specimens during a one-dimensional drying process. The specimens
were dried from green condition in climate chamber at 60°C and 60% relative humidity. The specimens were made of
heartwood and sapwood and sealed on four sides to establish a one-dimensional moisture flow either in radial,
tangential or axial direction. Two different methods were used to measure the transient moisture distribution in the
specimens. In the first method the specimen was cut into thin slices and the medium moisture content in each slice were
evaluated using the dry weight method. This method worked well in tangential and radial directions. In the axial
direction computer tomography (CT) scanning technology was used. This is a non-destructive method allowing
measurements to be performed in the specimen during the whole drying period. The CT-scanner uses an X-ray tube and
a detector array that rotates around the specimen. The method using CT-scanning to measure moisture distributions in
wood is well described by Lindgren (1988, 1992).

The measured transient moisture distributions were then evaluated, using the evaluation method presented by
Rosenkilde and Arfvidsson (1997). The obtained relations between u and y for radial, tangential and axial flow in
heartwood and in sapwood at 60°C are shown in Table 1. In Rosenkilde and Arfvidsson, 1997, these results are
presented as six curves. The corresponding curves using conventional moisture flow coefficients are also given.
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Table 1. The Kirchhoff flow potential y at 60 °C for Scots pine sapwood and heartwood in all three directions to grain:
radial, tangential and longitudinal

Sapwood Heartwood

long. tan. rad. long. tan. rad
w w10 w107 w10’ wl10" 10" y10’
kg/m® kg/ms kg/ms kg/ms kg/ms kg/ms kg/ms
40 0.40
50 0.70 0.13 0.13 0.15
60 11 0.10 0.18 0.15 0.19 0.20
70 1.4 0.18 0.25 0.40 0.25 0.26
80 1.8 0.26 0.35 0.70 0.33 0.33
90 2.1 0.36 0.45 1.0 0.41 0.40
100 2.5 0.46 0.60 13 0.50 0.48
110 2.9 0.60 0.78 1.6 0.60 0.58
120 3.2 0.73 11 2.0 0.69 0.67
130 3.6 0.85 14 2.3 0.78 0.79
140 4.0 1.0 2.7 0.90 0.93
145 1.0
150 4.6 3.0 11 11
155 1.2
160 5.6 3.3
165 6.2
170 3.6

10.2 Test experiment

Samuelsson & Arfvidsson (1994) presented two-dimensional transient measurements on wood during drying. The
specimens were made of Scots pine and contained both heartwood and sapwood. The specimens have the following
dimensions: length 1200 mm, width 144 mm and thickness 50 mm. The average density (ps) was 417kg/m®. For the
chosen specimen (No. 3) the heartwood percentage was 76% (Fig. 6). The specimens were dried in a experimental kiln,
the first 72 hours at 52°C and 67% relative humidity, and then for 72 hours at 53,3°C and 52% relative humidity.
Samples from the specimen were cut at different times during the drying. Each sample had a thickness of 31mm. The
distance between the samples was 130mm. After each cut the crosscut was insulated with silicon to prevent axial
moisture transport. The two-dimensional moisture distribution was measured using a cutting technique. Each sample
was cut in 65 small rectangular pieces and the moisture content immediately measured using the dry weight method.

==

50

144
Figure 6. The test specimen used in the comparison between measurements and calculations. It is made of Scots pine
with a length of 1200mm, a width of 144mm and a thickness of 50mm. The darker parts in the figure are
heartwood.
10.3 Calculations

Calculations were made using a PC-program based on the described calculation model. The material data used in
the calculations are given in Table 1. The experimental boundary conditions were used. A constant surface transfer
coefficient is used in the calculations (4, =0.01 m/s).
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11. Result

The present study begins with a basic theory for anisotropic moisture flow in wood using Kirchhoff potentials.
Based on the theory a calculation model and a computer program are developed. To test the model, material data from
measurements are used in calculations of two-dimensional drying of a piece of wood. The calculated result is compared
with measured ones in Fig. 7.. The calculated values are the ones in bold face. The result is given in moisture content
mass by mass (kg/kg), in percent, at four different times during the drying process. The measured values are mean
values for the weighed cubes and the calculated values are mean values for the corresponding calculation cell in the
numerical mesh.

231221232021 |22 (2222|2221 |21|21]|16 13|14 |15|15|15| 15| 15| 15| 15| 16| 13| 13| 12
23 (221231202122 |22]|22|22|21|21|21]16 1314|1413 |15|15|15|15| 16|16 | 15| 15| 13
27 129|128 (2829|129 (3030|2927 |28|25]18 14 (18|21 (21|22 |22 |22 |22 |22|22|22|16 |13
27 (29128282929 |30]|30|29 |27 |28|25]18 14119120 (21]|20|20|20|20|20|21 |20 |18 ]| 15
27 (31130 (3232(31(32|34[31(31|30(|28]20 152022 (23|24 |24 |24 |24 (23|23 |23 |17 |14
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26 [ 2812930 |31(30(29|33[30|28|29|27]19 1520 22(23|19|21|20|20 (2220|1918 ]| 15
21 (2412223 |23 |24 (2322|211 |22|21|21]16 12 (14 |14 ({14 |14 |14 |14 |14 |14 |14 | 14 |14 | 12
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14 |16 | 17 (17 {17 |17 |17 |17 |17 |17 | 15| 15| 13 o 1111121222211 (212(12]12] 9| 9| 8
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Figure 7. Comparison between calculated (top line, bold face) and measured (second line) moisture content at different
time during drying

12. Discussion

The presented model gives the mathematical base for moisture flow calculations in wood. If the total air pressure
and the temperature are constant the moisture state is determined by a single moisture state variable. The choice of
potential does not really matter. Treated in a correct way, the result must be the same independently of the choice of
potential. However, the use of different potentials may differ in simplicity to use mathematically and in numerical
models. The use of Kirchhoff potential has distinct advantages in both those matters. In the moisture flow equation the
functional-dependent flow coefficients vanishes. Only the difference in Kirchhoff potential determines the moisture
flow. This will considerably simplify the implementation of the described theory into a numerical model.

Moisture flow coefficients must be determined from measurements. The use of Kirchhoff potentials has distinct
advantages here too. An example is the above evaluation from steady-state measurements over a slab of the material. In
a traditional evaluation, the derivative of u(x) is used to determine Dy(u). Then the integral of D,(u), (5), is used to
determine the flow in the numerical model. This ‘going in a circle' is not necessary when Kirchhoff potentials are used
throughout the whole process, from measurements through mathematical and numerical modelling to moisture flow
calculations.

The situation is more complicated at internal and external boundaries. Here, it is not sufficient to know u(y). We
have to go back to continuous variables such as relative humidity, vapour pressure etc. to solve the boundary flow
balance. But it should be noted that the simplest way to deal with the flow in the material layers adjacent to the
boundary surface is to use Kirchhoff potentials.

The calculated results show good agreement with the measured ones throughout the whole simulation time with one
exception. The largest difference occurs in a cell after 24 hours. The measured value is 24% and the calculated is 19%.
The cell with the largest discrepancy lies close to the boundary between sapwood and heartwood. In the beginning of
the calculation, parts of the wood have moisture content above the fibre saturation point. This indicates uncertainties
considering the moisture flow above fibre saturation.

The calculated values close to the outer boundary agrees well with the measured ones. The used value of 4, (0.01
m/s) to simulate the boundary transfer seems to be quite right.
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The agreement is quite satisfactory considering the natural variation in wood from one piece to another. The model
simulates well the asymmetric drying caused by the polar anisotropy and the non-linear moisture flow in both sapwood
and heartwood.

It is also to be noticed that the computer calculation time is very short, although complications such as anisotropy
and moisture-dependent moisture flow are taken into account in the model. A reason for this is the use of Kirchhoff
potentials. By using them it is not necessary to evaluate integrals in each calculation step to obtain the moisture flow.
The Kirchhoff potentials simplify the whole process from measurement, through mathematical and numerical modelling
to numerical calculations.
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Abstract. Here we present a heat and mass transfer analysis for the catalytic methane steam-reforming in a porous monolithic
reactor. Thermodynamic analysis provides the bounds for temperature, pressure and steam-methane molar ration for optimum
operation. However, the reactor operation is also constrained by chemical kinetics and heat and mass transfer limitations.
Porous washcoated monoliths have been used for a long time in the automotive industry as catalytic converters for destruction of
gas and particulate pollutants. Here we analyze the modeling issues related to a multi-scale porous structure and develop a
model able to assess the advantages and drawbacks of using a monolith as support for a catalyst layer for steam-reforming.

Keywords: multi-scale modeling, porous media, steam-reforming, hydrogen, monolithic reactor.
1. INTRODUCTION

Fuel cells have become available as a near future alternative for decentralized energy production. The fuel choice
for proton exchange fuel cells (PEM) is hydrogen which has to be provided with sufficient purity. Hydrogen presents
several advantages from the environmental point of view, compared to fossil fuels, when used as an energy source for
mechanical and electrical decentralized or mobile power production. When used in fuel cells it provides an
electrochemical clean, efficient and quiet energy conversion system with zero or ultra-low emissions. As pointed by
Biyikoglu (2005), more research is necessary to achieve the desired performance and integration of fuel cell stacks and
associated sub-systems, including fuel storage, reforming and processing, air delivery system, heat exchangers, thermal
integration, humidification and water management, and DC power processing sensors and controls. A hydrogen
production unit by hydrocarbon reforming may be integrated to a small to medium fuel cell systems (under 10 kW) if it
is thermally efficient, compact and selective towards hydrogen. Usually, a CO removal operation is always necessary.

Mathiak et al. (2004) (followed by Dokupil et al., 2006) developed an integrated compact reformer-PEMFC system
for production of 2.5 kW of electrical power. The steam-reforming reactor was operated at 800°C and subsequent
water-gas shift (WGS) reactors, a high temperature reactor operating at 400°C and a low temperature reactor operating
at 200°C, were used for CO removal. The authors relied heavily on information extracted from industrial scale steam-
reformers in which the reacting mixture flows along 7.5 to 12 m long tubes with inner diameter between 7 to 13 cm
(Twigg, 1989; Larmine e Dicks, 2000, Kordesh and Simader, 1996). However, in compact steam reformers, a host of
different technologies can be used to increase thermal and chemical integration within the reformer, specially an
enhanced heat and mass transfer. From these, the use of washcoated monoliths is a promising technology, since they
provide high surface area available for catalysis combined to low pressure drop.

Here, we present an analysis of the hydrogen production from the steam-reforming of natural gas in a washcoated
monolithic reactor. The monolith provides a continuous solid structure, favoring temperature equalization by
conduction heat transfer. The washcoat layer provides a high specific internal surface area increasing the catalytic
activity. The analysis is focused to operation conditions able to provide 5 kW of electrical power in a PEM fuel cell.
The adequate range for temperature, pressure and steam-methane ratio and the equilibrium concentration of products
were determined previously (Garcia and Oliveira, 2006). A heat and mass transfer model, with chemical reaction and
heat transfer from the exterior, is then developed to calculate the rates of conversion to products and the thermal and
mass transfer limitations of the basic design. The model uses the volume-averaged equations for conservation of
thermal energy and mass of chemical species and properly accounts for the multi-scale nature of the porous monolith
through a combined microscopic-macroscopic treatment for the diffusion-reaction. A treatment for internal diffusion in
catalyst particles has been used previously in the modeling of adsorption enhanced steam reforming. Xiu et al. (2002)
uses a simplified diffusion model, which is extended in Xiu et al. (2003). The authors point out the excessive
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computational CPU time to solve the detailed treatment. Here, an equivalent to an intra-particle model is developed for
a monolith reactor, which is then simplified taking into account the multi-scale nature of the monolith.

A reduced mechanism for the steam reforming including five chemical species (CH4, H,O, H,, CO, CO,) and three
global reaction rates is assumed. These are the steam reforming (R1), the water gas shift reaction (R2) and the
methanation reaction (R3):

CH, + H,0 — CO + 3 H,, Ah; (298 K) = 206 kJ/mol (R1)
CO +H,0 - CO, + H,, Ah¢ (298 K) = -41 kJ/mol (R2)
CH, +2 H,0 — CO, + 4 H,, Ah¢ (298 K) = 165 kJ/mol (R3)

The methanation reaction is the global steam-reforming reaction to saturated products. Chemical kinetics and
adsorption constants are obtained from the literature for nickel-alumina based catalysts. A comparison of the different
sets of parameters available in the literature (Garcia, 2006) showed the expected variation in behavior exhibited by
different catalytic particles and reactor conditions. Here, a given set of parameters, also used by other authors, were
used as a basis to analyze the reactor performance and to compare different geometric and operation conditions.

A thermodynamic analysis presented elsewhere (Garcia and Oliveira, 2006) verified the equilibrium conditions
associated to the production of hydrogen to power a 5 kW PEM fuel cell operating at 80°C with 50% efficiency. The
reforming unit analyzed consisted of water and methane heaters, a water evaporator for steam production, a steam and
methane super-heater, a methane steam reformer and an external combustion reactor to produce the amount of heat
needed for the heating, phase change and reforming operations. That analysis assumed that the reformer remains
isothermal at the reforming temperature set. Table 1 summarizes the operation conditions assumed for the reforming
reactor and the equilibrium performance parameters that are obtained.

Table 1: Operation parameters and equilibrium performance parameters for the steam-reforming reactor (Garcia and
Oliveira, 2006).

Reforming reactor operation parameters:
Reforming pressure P, atm 1.2
Reforming temperature T, °C 700
Inlet steam-to-methane molar ratio R 4
Equilibrium conditions at reactor outlet:
Outlet hydrogen number of moles Nk, moles 3.469
Dry-basis outlet hydrogen mole fraction X2 0.7764
Equilibrium results for a PEMFC producing 5 kW at T.y = 80°C, Nee = 0.5:
Reformer outlet hydrogen mass flow rate My, kg/s | 8.7x1 0%
Total inlet mass flow rate of methane Mcps 1. | kg/s 3.3x107%
Inlet mass flow rate of water Mo, kg/s 9.2x10%
Reformer efficiency:
Reforming reactor efficiency | Nret | | 0.6

In Table 1, my; is the required equilibrium reformer outlet hydrogen mass flow rate to power a 5 kW PEMFC
operating at 80°C with 50% cell efficiency. The total mass flow rate of methane Mcy4 7 includes the mass flow rate of
methane needed for the reforming reactions as well as the auxiliary mass flow rate of methane needed for water and
methane heating from 298 K, for water phase change and also to provide the necessary thermal energy to keep the
reforming reaction isothermal.

The values listed in Table 1 are used here as reference values. This analysis provides the framework for the reactor
sizing and for establishing the adequate operation conditions. The solid carbon production is not taken into account in
the chemical kinetic mechanism. Therefore, deactivation by coke formation is not explored.

3. HEAT AND MASS TRANSFER ANALYSIS

The thermodynamic analysis provides the equilibrium values of concentration and heat transfer rates. However, it
does not provide the rates at which chemical reaction, mass transfer and heat transfer occurs. The proper rector design
requires a transport model. Figure 1 presents a rendering of the monolith reactor under analysis. The monolith is formed
by a large number of square cross section channels which span the entire reactor length. A washcoat layer, formed by
alumina particles impregnated with nickel crystals, coats each channel’s walls. The flow of the reacting mixture occurs
along the channels (X direction). Mass transfer by diffusion allows the reacting species to reach the catalytic sites within
the washcoat (along the z direction). There, the conversion to products occurs and they diffuse back to the channel
where they are advected out. In the model developed all reaction occurs catalytically within the washcoat.
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Figure 1: Rendering of the monolith reactor under analysis showing the channels and the X and z axis.

The model developed combines a macroscopic and a microscopic treatment. The macroscopic treatment considers
the effects of heat and mass transfer in the channels and the monolith. Figure 2 presents a rendering of an enlarged view
of the monolith, showing the channel, the washcoat (active) layer and the inert walls. The macroscopic treatment
considers the gas inside the channels as the 3 phase, and the solid monolith as the o+t phase. In the B phase heat
transfer by conduction and advection occurs. Mass transfer occurs by diffusion and advection. In the o+t phase there is
heat transfer by conduction and thermal energy generation by chemical reaction. The kinetics of the chemical reactions
is accounted for in the microscopic treatment.
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Figure 2. Enlarged view of the monolith, showing phases 3 (gas within the channels), o (washcoat (active) layer)
and t (the inert monolith wall).

The microscopic treatment is diffusion-reaction problem in the washcoat. Figure 3 presents a rendering of the
channel (with dimensions h and b), the washcoat (with thickness L) and the inert walls. The insert shows that the
washcoat layer (o phase) is formed by a gas phase, phase y, and by a solid catalytic layer, phase ®. Note that,
volumetrically, y+® = o. For the microscopic model, there is mass transfer by diffusion across an effective medium
(phase o) and surface chemical reaction at the yo interface. The temperature of the washcoat layer is assumed uniform
and equal to the o+t phases (solid monolith phase) temperature calculated from the macroscopic model in a local z
coordinate. The surface mass flux at the B-c interface is passed to the macroscopic model as a source term in the
species mass conservation equation. The thermal energy produced (or absorbed) at the yo interface in applied to the
macroscopic model solid energy equation (c+t phase ) also as a source term. This model considers that there is
separation of length scales. In Figure 3, b and h are the channel cross section width and height, L, is the washcoat layer
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thickness, Lz is the channel length (equal to the monolith length) and D is the monolith diameter. The separation of
length scales requires that

Ls<<(b,h)<<(Lp.D)

This separation of length scales allows for writing two sets of equations whose solutions are coupled through the -
o interface.

X ¥y 5 11

Figure 3. Rendering of the channels cross section. The magnification of the washcoat layer shows phases y (gas within
the washcoat) and o (solid particles).

3.1 MACROSCOPIC MODEL

The macroscopic model is based on volume-averaged transport equations. The variables listed below are volume-
averaged over a suitable representative elementary volume (Kaviany, 1995). Since the permeability of the monolith is
high, pressure drop along the channels is negligibly small and therefore a volume-averaged momentum equation is not
solved.

Gas phase mass conservation:

For a one-dimensional flow in a uniform porosity porous medium, the volume-averaged mass conservation
equation becomes:

a(gﬁpg)
ot

where gg is the porosity of the monolith (volume of monolith channels divided by the total volume of the monolith)

0
+&(5ﬁpgug):0 1

and p, and Ug are the gas mixture density and velocity respectively. The gas phase velocity in the monolith channels is

equivalent to the intrinsic phase-averaged velocity in the B phase (Kaviany, 1995).
Gas phase species i mass conservation:

The volume-averaged one-dimensional advection-diffusion equation with chemical reaction for the conservation of
mass of a chemical species i is:

0 0 0 oY, .
a(gﬂngi ) + &(Eﬂpg“gYi ) = &(‘gﬂpg ( Din + D )5_)('j TEW i g 2

where Y, is the species i intrinsic volume-averaged mass fraction, D, is the species i molecular mass diffusion

coefficient in the mixture, D,  is the gas mass axial dispersion coefficient and W, 5 s the species i volume averaged

reaction rate.

Gas phase thermal energy conservation:
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The one-dimensional volume-averaged energy equation for the gas phase assumes thermal non-equilibrium
between the gas and solid phases. This thermal non-equilibrium is modeled by an interfacial surface-convection heat
transfer coefficient. The equation includes a transient term, the advection of thermal energy along the channels, the heat
transfer by conduction along the channels, including the effect of thermal axial energy dispersion, and interfacial
surface-convection heat transfer with the solid phase. It is written as:

0 0
a(‘gﬂpgcpng ) +&(‘9ﬂpgugcpng ) =

3

8 ( ot S,

—| &5 (4 + PyCpyDyr )= |+| = \(T.-T,) |e

ﬂ( g 97pg ~xT sg s g B
OX OX &g

where /1g is the molecular gas thermal conductivity of the mixture, DX’T is the energy axial dispersion coefficient, hsg

is the interfacial heat transfer coefficient between gas and solid phase, and S o is the specific interfacial area between

the gas and solid phases.
Solid phase thermal energy conservation:

The one-dimensional volume-averaged energy equation for the solid phase includes a transient term, the axial heat
transfer by conduction along the solid part of the monolith, interfacial surface-convection heat transfer with the gas
phase in the channels, thermal energy generation (absorption) due to the reforming reactions in the washcoat and an
external heat transfer to the environment. It is written as:

H(EARRAR

5 ot S, . hP.
2 =) 2 ) [ 2= o) gﬂ+(Ah,,iwr,i’ﬁ)gﬂ{An (TS—TOO)}

X X &g

4

where p, is the solid density, A, is the molecular thermal conductivity; Ahri is the heat of reaction associated to

species i, he is the monolith external heat transfer coefficient, TOc is the monolith external ambient temperature, Py, is

the monolith external perimeter and Ay, is the monolith external surface area. The external heat transfer coefficient
accounts for, in an approximate way, the overall heat transfer to the external heat source (methane-air combustion).

The boundary conditions for the macroscopic model include prescribed temperature and concentrations at the inlet
and parabolic conditions at the outlet. Zero heat transfer is assumed from the solid at the outlet. They are written as:

Atx=0,

) m, = pgAmug T Mg,

@ Y=Y, 5
G T,=T,

@4 oT/ox=0

Atx=L_,

(5)  OY,/ox =aT /ox = dT /ox = 0

Initial conditions are not specified since the analysis focus on steady-state. The mass flow rate of gas is kept
constant. Ideal gas behavior is assumed for the gas mixture.

The molecular diffusion coefficients are calculated from the Chapmann-Enskog model for diluted mixtures (Bird et
al., 1960) assuming binary diffusion of each species in a nitrogen gas. These values are then correlated in the form

_a(T/300)"
"M p/101325
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where T is the gas temperature in K and p is the gas pressure in Pa. Table 2 shows the values for the constants a and b
for the species considered. Table 2 also shows the heat of reaction associated to each species i.
The axial mass and thermal dispersions are estimated assuming laminar flow in a circular channel, i.e.,

D,n Pe,
Di’m 48
D.r Pe,
a, 48
where the mass and thermal Peclet numbers are
u D
Pe, =2
Di,m
u D
Pe, =——
a

As an approximation, the channel diameter is modeled using a hydraulic diameter as

_ 2bh
" (h+b)

The interfacial surface-convection heat transfer coefficient is obtained from the solution of a laminar non-reactive
flow in a square channel (Bird et al., 1960). From the Nusselt number, the interfacial heat transfer coefficient is
obtained from
Nu = M

/19

The external surface-convection heat transfer coefficient is representative of a cylinder in a turbulent cross flow and
is kept constant. Gas and solid thermal conductivities and heat capacities are estimated at an averaged temperature and
kept constant. Table 3 shows the values used.

Table 2. Values for the molecular diffusion coefficients and enthalpy of reaction.

Specie Dim m%/s Ah;,
a, m’/s b J/kg
CH, 0.216x10* 1.750 -4.67%10°
H,0O 0.303x10" 1.632 -13.43x10°
H, 0.787x10* 1.750 00
CO 0.216x10* 1.730 -3.95x10°
Co, 0.177x10" 1.755 -8.94x10°

Table 3. Values and parameters for the transport, heat transfer and mass transfer coefficients.

Parameter Value
Gas specific heat Co J/kg-K 1546
Gas thermal conductivity Ay W/m-K 0.03
Solid density Ds kg/m® 0.3160
Solid specific heat Cps J/kg-K 0.675
Solid thermal conductivity As W/m-K 5.0
Channel Nusselt number Nu 2.976
Channel Sherwood number Sh 2.976
External heat transfer coefficient h. W/m*-K 100
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3.2 MICROSCOPIC MODEL

The microscopic model considers the diffusion and chemical reaction in the washcoat and, considering the
difference in length scales; it is treated as a one-dimensional problem. The volume-averaged species i conservation
equation, assuming a purely diffusive process (in a diluted mixture approximation), written in molar units is

d dX, W, .
0=—|¢.c,D,,—" [+ —= 6
dz dz M,

where g, is the porosity of the washcoat (phase o), Di’e is the isotropic washcoat effective mass diffusivity of species

i, and M, is the molecular weight of species i. Considering that the gas species are diluted with nitrogen, a more

rigorous Stefan-Maxwell formulation is not necessary and a simple binary diffusion modeled by Fick’s law is accurate
enough.
The volumetric o-phase mass chemical reaction rate is related to the intrinsic molar surface reaction rate by
Wiio = rr,i,o-pcatlvli 7

ri,o

where o, is the volumetric concentration of catalyst particles (per volume of c-phase).

For a constant pressure and temperature mixture, Eq. (7) can be rewritten in terms of the molar fraction, becoming,

2
X,
02d_2'+Ar}ia 8
dz* ¢, D,

9,0 —i,e
The boundary conditions for the microscopic model are:
Atz =0, ax, _ 0. 9
dz
Atz = L, X; =X,
The interfacial mole fraction of the chemical species i Xgs; is not known a priori, but is a result of the coupling

between the microscopic and the macroscopic models as shown in the following.
The washcoat effective diffusivity is calculated from a model developed by Merzedur and Kaviany (2001),

S‘"e =(1-(1-¢,)) "

3.3 COUPLING THE MICRO AND MACRO MODELS

The micro and macro models are coupled through the mass fluxes at the B-c interface. The microscopic model is
solved using an interface molar fraction X,; as boundary condition. This condition is initially guessed. From the
solution of the microscopic model, the species mass fluxes at the B-c interface can be expressed as:

My =[—chie aX, }Mi 10
, ’ dZ z=Lo

The volumetric reaction rate in the macroscopic model is obtained from the mass flux coming from the
microscopic model in the Bo interface by

. . Bo
W, 5 = 11

where &g is the porosity, and S o s is the specific interfacial area of the B phase. Then, the macroscopic model is

solved and returns the volume-averaged value for the species concentration at the B (channel bulk) phase Cg ;.= Yi.p, /
M;. A surface mass convection model then requires that
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Sh, .D.
- _ po.,i —i,m
My =—2— (Cpoi —Cpy) 12
B
and this provides a new estimate for the washcoat species surface concentration ch,i = CBo,i / Cps. Then, by an

iterative process between the macroscopic and microscopic formulations, a final converged solution is obtained.

The microscopic model is solved as a sub-grid model for each numeric cell in the macroscopic model. From this
solution, the value of the volume-averaged reaction rate becomes available and allows for the solution of the
macroscopic model. After obtaining the B phase (bulk) species concentration, the interface mass concentration is
calculated. This new value of surface concentration allows for new iteration in the microscopic model. In order to
reduce the computational time, each solution of the microscopic model starts from the solution for the preceding node.
This was responsible for a considerable reduction in computational time. The final solution is obtained when the
variation in the parameters calculated drop bellow a convergence criteria. The solution of the equations requires a
chemical kinetic model for the surface reactions, and this is reviewed next.

3.4 SURFACE CHEMICAL REACTION RATE MODEL

The solution of the microscopic model requires a chemical kinetic mechanism and expressions for the elementary
reaction rates. Most results available in the literature for alumina supported nickel catalysts point to a Langmuir-
Hinshelwood kinetic mechanism. Xu and Froment (1989) developed a 13-step mechanism from which 3 reactions are
selected assuming that the surface reaction is the rate determining step. These three reactions divide the same active
sites and for this reason the reaction rates share the same denominator which acts as an inhibitor. The elementary
reaction rates can be written as

K, Ph, Peo
Tﬁ% pCH4 szo - Ke]
= 2 13
(DEN)
; Ph, Peo,
=l Peo Ph0 _'—LTCO
_ sz e2
r,= 2 14
(DEN)
Lo (e P4, Peo,
35| McH, MHy0
4 2 K
r, = Ph, = 15
(DEN)
The inhibition term is:
Ka
DEN =1+ KaCO Pco KaH2 pH2 + KaCH4 pCH4 + a0 pH%H 16

In these equations, p; is the species-i partial pressure (Pa), K is the kinetic constant, Kg; is the chemical equilibrium
constant and Kj; is the adsorption equilibrium constant. Using the set of parameters shown below, the reaction rates r;
return in kmol/kg.,-s. The values of the activation energy satisfy Arrhenius equations and the enthalpies satisfy Van't
Hoff equations. Then, for the kinetic constant we have:

ki = A(kg )exp —RE—_;_ 17

where

A(ky)=k,r exp F:E—_I'_ 18

r
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Here, A(kci)is the pre exponential coefficient for the kinetic constant, E; is the activation energy, R is the

universal gas constant (8314.172 J/kmol-K) and T, the temperature of reference.
For the adsorption constant we have;

K. =A(K,)exp| -——* 19

where

AH; |
A(Ka])z Kaj’Tr eXp RT J :19 25 394 20
r
Here, A( K, i ) is the pre exponential coefficient for the adsorption constant, and AH j is the adsorption enthalpy

change.
From the chemical kinetic mechanism, the formation and destruction rates of the chemical species are calculated
from

fen, :_(rl +I’3)

Mho="NH—-N -2

Ny, =30+ +4n0 21
o =00
feo, =06 +1

In order to select appropriate kinetic parameters, 10 sets of kinetic parameters available in the literature were
converted for the same basis kmol/kg.,-s and compared under the same set of temperature and pressures (Garcia and
Oliveira, 2006). Large discrepancies were found among the reaction rates predicted from these parameters. A few
differences were found to be related to typographic errors when the parameters were listed on the references. Other
differences, however, seem to be related to differences in behavior between the different catalyst particles and supports
tested by the different authors. In order to be able to generate data that could be compared to most of the literature
available, the well known parameters provided by Xu and Froment (1989) were selected, since these have been the most
widely used for steam-reforming design. The parameters of the equations for the kinetic and adsorption constants are
summarized in Table 4. The kinetic and adsorption parameters have units such that the intrinsic reaction rates result in
kmol/Kgey-s.

Table 4 Parameters for the kinetic and adsorption constants used in the simulation.

Parameters for the chemical kinetic constants Parameters for the adsorption constants
Reaction 1 Reaction 2 Reaction 3 CH, H,O H, CO
E (1) [kJ/mol] E (5 [kJ/mol] E ) [k]/mol] DHcus) [kJ/mol] DH 20 [kJ/mol] DH 2y [kJ/mol] DHco) [kJ/mol]
240.1 67.13 2439 -38.28 88.68 -82.9 -70.65
ker 1) ker ) Ker 3) Karcna Karano) Kty Karcoy
1.842x10" 7.558 2.193x10° 0.1791 0.4152 0.0296 40.91

Next, the results of the model are presented.
4. RESULTS AND ANALYSIS

From the thermal and equilibrium analysis, five basic conditions of temperature and steam to methane ratio were
selected for the calculations, as presented in Table 5.
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Table 5 Temperature and molar ratio conditions selected for the simulation

T° C Methane to steam molar ration
3:1 4:1 5:1

650 X X

700 X

750 X X

The pressure was kept at 1.2 bar. The external ambient temperature was set to the inlet gas temperature. Other

properties and conditions are listed in Table 6.

Table 6 Conditions selected for the simulations.

Parameter Value
Total pressure p bar 1.2
Gas mass flow rate m, kg/s 15x10°
Monolith length Ly m 0.15
Monolith diameter D, m 0.03
Channel cross section h=b m 0.0015
Washcoat thickness L, m 50x10°
Number of channels per inch squared ppis 400
Porosity of the monolith &p M’ pore/ M MoNOLITH 0.595
Porosity of the washcoat & M’ pore/ M’ wasHCOAT 0.72
Catalyst mass per volume of porous medium Deat Kgea/ M wasHCOAT 44.0
Washcoat effective diffusivity D;. m?/s 5.0

Here, the interest lies in compact, small size reactors. Then, the simulations are restricted to a small diameter

reactor. Analysis of the radial heat transfer conduction resistance shows that a radially lumped model is a good
approximation for monolith diameters smaller than 3 cm (Garcia, 2006).

In all figures presented, the ordinate axis represents the monolith axial coordinate divided by the monolith length.

The legends indicate the absolute inlet gas temperature and the steam-to-methane molar ratio (T(K) - R). Figure 4(a)
presents the variation of the gas temperature along the reactor length for the five temperature/steam-methane ratios
simulated. It can be observed that the gas flow enters the reactor at the inlet temperature specified and its temperature
decreases along the reactor due to the endothermic behavior of the global reaction. Figure 4(b) presents the axial
variation of the solid temperature. At the reactor inlet, the strong reaction rates cause a sharp decrease of the solid
temperature. As the reaction rate drops along the reactor, the solid temperature reaches a plateau with temperature close
to the external ambient temperature even, as a result of the heat transfer to the external environment.

Temperature (K)
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Figure 4. (a) Axial gas temperature variation and (b) axial solid temperature variation along the reactor for the five

conditions simulated. The legends indicate the absolute inlet gas temperature and the steam-to-methane molar ratio

(T(K) _R).
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Figure 5 presents the B-c interface mass reaction rate for methane. The reaction rate reaches its peak value in the
first 5% of the reactor length and after approximately 30% of the reactor length, the reaction rate drops to much smaller

values. The same trend is observed for all the inlet conditions examined.

sharply once the methane concentration is reduced.

Figure 5. Surface mass reaction rate for methane at the B-c interface.
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This reveals that the reactor activity drops

Figure 6 presents the axial mole fraction of (a) H, and (b) CO along the reactor. Both H, and CO mole fractions
increase as reaction proceeds along the reactor. From the inlet conditions examined, the higher hydrogen production is
achieved for 750°C (1023 K) / R = 3:1 and the minimum is achieved at 650°C (923 K) / R = 5:1 showing the more
important role of reaction temperature when compared to the steam-to-methane molar ratio. Increasing the steam-
methane ratio for the same temperature reduces the mole fraction of H,, due to the excess water present as product. The
approach to equilibrium can be observed when we compare the values reported in Table 1 to the values obtained in this
calculation. Table 1 reports an equilibrium mole concentration of H, at 700°C (973 K) and R = 4 of 0.7764 dry base,
equivalent to 0.4985 wet base. The value obtained from Figure 6 at the end of the reactor for the same conditions is
0.045091, representing a difference of 90.95% of the equilibrium data. Therefore, the gas stream is still far from
equilibrium. Even at the higher temperature (1023 K) and R = 5, the difference between the equilibrium value and the
value at the end of the reactor is 86.77 % of the equilibrium data.

The CO production, shown in Figure 6(b), is high, achieving values above 3000 ppm at the exit.
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Figure 6. Axial variation of (a) H, and (b) CO mole fraction along the reactor.
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The existence of diffusion limitations can be assessed calculating the local washcoat internal effectiveness factor
and the local Thiele modulus (the Damkdhler number) along the reactor. The washcoat effectiveness is defined as the
ratio between the local actual reaction rate and the reaction rate that would exist under no diffusion resistance across the

washcoat. It is calculated from

22



Proceedings of ENCIT 2006 -- ABCM, Curitiba, Brazil, Dec. 5-8, 2006, Paper CIT06-0586

where M is the mass flux of the k component in the Bo interface. The smaller the value of the internal washcoat

k,pBo °
effectiveness, the higher is the role of diffusion as a controlling mechanism.
The Thiele modulus (an “observed” Thiele modulus) is defined as:
m, L
¢i2 — po.,i o 23
M.Cy 5o X 55 Die

i~g,po

where L .- 18 the washcoat thickness, My is the molecular mass of the k component, Cg, so 1s the molar concentration in

the o interface, Xy s is the mole fraction of the k component in the Bo interface and Djp it the effective diffusivity of
species i in the washcoat. All variables are evaluated locally, i.e., at a given location along the reactor length.

The Thiele modulus indicate the ratio between the diffusion characteristic time scale and the chemical kinetic
characteristic time scale. A high value for the Thiele modulus implies that chemical kinetics is faster than diffusion.

Figure 7 presents the local internal effectiveness factor (a) along the reactor and (b) as a function of the Thiele
modulus calculated for methane. In Figure 7(a) it is observed that the effectiveness factor is small at the channel
entrance because of the high reaction rates. As a result, there is a poor use of the catalyst sites buried deep in the
washcoat, since most of the reaction occurs at a region close to the o interface. As the reaction rate decreases along the
reactor, the effectiveness factor increases reaching 0.99 at the reactor outlet. There, diffusion is no longer limiting the
reaction rates observed. Since diffusion is limiting along most of the reactor, the temperature and the steam-methane
ratio has a small effect on the local internal effectiveness factor. Figure 7(b) shows the local internal effectiveness factor
plotted against the local Thiele modulus. The Thiele modulus is higher at the reactor inlet, where methane concentration
and temperature are higher resulting in larger reaction rate. We note that for all the conditions tested the methane
conversion is mostly diffusion limited. For a given effectiveness, higher temperatures result in higher local Thiele
modulus, indicating a faster kinetic when compared to diffusion. The curves do not collapse to a single one due to the
complexity of the chemical reaction mechanism (Fogler, 2005).
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Figure 7 Local washcoat internal effectiveness as a function of (a) reactor length and (b) local Thiele modulus
(Damkdhler number).

Figure 8 presents the total conversion (at the reactor outlet) for the CH, and H,O, the total yield of H,, CO and
CO,, and the selectivity of the H, in respect to CO. These are calculated according to the classical definitions as
follows:

_ Cg,OXCH4,0 - Cg,LXCH4,L

Mich, = 24
) Cg,OXCH4,0
1 Cg,LXi,L _Cg,OXi,O
Yik = X 25
Cg,O CH4,0
c, X —C, X
S _ Jg,L7YH2,L g,07*H2,0 26

LH2 —
Co.t XcoL ~Cg0Xcoo
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It is observed that the temperature has a stronger effect than steam-methane ratio. The CH4 conversion is higher at
the higher temperatures, remaining approximately constant when R is increased from 3 to 5. H,O conversion drops
when R is changed from 3 to 5 because of the excess water remaining. The H, yield also increases with temperature and
is less sensitive to R. The CO production at 650°C is smaller at the steam-methane ratio R = 5 than at R = 3. This effect
is a result of the displacement of the equilibrium of the water-gas shift reaction to the production of CO,. The CO2 yield
increases with R for the same reason. The selectivity of H, to CO increases with the steam-methane molar ratio and
decreases with an increase in temperature. Both behaviors result primarily from the equilibrium of the water-gas shift
reaction. The selectivity of H, to CO reaches a maximum, for the conditions tested, at 650°C / R = 5, reaching 10 moles
of H, for 1 mole of CO. However, this is not of a great advantage, since the outlet molar fraction of CO, under these
conditions is still high, requiring further CO removal operations.
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Figure 8 Total conversion (CH4 and H,0), total production (H,, CO and CO,) and selectivity (H,/CO)/10 for the
conditions tested [T(°C) — R].

5. CONCLUSION

A thermodynamic equilibrium analysis allows the calculation of the limiting equilibrium conditions for the
products mole fractions and also the equilibrium heat transfer rates required, but does give indications of the proper size
for a reforming reactor. With this objective, a two-level heat and mass transfer model was developed to allow for the
study of the diffusion limitations imposed by the monolith reactor and to check the possibility of reaching equilibrium
conditions in a short, compact reactor. The mass flow rate of methane was selected such as to produce 5 kW of
electrical power in a PEM fuel cell operating at 80°C with 0.5 electrical efficiency. The reforming temperature and
steam-to-methane molar ratio were varied around a base value in order to estimate the sensitivity of the reactor
performance with respect to reforming conditions. The catalyst load was assumed uniform across the washcoat and
along the reactor.

The results show that:

1. The entrance of the reactor is chemically more active. A high reaction rate peak is observed in the first 5% of the
reactor length. In this position, the heat transfer rate from the external ambient to the gas phase (across de solid
phase) is not high enough to guarantee that the reactor remain isothermal at the inlet condition. In a 15 c¢cm reactor
the gas phase temperature drops as much as 60°C from the inlet temperature. In this region, the internal washcoat
effectiveness is around 0.87 showing that the reaction conditions are diffusion controlled.

2. Comparing the reactor outlet H, mole fraction to the equilibrium mole fraction it is shown that the reactor is far
from achieving equilibrium conditions. . For reactor temperature of 700°C and steam-to-methane molar ratio of 4
the difference between the outlet mole fraction and the equilibrium mole fraction is 90.95% of the equilibrium data.

3. For a constant pressure of 1.2 bar, high hydrogen production is obtained at 750°C and steam-to-methane molar ratio
between 3 and 4, but the higher selectivity in respect to CO is obtained at steam to methane molar ratio of 5 in
temperatures between 650°C and 750°C. However, even at the higher selectivity, an amount of CO between 7000
and 11000 ppm exists at the reactor outlet.

As a general conclusion, we can observe that the use of a monolith reactor for steam reforming is possible, but still
better heat and mass transfer needs to be achieved at the reactor inlet in order to obtain a more compact reactor. One
possibility to increase conversion would be to distribute the reactants mass flow rate in a larger number of monoliths in
order to increase the mixture residence time within the reactor without reducing each monolith’s heat transfer resistance
to the external environment. Finally, the advantage of the use of flow reversal in obtaining higher conversion should be
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tested. A transient implementation of the model, with a proper account for the adsorption transient kinetics, should
allow the computations for oscillating flow.
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Resumo. Este trabalho tem como objetivo apresentar uma modelagem matematica bidimensional que descreve o transporte de
calor e massa (liquido e vapor) no interior de sdlidos esferoidais prolatos, baseada na termodinamica dos processos irreversiveis.
O modelo considera condicdo de contorno convectiva na superficie do material, encolhimento e propriedades de transporte
variaveis. Toda a formulagdo matematica foi resolvida usando o método numérico dos volumes finitos e uma formulaggo total mente
implicita. Como aplicagdo, a metodologia foi usada para predizer a secagem de um grédo de trigo nas seguintes condigdes: T=
87,8°C, H= 5,6% e v= 1,71m/s. Resultados numéricos do teor de umidade e temperatura no interior do produto e variacGes
dimensionais sdo apresentados e analisados. A comparagdo do teor de umidade a dados experimentais reportados na literatura
mostrou um razoavel ajuste. Valores das condutividades de liquido e vapor foram obtidos usando a técnica do erro quadratico
minimo. Verificou-se que a temperatura do produto atinge rapidamente o equilibrio e que o produto seca mais rapidamente em
certas regides, devido a geometria elipsoidal. O encolhimento afetou a taxa de secagem do solido.

Palavras chave: Calor, massa, volumes finitos, €lipsdide, encolhimento, trigo.
1. Introducéo

Operacdes de desidratacdo ou secagem, assim como, a dindmica do movimento de umidade em um material
biolégico sdo importantes passos nas indUstrias quimicas e de processamento de alimentos, como também no
armazenamento e processamento de graos e de outros produtos biolégicos. A preservacéo de alguns alimentos, pela
evaporacdo da umidade, permite minimizar o crescimento microbiano e prevenir o desenvolvimento da maioria das
reac6es bioquimicas que ocorrem na presenca de umidade. Portanto, operacBes tém tido um grande avango nas
indistrias de alimento e quimica, como também na estocagem de determinados produtos. Durante o processo de
secagem, os solidos sofrem variagBes nas suas caracteristicas quimicas, fisicas e biologicas, que dependendo da
intensidade do efeito, pode ocasionar sua perda ou inutilizé-los para certas funcdes. Por exemplo, no caso de gréos, as
caracteristicas alimenticias podem ser afetadas e, no caso das sementes, a sua caracteristica germinativa.

O fenbmeno de migracdo de umidade no interior de um produto biol6gico ainda ndo é bem definido pelos
estudiosos. Os seguintes mecanismos de transporte da umidade no interior dos sdlidos séo apresentados na literatura
(Fortes e Okos, 1980; Strumillo e Kudra, 1986): transporte por difusdo liquida devido a gradientes de concentracéo de
umidade; transporte por difusdo de vapor devido a gradientes de concentragdo de umidade e de pressdo parcial do vapor
(devido a gradientes de temperatura); transporte por efusdo, que ocorre quando o caminho livre médio das moléculas de
vapor € da mesma ordem de grandeza do diametro dos poros; transporte de vapor por termodifusio devido a gradientes
de temperatura; transporte de liquido por forgas capilares; transporte de liquido por pressdo osmética; transporte de
liquido devido a gravidade; transporte de liquido e de vapor, devido a diferenca de presséo total, causada por pressdo
externa, contracdo, alta temperatura e capilaridade, e transporte por difusdo superficial.

A secagem convectiva diferencia-se de outras técnicas de separacdo, tal como a secagem osmatica, entre outras,
pela maneira de como a agua é retirada do sdlido. Na secagem convectiva, a retirada de moléculas de agua se da pela
movimentacdo do liquido ou vapor de H,O, gracas a uma diferenca de pressdo parcia do vapor d éagua entre a
superficie do produto e o ar que o envolve. Em relagdo aos alimentos, a remocao de agua do material deve ser feita até
gue ndo afete de forma violenta suas caracteristicas fisicas, quimicas e bioldgicas, como também suas functes
alimenticias. No entanto, vale salientar que o ar pode provocar mudancas nas fungdes organol épticas do produto, e no
caso especifico das sementes, durante o processo de secagem, 0 aparecimento de fissuras e a perda parcial da fungéo
germinativa, que acontece devido a existéncia de tensdes termo-mecanicas sobre o material. Essas tensdes podem ser
minimizadas se forem feita uma andlise da distribui¢ao do teor de umidade e da temperatura no interior do sélido.
Portanto, para preservar a0 méaximo a qualidade final do produto, é necessario um estudo minucioso sobre as
propriedades termodinamicas do ar e 0 mecanismo de transferéncia de agua do interior do material para a superficie.
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Observa-se na literatura que a aplicagdo dos modelos de secagem se da na sua maioria em produtos com formas
bem conhecidas tais como: esferas, cilindros, paralelepipedos, geralmente assumindo propriedades de transporte
constantes, sendo que e poucos trabahos tratam do transporte simulténeo de liquido e vapor. Portanto, existe a
necessidade de modelos que envolvam fluxos simultaneos de liquido e vapor em outras geometrias, tais como
esferéides prolato e oblato, geometrias bem conhecidas na natureza. Os model os que se baseiam na termodinamica dos
processos irreversiveis levam em consideracdo o transporte de agua na forma liquida e de vapor, e propdem que a agua
move-se em meios capilares porosos, em condi¢Bes isotérmicas, sob a acdo de um gradiente de potencial de
transferéncia de massa. Esse potencial de transferéncia de massa foi proposto por Luikov e Mikhailov (1965), Luikov
(1966) e Luikov (1975) por analogia com a forca motriz de transferéncia de calor, o gradiente de temperatura. Neste
sentido, este trabalho tem como objetivo apresentar uma modelagem matematica bidimensional transiente para
descrever o transporte de liquido e vapor simulténeo no interior de solidos esferoidais prolatos usando a termodinamica
dos processos irreversiveis, baseando-se no modelo reportado por Fortes (1978), Fortes (1980), Fortes e Okos (1981),
Fortes et al. (1981) e Fortes (1982).

2. M odelagem M atematica

Denotando por ¢ e v as fases liquida e de vapor, respectivamente, as equagdes para os fluxos de liquido, vapor e
calor sdo dadas pelas seguintes expressdes (Fortes, 1978):

- R,T -

Jf :_pfkvaanDT—pfkf v g_l\HADM +p€k€g (1)

:]v:—k p a—H+Hdp"0 T -kyp a—HDM+ Mé 2)
VI FVO ot dT VEVO am TR,

. OH  dpyo )R, T2 oH
Jq =—ktOT -| pyk,Ry fnH +k ZZ+H OM +
q T (pf /Ry v(pvo aT e H oM

(3)
+ T(pgkngénH + kv(pvoa—H +H 9Pvo Dé

oT dT

onde jg é o fluxo de liquido, kg.m_z st P, éadensidade do liquido, kg.m™; k, éa condutividade do liquido,
S; g € o vetor aceleracdo da gravidade; jq fluxo de calor, Jm™=.s™; Té a temperatura, K; H é a umidade relativa,

decimal; M é o teor de umidade (b.s), kg.kg™; R,, éaconstante do gés para o vapor, JKg 1k, Jv é o fluxo de

vapor, kgm™2s7L; K, €é a condutividade de vapor, m?st e Pyo € a densidade do vapor no estado de
saturacéo.

A partir das equactes (1-3), pode-se escrever as seguintes equacdes de conservagao:

M L.
dlpsM) _ ofs, +3,) @
ot
0 0 a7 =) = -
E(psch) —a(pshWM) =~0.Jq - Olhsgdv |- Jec, 0T = Jye, OT 5)

onde Cp, =Cg+C,M, +Cc,M,, écalor especifico do meio tmido; h,, é o calor diferencial especifico de sor¢&o,;
hfg € o calor latente especifico de vaporizagao; Cp € o calor especifico do produto seco; C, € o calor especifico do

liquido, e C,, € o calor especifico do vapor.
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Na Figura 1, apresenta-se um solido esferoida prolato onde L =4/ L22 - L% , €0 comprimento focal, sendo L, eL,
0s semi-eixos menor e maior da elipse, respectivamente. Para solidos esferoidais prolatos e considerando o problema

para o caso bidimensional sem efeito de gravidade, pode-se escrever as equagdes (4) e (5) como segue:

z

s\
\
=)

R R
’

Figura 1. Caracteristicas de um esferéide prolato sdlido. Fonte: Lima (1999).
* Massa

%(pSM)=D- (F1¢DM)+D- (rg"DT) ©)

* Energia

:t(pstT)_:t(psth) =0 (FéDDT)+ e (FfDM)+ He (F?DT)-F

+0e (rg’DM)+ rPOT«0T+Mg0OM« OT

(")

onde o operador nabla esta escrito em coordenadas esferoidais prolatas (Oliveira, 2006). Os coeficientes sdo dados por:

aANfe oH ), oH . d
Fl(p=(p|k| V( )+kvpvo( D F§p=[p|k|RVIn(H)+kv[pvoaT+H onD

H oM oM dT
®_ . oH  dp R, T2 9H
3" =kr: r? =pk;Ry/n(H)+k 9 H2PvO0 [ By J
3 T 4 —PIKIRy ( ) v| Pvo aT aT ] H oM
o _ oH dpyo ). d _ oH
s —hfgkv[pVOaT+H pre= ], F6 —hfgkvpvg(aM (8a-h)
o _ oH dpvo | |. @ — Ry ([ oH oH
r —{c|p|k|van(H)+chv(pvoa_l_+H[ d'\li B]I‘S —{cgpfkfw M +kavonm
As seguintes condi¢Besinicial, de contorno e simetria foram usadas:
Massa:
M(E;n;t=0)=Mg =cte; (jz’fjv]E:Lz/L = hm(M-Mg)
oM (E:1;t) _ oM (£;0;t) oM(Ln;t)

0 =0

an an P =0 (regi&o de simetria).
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Cdlor:
T(Ei nt= 0) =Tg =cte jq‘«E:Lgl L :hc(Ts _Ta)+hfgj€ +(j€ +jv)cv(Ts _Ta)
OT(E =1Linit) _ OTEN=01) _ TEN=1Y _ (o cesmaria,
0¢ on on

onde as variaveis {=coshl, N=cosp e { =cosw sdo as coordenadas do sistema esferoidal prolato (Magnus et al., 1966).
O teor de umidade médio é dado por:

M =

<||—\

[ Mdv 9)
\

A temperatura média € dada por:

g=21[edv (10)
Vv

Segundo Fortes e Okos (1981), a diferenca fundamental entre sua teoria e as anteriores, € que a forca motriz paraa
transferéncia isotérmica, tanto do liquido quanto do vapor, € um gradiente do teor de umidade de equilibrio e ndo do
teor de umidade, sendo isto devido a hipdtese de equilibrio local. A forga motriz para a transferéncia de liquido e vapor
€ o gradiente do potencial quimico, que por sua vez é fungdo da temperatura, da umidade relativa e do teor de umidade
de equilibrio. Neste modelo, é postulado que a dgua em meios capil ares porosos pode até mover-se no sentido contrério
a0 gradiente do teor de umidade, mas sempre nadire¢do do gradiente do teor de umidade de equilibrio. Assim, o teor de
umidade de equilibrio é apresentado como uma escolha mais natural para o potencial de transporte de massa que
simplesmente o teor de umidade.

e Variacdo de volume
A determinacé@o do volume do corpo em qualquer instante baseia-se no trabalho de Sokhansanj e Lang (1996). Os

autores assumiram que o material se contrai linearmente com o teor de umidade. Os autores propfem a seguinte
equacdo para a determinacdo do volume do corpo em um instante qual quer:

V 1-M 1+(y-m
Vi _ o |1+(y-1) an
Vo |1+(y-IMo| 1-M
onde y = p—d € adensidade especifica do gréo, sendo P, adensidade do produto e P, a densidade da agua.
P

O significado fisico do encolhimento, esta associado com a variagdo maxima do volume sofrida por um sélido
durante o processo de secagem. Assim, por exemplo, se seu valor for de 40 %, significa que o volume do corpo ao fina
do processo, quando este atinge seu teor de umidade de equilibrio, sera exatamente 60% do seu valor inicial. De acordo
com as consideracdes adotadas para este modelo, pode ser verificado que a variagdo do volume sofrida pelo corpo, é
igual a0 volume da &dgua evaporada num certo intervalo de tempo.

Para determinac&o do volume em certo intervalo de tempo, considere a Figura 2. Durante o processo de secagem
assumiu-se que o encolhimento € isotrépico e que a taxa de variagéo de L, relaciona-se a taxa de variagdo de L,, de tal
forma que a relagdo L,/L; permanece constante durante todo o processo. Assim o coeficiente angular da reta
apresentada na Figura 2 é constante em cada instante de tempo. Isto &

Tgb=(L,/L,), =cte (12)

Por outro lado, conhecendo o volume de um elipsoide dado por:

(V). = 5L, (L) 13
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pode-se determinar os novosvaloresdel; eL.,.
Z A

(Lo)=o |
(La) -

>

3

(Ll) : : (I—l)t:O y

Figura 2-Encolhimento do sdlido esferoidal prolato durante o processo de difusdo Fonte: Lima,(1999).

A édreasuperficial de esferéide prolato (L,>L ;) é dada por (Polya e Szego, 1945):

arcsen| |- (Etl))tj -1
(L), 2

(L,), 2
_ ((Ll)tj _1
(Lo).

A equacdo de difusdo em coordenadas elipticas € resolvida numericamente utilizando o método de volumes de
controle finitos, usando a prética B. Neste esquema, 0s pontos nodais estdo centrados no volume de controle e a malha
adotada possui volumes inteiros em todo o dominio (Patankar, 1980; Maliska, 2004). O procedimento foi preferido por
duas razdes. porque facilita a generalizacdo da determinacdo dos coeficientes e por que simplifica a aplicacéo das
condi¢des de contorno. Assumindo-se uma formulagdo completamente implicita, isto €, todos os termos difusivos da
equacdo sdo avaliados no instante t+At, as equacdes (6) e (7), integradas sobre o volume de controle, que corresponde
aos pontos internos do dominio, e no tempo, podem ser escritas na forma:

(9. =2mL,), (L,)

(14)

3. Solugdo Numérica

ApPp=Ag® +Ay®,, +AN® +Aghg+ADDE+Db (15)

onde @ representa M ou T. Detalhes desta formulagéo pode ser encontrada em Oliveira (2006).

Como aplicagcdo a metodologia foi usada para descrever a secagem de gréos de trigo. As formulagdes numéricas
das equactes de difusdo de calor e massa requerem o conhecimento prévio de algumas propriedades fisicas do trigo e
do ar de secagem. A Tabela 1 apresenta as condigdes do ar de secagem bem como os teores de umidade inicia (M), de
equilibrio (M¢) efina (M) do gréo detrigo.

Tabela1l — Condig¢des do ar de secagem e do gréo detrigo.

Ar Trigo t

T H \ Mo Ll L2 Mf Me o e
(°C) | (%) | (M/s) | (b.s) | (mm) | (mm) | (b.s) | (b.s) | (°C) | (°)O)

87856 | 171 |0,2110 | 1,575 | 3,276 | 0,127 | 0,0165 | 26,0 | 87,8 | 1020

(min)
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Os dados sobre a secagem do trigo apresentados na Tabela 1 foram retirados da literatura (Fortes et al., 1981). Os
métodos experimentais utilizados na obtencdo destes dados sdo descrito no referido trabalho. As seguintes equactes
para o calor especifico, isoterma de sorcdo, calor latente de vaporizacdo, densidade do sdlido seco, constante do gas,
calor de sorcéo, densidade do vapor saturado e condutividade térmica do gréo de trigo foram usadas (Fortes et al., 1981;
Brooker et al., 1992):

cy={ 1,394+0,0409[(100xM/(1+M)]} x10*(IkgK);

{5203 (771363 _
H =1- Exp |- 5869 x| T~ 07750 *M (decimal):
RvxT2x
hg = [3 11x10% - 2,38x103 x T j T"T (Ikg);
3 T? oH
Ps=1265 kg/nr, R/=462,69 Jkg/K; h, =R, F—(J/k 0);
P,o = 2,54%10° /T exp(-5200/T) (kg/m; k{=0,1170+0,0011319x(100xM )/(1+M) (W/mK)

Os valores das propriedades do ar e da agua consideradas para este trabalho sdo:

c,=1041,992 Jkg; ¢,=1919,849 kJ/(kgK); k=0,029380W/(m.K)
c/ = 4218,709 J(kgK); Ha = 20,6473x 106 Pas py =1000 kg/m3
P, =0,964790 kg/m’ Dy, = 34,05357x10 % m? /s

O teor de umidade médio do gréo de trigo, gjustado a dados experimentais de Fortes et al. (1981), usando o
Software Statistica® foi obtido pela seguinte equaco:

M = 0,0921326 x Exp(0,0001058t) + 0122217 x Exp(~0,00164471) (16)

Com respeito ao coeficiente de transferéncia de calor convectivo, 0 mesmo € obtido considerando o gréo de trigo
como esferade igual volume de um €lipsoide de dimensdes L;=1,574 mm e L,=3,276mm, como segue:

h:k

i d—(2+06R1’2P1’3) (17)

\Y; d
onde R, = PaValp eP :ﬁ_

M. Tk,
As equagdes referentes as condutividades de liquido e vapor sdo dadas por:
ky =aq x4,366x10 1813 x exp(-1331/T)
ky = apx6,982x10™ 9 x (T - 273,16)0’41(H0’1715 - Hll715) (18a:b)

O ponto de partida foi & expressio matemética de Ky e k, reportada por Fortes et al. (1981), aplicadas a trigo

assumindo que o gréo tem uma form igual a uma esfera. Estas equacdes foram corrigidas para um esferéide prolato
multiplicando estas equacBes por um pardmetro constante a ser obtido. Os valores dos parémetros &, a € hy



Proceedings of ENCIT 2006 -- ABCM, Curitiba, Brazl, Dec. 5-8, 2006, Paper CIT06-0630

(coeficiente de transferéncia de massa), foram obtidos por gjuste entre os dados numéricos e experimentais do teor de
umidade, usando a técnica do erro quadratico minimo. Os desvios entre os valores experimentais e simulados, bem
como a variancia, foram cal culados como segue:

ERMQ = Zn: (Mi,Num ~Mi g )2 = F (19a-b)
i=1

onde n é o nimero de pontos experimentais e N é o nimero de parametros encontrados (Figliola e Beasley, 1995). Os

resultados numéricos foram obtidos, usando uma malha de 20x20 pontos e um At = 1S, obtidos apds um refinamento
de malha e intervalo de tempo. Em todos os casos analisados foi utilizado o método de Gauss-Siedel para a solugéo do
sistema de equagBes geradas, com um critério de convergéncia de 10°® kg/kg, para o teor de umidade e 10%°C para a
temperatura.

4. Resultados e Discussdes

Os coeficientes de transportes k,: ek, , foram estimados a partir da minimizacdo do erro entre os valores do teor de

umidade simulados e experimentais. A Tabela 2 apresenta os valores dos parémetros a; e a bem como o erro relativo.
A pequena discrepancia indica que o modelo apresenta um bom ajuste com os dados experimentais. E importante
comentar que o coeficiente de transferéncia de massa reportado por Fortes et al. (1981), difere daquele obtido neste
trabalho. Estes coeficientes tém caracteristicas diferentes. Enquanto o h,, obtido por Forteset al. (1981), se da a partir de
uma equacdo dependente da pressdo de vapor na superficie do gréo de trigo, neste trabalho o h,,, € obtido a partir de um
equacionamento que é funcdo do teor de umidade na superficie do gréo de trigo.

Tabela 2 — Comparagéo da condutividade de liquido e vapor e erro residual

Este trabalho Fortes et al. (1981)

hmx10° | he ERMQ | g2
& & | (m/s) (W/mK) | & 2 (x10™%) (x10%9)
3395|331|21 85,4467 |1 1 1,27244 | 0,0049

Na Figura 3, vé-se a comparacdo dos resultados do teor de umidade preditos por este trabalho com os dados
experimentais reportado na literatura (Fortes et al. 1981). Anaisando a cinética de secagem é visivel a boa
concordancia, devido ao valor do hy, finito, como também da consideracdo da variagdo do volume do gréo durante o
processo. A Figura 4 mostra o aguecimento de um gréo de trigo ao longo do tempo de secagem. Como era de esperar, a
temperatura média do gréo de trigo alcanca a temperatura de equilibrio em um intervalo de tempo relativamente
pequeno (~100s), devido a condicdo de contorno utilizada, aos gjustes feitos nos coeficientes, e principalmente a ata
condutividade térmica do gréo de trigo.

0.22

Modelo 3 (Este trabalho)
0.2 — [ ] Experimental (Fortes et al., 1981)

M (kg agua’kg solido seco)

0 200 400 600 800 1000
t(s
Figura 3 - Comparacao entre os teores de umidade médio em fungédo do tempo de secagem e os reportados por
Fortes et al. (1981).

As Figuras 5-8 mostram o comportamento dos fluxos de liquido e de vapor durante o processo de secagem na
superficie do gréo de trigo. Verifica-se que o fluxo de vapor é dominante na superficie do sdlido, no entanto, vale
salientar que nas regides mais Umidas (interior do sdlido), o fluxo de umidade se da predominantemente na fase liquida,
dependendo do teor de umidade local. E observavel nas figuras, uma perturbacio no inicio do processo. Isto é devido a
instabilidade do produto como também a um gjustamento de todo equaci onamento desse modelo, que por ser complexo
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e altamente ndo-linear, dificulta a sua convergéncia. Isto foi minimizado pelo o uso de um baixo do At =1s, nas
simulacBes. Na Figura 6 evidencia-se que no inicio do processo houve um rdpido decréscimo da relacdo J/J , ja que
neste modelo o coeficiente de transporte de massa é finito e a condic&o de contorno usada é a convectiva. E observavel
nas Figuras 7 e 8 que nos instantes iniciais a secagem é mais acentuada, se agjustando logo apds, isto é devido mais uma
vez a condicdo de contorno utilizada e o coeficiente de transporte de massa que influéncia bastante no processo.

380 —

360 — vy T ° ° *® —e
. 340 —|
3 |
F 300

—@— Modelo 3 (Este trabalho)
300
280 \ \ \ \ \
0 200 400 600 800 1000

t(s)
Figura4 - Temperatura média de um gréo de trigo ao longo do tempo.

8e-005 —
66-005 —
%\ |

> 4e005 —+—— Modelo 3 (Este trabalho)
i~ i
2e-005 —

° | | | T |
0 200 400 600 800 1000

t(9)
Figura5 - Fluxo de liquido na superficie do gréo de trigo a uma temperatura de 87,8°C

0.010
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0.006

—4+—— Modelo 3 (Este trabalho)

3, (kglsim?)

0.004

-

0.000 — \ \ \ \ \

0 200 400 600 800 1000

t(9)
Figura 6 - Fluxo de vapor na superficie do gréo de trigo a uma temperatura de 87,8°C.

As Figuras 9a— ¢ mostram a distribuicdo do teor de umidade dentro de um gréo de trigo em trés tempos de
processos (t=100s; 600s; 1000s), respectivamente. Nestas figuras, estdo mostrados pontos no interior do sélido que tém
0 mesmo teor de umidade; sdo linhas de iso-umidade. A regido nas proximidades do ponto focal seca mais rapido
devido ao formato do sdlido. Além do mais, quanto maior o tempo de secagem, sempre ha um decréscimo no teor de
umidade médio. Segundo o modelo de encolhimento apresentado neste trabalho a perda de umidade é
proporcional mente linear & variacdo do teor de umidade médio do sdlido.
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30000 e
20000 —
) _
~
10000 — —@®—— Modelo 3 (Este trabalho)
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Figura 7 — Relagdo J,/J na superficie do gréo de trigo a uma temperatura de 87,8°C.
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Figura 8 — Fluxo total de massa na superficie do gréo de trigo uma temperatura de 87,8°C.
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a) t=100s b) t=600s c) t=1000s
Figura 9- Distribuicdo do teor de umidade (base seca) dentro de um gréo de trigo e a87,8°C.

1.575

1.575

Para o tempo 1000s, pode-se notar que o efeito do encolhimento sobre a secagem é mais acentuado, e a reducéo
nas dimensdes do sdlido normal mente acelera o processo de secagem. Outro aspecto € que o tempo total de secagem €
sempre menor, quando o encolhimento do produto é considerado na modelagem matemédtica. O estudo do fendmeno de
deformacfes e variagdes dimensionais € de grande importancia para melhor compreender o processo de secagem,
fornecer subsidios para realizar uma secagem 6tima e prevenir trincas no interior do sdlido, durante o processo. Pode
ser observado que o teor de umidade decresce do centro para a superficie do gréo e com o aumento do tempo de
secagem.Verifica-se ainda, que a secagem € mais rapida na area proxima ao ponto focal e que os maiores gradientes de
umidade ocorrem nas proximidades da superficie do gréo, diminuindo com o aumento do tempo de secagem. Sendo
assim, estas regifes sd0 mais suscetiveis a trincas, fissuras e deformagdes que podem comprometer a qualidade do
produto biol 6gico. Também pode ser visto que uma frente de evaporacdo mével acontece da superficie para o centro do
gréo.
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As Figuras 10a—b apresentam a distribuicdo de temperatura no interior do gréo de trigo para os tempos 10s e 20 s.
Como era de se esperar 0 comportamento da temperatura no interior do corpo € semelhante ao comportamento do teor
de umidade, ou sgja, nas regifes proximas ao centro do trigo a temperatura de equilibrio demora mais a ser atingida.
Para o tempo de 20s uma situacdo semelhante é apresentada. Neste tempo a temperatura de equilibrio do trigo ja esta

préxima de ser atingida.
3.27
361.00
354.00
349.00
344.00
339.00
334.00
329.00
324.00
319.00
314.00
309.00
304.00
299.00
0.00

0.000 1.575
y (mm) y (mm)
a) t= 10s b) t=20s
Figura 10 — Distribuicdo de temperatura (K) no interior do gréo de trigo a 87,8°C.

3.27

Z (mm)
z (mm)

A Figura 11 ilustra a malha numérica utilizada na formulacéo para dois intervalos de tempo (t=100s e t=1000s).
Percebe-se que este tipo de malha é conveniente por se adequar a forma do corpo. E evidente a significante influéncia

do encolhimento na taxa de remocdo de umidade. Observa-se que para um tempo maior de processo, 0 encolhimento €
mais visivel.

3.276

z (mm)

]
e
e
)
® o o snsanemme®
L
° W
]
®
4

0.000 -
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Figura11. Evolucdo da malha numérica durante o encolhimento do grdo de trigo (razéo de aspecto
L,/L,=2,08), secando a 87,8°C.

3. Conclusdes
Dos resultados obtidos pode-se concluir que o modelo matematico proposto € adequado e versatil, podendo ser

usado para predizer outros fenémenos difusivos, tais como: resfriamento e umidificagdo como também para prevé
regides com altos gradientes de temperatura e umidade no interior de solidos esferoidais, que so importantes no
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controle da qualidade final do produto. Como o gréo de trigo tem o teor de umidade baixo, 0 mecani SMO de migracdo
dominante é o fluxo de vapor, na superficie do produto, apresentando uma relagdo Jv/Jr>107 em média. A

consideragdo do encolhimento do sdlido no equacionamento, altera sua taxa de secagem;
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HEAT AND MASS TRANSPORT AND DIMENSIONS VARIATIONSIN PROLATE SPHEROID USING THE
THERMODYNAMIC OF THE IRREVERSIBLE PROCESSES

Vital Araujo Barbosa de Oliveira
Universidade Federal de Campina Grande (UFCG),Unidade Académica de Engenharia Mecanica, Av. Aprigio Veloso,
882, Bodocongd, Caixa Postal: 10069, CEP: 58109-970, Campina Grande, PB, Brasil. vaboliveira@ibest.com.br

Antonio Gilson Barbosa de Lima
Universidade Federal de Campina Grande (UFCG),Unidade Académica de Engenharia Mecanica, Av. Aprigio Veloso,
882, Bodocongd, Caixa Postal: 10069, CEP: 58109-970, Campina Grande, PB, Brasil. gilson@dem.ufcg.edu.br

Abstract. The aim of this work is to present a two-dimensional mathematical modeling that describes heat and mass (liquid and
vapor) transport inside the prolate spheroidal solids using the thermodynamics of the irreversible processes. The model considers
convective boundary condition at the surface of the material, shrinkage and variable transport properties. The mathematical
modelling was solved using the finite-volume method and fully implicit formulation. As an application, the methodol ogy was used to
predict heat and mass transfer (liquid and vapor), inside the wheat grain in the following air drying conditions: T= 87.8°C, H= 5.6%
e v= 1.71nvs Numerical results of the average moisture content and temperature inside the product were compared to the
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experimental data reported in the literature and a good agreement was obtained. Results of the liquid and vapor conductivity were
obtained using the least square error technique. It was verified that the temperature of the product reaches the equilibrium condition

quickly and that the product in certain regions dry faster, due to the ellipsoidal shape. The shrinkage affected the drying rate of the
solid.

Keywords: heat, mass, finite-volume. ellipsoid, shrinkage, wheat
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Resumo. A limitagdo dos modelos macroscépicos em repres@at@metros estruturais, como topologia e morfadog
e efeitos populacionais na modelagem de sistemamatograficos tem implicacdes sobre a compreensé® d
fendbmenos que contribuem para 0s mecanismos deag@paem meios porosos. A representacao da estrytorosa
de uma coluna cromatografica através de uma redditnensional cubica de sitios interligados permitima melhor
avaliacdo entre os fatores estruturais da rede demg da coluna e os fenémenos de adsorcdo, difaséanveccao
mediante efeitos populacionais. Este Ultimo, ini@@linente, levou em consideracdo efeitos estérigtse eas
moléculas devido ao movimento limitado destas ésastos poros. A aplicacdo de um modelo de redé&aub
interconectado mediante fendmenos estocasticosistrgio, difusdo e convecgdo conseguiu represastaspectos
dindmicos relacionados com processos de separagéeatunas cromatogréaficas. Com isso, foi possigaldar a
dinamica de retencgédo de soluto pela distribuicdard#éculas no processo de separacao ao longo damaoNo caso
do mecanismo convectivo, este levou a estadossfieal termos da razdo GJ/Cequivalentes aos observados em
processos cromatograficos experimentais em faseiddg A adsorgdo apresentou influéncia na dinamaa
separacao e nos estados finais de retencéo deosolut

Palavras chave: Modelos de rede, Monte Carlo, Crmgeafia, Adsorcdo, Difusdo, Conveccéo

1. Introducao

A simulacdo dos processos de separacdo cromatmgafia literatura, geralmente, esta relacionada com
abordagens macroscépicas na modelagem fenomermldfis mecanismos envolvidos. Nestes, os parametros
microscopicos envolvidos com o mecanismo de separagcontram-se implicitos nos modelos, o que da &@ma
os tornam limitados, principalmente nos casos emvolo fendmenos de transferéncia de massa em pP@iosos,
COMo 0s processos cromatograficos de separacao.

A modelagem através de redes regulares interligagizes considera o resultado através de um conjdato
elementos microscopicos interdependentes, € umaritaspais caracteristicas da modelagem microsedpieste
contexto, diversas aplicac6es em diferentes aésasstirgido, mostrando o potencial da técnica nadestle diversas
fenomenologias (Camast al, 2004; Cabraét al., 2003; Kiintzet al., 2001; Knackstedit al, 2001; Monteagudet
al., 2003; Meyerst al., 2001a). A combinacdo de métodos estocasticosp aoMonte Carlo, com modelos de rede
tem se mostrado eficaz no estudo de muitos sistesna® por exemplo 0s processos envolvendo ads¢@iroaraet
al., 2004; Cabratt al, 2003 e Grabowsldt al, 2002).

Aplicacdes de modelos de rede no estudo de praceEsseparacdo cromatograficos tém sido realizadqgse
pode ser constatado através da literatura (Meyéiapis, (1998 e 1999); Meyees al, (2001a e 2001b); Kiest al,
2000; Loh e Geng, 2003; Geng e Loh, 2004; Bryntes8002; Loh e Wang, 1995 e Grimetsal, 2000). No trabalho
de Kier et al, (2000), um modelo de rede bidimensional quadrmiaplicado na representagcdo de uma coluna
cromatogréfica utilizando a abordagem da modelagelilar automata Neste, tanto o movimento das particulas
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guanto as diferentes interacfes estavam condicsnagrobabilidades definidas arbitrariamente. & dbeng (2003),
aplicaram um modelo de rede cubico de poros citiodrinterconectados no estudo de sistemas croréfitugs de
perfusdo. Aspectos topolégicos e morfoldgicos, carnaectividade e distribuicdo de tamanho de pof@msm
analisados, verificando, em ambos os casos, unte dependéncia destes sobre os fendmenos estu@iaddseng e
Loh (2004) a estrutura porosa da coluna foi modektdavés de trés diferentes distribuicdes de thmde poros do
tipo gaussianas, representando 0S macro-poros,iae-poros € 0s poros intersticiais. Um modelo eéer cubico
também foi utilizado por Bryntesson (2002) na daiteacao de difusividades nos estados transientermgmente
através de balancos de massa nos poros. Estesegparditornavam-se divergentes em estruturas poomsashbaixa
conectividade. No trabalho de Loh e Wang (1995),matelo de rede cubico, similar ao utilizado pohleoGeng
(2003), foi aplicado na determinagédo das distriiescde tamanho de poros, através de correlag@esasnsimulagdes
e dados experimentais de intrusdo de mercurio o pwgoso. Constatou-se que a fase estacionar@saoutilizada
em processos cromatograficos de perfusdo, é fornpamdauma distribuicdo bimodal de poros, consistirdio
macroporos (didmetros de poros na ordem de 1008 jcroporos (diametros de poros na ordem de 100AA)
utilizacéo de modelos de rede cubicos pode setatads através de outros trabalhos (Meyers e Lié#98 e 1999);
Meyerset al., (2001a e 2001b) e Grimext al, 2000). Nos trabalhos de Meyers e Liapis (1998989), foram
analisados aspectos convectivos e difusivos emrmaslgromatograficas através do estudo dos efeitoselbcidade
intersticial e da difusividade do soluto. Os remiliits mostraram que a velocidade intersticial éamuiezes maior que
a velocidade de difusdo de soluto. Estas quantdadenentavam com o0 aumento da conectividade datuestr
apresentando esta Ultima um papel muito importsoibee os fendmenos de transporte no meio porosoldaa. Em
Meyerset al(2001b), correlacdes com dados experimentais dwghts de nitrogénio no meio poroso da coluna foram
realizados a fim de se determinar parametros astigtcomo conectividade e distribuicdo de tamahd® poros e
distribuicao espacial destes. Foi constatado gli@roetro médio de poro e a conectividade séo rddsam condi¢bes
de deposicdo no material adsorvente, aumentanelsisiéncia a transferéncia de massa. Perfis dinardi difusdo de
B-galactosidase, obtidos mediante a aplicacdo demautelo de rede tridimensional em um modelo de gésor
dindmico, foram obtidos em Meyees al(2001a). Os autores verificaram que o coeficiestalifliséo é influenciado
pela velocidade superficial do fluido na colundpp#iametro da particula adsorvente e pela coridetile da estrutura
de poros desta Ultima. Foi observado que a capieidie adsor¢do da coluna aumentava com o aumento da
conectividade e diminuigdo do tamanho de partieula velocidade superficial do fluido.

No trabalho aqui realizado, é aplicado um modeloratie tridimensional clbico de sitios interconeatada
representacdo de uma coluna cromatografica, sestddagla a dindmica de percolagcédo de soluto naaalavés de
abordagens estocéasticas de adsorcdo, difusdo esam@ov Efeitos populacionais sao considerados éstralo
movimento conjunto de moléculas de soluto percaandoluna.

2. Modelagem Estrutural e Fenomenoldgica

A simulacéo do processo dindmico de separagdo tognadica apresentada neste trabalho resultou miicacéo
entre a modelagem do meio poroso da coluna e alagete do escoamento do conjunto de moléculas perdolo
sistema.

O meio poroso da coluna cromatogréfica foi repreginpor uma rede tridimensional cubica interccadsctde
dimens@es 15x15x30 (direcdes e k, respectivamente), que corresponde a 6.750 a@g@es ou sitios (Vide Fig. 1).
Nesta estrutura, a conectividade, que correspondgimero de vizinhos ligados a cada sitio, temnigleal a 6 (seis).
Cada intersecao ou sitio da rede corresponde aouto pe adsor¢cdo no qual uma molécula de solute pachdo se
adsorver, sendo permitida somente uma moléculanpensecdo. As moléculas podem se movimentar ligregepela
estrutura, de um sitio para o vizinho, desde gpesicao de destino ndo esteja ocupada por uma alécula. As
paredes da estrutura tridimensional também limitammovimento de moléculas para foram do sistemainAsas
moléculas que entram na estrutura devem percalardsistema de maneira a sairem através da piator.

o

[15x 15 x 30]

bo

Figura 1 —Representagéo estrutural da coluna cogrédica através de uma rede tridimensional cubica
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Na modelagem do escoamento, é empregada uma abor@sfocastica para representar a adsorcdo, aaléua
convecgdo. Na adsorgcdo, a molécula que se deshreaum novo sitio pode ser adsorvida de acordo cora
probabilidade de adsorcép,{). Neste caso, é gerado um numero randdmico R €prente de uma freqiiéncia de
distribuicdo uniforme com valores entre 0 e 1)dseaste comparado com uma probabilidade de ads¢pggopreé-
definida. A molécula se adsorve no sitio se R fenon quepags (R< pagd. O mesmo procedimento é realizado para a
dessorcédo das moléculas adsorvidas anteriormemmbabilidade de dessorcdnf é determinada pela relacéo.

pads+ pdes=1 ! (12 pads2 O) (1)

A etapa de adsorgéo é representada a seguir, eonguenolécula de soluto A é adsorvida em um sidia rede
A+ skﬁz As @)

em quek; e k, representam a constante cinética de adsor¢acserdas, respectivamente. Vale ressaltar que ad@xa
adsorcdo, através do mecanismo anterior (Eq. @péndente da concentracdo de soluto e dos sitiedsbr¢do. Os
sitios de adsorgdo correspondem as intersecdd8asuda rede cubica.

As consideracdes estruturais e de escoamento a@staitas, que certa forma restringem o movimestsaluto
através da coluna, tornam a modelagem do sistersapgacao relacionada com processos de transéedmassa
€m meios porosos Microporosos.

Dois diferentes mecanismos sdo considerados repatises do movimento das moléculas através datash:
difusivo e convectivo. No mecanismo difusivo (E}j.& moléculas podem se movimentar nas 6 (se&)ddis da rede
cubica, o que representa a auséncia de forca nimtcando o escoamento em uma determinada direcao.

6
D ps =1 (3)
i=1

De acordo com a Eq. 3, as chances das moléculam@eentarem nas 6 (seis) direcdes da rede sacigha
probabilidade da molécula seguir na direc@orepresentada por.. Como na adsorcdo e dessorcéo, as direcdes sao
escolhidas aleatoriamente, através de uma rotinadges de numeros randdmicos com freqiiéncia undodm
probabilidades.

No mecanismo convectivo (Eq. 4), as moléculas pateslocam contra o fluxo, no sentido axial daral=0).

5
dp=1 (4)
i=1

Com isso, o deslocamento de soluto torna-se faidre® sentido axial ou descendente da coluna (¥ige1l).
De acordo com a Eq. 4, a molécula de soluto podacsgémentar com igual probabilidade nas 5 (cindog@gbes da
rede cubica.

A conveccao forcada é representada através da,Em Hjue a forca motriz de deslocamento no sermtidkl
corresponde a probabilidage Neste caso, 0 aumento da forca motriz de deskanaxial ps) diminui as chances
de deslocamento nas outras direcdes.

Zpi =1- Ps (5)

A simulacdo do escoamento das moléculas procedeedainte maneira: mantém-se uma concentracdo de
moléculas na entrada da colu@g)(e monitora-se a concentracdo com o tempo na daidalunaC). A concentracao
de moléculas é determinada pela razéo entre o wlmeemoléculas de soluto ocupando as intersecoerimero total
de intersecdes da rede. A concentragdo fora da@@unantida constant€«f; k=0), de maneira que a concentragdo na
entrada da colun&( ; k=1) nunca € inferior G, OU seja, as moléculas entram na coluna mas @oae para a fase
liquida ou “bulk”. Na saida da coluna é monitoradaoncentracéo na sai@a(k=30). A partir da saida (k>30), admite-
se fase liquida diluida, na qual a concentragduoaléculas de soluto é considerada nula.
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3. Resultados e discussdes
3.1. Efeito do mecanismo difusivo na presenca es@ncia de adsor¢éo

Os resultados apresentados nas Figs. 2 a 5 condepoa condicdo de mecanismo difusivo (Eq. 3), em €
possivel o movimento das moléculas de soluto emstad direcfes da rede cubica. As Figuras 2A &2&entam o0s
resultados do perfil de concentracdo com o tempaoinprocesso cromatografico com alimentacao coatfieusoluto
e com alimentacao em degrau, respectivamente. Niiste, a coluna foi alimentada a uma determinaatacentracao
(Co = 0.978) num intervalo discreto de tempo (t*) de ®00. Como pode-se observar, os perfis de ctacén com o
tempo séo representativos de processos continusspdeacdo cromatografica. O primeiro caso (Fig.@&responde
a uma tipica curva de ruptura (curvhréakthrough), sendo o segundo (Fig. 2B), correspondente adil e
distribuicdo na saida de acordo com a retencdonddéculas na coluna. Deve-se observar que estaalltido
corresponde exatamente a um perfil de distribuitthtipo gaussiano. Perfis equivalentes aos da?Bigéo verificados
experimentalmente em processos de separacdo cgrafatos, como pode-se constatar através do tratEhSantos
et al. (2004), em que foi obtida uma resposta cromatagr&imilar na inje¢cdo de “Ketamina” (isbmero S) eoluna
de HPLC.

017 0,11
PRy '
0,08 - ,/'I, 0,08 1
4
0 0,06 1 7 00,06 1
Q / o
Sooa [ S0,04 1
'd
0,02 1 ;' (A 0,02 1 ®
0 / | y ; l 0 T T T
6 S0 {00 18000 30000 0 10000 20000 30000 40000
t* ti

Figura 2. Perfis dindmicos de concentra¢édo em aliagéo continua de soluto (Fig. 2A) e alimentacadiante
um degrau (Fig. 2B)ags=0; C;=0.978; t* corresponde ao tempo discreto; N=106ukicdes.

Influéncia pouco significativa foi observada corfa¢éo a concentracdo na entrada da coluna (Figai®p em
termos da concentracdo na saida quanto em termis&taica de percolagdo. Constata-se um aumenteldeidade
de percolacdo e uma diminuicdo da concentracdaida da coluna a medida que diminui-se a concénag entrada
da coluna ).

0,1

0,08

C/Co

0,06

—— Co=0.978
== C0=0.133
Co=0.053

0,04

0,02 A

10000 15000 20000

t'k

0 5000

Figura 3. Perfis dindmicos de concentracdo ematifes concentracdes inicialg); t* corresponde ao tempo
discreto;pags=0; N=1000, 2000 e 5000 simulac¢@es, respectivamantedida qu€, diminui.

A Fig. 4 apresenta os perfis de concentracdo coempo em duas diferentes condi¢cdes de adsorcaguerfoi
variada a probabilidade de adsorcpg de soluto nos sitios ou intersecdes da rede aubBonstata-se, neste caso,
qgue o aumento da probabilidade de adsorgdo deosmtusitio p.q9 levou a uma alteracdo tanto no estado final de
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saturacdo quanto na dindmica de deslocamento d® s sistema, sendo este Ultimo efeito mais fgtivo. Com
isso, observa-se um aumento no tempo de respasta diminui¢éo na inclinagéo da inflexdo da cureauptura.

0,1

0,08
o 0,06 -
5]
o

0,04

p ads=0
0024 [ J ——pads=0.8
0 T T T 1
0 10000 20000 30000 40000
t*

Figura 4. Perfis dindmicos de concentracdo ematifes condi¢cdes de adsorcéo (probabilidades decadso
Pagy); t* corresponde ao tempo discreto; N=1000 sinfigac

Perfis de concentracdo ao longo da coluna em fudgdempo foram determinados considerando baixa GA) e
alta (Fig. 5B) concentracéo de soluto na entradeotlmma. Constata-se, em ambos 0s casos, disdmige soluto ndo
uniformes ao longo da coluna. Em posi¢des interanedi da coluna a concentracdo aumenta signifasatwnte com o
tempo, apresentando pequenas variagbes na saida*&&®). Os perfis mostraram-se exponenciais nogodes
iniciais de tempos. O regime permanente era aldaneen etapas de tempo (t*) préximas a 20.000, gerémn que a
variagdo da concentracdo ao longo do tempo tormaidse Na Fig. 5A, houve um aumento da concentragdentrada
da coluna, o que provavelmente esta relacionadaiar mifusividade das moléculas devido a menor ideds destas,
propiciando a difusdo na direcéo da entrada danaolu

016 | -
e t*=20000 A — t*=20000
\ — ———1'=10000
e V.. 00 semes 24000
0,12 t*=2000
t*=1000
0,6 - - =500
O 0,081 o
04 -
004 - |
() 0271 (@
0 T — 0 T T = |
1 1 21 31 1 11 21 31
L R

Figura 5. Perfis de concentracdo com o tempo agolda coluna (Fig. 5AC,=0.133 e Fig. 5BC;=0.978);Pads
=0; L* corresponde ao comprimento em unidades de; id=1000 simulacdes.

3.2. Efeito do mecanismo convectivo na presenca@séncia de adsorcao

As condicdes de movimento representativas do meweni convectivo (Eq. 4 e 5) levaram a resultados
equivalentes, em termos qualitativos, aos da Figm&canismo difusivo), apresentando velocidadesoneside
percolagdo da coluna e valores maiores de congéotraa saida da mesma. Os resultados para a condkca
conveccao sao apresentados através das Figs. 6 a 9.

A Fig. 6 apresenta o perfil de concentracdo emderda raza&/C, de acordo com a concentracdo na entrada da
coluna Cp), sem adsorcd@{y<=0). A diminuicdo da concentracdo na entrada daneolCy) levou a um aumento na
razaoC/C,, tendendo esta Ultima ao valor unitario. Esteltada aponta para uma dependéncia da resisténaizein
cromatografico com a concentracdo de soluto, oleueria a diferentes valores de difusividade mdecuAssim,
menores concentracdes de soluto propiciariam nmidiusividades moleculares devido a maior libeedatd
movimento do soluto, o que corresponderia a um meimenor resisténcia. Com isso, em menores coacérs de
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soluto a concentracdo na saida da coluna alcargeeygproximos aos da concentracdo na entradae§azfi,
proximas a 1). No caso do processo estritamentsidd (Eq. 3), a concentragdo de soluto na eniladeoluna pouco
influencia a resisténcia do meio, que é alta, &mtesido uma concentracdo de saida baixa.

’
0.8 “\
Y
o 067 "~
o T —
O 04 T
0.2
0
0 0.2 0.4 0,6 0.8
Co

Figura 6. Perfis de concentracdo na sall&y) de acordo com a concentragdo na entrada da cfgna,q.s=0 e
Ps =0; Pags=0; N=1000simulagdes.

Perfis de concentracdo ao longo da coluna em fudg&empo, na condi¢cdo de conveccéo, em baixa {Ripge
alta (Fig. 7B) concentracao na entrada da coluim@,apresentados a seguir. Esta condi¢édo levouaadistribuicdo
guase uniforme de soluto ao longo da coluna enotgmpos, o que é diferente da distribuicao oltida a condicao
de difusdo (Fig. 5). Pode-se observar diferentefilbliicbes de concentracdo com o tempo nas duzsc8es de
concentracdo na entrada da coluna. Em alta coagéistrna entrada (Fig. 7B), em tempos iniciais, dil pge
concentracdo mostrou-se exponencial, mudando pasacondicdo bem uniforme, em tempos maiores, apErsto
um minimo no perfil de concentracdo proximo a efdraEste minimo na concentracdo estaria relaciormado
significativa resisténcia ao movimento das molécua soluto devido a sua alta concentracdo nadentfsssim, a
concentracdo alta na entrada propiciaria uma éesist ao transporte das moléculas levando a unmnaeelcentuado
na concentracdo nestas posi¢cdes. Em baixa conc@mtf&ig. 7A), o perfil de distribuicdo apresentom ligeiro
aumento de concentragdo na entrada da colunagapardo perfis equivalentes ao caso de alta caagéat (Fig. 7B)
nas posi¢des intermedidrias e na saida da colunegi®e permanente neste caso era alcangado eas etagempo
(t*) préximas a 8.000, o que € bem menor se condpaaa caso de difusdo (t*=20.000).

0.2 e
A 7004 ——1*-8000
rrrrrrr =500 1 (B) ~-=-= =400
0,15 - ges0 T ts00
t*=100 it =
*= 0.8 t=100
L e ’ =50
© 011 0 06
0,05 04
0,2 1
o S ‘ | 7
1 M 21 31 0 - . |
L* 1 1" L* 21 31

Figura 7. Perfis de concentragdo com o temporgolaa coluna (Fig. 7AC,=0.133 e Fig. 7BC,=0.978); L*

corresponde ao comprimento em unidades da pgge0; N=1000 simula¢des.

O resultado do efeito da forca motriz sobre a dindrde percolacdo da coluna é apresentado atrav&sgyd8s,
sendo variada a probabilidade de deslocamento @s)aldas moléculas de soluto. Estes resultados folaidos sem
considerar o fenébmeno de adsorcao nos siigs=0). A forca motriz de deslocamento axiad)(foi variada, mantendo
um degrau de alimentacdo de soluto num perioderdpd (t*) de 0 a 50 em todos os casos. Pode-sevabspie a
largura do pico na saida da coluna diminuia & naedick a forca motriz era aumentada, apresentandizmpo de
resposta menor. Esta € uma condigado interessanséstzmas cromatograficos, uma vez que leva a sespmais bem
definidas, com menores espalhamentos e menore®semp entanto, outros resultados mostraram queiGaeéo de
forgas motrizes ou velocidades maiores levavanz@esC/ G, menores, 0 que estaria relacionado a diminuicdo da
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retencdo de soluto na coluna. Resultados simifaram obtidos por Meyert al. (2001a). Com isso, condigdes 6timas
entre o fluxo de solvente e a retencdo de solutoohana devem ser buscados de maneira a maximizasposta

(resolucdo, tempo etc) e a capacidade de adsoaciaperficie porosa adsorvente.
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Figura 8. Perfis de concentragéo ao longo do teftfpem diferentes condigbes de convecgé) &plicando um
degrau de concentracdo de t*=0 a650.133 ; N=1000 simulac¢des.

Na Fig. 9 sé@o apresentados os resultados da iofluéla adsor¢gdo num mecanismo convectivo considerama
forca motriz axial (Eq. 5). Esta ultima, em ternu@s probabilidade, foi fixada emy = 0,6 . Constata-se, através dos
resultados da Fig. 9, uma maior sensibilidade degsso cromatografico a adsorcéo (probabilidadeddercaop.qs)
se comparado a condicdo anterior de difuséo (Frigh #ariacdo pouco significativa da probabilidatteadsorcaopiqy
levou a alteracdes significativas tanto na dinandeapercolacdo quanto no estado final de retenedeotlto no
material adsorvente. Observa-se, com 0 aumentdsta@io, um aumento no tempo de resposta e tambe@ntidpde

de soluto retido na fase sélida adsorvente. Eftaallverificada através do aumento na raZ&o,.
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Figura 9. Influéncia da adsorc¢édo na dindmica garsgdo mediante processo convecip¢s;0.6; C;=0.133;
N=1000 simulacdes.

4. Conclusdes
A aplicacdo de um modelo de rede tridimensionalamible sitios interconectados combinado com abertiag

estocasticas de adsorcao, difusdo e conveccao amostrsultados representativos de processos de agépar
cromatograficos. Efeito populacional ou de movirnertdnjunto de moléculas de soluto permitiu o eslidaémico da

percolacdo através da coluna. Nesta Ultima abondagespectos implicitos de impedimento estéricacirenados ao
movimento conjunto de moléculas, tornaram possiwvellisar a influéncia da concentracdo de molécsddse os

fendmenos de transporte na coluna.
Dos processos envolvidos com o movimento de maécatravés do sistema, o mecanismo difusivo fou® q

apresentou maior resisténcia na percolacdo de ulatéde soluto através da coluna, sendo constatdeés de

menores razde8/C,. Uma andlise da distribuicdo de concentragdoragolada coluna, neste caso, mostrou um perfil de



Proceedings of ENCIT 2006 -- ABCM, Curitiba, BrazilcD&-8, 2006, Paper CIT06-0640

distribuicao nao uniforme. O mecanismo convectam contrario da difusédo, levou a maiores razdi€%, o que esta
associado a uma menor resisténcia na percolagdoalésulas através da coluna. As condi¢des de nemzentracdo

na entrada da colunaC{) levaram a maiores raz86&JC, o0 que sugere uma dependéncia da resisténcia com a
concentracéo de soluto. Com isso, quanto maioneetiracéo de soluto na entrada da col@gpraior a resisténcia,
sendo esta ultima inversamente proporcional a idiflesle molecular. Os perfis de concentracdo agdata coluna
mostraram-se uniformes na condicdo de conveccao.

No caso da conveccao, esta levou a estados fiemisermos da razaB/C,, equivalentes aos observados em
processos cromatograficos experimentais em fasaltiqgNeste mecanismo, o aumento da forca motia Bvou a
melhores resultados em termos de tempo de respastolucdo. No entanto, tais condi¢cdes resultaaciminuicao
da capacidade de retencéo de soluto pelo adsonRantanto, valores 6timos de fluxo devem ser olstide maneira a
alcancar melhores respostas sem comprometer aidagpace retencdo de soluto pelo material adsavent

A adsorc¢édo, tanto no mecanismo de difusdo quantmodeeccdo, mostrou influenciar a dindmica de pacéo,
levando a diferentes estados de saturagdo de swdufase adsorvente. No caso da conveccdo, fotatada uma
influéncia mais significativa.

Uma melhor adequacdo do modelo de rede aplicaden@mienologia em estudo poder ser obtida através da
utilizacdo de modelos macroscopicos de adsorcdoefa estabelecidos pela literatura. Estes uUltimosiem ser
combinados com os modelos de rede de maneira dcaecar melhores representacdes e portanto umaomelh
compreensdo dos mecanismos de separacao.
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Abstract

The limitation of macroscopic models to represénicsural parameters, such as topology and morgiyoland
population effects in the modeling of chromatogsapbystems has implications on the phenomenological
comprehension that contribute to the separatiorham@sms in porous medium. The representation afysostructure
of chromatographic columns by a three-dimensiomélicc network of interconnected sites allowed adyettnalysis
between the structure factors of the column poratg/ork and the phenomena of adsorption, diffusiot convection
with population effects. This last one, implicitigkes into account steric effects among molecdiesto its limited
motion through the porous. The application of atericonnected cubic network model associated witichststic
phenomena of adsorption, diffusion and convectapresented the dynamic aspects related to sepam@ticesses in
chromatographic columns. Therefore, it was posstblestudy the dynamic of solute retention by thelenales
distribution in the separation processes throughctiiumn. In the convective mechanism case, itdefihal states, in
terms of the ratio C/Co, that are equivalent todhserved results of experimental chromatograptacgsses in Liquid
phase. The adsorption influenced both the separdifnamic and the final states of solute retention

Keywords: Network model, Monte Carlo, ChromatodmapAdsorption, Diffusion, Convection
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Abstract. This paper presents an analysis of the macroscopic heat and mass transport equations for laminar flow in permeable
structures. Two driving mechanisms are considered to contribute to the overall momentum transport, namely temperature driven
and concentration driven mass fluxes. Double-diffusive natural convection mechanism is investigated for the fluid phase in laminar
regime. Equations are presented based on the double-decomposition concept, which considers both time fluctuations and spatial
deviations about mean values. This work intends to demonstrate that additional transport mechanisms are mathematically derived
if temperature, concentration and velocity present simultaneously time fluctuations and spatial deviations within the domain of
analysis. Stability analysis of mixtures composed of lighter or heavier components under gradients of temperature and
concentration is discussed upon.

Keywords. Natural convection, Double-diffusive, Laminar flow, Double-decomposition.
1. Introduction

The study of double-diffusive natural convection in porous media has many environmental and industrial
applications, including grain storage and drying, petrochemical processes, oil and gas extraction, contaminant
dispersion in underground water reservoirs, electrochemical processes, etc (Bennacer et al, 2001, Goyeau et al, 1996,
Mamou et al, 1995, Mamou et al, 1998) and (Mohamad and Bennacer, 2002). In some specific applications, the fluid
mixture may become turbulent and difficulties arise in the proper mathematical modeling of the transport processes
under both temperature and concentration gradients. Modeling of macroscopic transport for incompressible flows in
rigid porous media has been based on the volume-average methodology for either heat (Hsu and Cheng, 1990) or mass
transfer (Bear, 1972, Bear and Bachmat, 1967, Whitaker, 1966 and Whitaker, 1967).

If time fluctuations of the flow properties are considered, in addition to spatial deviations, there are two possible
methodologies to follow in order to obtain macroscopic equations: a) application of time-average operator followed by
volume-averaging (Kuwahara et al, 1996, Kuwahara and Nakayama, 1998), or b) use of volume-averaging before time-
averaging is applied, (Lee and Howell, 1987). This work intends to present a set of macroscopic mass transport
equations derived under the recently established double-decomposition concept (Pedras and de Lemos, 2000, Pedras
and de Lemos, 2001, Pedras and de Lemos, 2001b, Pedras and de Lemos, 2001c), trough which the connection between
the two paths a) and b) above is unveiled. That methodology, initially developed for the flow variables, has been
extended to heat transfer in porous media where both time fluctuations and spatial deviations were considered for
velocity and temperature (Rocamora and de Lemos, 2000). Buoyant flows (de Lemos and Braga, 2003) and mass
transfer (de Lemos and Mesquita, 2003) have also been investigated. Recently, a general classification of all proposed
models for turbulent flow and heat transfer in porous media has been published (de Lemos and Pedras, 2001).

Motivated by the foregoing, this paper intends to validate the present numerical tool using in this preliminarily only
the laminar equations. Future improvements intend to analyses the turbulent behavior of the double diffusive
phenomena since the laminar regime has shown good agreement with those results obtained by other authors in the
open literature.

2. Local Instataneous Transport Equation

The steady-state microscopic instantaneous transport equations for an incompressible binary fluid mixture with
constant properties are given by:

V-u=0 1)
PV -(Uu) =-Vp+uViu+pg )

(pe,)V-(UT) =V-(AVT) @)
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pV-(um,+J,)=pR, 4)

where u is the mass-averaged velocity of the mixture, u=>m,u, , u, is the velocity of species ¢, m, is the mass
1A

fraction of component ¢, defined as m, = p,/p, p, is the mass density of species ¢ (mass of ¢ over total mixture
volume), p is the bulk density of the mixture (p=>p, ), p is the pressure, x is the fluid mixture viscosity, g is the
¢

gravity acceleration vector, ¢, is the specific heat, T is the temperature and 4 is the fluid thermal conductivity. The
generation rate of species ¢ per unit of mixture mass is given in (4) by R, .

An alternative way of writing the mass transport equation is using the volumetric molar concentration C, (mol of /¢

over total mixture volume), the molar weight M, (g/mol of ¢) and the molar generation/destruction rate R; (mol of ¢
[total mixture volume), giving:

M,V-(uC, +J,)=M,R’ (5)

Further, the mass diffusion flux J, (mass of ¢ per unit area per unit time) in (4) or (5) is due to the velocity slip of
species ¢,

J=p U, -u)=-pDVm =-M,D,VC, (6)

where D, is the diffusion coefficient of species ¢ into the mixture. The second equality in Eq. (6) is known as Fick’s

Law, which is a constitutive equation strictly valid for binary mixtures under the absence of any additional driving
mechanisms for mass transfer (Hsu and Cheng, 1990). Therefore, no Soret or Dufour effects are here considered.
Rearranging (5) for an inert species, dividing it by M, and dropping the index ¢ for a simple binary mixture, one

has,
V-(uC)=V-(DVC) O

If one considers that the density in the last term of (2) varies with temperature and concentration, for natural
convection flow, the Boussinesq hypothesis reads, after renaming this density pT,

Pr Ep[]-_ﬂ(-l-_Tref)_ﬁC(C_Cref)] (8)

where the subscript ref indicates a reference value and £ and S are the thermal and salute expansion coefficients,
respectively, defined by,

1%

1 _19p|
p OT

S ac 9)

p= Be =

’
p.C p,T

Equation (8) is an approximation of (9) and shows how density varies with temperature and concentration in the

body force term of the momentum equation.
Further, substituting (8) into (2), one has,

PV (uu) = =Vp+uV2u+ pg[L-B(T =T )= B(C—Cpy)] (10)
Thus, the momentum equation becomes,
PV - (uu) ==(Vp)" + VU~ pol(B(T ~ Ty ) + e (C~Cy )] 11)
where (Vp)" =Vp-pg is a modified pressure gradient.

As mentioned, there are, in principle, two ways that one can follow in order to treat turbulent flow in porous media.
The first method applies a time average operator to the governing Eq. (4) before the volume average procedure is
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conducted. In the second approach, the order of application of the two average operators is reversed. Both techniques
aim at derivation of a suitable macroscopic turbulent mass transport equation.

Volume averaging in a porous medium, described in detail in references (Gray and Lee, 1997) and (Whitaker,
1969), makes use of the concept of a Representative Elementary Volume (REV), over which local equations are
integrated. After integration, detailed information within the volume is lost and, instead, overall properties referring to a
REV are considered. In a similar manner, statistical analysis of turbulent flow leads to time mean properties. Transport
equations for statistical values are considered in lieu of instantaneous information on the flow.

Before undertaking the task of developing macroscopic equations, it is convenient to recall the definition of time
average and volume average.

2.1. Volume Average Operator

The volume average of ¢ taken over a Representative Elementary Volume in a porous medium can be written as:

1 [@dv (12)

(p)'= AV 4

The value <(p>v is defined for any point x surrounded by a Representative Elementary VVolume, of size AV . This
average is related to the intrinsic average for the fluid phase as:

(o) =¢lp;)' (13)

where ¢ = AV, /AV is the medium porosity and AV, is the volume occupied by the fluid in a REV. Furthermore, one
can write:

p=(p)'+'p (14)
with ('p)' =0.In Eq. (14), ' is the spatial deviation of ¢ with respect to the intrinsic average (q)}i .
Further, the local volume average theorem can be expressed as (Gray and Lee, 1997) and (Whitaker, 1969):

v o_ i 1
(Vo) =V(kop) )+_AV inwds
v o_ . i 1 .
(V-@)' =V (o) )+_AV /{in @ds (15)

99, _0 N
G =)y Jin (u; p)dS

where n is the unit vector normal to the fluid-solid interface and A, is the fluid-solid interface area within the REV. It
is important to emphasize that Ai should not be confused with the surface area surrounding volume AV .

2.2. Macroscopic Equations for Buoyancy Free Flows

Momentum transport

[ UpUp | _ i 2, | MO Cedpolupl Up 16
pv[ , ]— V(H D)) + 4V, {KUD+7R } (16)
Heat transport

(pc,) ¢ V-(UpM)=V-{Ky -V(T)'} 17)

Keﬁ :[¢lf +(1_¢) ﬂ's] | +Kt0r +Kdisp (18)
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The subscripts f and s refer to fluid and solid phases, respectively, and coefficients K’s come from the modeling of
the following mechanisms:

e Tortuosity: % i n(4,T, —AT.)dS |=K g, - V(T)' (19)
o Thermal dispersion: —(pc,), #('u'T; ) =K g, - V(T)' (20)
Mass transport
V- (up(C))=V Dy -V(#(C)") (21)
Det =Duisp + Dair (22)
Dy =<D>‘I=%%I (23)

The coefficients D, in (21) appear due to the nonlinearity of the convection term. They come from the modeling
of the following mechanisms:

e Massdispersion: —('u 'C)' =D, - V(C)' (24)

where here we do not account for the thermal and mass dispersion effects, taking in to account only the diffusive and

convective ones. Thus, K, , K, and D, are null.

2.3. Macroscopic Double-Diffusion Effects
Mean Flow

Focusing now attention to buoyancy effects only, application of the volume average procedure to the last term of
(11) leads to,

AV
L pgIAT —Tu)+ fe(C—Cop AV 25)

(POUAT ~Tu)+fe C~Col" =5 10 |

Expanding the left hand side of (25) in light of (14), the buoyancy term becomes,

<pg[ﬂ (T _Tref)+ﬂc (C_Cref )]>V
= pQH S, (T ~To)+ e, (C) ~Co 1+ pafp('T) + papes('C) (20)

=0 =0

where the third and forth terms on the r.h.s. are null since ('p)' =0. Here, coefficients B, and ﬂc¢ are the

macroscopic thermal and salute expansion coefficients, respectively. Assuming that gravity is constant over the REV,
expressions for them based on (26) are given as,

_ <pﬂ(T _Tref )>v .

_ _ <pﬂc (C_Cref )>V
PHTY —Ty) '

b PH(C) —Cpy)

ﬂC¢

(27)

Including (26) into (16), the macroscopic time-mean Navier-Stokes (NS) equation for an incompressible fluid with
constant properties is given as,
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PV (%] = V(HPY) + iU+ pGHS, (TY = Tog) + S, () ~Cr)l- {%’u +%} (28)

3. Results and Conclusions

The presents work refers to the study of natural convective flows in a porous cavity (height H , width L : aspect
ratio A=H/L), saturated by a binary fluid ( such as agueous solutions, as in numerous experimental studies related to

solidification processes). Horizontal temperature and concentration differences are specified between the vertical walls
(T, and C, on the left wall, T, and C, on the right surface), and zero mass and heat fluxes are imposed at the

horizontal wall. Figure 1 shows different combinations of temperature and mass concentration gradients. All boundaries
are considered to be impermeable. The binary fluid is assumed to be Newtonian and to satisfy the Boussinesq
approximation; the flow is incompressible, laminar, 2D and in the steady state.

In this work, equations were derived for laminar double-diffusive natural convection in porous media. Derivations
were carried out under the light of the double decomposition concept [0-0]. Extra terms appearing in the equations

needed to be modeled in terms of u,, (T) and (C).
Figures 2 to 4 shows temperature and mass concentration fields for different values of N, with gradients in

different relative positions, using Ra” =100, Le =100 and Da=10"°. We can observe that with an increase in N the
structure of the flow changes significantly. For low values of N, the entire cavity is affected by the driven flow and the
boundary layer regime gradually appears with the increase of N . These changes on the flow pattern have a direct
consequence on the concentration fields.

Table 1 presents the values of calculated average Nusselt and Sherwood numbers compared with those obtained by
Trevisan and Bejan [0] and B. Goyeau [0]. As it can be seen, good agreement was obtained when the present values
were compared with literature results. Tables 2, 3 e 4 present values of average Nusselt and Sherwood, for N=0.1, 1 and
10, respectively, with Le=10 and A=1. We can observe that changes on N do not affect much integral parameters of the
flow, at lease for the conditions here simulated.

On the overall, we can conclude that results herein agree qualitatively well with published data in the literature.

VT VT ) VT

&

&

Vi
e VO=0

Y

&

a) b) c)
Figure 1- Problem Geometry: a) VT =-1,VC =-1;b) VT =-1,VC =0;¢c) VT =-1,VC =+1.
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Figure 2: Isotherms, isoconcentration and streamlines lines ( N =0.1; Ra" =100; Le=100; A=1, Da=107): a)
VT =-1VC=-1;b) VT =-1,VC=0;¢c) VT =-1,VC =+1.
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Figure 3- Isotherms, isoconcentration and streamlines lines ( N =1; Ra” =100 ; Le=100; A=1, Da=10"7?): a)
VT =-1,VC=-1;b) VT =-1,VC=0;c) VT =-1,VC =+1.
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Figure 4— Isotherms, isoconcentration and streamlines lines (N =10; Ra” =100; Le =100; A=1, Da=107): a)

VT =-1,VC =-1;b) VT =-1,VC =0;¢) VT =-1,VC = +1.

Table 1: Average Nusselt and Sherwood numbers ( N=0 only thermal drive, Le=10, A=1).

Ra” Gradients Types 100 200 400 1.000 2.000
Present Results 3.11 4.90 7.65 13.22 19.54
Goyeau et al
Nu [0] 3.11 4.96 1.77 13.47 19.90
Trevisan and
VT = -1VC = -1 Bejan [0] 3.27 5.61 9.69 - -
Present Results 14.76 22.02 32.55 53.37 76.58
sh Goyeau et al [0] 13.25 19.86 28.41 48.32 69.29
Trevisan and
Bejan [0] 15.61 23.23 30.76 - -
Nu VT =-1,VC =0 | Present Results 3.11 4.82 7.65 13.25 19.51
Nu VT ——1VC=+1 | Present Results 3.11 4.81 7.64 13.99 19.48
Sh 14.76 22.64 32.50 53.34 76.09
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Table 2: Average Nusselt and Sherwood numbers (N=0.1, Le=10, A=1).

Ra Gradients Types 100 200 400 1.000 2.000
Nu VT =-1VC =1 3.05 4.84 7.61 13.25 19.53
Sh 14.88 22.19 31.82 52.80 75.91
Nu VT =-1,VC=0 3.05 4.84 7.68 13.25 19.56
Nu VT —_1vC—41 | 305 4.84 7.58 13.25 19.37
Sh 14.88 22.19 32.01 52.80 75.59
Table 3: Average Nusselt and Sherwood numbers (N=1, Le=10, A=1).
Ra” Gradients Types 100 200 400 1.000 2.000
Nu VT =-1VC =1 3.05 4.85 7.61 13.25 19.53
Sh 14.88 22.19 31.82 52.08 75.91
Nu VT =-1,VC=0 3.05 4.84 7.65 13.25 19.56
Nu VT =1VC = +1 3.05 4.85 7.58 13.92 19.53
Sh 14.88 22.19 31.82 52.08 75.91
Table 4: Average Nusselt and Sherwood numbers (N=10, Le=10, A=1).

Ra" Gradients Types 100 200 400 1.000 2.000
Nu VT =-1VC = -1 3.08 4.85 7.65 13.25 19.53
Sh 14.87 22.19 32.28 53.45 75.91
Nu VT =-1,VC=0 3.05 4.84 7.65 13.19 19.50
Nu VT =-1VC = +1 3.08 4.85 7.65 13.25 19.53
Sh 14.87 22.19 32.25 53.45 75.91

4. Acknowledgement

The authors are thankful to CNPq and FAPESP, Brazil, for their financial support during the course of this research.

5. References

Bear, J., 1972, “Dynamics of Fluids in Porous Media”, Dover, New York.

Bear, J. and Bachmat, Y., 1967, “A generalized theory on hydrodynamic dispersion in porous media”, I.A.S.H. Symp.
Artificial Recharge and Management of Aquifers, Haifa, Israel, P.N. 72, .LA.S.H., pp. 7-16.

Bennacer, R., Tobbal, A., Beji, H. and Vasseur, P., 2001, “Double diffusive convection in a vertical enclosure filled
with anisotropic porous media”, International Journal of Thermal Sciences, Vol.40, N°.1, pp.30-41.

Bennacer, R., Beji, H. and Mohamad, A.A., 2003, “Double diffusive convection in a vertical enclosure inserted with
two saturated porous layers confining a fluid layer”, International Journal of Thermal Sciences, Vol.42, N°.2,
pp.141-151.

de Lemos, M.J.S. and Braga, E.J., 2003, “Modeling of turbulent natural convection in porous media”, International
Communications Heat Mass Transfer, Vol.30, N°.5, pp.615 - 624.

de Lemos, M.J.S. and Mesquita, M.S., 2003, “Turbulent mass transport in saturated rigid porous media”, International
Communications Heat Mass Transfer, VVol.30, pp.105 - 113.

de Lemos, M.J.S. and Pedras, M.H.J., 2001, “Recent mathematical models for turbulent flow in saturated rigid porous
media”, Journal of Fluids Engineering, Vol.123, N°.4, pp. 935 - 940.

Goyeau, B., Songbe, J.P. and Gobin, D., 1996, “Numerical study of double-diffusive natural convection in a porous
cavity using the Darcy-Brinkman formulation”, International Journal of Heat and Mass Transfer, Vol.39, N°.7,
pp.1363-1378.

Gray, W.G. and Lee, P.C.Y., 1997, “On the theorems for local volume averaging of multiphase system”, Int. J.
Multiphase Flow, VVol.3, pp.333 -340.

Hsu, C.T. and Cheng, P., 1990, “Thermal dispersion in a porous medium”, International Journal Heat Mass Transfer,
Vol.33, pp.1587-1597.



Proceedings of ENCIT 2006 -- ABCM, Curitiba, Brazil, Dec. 5-8, 2006 — Paper CIT06-0730

Kuwahara, F., Nakayama, A. and Koyama, H., 1996, “A numerical study of thermal dispersion in porous media”,
Journal of Heat Transfer, VVol.118, pp.756.

Kuwahara, F. and Nakayama, A., 1998, “Numerical modeling of non-Darcy convective flow in a porous medium”, Heat
Transfer 1998: Proc. 11th Int. Heat Transf. Conf., Kyongyu, Korea, Vol.4, pp.411-416, Taylor & Francis
Washington, D.C..

Lee, K. and Howell, J.R., 1987, “Forced convective and radiative transfer within a highly porous layer exposed to a
turbulent external flow field”, Proceedings of the 1987 ASME-JSME Thermal Engineering Joint Conf., Honolulu,
Hawaii, Vol.2, pp.377-386, ASME, New York, N.Y..

Mamou, M., Vasseur, P. and Bilgen, E., 1995, “Multiple solutions for double-diffusive convection in a vertical porous
enclosure”, International Journal of Heat and Mass Transfer, VVol.38, N°.10, pp.1787-1798.

Mamou, M., Hasnaoui, M., Amahmid, A. and Vasseur, P., 1998, “Stability analysis of double diffusive convection in a
vertical brinkman porous enclosure”, International Communications in Heat and Mass Transfer, Vol.25, N°.4,
pp.491-500.

Mohamad, A.A. and Bennacer, R., 2002, “Double diffusion natural convection in an enclosure filled with saturated
porous medium subjected to cross gradients; stably stratified fluid”, International Journal of Heat and Mass
Transfer, Vol.45, N°.18, pp.3725-3740.

Nithiarasu, P., Sundararajan, T., Seetharamu, K.N., 1997, “Double-diffusive natural convection in a fluid saturated
porous cavity with a freely convecting wall”, International Communications in Heat and Mass Transfer, Vol.24,
N°.8, pp.1121-1130.

Pedras, M.H.J. and de Lemos, M.J.S., 2000, “On the definition of turbulent kinetic energy for flow in porous media”,
Internernational Communications Heat and Mass Transfer, VVol.27, N°.2, pp. 211 - 220.

Pedras, M.H.J. and de Lemos, M.J.S., 2001, “Macroscopic turbulence modeling for incompressible flow through
undeformable porous media”, International Journal Heat and Mass Transfer, VVol.44, N°.6, pp.1081 - 1093.

Pedras, M.H.J. and de Lemos, M.J.S., 2001, “Simulation of turbulent flow in porous media using a spatially periodic
array and a lowre two-equation closure”, Numerical Heat Transfer - Part A Applications, Vol.39, N°.1, pp. 35.

Pedras, M.H.J. and de Lemos, M.J.S., 2001, “On the mathematical description and simulation of turbulent flow in a
porous medium formed by an array of elliptic rods”, Journal of Fluids Engineering, Vol.23, N°.4, pp. 941 - 947.

Rocamora Jr., F.D. and de Lemos, M.J.S., 2000, “Analysis of convective heat transfer for turbulent flow in saturated
porous media”, International Communications Heat and Mass Transfer, Vol.27, N°.6, pp. 825 - 834.

Slattery, J.V., 1967, “Flow of viscoelastic fluids through porous media”, A.l.Ch.E. J., Vol.13, pp.1066 - 1071.

Trevisan, O. and Bejan, A., 1985, “Natural convection with combined heat and mass transfer buoyancy effects in a
porous medium”, International Journal Heat and Mass Transfer, \VVol.28, pp.1597-1611.

Whitaker, S., 1966, “Equations of motion in porous media”, Chem. Eng. Sci., Vol.21, pp.91.

Whitaker, S., 1967, “Diffusion and dispersion in porous media”, J. Amer. Inst. Chem. Eng, Vol.3, N°.13, pp.420.

Whitaker, S., 1969, “Advances in theory of fluid motion in porous media”, Indust. Eng. Chem., VVol.61, pp.14 - 28.



Proceedings of the 11" Brazilian Congress of Thermal Sciences and Engineering -- ENCIT 2006
Braz. Soc. of Mechanical Sciences and Engineering -- ABCM, Curitiba, Brazil,- Dec. 5-8, 2006

Paper CIT06-0794

SIMULATION OF BUOYANT MASS TRANSPORT IN TURBULENT
FLOWS IN POROUS MEDIA

Maximilian S. Mesquita
Departamento de Engenharia Mecanica
Universidade Federal do Espirito Santo
29060-900 — Vitéria — E.S. - Brasil

Luzia A. Tofaneli

Marcelo J.S. De-Lemos'

Departamento de Energia - IEME

Instituto Tecnoldgico de Aeronautica - ITA
12228-900 - Sdo Jos¢ dos Campos - SP — Brasil
! Corresponding author, delemos@ita.br.

Abstract. This work presents derivations of mass transport for turbulent buoyancy flows in permeable structures. Equations are
developed following two distinct procedures. The first method considers time averaging of the local instantaneous mass transport
equation before the volume average operator is applied. The second methodology employs both averaging operators but in a
reverse order. This work is intended to demonstrate that both approaches lead to equivalent equations when one takes into account
both time fluctuations and spatial deviations of velocity and mass concentration. A modeled form for the final transport equation is

presented where turbulent mass transfer with buoyancy is based on a macroscopic version of the k — & model.
Keywords. Numerical Method simulation of buoyancy, Porous Media, Turbulent Flow
1. Introduction

The study of double-diffusive natural convection and buoyancy mass transport in porous media has many
environmental and industrial applications, including grain storage and drying, petrochemical processes, oil and gas
extraction, contaminant dispersion in underground water reservoirs, electrochemical processes, etc (Mamou et al., 1995,
Mohamad & Bennacer, 2002, Goyeau et al., 1996, Nithiarasu et al., 1997, Mamou et al., 1998, Bennacet et al., 2001,
Bennacet et al., 2003). In some specific applications, the fluid mixture may become turbulent and difficulties arise in
the proper mathematical modeling of the transport processes under both temperature and concentration gradients.

Modeling of macroscopic transport for incompressible flows in rigid porous media has been based on the volume-
average methodology for either heat Hsu & Cheng 1990 or mass transfer (Bear 1972, Bear & Bachmat, 1967, Whitaker
, 1966, Whitaker , 1967). If time fluctuations of the flow properties are considered, in addition to spatial deviations,
there are two possible methodologies to follow in order to obtain macroscopic equations: a) application of time-average
operator followed by volume-averaging (Masuoka & Takatsu, 1996, Kuwahara et al., 1996, Kuwahara & Nakayama,
1998, Nakayama & Kuwahara, 1999), or b) use of volume-averaging before time-averaging is applied (Lee & Howell,
1987, Wang & Takle, 1995, Antohe & Lage, 1997, Getachewa et al., 2000). This work intends to present a set of
macroscopic mass transport equations derived under the recently established double decomposition concept Pedras &
de Lemos, 2000, 2001a, b and ¢, through which the connection between the two paths a) and b) above is unveiled. That
methodology, initially developed for the flow variables, has been extended to heat transfer in porous media where both
time fluctuations and spatial deviations were considered for velocity and temperature Rocamora & de Lemos, 2000.
Buoyancy flows de Lemos & Braga, 2003 and mass transfer de Lemos & Mesquita, 2003 have also been investigated.
Recently, a general classification of all proposed models for turbulent flow and heat transfer in porous media has been
published de Lemos & Pedras, 2001. Here ,buoyancy mass transport flow in porous media is considered.

2. LOCAL INSTANTANEOUS TRANSPORT EQUATION

The steady-state microscopic instantaneous transport equations for an incompressible binary fluid mixture with
constant properties are given by:

V-u=0 M

PV - (uu) = —Vp + 1iV:u+ pg ()
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pV-(um,+J,)=pR, (3)

where u is the mass-averaged velocity of the mixture, u=> m,u,, u, is the velocity of species ¢, m, is the mass
/

fraction of component ¢, defined as m, = p,/p, p, is the mass density of species ¢ (mass of ¢ over total mixture
volume), p is the bulk density of the mixture (p = p, ), p is the pressure, u is the fluid mixture viscosity, g is the
l

gravity acceleration vector. The generation rate of species ¢ per unit of mixture mass is given in (3) by R, .

An alternative way of writing the mass transport equation is using the volumetric molar concentration C, (mol of

¢ over total mixture volume), the molar weight M, (g/mol of /) and the molar generation/destruction rate R; (mol of
£ /total mixture volume), giving:

M,V-(aC, +J3,)=M,R; @

Further, the mass diffusion flux J, (mass of ¢ per unit area per unit time) in (3) or (4) is due to the velocity slip of
species £,

J=p (@, —u)=-p,D,Vm, =-M, D,VC, (5)

where D, is the diffusion coefficient of species ¢ into the mixture. The second equality in equation (5) is known as

Fick’s Law, which is a constitutive equation strictly valid for binary mixtures under the absence of any additional
driving mechanisms for mass transfer Hsu & Cheng 1990. Therefore, no Soret or Dufour effects are here considered.
Rearranging (4) for an inert species, dividing it by M, and dropping the index ¢ for a simple binary mixture, one

has,
V- (uC)=V-(DVC) (6)

If one considers that the density in the last term of (2) varies with concentration only, for buoyancy driven flows,
the Boussinesq hypothesis reads, after renaming this density o,

pe=pll-p(C- Cref )] (7

where the subscript ref indicates a reference value and S is the solute expansion coefficient, defined by,

1 op
= 8
Pe=""adl,, ®)

Equation (7) is an approximation of (8) and shows how density vary with concentration in the body force term of
the momentum equation.
Further, substituting (7) into (2), one has,

PV -(uu) = ~Vp+ iV u+ pgll - f(C~C,,,)] ©)

Thus, the momentum equation becomes,

PV - (uu) == (Vp)" + uV'u - pe[f.(C-C,,)] (10)

where (Vp)" =Vp - pg is a modified pressure gradient.
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As mentioned, there are, in principle, two ways that one can follow in order to treat turbulent flow in porous
media. The first method applies a time average operator to the governing equation (3) before the volume average
procedure is conducted. In the second approach, the order of application of the two average operators is reversed. Both
techniques aim at derivation of a suitable macroscopic turbulent mass transport equation.

Volume averaging in a porous medium, described in detail in references (Slattery 1967, Whitaker , 1969, Gray &
Lee, 1977), makes use of the concept of a Representative Elementary Volume (REV), over which local equations are
integrated. After integration, detailed information within the volume is lost and, instead, overall properties referring to a
REV are considered. In a similar manner, statistical analysis of turbulent flow leads to time mean properties. Transport
equations for statistical values are considered in lieu of instantaneous information on the flow.

MACROSCOPIC TIME AVERAGED EQUATIONS FOR BUOYANCY FREE FLOWS
For non-buoyancy flows, macroscopic equations considering turbulence have been already derived in detail for
momentum Pedras & de Lemos, 2001a, heat de Lemos & Braga, 2003, mass de Lemos & Mesquita, 2003 transfer and

for this reason their derivation need not to be repeated here. They read:

Momentum transport

pv.[“D;D}--v<¢<p>f>+wzup [!]‘f et } an
=\ _ S\ _2 i
- p¢<u u > = u, 2<D> 3 dp(k) 1 (12)
T\ 1 —\i —\i
oy = sty )+ ooy )}
2 (13)
(k' = (u"u’y' /2 (14)
2
k)’
ﬂ[¢ = pclLl—l
(&) (15)
Mass transport
V- (up(C))=V-D -V(§(C)") (16)
De_[f = Ddisp + Dd{[f + DI + Ddisp,t (17)
i 1 A,
D, =(D)'I= ;EI (18)
1 My
Dt +Ddispt :__I (19)
TP S
Coefficients D, D, and D, in (17) appear due to the nonlinearity of the convection term.

MACROSCOPIC MASS DIFFUSION EFFECTS

If buoyancy effects due to mass concentration variation is included in the macroscopic equations, and additional
flow drive is obtained. All mathematical details on including such effects in the turbulence model of Pedras & de
Lemos, 2001a, are already available in de Lemos & Tofaneli, 2004, For that, only final equations are here presented,
noting that the case herein investigated is a particular case of the general problem treated in de Lemos & Tofaneli, 2004.

Mean Flow
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pv.[“”;”}——V(ﬂm")+uv2uu+pg¢[ﬂcﬂ (<c>"—c,.e,>]—{‘l‘<¢ua+cﬂ””'f?”"‘”} (20)
Turbulent field
— i | Hi, i \ i i i i
pV.(llD<k> ): Vil ur—= v(¢(k) ) +P'+G' +G), - phle) @21
k
- ) i M, : \ ! ] ) ) )
pViup(e) |=V|| u+ £ +g—l_ P +c,G +ce;Gy —c, pple
wloote o) 2 e ) o b 1.6 v oy @

where ¢,, ¢,, ¢; and ¢, are constants and the production terms have the following physical significance:

1. Pl =— p<u'u'> :Vup is the production rate of <k>i due to gradients of up ;

2.G' = ckpﬂ%l‘:l)‘

i H, =\ . . i . .
3. Gy = BE ¢—g.V<C> is the generation of <k> due to concentration gradients.
: *" Se,

is the generation rate of the intrinsic average of £ due to the action of the porous matrix;

3. Results and Discussion

All results obtained during the development of this work are presented and discussed upon. Here, results are
divided in two main sessions, involving each a certain domain configurations. First, in clear medium session, the
cavities are assumed to be unobstructed so that no extra drag, either of viscous or form nature, are included in the
momentum equations. In this session, both laminar flow and turbulent flow regimes are analyzed. Further, in the porous
medium session, the cavities are completely filled with porous material and runs are made also for laminar and
turbulent flow.

The problem considered is showed schematically in Fig.1 and refers to the two-dimensional flow in a clear (or a
cavity filled with porous material) rectangular cavity of height H and width L , The Schmidt number is assumed to be a
unity. The cavity is assumed to be of infinite depth the z-axis and a uniform mass concentration gradient is putting on
the left side to opposing side (see Fig. 1a). Numerical computations were performed for square cavity used a stretched
grid with 80 x 80 (CV).

The Figure 3 shows the constant-concentration lines and streamlines of a clear square cavity with the mass
concentration gradient from the left to right side for solutal Rayleigh numbers ranging from 10° to 10°. At Ra, =10°,

the streamlines in Fig.3 indicate the existence of a single vortex with centre in the middle of the cavity. Corresponding
constant-concentration lines (or isolines for mass concentration) Fig. 3a are almost parallel to the left side wall (position
where are imposed the mass concentration value) indicating that most of the mass transfer is transferred by diffusion.

The vortex is generated due the horizontal mass concentration gradient across the section. This gradient, a% ;o is

negative everywhere, inducing a clockwise oriented vorticity.

When the solutal Rayleigh number is increased to Ra, =10* ( Ra, = -Sc ) , Fig. 3d, the central vortex is

gB.LAC
1%

distorted into an elliptic shape and the effect of convection is more pronounced in the isoconcentrates, Fig. 3c. Mass
concentration gradients are stronger near the vertical walls, but decrease in the center region. For Ra, =10°, Fig. 3f, the
behavior continues. The central vortex is elongated and two secondary vortex appear inside it. The mass transfer by
convection in the viscous boundary layer alters the mass concentration distribution to such an extent that the mass
concentration gradients in the center of domain are close to zero. The Fig. 3e shows that, with this change in the sign of
the source term, negative vorticity is induced within the domain. The also cause the development of secondary vortices
in the core.

Increasing Ra_to 10°, Fig. 3h, causes the secondary vortices to move closer towards the walls and are convected

further downstream. A third vortex appears in the domain rotating clockwise instead, reducing the shear stress between
the order two vortice. In Fig. 3g , the mass transfer is now mostly by convection in the fast moving fluid near the walls.
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Table 1 — Average Nusselt and Sherwood number for a clear square cavity for ranging from 10° to 10°.

Nu/Sh |
10° 10* 10° 10°
Barakos et al. (1994) 1.114 2.245 4.510 8.806
Markatos & Pericleous (1984) 1.108 2.201 4.430 8.754
Fusegi et al (1991) 1.105 2.302 4.646 9.012
De Vahl Davis (1983) 1.117 2.238 4.509 8.817
Braga and de Lemos (2002a) 1.127 2.249 4.575 8.918
Presents Results 1.128 2.512 4.578 8.921

Table 1 show the average Nusselt and Sherwood numbers for Ra,and Ra, ranging from 10° to 10°. Its

important notice that the values of average Nusselt numbers in the heat transfer are similarly that corresponds values to
average Sherwood number. In this were used the analogy between heat and mass transfer to validate the results of the
present work. The agreement of the literature results with the values obtained here are relatively good. From the
engineering viewpoint, the most important parameter of the flow is the rate of heat (and mass concentration) transfer
across the cavity. The Nusselt (Sherwood) number based on the hot wall (or more concentrate wall) at x = 0 is given by
Nu = h—L o Nu = (G_Tj _L ,Sh= b, L S Sh= (E) L , and 1its average value calculates

k ox )o Ty — T D, ox )., Cy—C,

— 11 — 17 K
as, Nu=—[ Nu-dy and Sh=—[Sh-dy and Da=—.
HY HY H

Figure 4 shows the turbulent isoconcentrate and streamlines of a clear square cavity for Ra ranging from

10%to 10". The flow field at low solutal Ra values, not shown here, is similar to that obtained from laminar flow
computations. However, the results are not exactly the same due to the inclusion of a turbulent viscosity. The similarity
continues up to Ra =10°. For higher values of Ra, , the model gives only turbulent solution. For Ra, =10°, Fig. (4b),
the central vortex disappears and the secondary vortices generated in the central core are convected further upstream
and closer to the concentrates mass walls. The boundary layers on the concentrates mass walls are, at this moment, very
thin. Increasing solutal Ra to 10'°, Fig. (4f) the central core is totally stratified. As solutal Ra further increases, the
vortex system becomes progressively weaker and eventually, for solutal Rayleigh numbers greater than 10, it
disappears completely. The velocities are high within the boundary layer and the flow in the central core is stratified.

The isotherms for solutal Ra = 10° and Ra, =10", Fig. (4a) and Fig. (4e), respectively, indicate an stratification of

the flow outside the boundary layers and the mass concentration-profiles are almost horizontal for high values of Ra, .
Figure 5 presents the turbulent isoconcentrate and streamlines of a square cavity filled with porous material,
calculations were performed with 80x80 control volumes (CV) using a stretched grid. This part of the work tries to find
for flow in porous media, a critical solutal Rayleigh, Ra,, , for which simulations with the turbulence model departs
from those considering laminar flow. Thus, the turbulence model is first switched off and the laminar branch of the
solution is found. After that, the turbulence model is included so that the solution diverges from the laminar branch for
Ra> Ra_, . This separation of values as solutal Ra increases occurs at the so-called bifurcation point of the solution. As

in the case of laminar flow in a square cavity filled with porous material, the parameters (Darcy number, Schmidt
number, inertia parameter, mass diffusivity ) are fixed. Figure (5b) shows the streamlines for Ra, =10°. For solutal Ra

up to 10* , not shown here, the solution with the turbulence model gives nearly the same values as those obtained with
laminar flow computations. Even for solutal Ra up to 10° the flow pattern resembles the one for laminar solution, not
shown here, but the mass transfer (like with heat transport) along the more mass concentrate wall is significantly
increased. This point will be explained below. Figure (5a) shows the isoconcentrates for solutal Ra =10° . It is clearly
seen from the Fig. (5a) the stratification of the flow with the increasing of the solutal Ra. Here also, as in the cases of

streamlines mentioned above, the isoconcentrate shown in Figure (5a) also are similar to those calculated with the
laminar flow model.
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Figure 1 — Representative Elementary Volume, AV .
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Figure 2 — Square cavity (a) and the grid (b) for laminar and turbulent flow simulation.

(b)

OL

(e)

(® (h)

Figure 3 — Laminar Constant-concentration lines and
Streamlines for clear square cavity with mass
concentration gradients from left side to right side for

Ra ranging from 10’ to 10°.
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(b) . ——

'
Figure 4 — Turbulent Constant-concentration lines and
streamlines for clear square cavity with mass
concentrations gradients from left side to right side for

Ra ranging from 10* to 10",

®) —
Figure 5 — Constant-concentration lines and streamlines
for turbulent flow in a square cavity filled with porous

material for Ra =10° with Dp =1mm and ¢ =0.80 .
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Resumo. Diversos modelos matemdticos, experimentos laboratoriais e modelos numéricos tém sido desenvolvidos
para estudar o problema da incrustacdo de rochas reservatério por sulfatos, em especial o sulfato de bdrio. FEste é
wm problema recorrente na Bacia de Campos, agravado pelas propriedades fisico-quimicas da sulfato de bdrio, um
sal de baiza solubilidade e dificil remogido, e pelo dano provocado 4 zona prézima ao pogo produtor. O objetivo
deste estudo € avaliar a qualidade dos modelos de incrustac¢io: ao redor do poro (pore-lining), preenchendo o poro
(pore-filling) e dendritica, sua capacidade de gerar imagens tridimensionais que modelem adequadamente o problema
da incrustacao e a possibilidade de se utilizar estas representacgoes para simulagcio da permeabilidade e cdlculo do
dano de formacdo. Através dos estudos realizados foi possivel analisar os efeitos sobre a representagdo incrustada:
i) porosidade, ii) superficie especifica (usada em modelos quimicos de incrustacdo), iii) porosidade conectada, iv)
dimensao da representagdo 3D. Também € feito um estudo da queda da permeabilidade em func¢do da incrustacado.

Palavras chave: incrustagio, anilise de imagens, reconstru¢do tridimensional, permeabilidade, dano de formagao.

1 Introducao - Escopo do Problema

A incrustagao de sulfatos no interior de rochas reservatério de petroleo é fonte de grandes prejuizos econdmicos,
pois causa a reducao da permeabilidade, a queda da injetividade e o conseqiiente aumento do custo de extragao do
petréleo. Este problema é recorrente na Bacia de Campos, onde a forma mais comum de recuperagao secundaria é
a injecao de adgua do mar (corresponde a 85% do 6leo produzido).

A incrustacao por sulfato de bario em reservatérios ocorre devido & mistura de dguas quimicamente incompativeis.
A reagdo ocorre quando a dgua de formacao, rica em bario, entra em contato com a dgua do mar injetada, rica em
sulfatos, causando a formacao de sulfato de bario de acordo com a seguinte equagao:

Ba*"(aq) + SO~ (aq) — BaSO, (1)

O problema é agravado pelas propriedades fisico-quimicas do sulfato de bario, um sal de baixa solubilidade e
dificil remocao, o que dificulta o controle da incrustacao. Outro fator agravante é que a mistura entre as aguas
incompativeis é mais intensa na area proxima ao pogo produtor (veja a Fig. 1.a), causando uma drastica reducao do
indice de produtividade.

Embora a agua de formacao encontre-se ou abaixo das camadas com o6leo ou isolada, a camada com 6leo tem
dgua conata com bario, de forma que a reacao ird ocorrer.

A metodologia utilizada para solucionar o problema da caracterizacdo dos efeitos da incrustacio utilizando-se
técnicas de anélise de imagens foi apresentada em Schaewer et al., 2006a; Schaewer, 2006.

O objetivo deste trabalho é o teste dos modelos e algoritmos desenvolvidos por Schaewer et al., 2006a; Schaewer,
2006 e sua capacidade de gerar representacoes tridimensionais incrustadas.

Os modelos desenvolvidos por Schaewer et al., 2006a; Schaewer, 2006, contém algumas simplificagoes que sao
discutidas simplificadamente a seguir:

e Desconsidera-se o arraste da barita, esta hipotese simplificadora se fundamenta em trabalhos de diversos autores.

e Embora nao considerem a cinética das reacoes, os modelos desenvolvidos geram incrustracoes que estao de
acordo com dados da bibliografia. Ou seja, conseguimos representar o fenémeno em estudo e calcular os valores
de beta, mas nao temos ainda informagcoes sobre quando aquele nivel de precipitacao iré ocorrer.
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Figura 1: (a) Esquema de um reservatorio apresentando incrustagdo de sulfato de bario ao redor do poco produtor.
Fonte: Gladstone, 2004. (b) Curvas de injetividades adimensionais para simulagbes incrementais e no-incrementais
realizadas para a rocha Berea 200.

2 Revisao Bibliografica

Apesar de uma bibliografia especifica sobre simulacao de incrustacio de sais em meios porosos nio estar disponivel,
trabalhos recentes descreveram modelos de crescimento de microestruturas em representacoes tridimensionais com o
objetivo de simular processos diagenéticos, como cimentacao de quartzo e a precipitacao de argilas autigénicas sobre
a superficie dos poros.

Keehm, 2003, propoe diversos mecanismos de preenchimento de poros relacionados & diagénese. As velocidades de
fluxo séo obtidas através do método de Lattice-Boltzmann e quatro classes de algoritmos sdo definidos, i) deposigao
ao redor dos graos, ii) em zonas de alta velocidade de fluxo, iii) em zonas de baixa velocidade de fluxo e iv) aleatorio.

Kameda, 2004, formaliza métodos para realizar a alteracao numérica da geometria dos poros de representacoes
tridimensionais e investiga os seus efeitos na reducio da permeabilidade. O autor utiliza opera¢des morfologicas sobre
representacoes tridimensionais obtidas através de microtomografia de raios-x para modelar diversos processos diage-
néticos. Objetivando simplificar o problema de criar algoritmos complexos para estruturas tridimensionais o autor
introduz um procedimento para obter representagoes tridimensionais a partir da alteracao de imagens bidimensionais
da rocha, seguida de uma operacao de reconstrucao tridimensional.

Oren e Bakke, 2002, modelam a cimentacio de quartzo e a precipitagdo de argilas autigénicas, que sdo divididas
em trés categorias: pore-lining (ao redor do poro), pore-filling (preenchendo o poro) e pore-bridging (formando pontes
entre as paredes da matriz rochosa). Argilas que se depositam ao redor do poro como a clorita sdo modeladas através
da deposi¢ao aleatéria de particulas (voxels) sobre as superficies da fase solida. Argilas que preenchem os poros sao
modeladas com o uso de um algoritmo que favorece a deposi¢io de particulas sobre particulas ji depositadas. A
deposicao de argilas do tipo pore-bridging se da através da geracdo de linhas de voxels conectando as paredes dos
poros, que devem ter o didmetro menor do que um valor de corte pré-estabelecido.

Através da revisao bibliografica realizada, verificou-se que a solu¢do deste problema requer uma anélise integral,
considerando a utilizacao de métodos cientificos avancados, abordando as areas de modelagem matematica, modela-
gem experimental e modelagem computacional. O estudo do problema através da modelagem matemaética tem sido
desenvolvida por Bedrikovetsky et al., 2003; Bedrikovetsky, 1993. Recentemente, foi montado no LENEP /UENF
com apoio do CENPES/PETROBRAS, um equipamento para determinagio experimental do dano de formagéo oca-
sionado pela precipitacao de sulfatos. Estudos recentes envolvem o desenvolvimento de algoritmos e programas para
calculo do dano de formacao com anélise de imagens, Schaewer, 2006.

Uma revisao bibliografica mais extensa sobre este assunto é apresentada em Schaewer et al., 2006a; Schaewer,
2006.

3 Estudo dos Algoritmos Desenvolvidos

Os modelos de incrustagao propostos em Schaewer et al., 2006a; Schaewer, 2006 levam em consideracao a influéncia
da organizagdo morfotopologica do meio poroso, bem como a propria morfologia apresentada pelo material incrus-
tante. Trés tipos diferentes de modelos foram desenvolvidos: ao redor do poro (pore-lining) [Fig.2.b], preenchendo o
poro (pore-filling) [Fig.2.c| e dendritica [Fig.2.d].

Neste trabalho, os modelos e algoritmos desenvolvidos por Schaewer et al., 2006a; Schaewer, 2006, sao testados e
validados utilizando-se representagoes tridimensionais de rochas reservatério de Bacias Brasileiras obtidas por Bueno
et al., 2002Db.
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Figura 2: Secoes transversais da representacio reconstruida da rocha Berea 500 incrustada: (a) representacao original;
(b) ao redor do poro (pore-lining), (c) preenchendo o poro (pore-filling) e (d) dendritica.

3.1 Impacto da resolucao da representacao tridimensional

Bueno, 2001; Bueno et al., 2002b identificou a necessidade de se realizar um estudo preliminar com as representa-
¢Oes tridimensionais obtidas com métodos de andlise de imagens de rochas reservatério. O autor destaca a necessidade
da preservacao, na imagem tridimensional, de parametros como porosidade, funcao autocorrelacao, distribuicao de
tamanho de poros e porosidade conectada.

E sabido que o comprimento a de um pixel da imagem de uma rocha deveria ser menor ou igual ao didmetro critico
D., de maneira que informacdes sobre um conjunto de poros com influéncia determinante sobre a permeabilidade nao
sejam perdidas no processo de discretizacdo. Segundo Santos et al., 2002, “a idéia é que quando submetido a uma
diferenca de pressao, o fluido ird atravessar o espaco poroso seguindo um caminho de menor resisténcia e as maiores
resisténcias hidraulicas neste caminho de fluxo serao representadas por gargantas com raios » — R.”, concluindo que
para uma boa estimativa da permeabilidade intrinseca «, deve ser menor do que o diAmetro critico.

A maioria dos algoritmos aplicados a representagoes tridimensionais de rochas utiliza 6-vizinhanca, isto significa
que voxeis adjacentes em uma diagonal ndo estdo conectados. Quando a resolu¢o da representacio tridimensional
é pequena, o comprimento do voxel em microns «, assume valores grandes, resultando na perda de informagoes
sobre estruturas (poros e rugosidades) menores do que o tamanho do voxel. Uma representacao tridimensional com
baixa resolug¢ao pode magnificar o efeito dos algoritmos de incrustacao pore-lining e pore-filling, causando uma rapida
eliminacao da porosidade conectada ¢.¢, especialmente quando a imagem possui muitos poros com poucos voxeis de
diametro, como no exemplo da Fig. 3. Estes poros acabam sendo bloqueados, total ou parcialmente, e tém a sua
condutividade reduzida a uma fracdo do que seria o esperado para uma representacdo com maior resolucao.

(a)E(b)E(c)n(d)u

Figura 3: Secles transversais de representacoes tridimensionais. Em (a) plano z; e (b) plano z;41, mostra um poro
completamente bloqueado por incrustacio pore-lining com o, pequeno e «, grande. Em (c) plano z; e (d) plano z;41
usamos o, = 0.5 ¢ a,, pequeno. O raio hidraulico do poro sofreu uma redugio de 70%, mas nao foi bloqueado.

Observe que o poro apresentado nas Fig. 3.a e 3.b encontra-se completamente bloqueado, pois os voxeis porosos
(em branco) do plano z; ndo tém nenhum voxel poroso do plano seguinte z; 11 contido na sua 6-vizinhanga. O mesmo
problema nao ocorre no poro apresentado nas Fig. 3.c e 3.d. Note que os dois poros apresentam a mesma fracio de
voxeis incrustados (em vermelho).

A conclusio é que para a realizacdo de simulagoes de incrustacdo, a condicdo a, << D, deve ser satisfeita,
para que poros no caminho preferencial do fluxo nao sejam facilmente bloqueados para pequenos valores de o,., onde
D, & o diametro critico da representacao tridimensional, que pode ser obtido através de simulacoes de intrusao de
mercirio realizadas sobre as rochas reconstruidas, Bueno et al., 2002a.

3.2 Simulacao incremental e nao-incremental

Uma simulacao de incrustacao é realizada sobre a representacao tridimensional original de uma rocha de maneira
que a cada passo da simulacio um volume maior de sulfato de bario seja depositado sobre a matriz rochosa. A cada
passo da simulacao a rocha incrustada é salva em disco com um nome que indique tipo de incrustacao e o volume
incrustado o,.. Posteriormente, as permeabilidades de cada rocha sido determinadas através do modelo do grafo de
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conexao serial, Bueno e Philippi, 2002, e uma curva de queda de permeabilidade em funcao do volume incrustado é
obtida.

A simulacdo pode ser realizada de forma incremental, onde cada passo da simulacdo utiliza a representacao
incrustada obtida no passo anterior, simulando o crescimento das estruturas incrustantes. Este tipo de simulacao
modela de forma mais fiel o processo de incrustagio e as curvas de injetividade obtidas sdo mais suaves (Fig. 1.b),
no entanto os resultados obtidos desta forma sao menos representativos pois rochas incrustadas apresentando uma
permeabilidade com um desvio grande em relagdo a4 média esperada (veja segdo 3.3) transmitem este erro para os
passos posteriores da simulacao.

Na simulacdo nao-incremental cada passo da simulagao de incrustacao é realizado a partir da representacao
original, isto significa que poros bloqueados em um passo da simulacao podem aparecer sem incrustacao no passo
seguinte, aumentando a instabilidade das curvas de injetividade (veja a Fig. 1.b). Outra penalidade é o aumento
do custo computacional, pois cada passo da simulagdo (exceto o primeiro) precisa incrustar um volume maior de
voxeis, e as pressoes calculadas para cada né do grafo de conexfo serial em um passo da simulagdo ndo podem ser
reaproveitadas no passo seguinte.

3.3 Estabilidade dos algoritmos

Uma discussdo sobre a estabilidade dos algoritmos é apresentada em Schaewer et al., 2006a; Schaewer, 2006.
Segundo os autores, todos os algoritmos fornecem uma estimativa estavel da reducao da permeabilidade inicial.

4 Resultados

Apresenta-se na Tab. 1 as propriedades das rochas e as propriedades das representacoes tridimensionais. A tabela
completa é apresentada em Schaewer, 2006.

Tabela 1: Propriedades das rochas. e das representagoes tridimensionais.
| Propriedades Rochas | Berea 500 | P320_K642 | P262_K70 | P262_K441

afum)] 2,56 4,545 3,125 6,00
D, [pm)] 35 15 10
dg[m?/m?] 32,0 26,2/26,7 26,2
Bo|m®/m3| 32,0 18.3 15,6
kezp[mD] 500 642 69,7/66,8 441
N.Imagens 1 10 20 10

| Prop.Rep.3D | Berea 500 (gt1) | P320_K642 (gt1) [ P262_K70 (gt1) [ P262_K70 (gt2) |

auliim] 5,12 9,09 9.375 3,125
e 2 2 3 1
A [pizeis] 60 24 60 60
N [vozeis] 300 200 200 300
Dy [um] 20,48 18,18 9,375 12,5
kaos[mD] 808,286 809,508 148,809 115,292

4.1 Resultados para Rocha Berea 500

Na Fig. 4.a é apresentada uma microfotografia de uma lamina delgada da rocha Berea 500 e em 4.b resultado da
operagao de binarizagao da imagem original. A permeabilidade experimental k., para amostra e a permeabilidade
obtida com o método do grafo de conexdo serial kgog para a representacio tridimensional reconstruida sio listadas
na Tab. 1.

A reconstrucgdo tridimensional foi realizada com o uso do método da gaussiana truncada e do método das esferas
sobrepostas, dentre as varias representacoes obtidas a que apresentou o melhor ajuste com a rocha original foi gerada
com a gaussiana truncada com fator de amplificacdio ns, = 2. Veja detalhes do método de selecdo da representagao
tridimensional ideal em Bueno et al., 2002b.

A Fig.5 mostra uma dramatica reducao da permeabilidade causada pela formacao de dendritos, que reduzem k em
65% com uma reducgao de apenas 10% do volume poroso. O impacto da incrustacio dendritica sobre a distribuicao
de tamanho de poros pode ser visto na Fig. 6.b, onde constata-se a fragmentacao de quase todos os poros maiores do
que 15 pum e o consequente aumento da proporcao de poros pequenos. O comportamento da curva de permeabilidade
pore-filling indica que as representagoes com o, > 0,2 nfo sdo estatisticamente representativas, isto se deve ao
reduzido ntimero de poros contidos na representacao tridimensional, de modo que o bloqueio de um tinico poro pode
causar uma grande variacao em k. O problema das oscilacbes nas curvas podem ser contornados de trés maneiras:
i) usando representagbes com maior dimensdo, ii) gerando varias representacoes e trabalhando com médias, ou iii)
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Figura 4: Imagem Berea 500, colorida (a) e binarizada (b), Imagem P262_K70, colorida (c) e binarizada (d).

usando modelos de incrustacgao seqiiencial (veja secao 3.2). A solucéo ideal & usar (i), (ii) e (iii), mas a mesma requer
o uso de clusters de computadores.
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Figura 5: Resultados para a rocha Berea 500: (a) Queda de permeabilidade em funcdo da queda da porosidade. (b)
Queda da permeabilidade em func¢ao de o,

A Fig. 6 mostra que a reducdo na porosidade conectada é maior no modelo pore-filling. Para uma reducao do
volume poroso de 40%, temos uma reducdo na porosidade conectada de 50%, e na permeabilidade de 95%.
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Figura 6: Resultados para a rocha Berea 500: (a) Razao ¢.6/¢ em funcéo de o,.. (b) Distribui¢do de tamanho de
poros para diferentes modelos de incrustacdo e o, = 0,1. Note o impacto da incrustagido dendritica (em amarelo)
sobre os poros maiores.

A Fig. 7 apresenta a variacdo da superficie total da matriz rochosa e é um dado relevante, uma vez que existem
equacoes para a determinacao da taxa de crescimento dos cristais que utilizam a 4rea disponivel para precipitacao
como parametro, e modelos que consideram a cinética da precipitacdo podem usar uma funcao de S(o) pré-calculada
como dado de entrada. A superficie diminui para a incrustacdo pore-lining devido & reducdo dos poros, mas aumenta
para pore-filling por causa da microporosidade ¢p.s0, interna a fase incrustante. A deposicdo de dendritos tem a
maior taxa de crescimento da superficie, conseqiiéncia da grande superficie especifica dos cristais dendriticos.
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Figura 7: Resultados para a rocha Berea 500: (a) Superficie total em funcdo de o,.. (b) Superficie especifica S, em
funcao de o,.

4.2 Resultados para Rocha P320 K642

Na Fig. 4.c é apresentada uma microfotografia de uma lamina delgada da rocha P320 K642 e em 4.d resultado
da operagao de binarizacdo da imagem original. A reconstrucao tridimensional foi realizada com o uso do método da
gaussiana truncada e do método das esferas sobrepostas, dentre as varias representacoes obtidas a que apresentou o
melhor ajuste com a rocha original foi gerada com a gaussiana truncada com n¢, = 2.

Observa-se na Fig. 8.a que existe pouca diferenca entre as curvas de queda de permeabilidade até o, = 0,2 para as
simulagGes de incrustacdo pore-lining e pore-filling, e em seguida ocorre uma reduc¢ido maior da permeabilidade para
incrustagdo pore-filling. A Fig. 9.a mostra que a partir de o, = 0,4 a brusca diminui¢io da porosidade conectada ¢.g
nao pode mais ser explicada pelo aumento do volume ocupado por ¢p.s0,, mas pelo bloqueio de poros e gargantas
por material incrustante levando a uma rapida convergéncia para o limite de percolagao.
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Figura &: Resultados para a rocha P320 K642: (a) Queda de permeabilidade em funcdo da queda da porosidade.
(b) Queda da permeabilidade em fungao de o,..
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Figura 9: Resultados para a rocha P320_K642: (a) Razdo ¢e6/¢ em funcdo de o,. (b) Distribui¢des de tamanho de
poros com o, = 0, 2.

As distribuicbes de tamanho de poros para incrustacoes pore-lining e pore-filling com o, = 0, 2 representadas na
Fig. 9.b apresentam poucas diferencas, o que nio justifica plenamente os valores de permeabilidade praticamente
idénticos para esta quantidade de volume incrustado, ja que a deposicao pore-filling possui maior microporosidade.
Uma possivel explicacdo para o comportamento das curvas de permeabilidade é a alta conectividade da rocha, que
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possibilitou a formacao de caminhos preferenciais que permaneceram completamente desobstruidos na incrustacao
pore-filling até o, = 0,2. Observe também a pequena diferenca no aumento da superficie especifica para as duas
curvas da Fig. 10.a (compare com a Fig. 7).
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Figura 10: (a) Resultados para a rocha P320 K642: Superficie especifica S, em funcdo de o,.. (b) Resultados para
a rocha Berea 500 incrustada pelo modelo dendritico: Queda de permeabilidade em fungao da queda da porosidade
para diferentes valores de ¢4 (em microns).

4.3 Resultados para o Modelo Pore-Lining

O mesmo tipo de andlise realizado na segdo 4.1 e 4.2 foi realizado para diversos tipos de rocha (veja dados
completos em Schaewer, 2006; Bueno et al., 2002b). Apresenta-se na Fig.11 os graficos com os resultados obtidos
para o modelo Pore-lining.

1'0 1 1 1 1
094 W& —— Berea 500 | 9007 _ Bores 500 L
N — Berea 200 —— Berea 200
06 —— P3g0_Keész | 6001 T pSiaR EOL -
’ \ —— PR38_Kl145 —_—
o y P240_Ki104 | & 700 P240:K104 L
i - P25 X316 | § 0 P275_K316 I
0.6+ F
o ] ] |
05+ - 500
: 0.4+ L g 400 L
0.3 L E 300+ L
0.2 L 200+ L
0.14 - 100+ L
0‘.1 0,‘2 013 Ofil- 015 0.8 0.1 02 0.3
a Porous Volume Reduction Porosity b

Figura 11: Resultados para o modelo pore-lining: (a) Queda da permeabilidade em fun¢do de o,. (b) Queda de
permeabilidade em funcao da queda da porosidade.

4.4 Resultados para o Modelo Pore-Filling

O mesmo tipo de analise realizado na segdo 4.1 e 4.2 foi realizado para diversos tipos de rocha (veja dados
completos em Schaewer, 2006; Bueno et al., 2002b). Apresenta-se na Fig.12 os graficos com os resultados obtidos
para o modelo Pore-fillling.

4.5 Resultados para o Modelo Dendritico

O impacto da incrustacao do tipo dendritico estd diretamente relacionado com a distribuicdo de tamanho de
poros das representacoes analisadas. Como podemos ver na Fig. 13 a rocha Berea 500 sofre a maior reducdo da
permeabilidade, enquanto a rocha P223 K104 apresenta a menor redugdo. A explicagdo para estes resultados é
encontrada na Fig. 14.a que mostra a distribuicao de tamanho de poros para as rochas analisadas, onde podemos
observar que a rocha Berea 500 tem a maior proporc¢ao de volume ocupado por poros grandes (maiores do que 40
wm), ao passo que a rocha P223 K104 tem um volume pequeno ocupado por poros grandes. Portanto, rochas que
tém a sua permeabilidade determinada por poros grandes sofrem um maior impacto com a fragmentacao do espaco
poroso que resulta da incrustacao dendritica.

Para simulagdes realizadas para as rochas Berea 500 e P275 K316 com dy = 2 vozels (dq = 5, 12um para Berea
500 e dg = 6,25um para P275 K316) e ¢4 variando entre 15um e 25um, a redugao da permeabilidade ndo apresentou
uma dependéncia forte do valor do tamanho dos dendritos e; como podemos ver nas figuras 9.b e 14.b, apesar da
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Figura 12: Resultados para o modelo pore-filling: (a) Queda da permeabilidade em fungao de o,.. (b) Queda de
permeabilidade em funcao da queda da porosidade.
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Figura 13: Resultados para o modelo dendritico: (a) Queda da permeabilidade em funcdo de o,.. (b) Queda de
permeabilidade em funcao da queda da porosidade.

grande diferenca da morfologia da fase incrustante que pode ser observada na Fig. 15. Observe na Fig. 15 que para
um mesmo volume incrustado o, = 0, 1, o volume atingido pelos dendritos apresenta uma relacao direta com o valor
de e4. Este parametro também determina o volume maximo que pode ser incrustado. A Fig. 10.b mostra a queda
de permeabilidade em fungao da queda da porosidade para diferentes valores de ey (em microns).
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Figura 14: Resultados de incrusta¢do com o modelo dendritico: (a) distribui¢io de tamanho de poros das repre-
sentagoes originais. (b) Queda de permeabilidade em fun¢ao da queda da porosidade para rocha P275 K316 com
diferentes valores de eg4 (em microns).

5 Conclusoes

Neste trabalho modelos e algoritmos computacionais desenvolvidos por Schaewer, 2006; Schaewer et al., 2006b
foram usados para gerar representagoes tridimensionais de rochas reservatério e para a realizagao de simulacgoes de in-
crustacao por sulfato de bario. As representacoes tridimensionais utilizadas no estudo foram reconstruidas através do
método da gaussiana truncada ou pelo método das esferas sobrepostas, veja Bueno et al., 2002b, a partir de microfo-
tografias de rochas reservatorio provenientes de bacias petroliferas brasileiras (cedidas pelo CENPES/PETROBRAS).

Trés tipos diferentes de modelos de incrustagao foram testados: ao redor do poro (pore-lining), preenchendo o poro
(pore-filling) e dendritica. Os mesmos levam em consideracao a influéncia da organizacao morfotopolégica do meio



Proceedings of the ENCIT 2006, ABCM, Curitiba — PR, Brazil — Paper CIT06-0923

Figura 15: Secdes transversais da representacdo reconstruida das rochas Berea 500 e P275 K316 (gt2) apresentando
o resultado do algoritmo de incrustacdo dendritica para o, = 0,1. Rocha Berea 500 com (a) eq ~ 15; (¢) eq ~ 20;
(e) eq =~ 25. Rocha P275 K316 com (b) eq =~ 15; (d) eq =~ 20; (f) eq = 25.

poroso, bem como a prépria morfologia apresentada pelo material incrustante, sobre a reducao da permeabilidade.

Cada representacao tridimensional foi submetida a sucessivos incrementos do volume incrustante, simulado através
do crescimento de microestruturas no espaco poroso tridimensional, e ao final de cada passo da simulacdo seus efeitos
sobre diferentes tipos de rochas foram analisados, incluindo a determinacao da permeabilidade intrinseca com o
método do grafo de conexao serial, Bueno e Philippi, 2002.

A principal vantagem da abordagem proposta é a possibilidade da utilizacdo de amostras de calha, obtidas por
uma fracdo do custo de um testemunho, amostras laterais e testemunhos danificados, assim como a realizacao de
simulag¢bes computacionais reproduziveis em lugar de ensaios laboratoriais destrutivos. Adicionalmente:

e Todas as rochas analisadas apresentaram curvas de permeabilidade em funcao do volume incrustado seme-
lhantes para incrustacao do tipo pore-lining mostrando que a morfotopologia do meio poroso exerce pouca
influéncia sobre a queda da permeabilidade para este tipo de incrustacao. Por outro lado, as curvas de queda
de permeabilidade para as rochas incrustadas de acordo com os modelos de incrustacao pore-filling e dendri-
tica mostraram forte dependéncia da organizacao da microestrutura dos poros. Rochas contendo poros com
pequena superficie especifica e apresentando uma pequena densidade de poros (menos do que 30 poros por
secdo transversal) demonstraram maior sensibilidade & incrustacio pore-filling, enquanto rochas onde poros de
grande didmetro (d > 50 pm) dominavam o fluxo sofreram maior dano com a incrustagio dendritica.

e Verificou-se a necessidade da utilizacdo de representacoes tridimensionais com maior resolucdo para casos em
que as rochas analisadas apresentavam poros com poucos voxeis de didmetro que eram facilmente bloqueados
pela incrustacao devido ao efeito da discretizagdo. Recomenda-se, para estes casos, a obten¢ao de uma nova
curva de autocorrelacao a partir de microfotografias com maior resolucao, de maneira que uma representacao
tridimensional com maior resolucao possa ser gerada.

e As simulacoes realizadas ndo demonstraram que a incrustagdo do tipo pore-filling sem microporosidade associ-
ada causasse maior dano do que a incrustacao pore-lining.

e Demonstrou-se que o dano de formacao causado pela incrustacao de sulfato de bario pode ser modelada com
uso dos métodos de andlise de imagens de rochas reservatorio.

Nota: O artigo, Schaewer et al., 2006b, "Modelagem e Simulacao da Incrustacdo por Sulfato de Bdrio em Represen-
tacoes Tridimensionais da Rocha Reservatorio: Efeitos Sobre a Permeabilidade”, (CIT06-0924), complementa
este trabalho apresentando os diversas modelos de incrustagdo aqui testados.
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Abstract. Barium sulphate scaling is a chronicle problem in the Campos Basin, where the most usual secondary recovery
technic is waterflooding (which corresponds to 85% of total oil volume produced). BaSOi scale deposition occurs when the
injected water, rich in sulphate ions, is mized with the formation water, rich in barium ions, resulting in solid precipitate
accumulation in the wellbore, well tubings and near wellbore formation. The problem is further aggravated by the hardness and
low solubility of the salt, as well as the formation damage which occurs near the production well, where the mizing between the
incompatible waters is more intense. Other sulphates, such as STSOu4, also cause the same problem.

In this wok, new models and algorithms to simulate sulphate scaling in reconstructed reservoir rocks are tested. Tridi-
mensional reconstructed rocks are obtained from high resolution images of thin sections of rocks found in brazilian basins
(contributed by CENPES). These reconstructed rocks are numerically scaled and permeability is then calculated by the serial
connection graph, allowing the determination of the injectivity index impairment as a function of the total volume precipitated
and the estimation of the formation damage coefficient.

The tested models consider the influence of the geometric and topological organization of the porous media, as well as the
morphology of the scaling phase itself. Three different scaling models were designed: pore-lining, pore-filling and dendritic.
Analysis of the simulation results made it possible to assess the: i) effects on the scaled reconstructed rock (porosity, specific
surface and connectivity), 11) effects over permeability reduction (formation damage).

The main advantage of the proposed approach is the possibility to use small rock samples, like drill cuttings and sidewall
samples, which can be obtained by a small fraction of the of a full core. Another benefit is that destructive laboratorial
experiments are replaced by fully reproducible computer simulations.

Keywords. scaling, formation damage, image analysis, stochastic 3D reconstruction, permeability.
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