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ABSTRACT

Two models for gas-phase diffusion and advection in porous media, the Advective-
Dispersive Model (ADM) and the Dusty-Gas Model (DGM), are reviewed. The ADM,
which is more widely used, is based on a linear addition of advection calculated by Darcy’s
Law and ordinary diffusion using Fick’s Law. Knudsen diffusion is often included through
the use of a Klinkenberg factor for advection, while the effect of a porous medium on the
diffusion process is through a porosity-tortuosity-gas saturation multiplier. Another, more
comprehensive approach for gas-phase transport in porous media has been formulated by
Evans and Mason, and is referred to as the Dusty-Gas Model (DGM). This model applies
the kinetic theory of gases to the gaseous components and the porous media (or "dust") to
develop an approach for combined transport due to ordinary and Knudsen diffusion and
advection including porous medium effects.

While these two models both consider advection and diffusion, the formulations are
considerably different, especially for ordinary diffusion. The various components of flow
(advection and diffusion) are compared for both models. Results from these two models are
compared to isothermal experimental data for He-Ar gas diffusion in a low-permeability
graphite. Air-water vapor comparisons have also been performed, although data are not
available, for the low-permeability graphite system used for the helium - argon data. Radial
and linear air-water heat pipes involving heat, advection, capillary transport, and diffusion
under nonisothermal conditions have also been considered.

Based on the data-model comparisons, the DGM is recommended for gas-phase transport
analyses in porous media. As discussed in the derivation of the DGM, Fick’s Law must be
defined relative to the mole-average velocity to calculate gas diffusion in porous media; the
stationary coordinate definition used in the advective-dispersive formulation discussed here is
inappropriate and may lead to significant errors in the component fluxes, especially for
stagnant conditions. Additional data-model comparisons are needed for air-VOC systems,
multicomponent mixtures, and actual soils including unsaturated conditions.
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1.0 INTRODUCTION

Gas-phase diffusion in porous media may be significant in the flow of multiphase fluids
and the transport of contaminants in the subsurface. In many applications, such as removal
of nonaqueous phase liquid (NAPL) contaminants from low-permeability layers in the
subsurface, gas-phase diffusion may be the limiting transport mechanism. Gas-phase
diffusion may also be important in the analysis of contaminant migration and/or drying
processes in potential nuclear waste repositories such as Yucca Mountain (Pruess and Tsang,
1993; Finsterle, Schlueter, and Pruess, 1990; Tsang and Pruess, 1990), and in porous
catalysts (Jackson, 1977).

A number of different models for combined advection-diffusion of gases in porous media
have been employed. The most widely used model is the Advective-Dispersive Model, or
ADM, which is based on a linear addition of advection calculated by Darcy’s Law and
ordinary diffusion using Fick’s Law. Knoudsen diffusion is often included through the use of
a Klinkenberg factor for advection, while the effect of a porous medium on the diffusion
process is through a porosity-tortuosity-gas saturation multiplier. This model is employed in
TOUGH?2 (Pruess, 1991), a widely-used code for simulating flow and transport in fractured
and porous media in nuclear waste, environmental, and geothermal applications (Pruess,
1995), the PNL code STOMP (Lenhard et al., 1995), and has been proposed as the model
for the new Sandia massively parallel porous media code (Martinez, 1995a,b). Another,
more comprehensive approach for gas-phase transport in porous media has been formulated
by Evans and Mason in a series of papers between 1961 and 1967, which is referred to as
the Dusty-Gas Model (DGM). This model applies the kinetic theory of gases to the gaseous
components and the porous media (or "dust") to develop an approach for combined transport
due to ordinary and Knudsen diffusion and advection including porous medium effects.

While these two models both consider advection and diffusion, the formulations are
considerably different, especially for diffusion. A comparison of the predictions from these
two approaches including available experimental data has been performed to illustrate the
differences between the two models. Experimental data used include combined advection and
diffusion of binary gas mixtures in a low-permeability porous medium.

A review of these two gas-phase diffusion models for porous media is given in the next
section, followed by comparison of the two models to gas-phase diffusion data restricted to a
binary system. Application of the various models to more than two components is treated in
references cited in the model descriptions.

The present research has been performed as part of Sandia Laboratory Directed Research
and Development (LDRD) Project (Proposal 96-0236) entitled "Enhanced Vapor-Phase
Diffusion in Porous Media."



2.0 REVIEW OF MODELS

The Advective-Dispersive Model (ADM) and the Dusty-Gas Model (DGM) are reviewed
in this section.

2.1 Advective-Dispersive Model

The most common model for gas diffusion and advection in porous media is the
Advective-Dispersive Model (ADM). This approach is employed in TOUGH2 (Pruess,
1991), a widely-used code for simulating flow and transport in fractured and porous media in
nuclear waste, environmental, and geothermal applications, the PNL code STOMP (Lenhard
et al., 1995), and has been proposed as the model for the new Sandia massively parallel
porous media code (Martinez, 1995a,b). A number of other investigators, including Abriola
and Pinder (1985), have used a similar approach. Note that the ADM is also used in
T2VOC (Falta et al., 1995) and M®2NOTS (Adenekan et al., 1993) for multicomponent
diffusion transport of NAPLs (nonaqueous phase liquids) and VOCs (volatile organic
compounds) along with water vapor and air because both of these codes are based on
TOUGH2.

The ADM is based on a linear addition of advection calculated by Darcy’s Law and
ordinary diffusion using Fick’s Law. Slip effects, or Knudsen diffusion, are included
through a Klinkenberg parameter to define the effective permeability for the advective mass
flux. Porous medium effects for ordinary diffusion are included through a porosity-
tortuosity-gas saturation factor on the diffusive mass flux in free space.

In the discussion that follows, gas-phase only conditions (S,=1.0) will be assumed
because the primary emphasis of the present study is gas-phase transport. Unsaturated
conditions with simultaneous gas-phase and liquid-phase flow will be discussed in the heat
pipe simulations presented in the Model Comparisons section of this report.

As given by Pruess (1987, 1991), the ADM mass flux for component i, F;, for the gas-
phase only case is

k
F, = —;pgcoi(VPg = P8.) ~ Dpp, Vo, @

where k is the permeability, p is the viscosity, P, is the gas pressure, w is the mass fraction,
p is the density, g is the gravitational constant, and D,, is the effective diffusion coefficient.
The first term on the right hand side is the advective mass flux and the second term is the
diffusive mass flux.




Slip, or Knudsen diffusion, is simply incorporated into the model through modification of
the permeability by the Klinkenberg factor, b, as

k = k(1 + b/P) @)

where k; is the intrinsic permeability and P, is the gas pressure.

The effective diffusion coefficient is a function of pressure and temperature and porous
media parameters, or

Py1T+273.15\¢
0 .
Dy, = td’SgD”Fo( 273.15 ) ©

where 7 is the tortuosity, ¢ is the porosity, S, is the gas saturation, D,,? is the binary
diffusion coefficient at 1 bar (10° Pa) and 0° C in free space, P, is equal to 1 bar, T is the
temperature in °C, and the exponent 6 is typically 1.8 (Pruess, 1987).

In the case of pure ordinary diffusion (no advection), the ADM reduces to

Fiy = = Dypp Vo, @

Fi, = = Dy p, Vo, . ®)

For a binary mixture, Vu,_; = - Vuw,,, and D;, = Dy, so
F., =F,, ©

i=1

and the mass fluxes of the two components are equal and opposite.

2.2 Dusty-Gas Model

The Dusty-Gas Model (DGM) was developed to describe gas transport through porous
media including the coupling between the various transport mechanisms. The term dusty-gas
is used because the porous medium is a component of the gas mixture consisting of large
molecules fixed in space, and the kinetic theory of gases is applied to this dusty-gas mixture.
The DGM is discussed in detail by Mason and Malinauskas (1983) and by Cunningham and
Williams (1980).




Hadley (1982) developed a model which, according to the author, is "essentially
identical" to the model of Mason, Malinauskas, and Evans (1967), or the DGM. The
numerical simulators PETROS (Hadley, 1985) and NORIA (Bixler, 1985) are based on the
Hadley model. PETROS and NORIA have had limited use and are planned to be replaced
by the simulator being developed by Martinez (1995a,b) which is currently based on an
advection-dispersion model similar to TOUGH2.

Gas transport through porous media can be divided into three independent modes:
(1) Free-molecule or Knudsen diffusion, which is dominated by molecule-wall
collisions;
(2) Advective flow, which is dominated by molecule-molecule collisions;
(3) Continuum or ordinary diffusion due to concentration gradients, temperature
gradients, or external forces, which is dominated by molecule-molecule collisions.

For simplicity, the discussion below is limited to a binary gas, and temperature gradients and
external forces such as gravity are ignored. The more complex nonisothermal and/or
multicomponent system is treated in the DGM references given above.

One of the key ingredients in the DGM is combination of the correct form of the various
mechanisms for diffusion (ordinary and Knudsen) and advection. Ordinary and Knudsen
diffusion are combined through additivity of momentum transfer based on kinetic-theory
arguments, and diffusive (ordinary plus Knudsen) fluxes are added to advective fluxes based
on Chapman-Enskog kinetic theory. In order for these fluxes to be additive, there must be
no coupling or interaction between them. In other words, the definition of diffusion must not
cause viscous flow, and viscous flow must not cause diffusive flow. This coupling will be
discussed in more detail below when the form of ordinary diffusion is discussed.

The presentation that follows is essentially from Mason and Malinauskas (1983). Mason
and colleagues (Evans, Watson, and Mason, 1961, 1962; Mason et al., 1963, 1964, 1967)
developed the theory over a number of years using a full Chapman-Enskog kinetic-theory
treatment for the gas mixture in which the porous medium is considered to be the "dust" in
the gas. The treatment below is based on simpler momentum transfer arguments, which give
the same results.

2.2.1 Gas Transport Mechanisms
2.2.1.1 Knudsen Diffusion

Knudsen diffusion, which is operative in the free-molecule region, is dependent on the
gradient of the gas density of each species independent of each other. In the free-molecule
regime, the molecular mean free path is larger than the characteristic dimension of the
medium, so molecule-wall interactions dominate over molecule-molecule interactions. The
net flux of species i in Knudsen diffusion is proportional to the gradient of the molecular
density, n, or



Jg =~ Dg Vn, ™

where

Dy = (4/3) K, ®)

and v is the mean molecular speed

v = 8kyT/mm)? ©

and kj is Boltzmann’s constant, T is the temperature, and m is the molecular mass. The
parameter K, is dependent on the scattering medium or the porous medium and is usually
measured. Note that Dy is independent of pressure and is proportional to T2,

Consider a thin plate in open space with a small hole in it. Two different gases are on
either side of the plate at the same pressure and temperature. The value of K, is the same
for both gases. Due to Knudsen diffusion, gas will diffuse from one side to the other, and
the ratio of the fluxes is

~Jixldox = Dyl Dy = vV, = (myfm ) . (10)

This relationship is known as Graham’s law of effusion and was discovered in 1846
(Graham, 1846).

The diffusive flux due to Knudsen diffusion is similar to ordinary diffusion in that the
diffusive flux is due to a molecular density gradient. The difference between the two types
of diffusion is due to the dominant type of molecular collisions of each process. Knudsen
diffusion is in the free-molecular region with minimal molecule-molecule collisions;
molecule-wall collisions dominate. Ordinary diffusion is dominated by molecule-molecule
collisions. Therefore, each diffusion mechanism has its own dominant molecular collision
process and its own diffusion coefficient.



2.2.1.2 Advective Flow

Advective flow is straightforward. The flow rate in a porous medium is linearly
dependent on the pressure gradient, the permeability, the molecular density, and inversely
proportional to the fluid viscosity, or

Josy = ~(nk| VP, . an

The flux is directly proportional to pressure through the molecular density term. All species
in a mixture are transported at the same rate by advective flow, so the flux of any species is
simply

iy = % (12)

and advective flow does not lead to separation of the different species being transported.

2.2.1.3 Ordinary Diffusion

Ordinary diffusion is the most difficult of the three transport mechanisms to properly
define. While the ADM assumes direct applicability of Fick’s Law, there are subtle
complications when advection is involved as discussed below.

Suppose we have two gases in two bulbs connected by a tube as indicated in Figure 1.
Each bulb is at the same temperature and pressure, and no external forces exist. Assume
that the piston in the figure is fixed, so the volume of each bulb is constant. In this
situation, the lighter (and faster) molecules diffuse more quickly than the heavier (and
slower) molecules due to their higher speed, so the net diffusive molar flux will be towards
the bulb with the heavy gas. This diffusive flux will cause an increase in the pressure in the
heavy gas bulb (and a decrease in the pressure in the lighter gas bulb), resulting in viscous
flow from the heavier gas bulb to the lighter gas bulb in the opposite direction of diffusion.
This change in pressure, and resulting advective flow, violates the independence of the two
mechanisms as outlined above.

Now suppose we have the same scenario as discussed above but we allow the piston to
move to maintain equal pressures. Again, the lighter gas will diffuse faster than the heavier
gas, and there will be a net flow of gas between the two bulbs. The piston will move to the
left to keep the pressures constant. In order to have a zero pressure gradient and zero
advective flux due to diffusion and to maintain the simple additivity of the viscous and
diffusive fluxes, diffusion must be defined in a coordinate system moving with the average
molar velocity.



p p+4Ap

DIFFUSION TUBE

LIGHT GAS HEAVY GAS
\_ 7_— .
\ w, ~
PISTON
Figure 1

Binary diffusion. If the piston is held stationary, a pressure difference
develops that is just sufficient to keep the net flux zero through the
diffusion tube. If the pressure is kept uniform, the piston must be moved
as indicated, and there is a net flux of gas through the diffusion tube.
(figure and caption from Mason and Malinauskas, 1983)




As discussed by Mason and Malinauskas (1983) and by Bird, Stewart and Lightfoot
(1960) for a binary mixture, the molar diffusive flux of components 1 and 2 relative to
stationary coordinates is

Jp = = D, Vn, + x,J,, 13)

Jop

1

- D,, Vn, + x,J;, (14

where D, is the effective binary diffusion coefficient and J;, = J,;, + J,p is the net molar
flux and x; = ny/n is the mole fraction. Diffusion is defined relative to the molar average
velocity, Jp/n.

For equal pressure diffusion, such as when the piston moves, the ratio of the diffusive
fluxes is given by

~Jipldyp = (my/m)'P (15)

which was experimentally discovered by Graham (1833). While this ratio is the same as
Graham’s law of effusion, it is quite different in applicability and is called Graham’s law of
diffusion. This relationship i$ not applicable if there is any pressure difference.

A simple derivation of this relationship can be performed by considering momentum
transferred to the walls by molecular collisions as given by Mason and Malinauskas (1983).

The net momentum transferred to the walls is the sum from the two diffusive fluxes. This
sum must equal zero if there is no pressure gradient, or

Jpm v, + bpm,v, = 0, (16)
or
= Jipldyp = myvyfmy vy = (myfm)'? 17

where use has been made of the molecular speed relationship given earlier.

As mentioned above, this ratio was discovered experimentally by Graham in 1833.
Unfortunately, the requirement of equal pressures was overlooked, and the above relationship
was assumed to be simply an approximation and was forgotten until Hoogschagen
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rediscovered it (Hoogschagen, 1953, 1955). The problem was that most diffusion
experiments were carried out in a closed two-bulb system with a small, but not negligible,
pressure difference. In interpretation of these experiments, the pressure difference set up a
viscous flux that was not considered in interpretation of the data; only transport by diffusion
was considered.

2.2.2 Combined Transport

Knudsen diffusion and ordinary, or continuum diffusion, can be combined by
consideration of momentum forces. If no external forces, such as gravity, are present, the
momentum transferred to the walls must be balanced by some force. In the case of
diffusion, this force is attributed to the partial pressure of each species. The Knudsen and
ordinary diffusion flux equations (7 and 13) can be written as

(P, Dyar = G TID ) Jie (18)

~(VPy Dmotecute = (gTIDy)) (Jip = %Jdp) 19

where P,; = nkgT. These two pressure drop or momentum components are additive, so _
“(VPep) = (TIDy) Jyi + (kpT/Dyy) (Jyp = ) (20)

and a similar equation for the other species. This equation describes the diffusion for one
component of a binary mixture with uniform total pressure including Knudsen and ordinary
diffusion.

Note that in the ADM, the effect of Knudsen diffusion is only included in the effective
permeability of the porous medium, which does not lead to separation of the components of
the binary gas. Inclusion of Knudsen diffusion in the diffusive term in the DGM with the
resulting separation of the components is one of the main differences in behavior between the
ADM and the DGM.

If the pressure gradient is not zero, advection also occurs. Advection is simply added to
the diffusive (Knudsen plus ordinary) flux since there are no direct coupling terms as long as
diffusion is properly defined and does not implicitly include viscous flux contributions. For
the DGM, the total flux is simply the sum of the various fluxes, or

Ji =d = I * Xdas s 1)




Jy =dop + o, =dop * Xl 5 (22)

J=dy+d, =dy+J, . (23)

As shown by Mason and Malinauskas (1983), the various expressions for the individual
fluxes can be combined resulting in

nk
Jy = - DV, +x,8,J - xlyl(—u-) VP, @4)
I, = - DVn, + %00 - x,v.["F) vp 25)
2 2V * 500 T Y, WA E
where
1 1 1
L.1.,1 6)
Dl DIK D12
5, = D, - Dig (27
D, Dy + Dy
D D
S S B R @8)

Dy Dy + Dy,

Multicomponent versions of the above equations are given by Mason and Malinauskas
(1983).

There are many alternative forms of the DGM which can be derived by combining
various forms of the equations. Thorstenson and Pollock (1989) present a number of useful
forms, including specific forms for binary systems which is of special interest here. In
particular, using the above equations and some patience, the total flux of component 1 in an
isothermal binary system can be written as

-10-



Pg VPg
DIKD12ﬁv'xl + Dig(Dy, + DZK)xl_}

RT kP, VP (29)
Dy, + %, Dy + x,D,) B RT
and
P, VP,
DIZ(DZK_DIK)'EE.V'xl _(Dlz(xlDIK+x2D2K) "'Dlxsz)‘R—T] kP, VP, 30)
J=J,+J,= = <7
1772 (Dy, + %, Dy + %D, B RT

Thorstenson and Pollock (1989) also present other forms of the above total flux equation
including limiting forms of the equation for different regimes, such as the Knudsen regime
and the ordinary (molecular) diffusion regime.

Two items are of particular interest. First, the diffusion flux in the component equation
is dependent on both Knudsen diffusion and ordinary diffusion coefficients. The reason is
that Knudsen diffusion characterizes the wall-molecule interaction of diffusion, while Fick’s
Law only considers molecule-molecule processes. Second, the first term in the total flux
equation is dependent on the difference in the Knudsen diffusion coefficients of the two gas
components. Therefore, the coefficient is not a single value but is dependent on the specific
gases involved as shown by Klinkenberg (1941). The above equations are of the same form
as ADM; the two forms are compared in the section 2.4.

The above equations and derivations are for an isothermal system. If a temperature
gradient also exists, such as in a heat pipe, thermal transpiration and thermal diffusion also
occur due to the temperature gradient. However, as discussed by Mason and Malinauskas
(1983), while thermal transpiration and thermal diffusion may not be negligible, they are not
dominant either, based on the analyses of Wong et al. (1975, 1976) who employed the
DGM. Predictive models for the thermal transpiration and thermal diffusion coefficients,
where available, are complicated at the present time, and their accuracy is only moderate.
Therefore, thermal transpiration and thermal diffusion are not included in the present study.

2.3 Comparison of Model Requirements

The ADM and DGM models are significantly different from each other as can be seen by
comparing the appropriate equations (equations 1 and 2 for ADM and equation 29 for DGM)
and as discussed in more detail in the next section. In spite of these dramatically different
formulations, the data requirements for the two approaches are the same. Both models need
the permeability and an effective binary diffusion coefficient, which are identical in both
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models. For Knudsen diffusion, the ADM relies on a Klinkenberg parameter. While the
DGM uses two separate Knudsen diffusion coefficients, the ratio between the component
values is simply dependent on the ratio of molecular weights, and the Klinkenberg parameter
can be used directly to calculate the Knudsen diffusion coefficients. Therefore, there are*no
differences in the data requirements between the two models.

2.4 ADM - DGM Comparison
The ADM and DGM are compared in this section. Farr (1990) did some similar,
although more limited, comparisons along the same lines. In the present comparison, the
ratio of the various mass fluxes for advective flow, Knudsen diffusion, and ordinary diffusion
neglecting the gravitational term for simplicity will be evaluated.

ADM - Mass fluxes

Combining equations (1) and (2), the appropriate equation for the ADM is:

F; = _fpgwi(l + b/P))VP, - D;,p, Vo, -

where the (1+b/P,) term includes the Klinkenberg factor, b, for Knudsen diffusion. This
equation can be rearranged as follows

. [kpgcol b, kpgcol]vpg - Do Vo, (32)
p P, B

DGM - Molar fluxes

The appropriate equation for the DGM is equation (29), or

s

P, VP,
DIKD12'Evvx1 + Dyp(Dyy + sz)xl?f kP, VP, (33)

J, = -
1 Dy *+ %Dy + %Dy

which can be rearranged as follows
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P
DlKD12_g' D..(D.. + D
x,/RT kP 39
D* D* BRT| ¢
where
D* = Dy, + %Dy + %Dy . 35)

In each of these equations, the first term is ordinary diffusion, the second term is
Knudsen diffusion, and the third term is advective flow. The ratios from the two
formulations will be compared individually.

2.4.1 Advective Flow
ADM
ADM k pg @y 3
Fio - - ZPePigp (36)
B

In the present analysis of the ADM, the Klinkenberg factor, b, is not included in the
advective flow contribution but is included in the Knudsen diffusion term.

DGM
peM _ oeu . _ kB,
Frog = Jiaty M = xl;ﬁmlvpg 37

In the DGM expression, P,/RT is the molar density, so x,P,/RT is the molar density of
phase 1. When this molar density of phase 1 is multiplied by the molecular weight, it results
in the mass density of phase 1, or

xl—R%,ml = P 0 - (38)

Therefore, as expected, the advective fluxes from both models are equivalent, or
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2.4.2 Knudsen Diffusion
ADM
k
L LA 0
p P
DGM
D (D, + D,)x./|RT
P i = 1ty = - | 22 20 @

D* 8
Using the mole fraction - mass fraction relationship discussed above

P

xn—Em = pgo,, “2)

the ratio of the mass fluxes can be written as

F1D gn}':dm _ DDy, + Dp)/D”

F{ Rt kblw

Ratio; govicen = 43)

and p is the mixture viscosity. The Klinkenberg factor, b, is a single constant which is
representative of the gas mixture. As shown by Klinkenberg (1941) and as discussed in
detail by Thorstenson and Pollock (1989), b is a function of the gas and the porous medium.
The Klinkenberg factor is proportional to m™2, where m is the molecular weight. The
Knudsen diffusivity used in the DGM is defined in terms of the Klinkenberg factor as shown
in the Appendix as

Dy = kby/y, 49

and the ratio is
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bl 13 (D12 + DZK)

e . é5)
b py Dy, + %Dy + %, Dy

Raﬁol Rnudsen —

This ratio can vary from near unity for gases which have similar molecular weights and
viscosities to large or small values when the molecular weights differ dramatically, such as
for NAPLs and air.

In order to get an idea of the magnitude and variation of this ratio, several assumptions
have been made. Assuming that the ADM model parameters are based on component 1 (b =
by; p = py), that Dy, = Dy, (as will be seen later, the magnitude of the various diffusion
coefficients are often similar), and using the Knudsen diffusion relationship

mali2
D, = D, (_‘) (46)
JK iK »
m;
the ratio can be written as
1 + mP?
Ratio; gouen = d 7 7
1+x,+ XMy
where
m
m, = (_1) , 48)
m,

Again, note that equation (47) includes a number of assumptions. This ratio is shown in
Figure 2 as a function of x; and the molecular weight ratio, m,,, and is a strong function of
these parameters. If the mole fraction x, is equal to 1.0, there is no difference between the
two formulations. As the mole fraction of component 1 decreases, the ratio deviates from
1.0. For a molecular weight ratio of 10, the ratio increases from 1.0 to about 2.1 as x, goes
to zero. For a large molecular weight ratio, the difference between the component Knudsen
diffusion coefficients increases, leading to larger differences in the individual component
fluxes. As x,; decreases, component 2 plays a more significant role, and the differences are
accentuated. For a molecular weight ratio of 1.6, which is the value for an air-water vapor
mixture, the differences are significantly smaller, reaching a maximum of only about 1.2.
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2.4.3 Ordinary Diffusion

ADM
FlAgégwion = = Dp,p, Vo, “9)
DGM

DGM DGM DLKDIZF;-’ (50)
Fy gigusion = J1 diffusion My = ——Tlexl

Using the mass fraction - mole fraction relationship discussed above, and the relationship
from Bird, Stewart, and Lightfoot (1960) to go from a mole fraction gradient to a mass
fraction gradient

m,.m,Vx
Vo, = 2 (51)
@ymy + x,my)’
the ratio between the two fluxes can be written as
DGM
. _ Fyggusion _ Dyg (6ymy + Xymy)
F, 1 diffusion D m2

Again, even in the case of ordinary diffusion, or diffusion due to a concentration gradient,
the ratio depends on the Knudsen diffusion and ordinary diffusion coefficients.

Under the same assumption used in simplifying the Knudsen diffusion ratio of D;,=Dy,
the ratio can be expressed as

xZ + xl mra:

12
1 +x, + X Mg,

RAti0, yuion = (53)

which is shown in Figure 3 as a function of the molecular weight ratio and x,. Note that the
ratio is always different from unity. Thus, under the current assumptions, there are
practically no situations where the two formulations are the same. Even if the molecular
weights are equal, the results will be different.

-17-




Component 1 Flux Ratio (DGM/ADM)

Ordinary Diffusion Ratio

2-50 N 1 ¥ T ¥ T d T

2.00

1.50

1.00

0.50

Figure 3
Comparison of ADM and DGM for Ordinary Diffusion

-18-




As was noted earlier, the two formulations have significantly different characteristics for
ordinary diffusion. While the ADM results in equal and opposite mass fluxes, the DGM
mole flux ratio is dependent on the molecular weight ratio, and ordinary diffusion is relative
to the mole-average velocity, which is a function of the molecular weight ratio and the mole
fractions. Therefore, the DGM/ADM ratio is a function of all the variables. The value of
0.5 at an x; value of 0. is due to the assumption of equal binary and Knudsen diffusion
coefficients for component 1 and is simply equal to Dix / (D;, + D). Thus, for a higher
permeability medium where Knudsen diffusion effects are small, the Knudsen diffusion
coefficient is larger (Dk o k™' from the Appendix) implying smaller concentration gradients
due to Knudsen diffusion. In this case, D;x > D;,, and the ratio approaches 1.0 for x, equal
to 0. As x, increases, the results from the two formulations will diverge unless the
molecular weights are equal.

2.4.4 Overall Comparison

The ADM and DGM transport mechanisms have been compared above. While the
advective flow formulations are identical, transport due to Knudsen diffusion and ordinary
diffusion may be significantly different. The differences are a function of the molecular
weights of the components, the mole fractions, and the ratio of ordinary and Knudsen
diffusion coefficients.

The comparisons and ratios given in this section are only for individual mechanisms.
Data-model comparisons are presented in the next section to compare the models under
combined advection and diffusion conditions and to evaluate the performance of the two
models compared to experimental data.
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3.0 MODEL COMPARISONS

The predictions from the ADM and the DGM for pure diffusion and for combined
advective flow and diffusion are presented in this section. The TOUGH2 code (Pruess,
1991), which uses the ADM in its original formulation, has been modified to use the DGM
gas transport expressions. In the model comparisons that follow, only the transport
expressions are different; the numerical scheme is the same for both models. In all cases,
the computer times for the ADM and DGM models in TOUGH2 are essentially the same.

Note that Abriola et al. (1992) has previously compared an ADM with the DGM for
transient transport of TCE and methane in soils. For advection-dominated cases such as for
a high-permeability sandy soil (3 x 107° m?), the difference between the two models is small.
However, for a lower-permeability clay soil (1.25 x 107® m?), the differences were
significant. A similar effect has been alluded to in Section 2. No experimental data were
included in their comparison.

The experimental data used for the present comparisons are from Evans, Watson, and
Truitt (1962, 1963). They performed a number of experiments for flow and diffusion of
helium and argon in a low-permeability graphite under various conditions in support of the
DGM. The data include ordinary and Knudsen diffusion effects, and the fluxes of both gases
were measured. These data were used to validate the DGM as given by Mason,
Malinauskas, and Evans (1967) and as summarized by Mason and Malinauskas (1983) and by
Cunningham and Williams (1980). The ADM and DGM predictions, including the TOUGH2
implementation of the DGM, will be compared to these data.

On a practical basis, many multiphase advection-diffusion problems involve air and water
vapor. For this combination of gases (assuming air is a single component), the molecular
weight ratio is only about 1.6 compared to approximately 10 for the helium-argon system
studied by Evans, Watson, and Truitt. In addition, the mole differences for an air-water
vapor system are considerably more limited for typical conditions due to water vapor
condensation. The combination of a lower molecular weight ratio, which reduces the
differences in diffusion between the two formulations, and the much lower mole fraction
range invites further comparison for an air-water vapor system. Because experimental data
on this combination are not available, predictions were performed for conditions similar to
the helium-argon system of Evans, Watson and Truitt. The only differences between the
predictions is the value of the Knudsen and ordinary diffusion coefficients, the gas
properties, and the mole fraction range.

Finally, as an additional practical application for an air-water vapor system, applications
to radial and linear two-phase heat pipes have been performed. Again, data for these
configurations are not available, but this problem is of considerable interest in the
verification of codes such as TOUGH?2 since the problem can be solved with ordinary
differential equations in radial (Doughty and Pruess, 1991a) or linear (Udell and Fitch, 1985)
coordinates.
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3.1 Evans, Watson, and Truitt Data

Evans, Watson, and Truitt (1962, 1963) obtained advection-diffusion data for a helium-
argon system in a low-permeability graphite. The general configuration is shown in Figure
4. Essentially pure helium is present on one side, while essentially pure argon is present on
the other; the exact mole fractions are dependent on the test and are given in Evans, Watson,
and Truitt. In the present data-model comparison, predictions for the ADM and the DGM as
implemented in TOUGH?2 are given. In addition, other predictions from the DGM are also
sometimes shown. These predictions, which are based on equations given by Mason and
Malinauskas (1983), are approximate since simplifications were made in the numerical
integration, such as assuming a linear variation of molecular densities. Therefore, exact
agreement between the DGM and the implementation in TOUGH2 is not expected.

All these predictions are made with no adjustable constants, including the DGM
predictions. As discussed in Section 2.3, the parameters are consistent between the two
models and the values used in this comparison are listed in Table 1. The porosity-tortuosity
factor for this graphite medium is exceptionally low at 1.42 x 10®. The ordinary and
Knudsen diffusion coefficients for the DGM were measured for the graphite in independent
tests. Since the ADM only uses a single Klinkenberg parameter, the DGM values for helium
and argon are averaged for input to the ADM. The DGM predictions are made from the
theory, not by curve-fitting the data.

3.1.1 Combined Advection and Diffusion

The first case is the most general situation of combined advection and diffusion. In this
series of tests, the pressure difference across the test section was varied while maintaining
the same average value. The individual fluxes of helium and argon across the low-
permeability graphite test section were recorded at steady-state conditions. The predicted
individual and net mole fluxes as a function of pressure difference are shown in Figures 5
and 6 for the DGM and ADM, respectively.

In Figure 5, DGM predictions of the mole fluxes are shown for the TOUGH2
implementation. DGM predictions are also given by Mason and Malinauskas (1983) but are
not shown in the present figure since they are essentially the same as the TOUGH2-DGM
results. The TOUGH2-DGM predictions compare quite well with the data for the individual
mole fluxes of helium and argon as well as the net flux, including the variation with pressure
difference.

Figure 6 presents the results for the ADM. The ADM predictions do not compare
favorably with the data. Errors of a factor of 2 are noted for the individual fluxes with
corresponding differences in the net flux. While the general trends are observed, the detailed
variation is not well reproduced by the ADM approach.
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Figure 4
Schematic of Low-Permeability Graphite Experiment of Evans, Watson, and Truitt
(from Evans, Watson, and Truitt, 1962)
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Table 1

Parameters for He-Ar Data-Model Comparison

Graphite Permeability
Graphite Thickness

D,, (at 1 atm)

Helium Viscosity

Argon Viscosity

Klinkenberg Parameter, He
Klinkenberg Parameter, Ar
Klinkenberg Parameter, ADM

Gas Viscosity (constant)

2.13x 108¥ m?
0.00447 m

1.06 x 10® m¥/s
3.93 x 10® m?%s
1.24 x 10® m%s
198. x 107 Pa-s
226. x 107 Pa-s
3.65 x 10° Pa
1.32x 10° Pa
2.48 x 10° Pa

228. x 107 Pa-s

23-



Flux (108 mol/cm?-s)
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Combined Advection and Diffusion - DGM Data-Model Comparison
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Combined Advection and Diffusion - ADM Data-Model Comparison
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Since the advection formulations are equivalent as shown earlier, the differences must be
due to the diffusion components. Two limiting cases of the test will be examined further.
The first situation is for zero pressure difference, such that there is only diffusion. The
second case is for zero net mole flux which is similar to what might be expected in a closed
volume such as a heat pipe. Each case is discussed below.

3.1.2 Zero Pressure Difference

The second data-model comparisons considers zero pressure difference, or uniform
pressure, conditions such that there is no advection, only diffusion. From Graham’s laws, if
only diffusion is occurring, the ratio of the mole fluxes is given by the inverse of the square
root of the molecular masses, or

- By, = (mylm)'* . (54)

In this case, the ratio of the mole fluxes is always equal to the square root of the molecular
weights independent of the diffusion regime. The ratio is the same in the Knudsen regime
per Graham’s law of effusion (equation 10) as in the ordinary diffusion regime per Graham’s
law of diffusion (equation 15). Based on the molecular weights of helium (m=4.00) and
argon (m=39.944), the mole flux ratio of helium to argon should be about 3.16.

Figure 7 compares the data with the predictions from the ADM, the DGM, and the
TOUGH?2 implementation of the DGM (TOUGH2-DGM) as a function of the average
pressure. Helium mole flux is positive, while argon mole flux is negative. The mole flux
data for both gases increases with increasing pressure, eventually leveling off. The DGM
predictions presented are based on expressions presented by Mason and Malinauskas (1983).
The DGM, and the TOUGH2 implementation, predict the variation of the data quite well.
The ratio of the mole fluxes is about 3.16 consistent with the theoretical ratio given above.
In contrast, the ADM predicts a constant mole flux value unlike the data. As shown in
Section 2.1, the mass fluxes of the two components are equal in the ADM, so the mole flux
ratio is simply the ratio of the molecular weights, or about 10, whereas the ratio of the data
is about 3.16. The ADM overpredicts the helium mole flux by about a factor of about 2,
and underpredicts the argon mole flux by a factor of about 1.5-2. The ADM, which in this
case is simply Fick’s Law, does not predict the correct gas diffusion values or trends for this
simple diffusion-only case.

The constant flux for the ADM can be explained by looking at the formulation. In the
ADM, only ordinary or Fickian diffusion is important for zero pressure difference
conditions; Knudsen diffusion is not invoked through the Klinkenberg factor since there is no
pressure difference and no advective flow. For the ADM, the mass flux due to ordinary
diffusion is given by
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Zero Pressure Difference Data-Model Comparison
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F{ Giusion = = Dppp V0, (55)

and the diffusion coefficient, D,,, for isothermal conditions is inversely proportional to
pressure, or

0
p. = Do (56)
12 P

where Dy,? is the value at standard conditions. From the above two equations, for a perfect
gas, the gas density increases with pressure while the diffusion coefficient decreases with
pressure. Therefore, the ADM mass flux and mole flux for pure diffusion of perfect gases is
constant as a function of pressure.

3.1.3 Zero Net Mole Flux

The final case simulates what would occur in a closed volume such as a heat pipe, where
the total mole fluxes of the helium and argon components are equal, or J, = - J,,. In this
situation, diffusion and advection balance each other resulting in a zero net mole flux. The
predicted flux corresponding to this condition, and the pressure difference across the low-
permeability graphite associated with it, are compared to the experimental data.

Figure 8 shows the predicted mass flux with zero net mole flux for the ADM, the DGM,
and the TOUGH2 implementation of the DGM along with the data as a function of the
average pressure. The TOUGH?2 implementation of the DGM compares well with the DGM
curve. The DGM predictions, including TOUGH2-DGM, compare reasonably well with the
experimental data including the variation of flux with pressure. In contrast, the ADM
predicts a constant mole flux as a function of pressure similar to the zero pressure difference
case. The ADM predictions are about 20% to 50% too high depending on the pressure; the
higher error is for the lower pressures.

Figure 9 presents the data for the pressure difference across the low-permeability
graphite sample and the model predictions. The pressure difference is that required for equal
and opposite mole fluxes across the graphite. The TOUGH2-DGM predictions agree with
the DGM and reasonably well with the data. The DGM predicts a maximum pressure
difference at an average pressure of about 1 atmosphere; the data are not sufficient to resolve
this behavior. The shape of the DGM pressure difference curve is due to the dominance of
Knudsen diffusion pressure drop at low pressures and the dominance of advection pressure
drop at higher pressures. The ADM consistently overpredicts the pressure difference by a
factor of 2 or more and does not have the predicted shape from the DGM.
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3.2 Air-Water Vapor System

Predictions for an air-water vapor system for the experimental configuration of Evans,
Watson, and Truitt have been performed for both models and are presented in this section.
Only model differences are given; there are no data available for comparison. The
parameters used for these predictions are summarized in Table 2. As discussed in the
Appendix, the Knudsen diffusion coefficients simply scale by the square root of the ratio of
temperature over the molecular weight. The air and water vapor values are scaled from the
helium and argon values given in Table 1. The ordinary diffusion coefficient is based on a
value of 2.13 x 10° m%s at 1 bar and 0°C, which was scaled to the pressure and temperature
conditions given in Table 2. The effective diffusion coefficient for the porous medium is
based on the porosity-tortuosity factor for the graphite medium as given by Evans, Watson,
and Truitt (1962); the resulting value is given in Table 2. The mole fraction range is the
maximum range for the pressure and temperature conditions. Pure air is imposed on one
side, while the other side is air essentially saturated with water vapor at 1.96 atmospheres
and 25° C, resulting in an air mole fraction of 0.986 (air mass fraction of 0.991).

Due to the large air mole fraction, the mole fluxes for air and water vapor are shown
separately. Figure 10 gives the air fluxes for the system. The predictions for the ADM and
the DGM are essentially identical on this plot. The differences near zero pressure difference
are shown in Figure 11. The DGM gives smaller values for the air and water vapor mass
fluxes than the ADM. The magnitude of the zero-pressure-difference mole flux for air is
slightly larger (about 10%) for the DGM than the ADM, although the flux is generally
overwhelmed by any advective contribution. Figures 11 and 12 show the water vapor mole
fluxes for both models. The ADM predicts greater water vapor mole fluxes than the DGM.
The ratio of the water vapor fluxes is given in Figure 13, indicating that the differences
between the formulations may be greater than a factor of 1.5 for the conditions analyzed
which increases with increasing pressure difference and decreasing flux values.

3.3 Radial Air-Water Heat Pipe

A two-phase radial air-water heat pipe problem was chosen for comparison of the DGM
and the ADM because it is a sample problem for the TOUGH2 code (Pruess, 1991), has an
ordinary differential equation similarity solution (Doughty and Pruess, 1991a), and has
application to the Yucca Mountain nuclear waste repository. Application of the DGM to this
two-phase system presents some additional complications, such as the appropriate interface
terms, and numerical weighting issues. In addition, analysis of the heat pipe problem
involves the prediction of diffusion coefficients where there are no data; the earlier two cases
relied on measured diffusion parameters for ordinary and Knudsen diffusion. Thus, this
application also involves practical aspects of the DGM.
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Table 2

Parameters for Air-Water Vapor Model Comparison

Graphite Permeability
Graphite Thickness
Pressure

Temperature

D,, (at 1 atm)

Dyaer Vapor,K

DAir,K

Klinkenberg Parameter, Water Vapor
Klinkenberg Parameter, Air

Klinkenberg Parameter, ADM
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2.13 x 10 m?
0.00447 m

1.96 atmospheres
25 °C

3.50 x 10° m%s
1.85 x 10® m?s
1.46 x 10® m?/s
7.9 x 10* Pa
1.25x 10° Pa

1.25 x 10° Pa
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The radial heat pipe problem is simply a one-dimensional radial problem with heat added
at the center as shown schematically in Figure 14 as applied to Yucca Mountain. As the heat
source temperature increases, the zone surrounding the heat source dries out, and conduction
is the primary heat transfer mode. In the heat pipe region, water is evaporated and steam
and air are advected radially outward. Because the temperature decreases radially outward,
this water vapor condenses, and capillary forces transport the water back towards the
evaporation region. Further out, heat transfer is again primarily by conduction.

Typical results, and comparison of TOUGH2 results with the similarity solution of
Doughty and Pruess (1991a), are shown in Figure 15 where the thermodynamic parameters
are presented as a function of the similarity variable, r/t"2. The single set of results actually
include the time and space variation through the similarity variable. Thus, for a given value
of the similarity variable, as time increases the appropriate radial distance also increases.

The input variables for this problem, including the geometry, are taken directly from
Pruess (1991) as summarized in Table 3. The binary diffusion parameters from Doughty and
Pruess (1991b) have been used. Unfortunately, the Klinkenberg factor was not included.

For the present analysis, a correlation of the Klinkenberg parameter for air as a function of
intrinsic permeability by Heid et al. (1950) was used as presented by Thorstenson and
Pollock (1989), or

b, = 0.11k0% (57)

where b is in Pa and k is the intrinsic permeability in m®. For an intrinsic permeability of 2.
x 10 m?, the Klinkenberg parameter is 24 kPa for air. As discussed in the Appendix, the
Klinkenberg parameter is inversely proportional to the molecular weight, and the appropriate
value for water vapor is 15 kPa. The average value of 19.5 kPa was used in the ADM
predictions.

As discussed in the Appendix, the Knudsen diffusion coefficients needed for the DGM
can be estimated from the Klinkenberg parameters, or

Dy = kb, . (58)

The predicted Knudsen diffusion coefficients are 2.6 x 107 and 3.3 x 10° m¥s for air and
water vapor, respectively.
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Table 3
Parameters for Radial Air-Water Heat Pipe Model Comparison

Initial Pressure
Initial Temperature
Initial Gas Saturation
Heat Flux
Permeability
Porosity

Tortuosity

D,, (at 10° Pa, 0°C)

I)“her@onK

D Air,K

Klinkenberg Parameter, Water Vapor
Klinkenberg Parameter, Air

Klinkenberg Parameter, ADM
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10° Pa

18 °C

0.20

667 W/m?
2.0x 10" m?
0.10

0.5

2.6 x 10° m?%s
3.3 x 10° m%s
2.6 x 10° m?%/s
15. kPa

24. kPa

19.5 kPa



The numerical implementation issues of a two-phase system involve specification of the
appropriate effective diffusion coefficients. As discussed by Mason and Malinauskas (1983),
a porosity - tortuosity factor needs to be applied to the free space diffusion coefficient. In
addition, for two-phase conditions, only the gas-phase area is appropriate, so the effective
coefficient also includes the gas saturation. Therefore, consistent with the ADM as
implemented in TOUGH?2, the DGM effective diffusion coefficient is

Dy = 15,0y, (59)

although the form is not unequivocal (van Brakel and Heertjes, 1974).

Similarly, for the Knudsen diffusion coefficients, an effective value must be defined.
Since the calculated Knudsen diffusion coefficients are based on a porous media correlation,
the porosity - tortuosity factor is already taken into account as discussed by Thorstenson and
Pollock (1989). For two-phase conditions, the effective diffusion coefficient will be less than
the value for a gas-saturated medium. The gas saturation could be employed similar to the
binary diffusion coefficient above. Gas saturation makes sense for the binary diffusion
coefficient since the ordinary diffusion is dominated by molecule-molecule collisions, so the
effective flow area is important. For Knudsen diffusion, however, wall-molecule collisions
dominate. A weighting factor that considers the effects of the wall on flow is more
appropriate. In the present case, the relative permeability, which implicitly includes the gas-
phase flow area, has been chosen. The effective Knudsen diffusion coefficient is then the
calculated value from the correlation times the relative permeability, or

Dy .=k, Dy. (60)

iKeff = T8

This definition is also consistent with the ADM formulation in TOUGH?2 for two-phase flow.
The advection expression for gas in TOUGH2, which includes the Klinkenberg factor, is
multiplied by the gas-phase relative permeability for two-phase conditions similar to the
expression above.

The Klinkenberg coefficient is also proportional to the square root of the temperature as
discussed in the Appendix, so

Dy

iK\eff = kr,g D ik (TI Tref)lﬂ . (61)

Note that the ADM as implemented in TOUGH2 does not include this temperature effect in
the Klinkenberg coefficient.
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Finally, since Knudsen diffusion is a function of the pressure difference, the same
numerical weighting used for advection should be employed for Knudsen diffusion. In the
heat pipe simulations that follow, upstream weighting has been used for advection and for
Knudsen diffusion.

Using the above approach, the ADM and the DGM were used to analyze the radial heat
pipe out to a time of 10 years. The thermodynamic results are shown in Figure 16 for the
two models; the results are essentially identical. The mass flow rates are shown in Figures
17 to 21, where a positive mass flow rate is to the right, or towards an increasing radius.
Figure 17 shows the gas and liquid flow rates. Gas flows outward in the radial heat pipe,
while liquid generally flows inward due to capillary pressure gradients. Again, the results
from the two models are essentially the same. Figure 18 shows the air advection and
diffusion mass fluxes. As expected, air is practically stagnant, as diffusion balances
advection, and both mass fluxes are much smaller than the total gas flux. Although difficult
to see, the air mass fluxes from the DGM are slightly smaller than the ADM; this difference
is discussed below.

Figure 19 compares the vapor flow rates from the two models. For the ADM,
practically all the gas flow is due to vapor advection; vapor diffusion is minimal. In
contrast, for the DGM, while the gas flow is also predominantly vapor flow due to
advection, there is an appreciable vapor diffusion component. This difference between the
models is curious given the essentially identical total gas flux. The vapor diffusion flow for
the DGM is broken down into Knudsen diffusion and ordinary diffusion components in
Figure 20; the ADM ordinary diffusion flow is also included for comparison purposes. As
can be seen, the ordinary diffusion component for both models are essentially the same. The
differences seen in Figure 19 for the advective and diffusive flow rates are simply due to
including Knudsen diffusion in the advective term in the ADM, while it is in the diffusion
term in the DGM. Figure 21 shows a similar breakdown for the air flow rates for the DGM.
The Knudsen diffusion flow rate accounts for the air flow rate differences noted above in
Figure 18.

In summary, for the radial air-water heat pipe, the ADM and the DGM give essentially
identical results for the radial heat pipe problem. The reason for this minimal difference is
probably due two factors. First, the molecular weights of air and water vapor are fairly
close, so minimal differences are expected as discussed earlier. Second, the problem is
driven by heat input which causes evaporation of water which dominates the mass flow: air is
essentially a passive component in this situation.
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3.4 Linear Air-Water Heat Pipe

The final problem chosen for comparison of the ADM and DGM is a two-phase linear
air-water heat pipe problem as depicted in Figure 22. This problem was selected because it
is a sample problem for the TOUGH code (Pruess, 1987), has an ordinary differential
equation similarity solution (Udell and Fitch, 1985), and has application to the experimental
configurations used to quantify enhanced vapor-phase diffusion. The same two-phase
consideration discussed in the radial heat pipe problem (interface terms, numerical weighting)
also apply to this application.

The linear heat pipe problem is simply a one-dimensional cartesian problem with heat
added at one end and removed from the other. Unlike the radial problem, which is a
developing transient problem, this problem is at steady-state. Water is evaporated at the hot
end, and water vapor, or steam, flows to the cold end by advection and diffusion where it
condenses. Water is then transferred back to the hot end by capillary forces. Air is
essentially stagnant in the heat pipe, as advection and diffusion balance each other.

As discussed by Pruess (1987), the results from TOUGH (or TOUGH?2) simulations will
not be identical with the solution presented by Udell and Fitch (1985) because Udell and
Fitch made a number of simplifying assumptions not made in TOUGH, such as constant
properties. Figure 23 shows the agreement between TOUGH results and the solution of
Udell and Fitch (Moridis and Pruess, 1992). As reported by Moridis and Pruess (1992), in
order to resolve the differences, TOUGH was modified to use the same simplifications
employed by Udell and Fitch resulting in excellent agreement.

Similar to the radial heat pipe, the input data file for TOUGH2 is based on the
corresponding TOUGH Input file presented by Pruess (1987). The Klinkenberg factor was
not included in the problem definition (the Klinkenberg factor was not a TOUGH input
parameter; it was later added in TOUGH2). A value was calculated for the present problem
based on the Heid et al. (1950) correlation discussed earlier. Problem parameters are
summarized in Table 4.

Figure 24 compares the thermodynamic resuits for the ADM and the DGM. Note that
the liquid saturations are scaled values relative to the residual liquid saturation. The
predictions from both models are very similar except for the liquid saturation near O.
distance, which is higher for the DGM than the ADM. Otherwise, the temperature, gas
pressure, liquid saturation, and air mole fraction in the gas phase are practically the same.

Figure 25 shows the gas and liquid flow rates as a function of distance for both models.
Except for differences near 0.0 distance, and some minor differences near the right edge at
about 2.15 meters, the mass flow rates are the same for the ADM and the DGM. Figure 26
presents the air advection and diffusion flow rates. The ADM air diffusion and advection
flow rates are about a factor of 2 higher than the corresponding DGM flow rates. The water
vapor advection and diffusion flow rates are summarized in Figure 27. The water vapor
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Table 4
Parameters for Linear Air-Water Heat Pipe Model Comparison

Initial Pressure 1.0133 x 10° Pa
Initial Temperature 70 °C

Initial Gas Saturation 0.50

Heat Flux 100 W/m?
Permeability 10?2 m?
Porosity 0.40
Tortuosity 0.5

Dy, (at 10° Pa, 0°C) 2.6 x 10° m¥/s
Dater Vaporx 3.6 x 10* m¥s
Dpirx 2.9 x 10* m?/s
Klinkenberg Parameter, Water Vapor 3.3 kPa
Klinkenberg Parameter, Air 5.3kPa
Klinkenberg Parameter, ADM 4.3 kPa
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diffusion flow rate is larger and the advection rate slightly smaller for the DGM than for the
ADM. Figure 28 breaks down the diffusion flow rates into its various components. Most of
the difference cited in Figure 27 is due to nomenclature in that Knudsen diffusion is included
in the advective term in the ADM while it is a diffusion term in the DGM. However,
comparison of the water vapor ordinary diffusion fluxes in Figure 28 reveals that the ADM
values are significantly higher than the DGM flow rates by over a factor of 2. This behavior
is consistent with the trend given in Figures 12 and 13, which indicated that the water vapor
flux would be higher for the ADM than for the DGM, especially as the flux becomes small.
Because the problem is driven by water (vapor and liquid) behavior, air reacts to the vapor
behavior. Therefore, the air diffusive flux will also be higher for the ADM than for the
DGM for the linear heat pipe problem.

The behavior of the diffusion fluxes given above for the linear heat pipe is different than
for the radial heat pipe shown earlier. The reason is due to the different state of the
problems. The radial heat pipe is a transient problem in which the phase change propagates
radially with time. While the gas and liquid mass flow rates are very similar in magnitude
as shown in Figure 17, there are significant differences at low flow rates. Thus, the net flux
of water vapor never becomes "small" when diffusion is occurring. In the linear heat pipe,
however, the problem is run to steady-state conditions, so the net flux becomes vanishingly
small throughout the entire heat pipe. As shown earlier in Figures 12 and 13, the difference
between the water vapor flux predicted by the ADM and the DGM increases as the net flux
decreases; thus, a larger difference between the models is expected for the linear heat pipe
than for the radial heat pipe.

Diffusion in the linear heat pipe occurs predominantly near the cold end due to air
movement. Thus, the ADM mass flow rate is much higher than the DGM flow rate near the
cold end, which in turn decreases the liquid saturation at the cold end (as noted in Figure
24). Overall, however, the linear air-water heat pipe shows minimal differences between the
ADM and the DGM similar to the other air-water problems.
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4.0 DISCUSSION

Two models for gas-phase diffusion and advection in porous media, the Advective-
Diffusive Model (ADM) and the Dusty-Gas Model (DGM), have been reviewed. The ADM,
as exemplified by the TOUGH2 computer code (Pruess, 1991), is widely used and simply
adds advection calculated by Darcy’s Law with a Klinkenberg coefficient to account for slip
to ordinary diffusion calculated by Fick’s Law for free-space with a porosity-tortuosity-gas
saturation correction factor. The DGM is a more comprehensive model based on the kinetic
theory of gases. The approach includes Knudsen and ordinary diffusion along with
advection. Combination of the various mechanisms is performed in a detailed manner
considering coupling between the various phenomena.

The results from these two models have been compared to the isothermal experimental
data for He-Ar gas diffusion in a low-permeability graphite of Evans, Watson, and Truitt
(1962, 1963). Data-model comparisons for mole fluxes have been made for combined
advection and diffusion, pure diffusion (Ap=0), and zero net mole flux or closed-system
behavior (J,=-J,). Additionally, data-model comparisons have been made for the pressure
difference in the zero net mole flux case. In all four of these comparisons, the DGM is far
superior to the ADM. The DGM correctly predicts data values and trends. In contrast, the
ADM is in error by up to a factor of 2 or more compared to the data and does not capture
many of the data trends. Based on these comparisons, Fick’s Law must be defined relative
to the mole-average velocity to calculate gas diffusion in porous media; the stationary
coordinate definition used in the advective-dispersive formulation discussed here in
inappropriate and may lead to significant errors in the component fluxes, especially for
stagnant conditions. Similar conclusions were reached by Thorstenson and Pollock (1989).

Comparison of results from the ADM and the DGM have also been made for an
isothermal air-water vapor system for the Evans, Watson, and Truitt experimental
configuration. The results showed generally small differences in the flow rates between the
two models.

A radial air-water heat pipe has also been analyzed with both models including a
discussion of some of the issues associated with applying the DGM to a two-phase situation.
The problem involves a two-phase air-water system with heat, advection, capillary transport,
and diffusion under nonisothermal conditions. The results for the radial air-water heat pipe
are essentially identical for the ADM and DGM predictions.

A linear air-water heat pipe was also considered. While the results are generally similar
from the ADM and DGM, some differences exist in the saturations and ordinary diffusion
flow rates which were not seen in the radial heat pipe. The different behavior is attributed to
the difference in the state of the two heat pipe problems. The radial heat pipe is a transient
problem, while the linear heat pipe is steady-state. Differences in the mass fluxes predicted
by the ADM and DGM get larger as the water vapor flux decreases, which is exacerbated by
the steady-state conditions of the linear heat pipe problem.
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A number of other data-model comparisons have been done using the DGM. Gunn and
King (1969) compared the DGM to simultaneous diffusion and advection in fritted glass,
while Wong et al. (1975, 1976) used the DGM for analyzing combined diffusion, flow, and
reaction of a ternary mixture in a porous catalyst. Hanley (1965) and Hopfinger and Altman
(1969) both experimentally verified the DGM for thermal transpiration. Therefore, the
DGM has been successfully tested in a number of diverse applications.

Phenomenologically, the DGM is superior to the ADM. The DGM provides a solid
theoretical framework for the various mechanisms, and successfully reproduces data trends
for a wide range of problem configurations. In contrast, the ADM, while conceptually
appealing, does not reproduce the observed data trends in many situations.

From the results shown in the present study, the differences in model performance
depend on the ratio of the molecular weights of the gases. In the case of helium and argon,
the ratio is about 10, while the air-water vapor ratio is only about 1.6. In addition, as
discussed earlier in Section 2.4 and as seen by Abriola et al. (1992), the differences between
the two models depend on the media permeability. From Abriola et al. (1992), the DGM
and ADM predict similar results for a high permeability soil (3x10'° m?) but considerably
different results for a low permeability soil (1.25 x 10" m?). In an air-water vapor system
or a high permeability media, the ADM may be adequate but, based on phenomenological
considerations, the DGM is preferred. For other applications with a large difference in
molecular weights, which include the helium - argon system or an air - VOC system, or for
a low permeability media, the reliability of the ADM is questionable and the DGM is the
obvious choice.

The use of the DGM is recommended over the ADM for gas-phase transport analysis in
porous media. The data requirements for both models are the same, and no difference in
computer time was noted for the present calculations. Additional data-model comparisons
are needed for air-VOC systems and for multicomponent mixtures. In addition, data-model
comparisons for actual soils including unsaturated conditions would be beneficial.
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5.0 SUMMARY

In summary, the results from the current study comparing the Advective-Dispersive
Model (ADM) and the Dusty-Gas Model (DGM) for combined advection and diffusion of
gases in porous media are:

1. The DGM is superior to the ADM for combined advection and diffusion in porous
media and is recommended. Based on the He-Ar data, the DGM successfully reproduces the
data and trends, while the ADM is unsuccessful. Fick’s Law must be defined relative to the
mole-average velocity to calculate gas diffusion in porous media; the stationary coordinate
definition used in some advective-dispersive formulations is inappropriate and may lead to
significant errors in the component fluxes, especially for stagnant conditions.

2. For an air-water system, the differences between the two models are much smaller
than the He-Ar system.

3. Differences between the ADM and DGM depend on the ratio of molecular weights of
the diffusing gases. As the ratio of molecular weights increases, so does the difference
between the ADM and DGM predictions. The ratio for the He-Ar system is about 10., while
the ratio for the air-water vapor system is about 1.6. For other applications such as an air-
VOC system, significant differences are possible.

4. Differences between the ADM and DGM depend on the permeability of the porous
medium probably due to Knudsen diffusion. As the permeability decreases, the differences
between the ADM and DGM increase.

5. Additional data-model comparisons are needed including air-VOC systems,
multicomponent mixtures, and diffusion in actual soils including unsaturated conditions.
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7.0 NOMENCLATURE

b Klinkenberg factor

Dy  Knudsen diffusion coefficient for gas i

D,, effective binary diffusion coefficient (equation 3)
D,,’ binary diffusion coefficient in free space at 1 bar and 0°C.
F mass flux

g. gravitational constant

mole flux

diffusion mole flux

permeability

Boltzmann’s constant

Knudsen diffusion constant

molecular density

molecular weight

pressure

temperature

mean molecular speed

probability factor

mole fraction

5]

R S

Mg < HUE P RS

defined by equation (28)
defined by equation (27)
viscosity

density

tortuosity

porosity

mass fraction

€6 NV E M

Subscripts

adv  advection
D diffusion

g gas

i species or component

0 base value

1,2  species or component number

Superscripts

ADM Advective-Dispersive Model
DGM Dusty-Gas Model
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Appendix
Klinkenberg Parameters and Knudsen Diffusion Coefficients

This discussion of the relationship between the Klinkenberg parameter and the Knudsen
diffusion coefficients is essentially from Thorstenson and Pollock (1989) except that the
temperature dependence has been added.

The Klinkenberg parameter is a function of the porous medium and the gas being used

for the measurement. Heid et al. (1950) have correlated the Klinkenberg parameter for air
as a function of intrinsic permeability of the porous medium as

b, = 0115703 | (A-1)

where b is in Pa and k is the permeability in m*>. The Klinkenberg parameter is proportional
to

b« p(Tmy"” (A-2)

so Klinkenberg parameters for other gases can be calculated from

b = by pF;(:,i)l'z(";“‘)l'z (A3)

where T, is 25°C (298.15 K) if the Heid et al. correlation is used.

Knudsen diffusion coefficients can be calculated from the Klinkenberg parameters as

D, = kbjy, (A-4)

and the relationship between Knudsen diffusion coefficients for different gases is given by

M2
Dy = Dy (_') : (A-5)
m.
g
The Knudsen diffusion coefficient is also a function of temperature as seen by the
dependence of the Klinkenberg parameter, or
1 -
Dy « T2 (A-6)
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