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APPLICABILITY OF LINEARIZED DUSTY GAS MODEL FOR
MULTICOMPONENT DIFFUSION OF GAS MIXTURES IN POROUS SOLIDS

Jelena Markovi¢ and Radovan Omorjan

The transport of gaseous components through porous media could be described
according to the well-known Fick model and its modifications. It is also known that
Fick’s law is not suitable for predicting the fluxes in multicomponent gas mixtures,
excluding binary mixtures. This model is still frequently used in chemical engineering
because of its simplicity. Unfortunately, besides the Fick’s model there is no generally
accepted model for mass transport through porous media (membranes, catalysts etc.).
Numerous studies on transport through porous media reveal that Dusty Gas Model
(DGM) is superior in its ability to predict fluxes in multicomponent mixtures. Its wider
application is limited by more complicated calculation procedures comparing to Fick’s
model. It should be noted that there were efforts to simplify DGM in order to obtain
satisfactory accurate results.

In this paper linearized DGM, as the simplest form of DGM, is tested under con-
ditions of zero system pressure drop, small pressure drop, and different temperatures.
Published experimental data are used in testing the accuracy of the linearized procedure.
It is shown that this simplified procedure is accurate enough compared to the standard
more complicated calculations.
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INTRODUCTION

The industrial application of porous solids is quite widespread. They are used as
heterogeneous catalysts, adsorbents, membranes etc. Additionally, the porous electrodes
are used in fuel cells technology. Besides extensive experimental work there are nu-
merous models concerning porous solid properties and multicomponent transport (1).

It should be noted that there is no generally accepted model for multicomponent
diffusion through porous solids (2). Some of them belong to the group called continuum
models.
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They are relatively easy to use and sufficiently accurate if a porous medium does not
change its textural properties. However, they are not well suited if noticeable changes in
the pore connectivity, pore plugging and fragmentation occur (2).

Certain progress has been made in the last years employing discrete models based on
the network representation of porous medium (2). Unfortunately, the application of the
discrete models, (pore network models) requires tremendous computation time if
transport should be treated realistically. This is their major shortcoming.

Concerning continuum models, the modified Fick’s law is the simplest diffusion
model and it is often used for dilute or binary systems. It is also well-known about its
drawbacks for multicomponent systems (3). In order to describe multicomponent dif-
fusion more accurately, models based on Maxwell-Stefan equations are preferred and
recommended (3, 4, 5). Main obstacles of these models application are more complicated
calculation procedures comparing to the Fick's approach. Therefore, any justified simpli-
fications of the models or calculation procedures would be acceptable.

Today, there are three most frequently used models available for description of com-
bined transport of multicomponent gaseous mixtures through porous solids: the Dusty
Gas Model (DGM), the Mean Transport Pore Model (MTPM), and the Binary Friction
Model (BFM) (6). These models are based on Maxwell-Stefan description of multicom-
ponent diffusion in pores and on the d'Arcy equation for permeation.

The aim of this study was to analyze the application of the simplified procedure for
transport parameters determination in porous solids, based on the linearization of the
Dusty Gas model (7). This procedure was tested using the published experimental data
3,7).

EXPERIMENTAL

Flux models through porous solids

Modified Fick's model represents the combination of three transport mechanisms:
bulk diffusion, Knudsen diffusion and viscous flow. Fick's model defines component flux
as a product of diffusion coefficient and partial pressure (concentration) gradient of the
particular component:

Df
NP :—R'T V(x,P), i=1,.,n [1]

In small pores, the molecule-wall interactions are determining the process (Knudsen
diffusion), and in free space, molecule-molecule interactions (bulk diffusion). In each of
these two regimes diffusion coefficients have different values. In the transition region it is
common to use the Bosanquet formula in order to evaluate the diffusion coefficient,
while in bulk diffusion region Wilke equation is most commonly used (3).

When a convective transport contributes to the total transport, d'Arcy equation of
viscous flow can be added, resulting in what is known as extended Fick's model for po-
rous media:

N,=NP+ N/, NizR—IT[DfV(xiP)+MVPJ, i=Lo.n  [2]
7
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This equation is frequently used primarily because the component flux is expres-
sed in terms of concentration and pressure gradients. Methods of solving these equations
will not be discussed here. The simplest case is one dimensional problem where gradients
are replaced by finite differences (linear form):

N, :i(Dfo,. Boxi APJ i=1..n [3]
RT i
Contrary to the Fick's law for multicomponent diffusion concerning molecule to
molecule interactions, the more correct and theoretically based model is given by Max-
well-Stefan diffusion equations.(3). The diffusive flux of component (in this concept) is
given by the extended Maxwell-Stefan equation, which includes both, the bulk and the
Knudsen diffusion mechanisms:

D D D
1 nx;N; —x;N;" N/
—V(Px;)= zf—— ; (4]
RT Jj=1 Dl] DiK
J#i

According to the Dusty Gas model (DGM) of diffusive transport total flux is obtained
by adding convective (viscous) contributions, similar as in equation [2]. The following
formulation of DGM is often used as working equation in experimental investigation and
in modelling of multicomponent gas transport processes in general.

P ) B.P n x-N- N.
_Vxl,_pi 1+ 0 VP = Z—l——l, i=1,..,n [5]
RT RT < =1 Df; Djx

]il

There are n independent equations, n independent fluxes, N; and, » independent gra-
dients Vx,,...,Vx,_, VP.

In order to solve or use DGM equations an extensive effort is needed, excluding some
special cases.(4,5). DGM equations fluxes are not given explicitly comparing to extended
Fick's model, therefore, simplification of the calculation procedure would be very useful.
Above derived equations of multicomponent transport refer to macro and meso-porous
solids.

The common approximation is to consider one dimensional problem:

n-1°

. xN —-X; N N.
Py x5 L AT B R T [6]
RT dz  RT ,uDK = D D
J#i

with the following boundary conditions :
z=0, x,(0)=x", P0)=P°; z=6, x;(5)=x°, P(&)=P° [7]
and the additional constraints :

le.zz;d_zi:o, i=1..n (8]

From the composition constraint follows that only #-/ molar fluxes (gradients) are
independent and by summing the equations [6] the following equation for total pressure

gradient is obtained:
RT3 N o Bl 6 | 9]
i=1 K H = IDiK dz
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The constraint of zero component flux gradients is valid when there are no chemical
reactions. The equations [6] with the constraints [8] represent a system of 2n+1 equations
with 2n unknowns (n» compositions, pressure, z fluxes).

Solving these equations in order to obtain concentration and pressure profiles requires
initial estimates of all the fluxes N; (i =1,..n). Thus, the procedure includes finding the
appropriate component fluxes which satisfy the resulting system of ordinary differential
equations. It is carried out numerically in the general case, though analytical solutions
have been given for some very special cases. (3, 4, 5). Summing over the » species with
tkrlle constraint of absence of total pressure gradient DGM equations results as
>'N.M!’? =0, which represents the generalized Graham's law. On the contrary, modi-
i=1

n
fied Fick's low would define the equimolar diffusionas Y N, =0.
i=1

A convenient simplified procedure for the solution of DGM can be developed as in
reference (7).

The fluxes can be calculated explicitly with an assumption of linear profiles of com-
position and total pressure along the diffusional path. With these assumptions driving
force is as follows:

< B,P
g =25l Bl | A2 [10]
HDj ) PAz
where :
) 0 5 0
Axizxf—x?,fi:%, i=ln AP=P° — P’ P=L L o520y

This linear form of DGM equation [17] yields the values of the n fluxes explicitly.

RESULTS AND DISCUSSION

Testing of linear DGM (linear, nonlinear, exact)

Given linear representation, [11], could be considered as the simplest form of DGM
(4,5, 7). Linear DGM is tested against published experimental data for binary and ternary
gas mixtures including ideal and non-ideal behaviour (7).

Authors generally used the DGM in the form of the system of first order linear equ-
ation ODE, [5]. This system is solved numerically as a boundary value problem (non-
linear problem in the following text). Initial estimates of component fluxes were obtained
by using the linear DGM. Analytical solution in some cases could be found (,,exact™ so-
lution in the following text) when DGM is represented with a linear ODE (3). In order to
test all of these forms (linear, non-linear, ,,exact) of DGM numerical simulation was
performed (3,7).

The used gas mixture consisted of Ar, He, N, and H, in order to avoid adsorption
effects on pores surface and possible effect of surface diffusion (which is not included in
DGM). Binary Fick's diffusion coefficients are calculated by Fuller-Shettler-Giddings
correlation (9). The wusual experimental conditions are assumed P =101325kPa,

T=298K. Characteristics of porous solid are given elsewhere (7).
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Numerical simulation is performed for different ternary combination of the above
mentioned gases. Typical numerical results obtained for net flux through porous solids
are given in the Table 1. Binary mixture on one side (Ar + N,) with given mole fraction

of Ar (xgr) and pure component (H,) on the other side of the porous solid (xlg;2 =1).

The results are for zero pressure drop across the porous solid (AP =0).

Table 1. Net fluxes (N =) N, ) for different forms of DGM models

> | mol
Mole fraction- xzr Net fluxes - N 10 [E}
Linear DGM | Non-linear DGM ,,Exact“ DGM
0.9 2.3 -2.4 -2.3
0.8 -2.0 -2.0 -2.0
0.7 -1.6 -1.6 -1.8
0.6 -1.2 -1.2 -
0.5 -0.8 -0.8 -
0.4 -0.4 -0.4 -
0.3 0.1 0.1 -
0.2 0.6 0.6 -
0.1 1.1 1.1 -

Results from all other combinations of gases and compositions in ternary mixtures are
not given because the same conclusions could be made; also negligible difference bet-
ween results of linear and non-linear DGM was noticed. Although the analytical solution
(if exists) is more preferred than the numerical solution, in this case, to solve the go-
verning system of linear first order ODE analytically, some of numerical methods for
matrix algebra must be employed. These numerical procedures often fail to converge
which was the main reason why exact solution could not be found (3). Therefore, focus
will be only on linear and non-linear solutions of DGM.

In Fig.1 typical composition profiles across the porous solid for all the analyzed
models are given, Ar-H, binary mixture on one side, and the pure component He on the

other side of the porous solid, for linear (N, =9.5-107,N u, =0.014,Ny, =-0.04),
non-linear (N, =9.6- 10_3,NHJ =0.014,Ny,=-0.04) and exact form of DGM
(N4 =0.011,Ny =0.019,Ny, =-0.05).

Although, only the linear DGM uses the assumption of linear composition profiles,
linear composition profiles are also always obtained for both, non-linear and exact (when
solution is found) DGM.
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Fig 1. Composition profiles in ternary mixture (Ar-H,-He)

Influence of pressure drop

The influence of pressure drop, AP # 0, has been studied also. The analysis is based
on the reference and data for ternary mixture from (7, Table 1, Table 2). In reproducing
results from the literature denoted ,,exact™ solutions coincide with results obtained by the
non-linear procedure given here. Although in the reference (7) experimental and simu-
lated data have been analyzed only for zero pressure drop, analysis has been extended by
including the total pressure difference. As the experimental results were not available in
that case, this analysis has been restricted to the comparison the linear and non-linear

models.
Pressure difference has been applied to the mentioned data and it was observed as the
deviation from mean pressure. The mean pressure was kept constant and the ratio of

pressure difference and mean pressure was calculated as AP = c- P , where the constant ¢
could be arbitrarily chosen. The comparison between linear and nonlinear models was
performed by the calculating the accompanied component fluxes. The ratio of component

Nln _ ann

Ni T : Ninln :
In Fig.2. values of the flux ratios for different ¢ values and the case of ternary mixture
(He, Ne, Ar) are presented. At AP = 0 the fluxes were Ny~-0.5, Nye~0.12, Nj~0.07.

When AP =0 (c = 0) the difference between models is negligible. This is in accordance
with previous discussion.

fluxes, R was chosen as an indication of model differences.
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Fig 2. The comparison of linear and nonlinear DGM for different pressure difference
(Bo=r0’/8, e/t=1, u=22.6x10° Pa s, 5=9.6mm)

The difference between models will increase with increase of AP. Positive AP will aid
the flux of He and counter the fluxes of Ne, Ar and negative AP will have the opposite
influence. When the flux of component is high and additionally contributed by pressure
difference the relative difference between models will be lower (He - negative flux, posi-
tive AP).

In the case of lower fluxes especially when they are suppressed by pressure difference
(Ne, Ar - positive flux, positive AP) the relative difference between models is more noti-
ceable. Additionally, if the AP is high enough the sign of the flux could change. In this
case, the fluxes of Ne and Ar changed from positive to negative. This could be noted as
the vertical asymptote (break for Ne, Ar in Fig 2.) for ¢ values between 0.005 and 0.01
because in this regime there is a ¢ value where the fluxes calculated by nonlinear model
are equal to zero.

In the case of negative AP and comparing to positive AP, the model differences in
fluxes for He (He - negative flux, negative AP) are greater and for Ne, Ar (Ne,Ar — po-
sitive flux, negative AP) are significantly lower. Nonlinear procedure could fail for large
pressure difference (greater absolute ¢ values) i.e. the system could become stiff and
therefore much difficult to solve. In the range of ¢ values, presented in Fig.2., used nu-
merical procedure converged, and outside of this region it failed.

Influence of temperature

It is also important to investigate the temperature influence, especially for the eleva-
ted temperatures (porous catalysts, fuel cell (SOFC) electrodes etc.). The used experi-
ments (7) are performed on 27 °C. Fig. 3 represents the temperature influence and the
simulation for the data from the same experiment. It could be seen that the difference in
predicting the component flows between two models is lower at higher temperatures.
DGM is also used in analysis of the transport through the porous electrodes in a fuel cell
system, SOFC (12). The operating temperatures of SOFC are very high (~527-727 °C).
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Although the authors applied nonlinear two-dimensional DGM they assumed the
linear concentration and pressure gradients. The authors also justified this assumption
over a large range of electrode structures and fuel cell operating conditions. This also
implies the use of linear instead of nonlinear models.

F20

Relative flow difference Ry, [1]
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Fig 3. The comparison of linear and nonlinear DGM for different temperatures

CONCLUSION

In general, the difference between the compared models can be considered acceptable
for zero or smaller pressure difference. On the other hand when the significant pressure
difference is applied, linear model is quite acceptable for smaller mean pore radius. Con-
sidering the temperature, the analysis indicates that the linear model is more useful when
the temperatures are higher.

Therefore, it could be concluded that for isothermal multicomponent diffusion the
linear DGM model with its advantage of simplicity can be used without significant loss
of accuracy for zero AP (or small deviation from zero), smaller mean pore radius and hig-
her temperatures.
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MPUMEBNBOCT JUHEAPU30BAHOT JACTH F'AC MOJIEJIA HA
MYJITHKOMIOHEHTHY JU®Y3UJY TACHUX CMEIIIA KPO3 TOPO3HHA
MEJINIYM

Jenena Maprosuh, Padosan Omopjan

Tpancnopt racoBa Kpo3 HOPO30HH MEIHjyM MOKE Ce ONHcaTH J100po mo3HatuM Pdu-
KOBHM 3aKOHOM Kao M HEKUM HeroBuM Moaudukanujama. [lozHaro je na OukoB 3aKoH
HUje MMOTo/IaH 3a npensuhame QIIyKceBa y MyITHKOMIIOHCHTHO] TaCHO] CMEIIH, Ca H3Y-
3eTKOM OMHapHUX cMmema. MelhyyTHM oBaj MO/l ce M Jajbe YeCTO KOPUCTH Y XEMUjCKOM
HHXEHEePCTBY 300T berose jenHoctaBHocTH. Haxanoct, ocum ®ukoBor Mozena He 1o-
CTOjU HHjeJaH OmITe mpuxBaheH MozeN 3a mMpeHoc Mace Kpo3 MOPO3HU MEHjyM (MeM-
Opane, katanuzarope u ci.). bpojHe cTyauje o mpeHocy Mace Kpo3 MMOPO3HH MEAHjyM TI0-
Kazane cy na ce nomohy [lactu rac monena (JAI'M) 3HaTtHO Gosbe MOTY NpENBUACTH
(dhiykceBH Kaja ce paad 0 MyJITUKOMIOHEHTHO] cMmeru. [Ilupa npumena JII'M orpanu-
YyeHa je BeoMa KOMIUTMKOBAaHHUM TIOCTYMIUMA 32 M3padyHaBame y nopehemy ca PukoBum
MoJIeTIoM. YTIpaBo 3aTo je MoKeJbHO Johu 10 jeaHocraBHujer oonuka JAI'M koju Ou umak
JIao JI0BOJHO TauHE pe3yJiaTe.

VY pany je ucnutuBaH JuHeapu3oBaHu oomuK J[I'M, ka0 HeroB HajjeTHOCTAaBHUJH 00-
JHK, y ycJIoBEMa Oe3 Iaja MPUTUCKA CHCTeMa, Kala MOCTOjU MajM Maj IPUTHCKA, Kao
3a pa3IMuuTe CPelme NIPEYHIKE Nopa 1 pasanduTe Temueparype. [IpumkoM tecTrparma
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KopHIIHieHH Cy eKCIICpUMEHTAIHN oAl U3 iuteparype. [lokasaHo je a 1mojeHOCTaB-
JeeHu obimk /II'M-a nmaje TOBOJFHO TadHE pesynare y mopehemy ca KOMILIMKOBAHUjUM
00JIMIIIMa UCTOT MOJIENIA.
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