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ABSTRACT

Density Variation of aqueous phase fluids flowimga porous medium, resulting from spatial and tenapo
variation of solute concentration, often gives tiseinstable flow, and therefore has a signifieffect on solute transport.
Studies on simulating unstable flow and mixing afiable density fluids in seemingly homogeneouspsrmedia are
rare. In this study, one dimensional (1-D) modefrevdeveloped to simulate unstable flow and mixingai vertical,
normally 1-D system. The 1-D numerical model wasveel from a theoretical model to simulate the flamd the mixing
of fluids with variable density and viscosity atetfield scale. To evaluate the models, simulatsdlte were compared
with experimental data from displacement experimenta vertical send column. The results show that1-D model

provides fairly good prediction of breakthrough\as.
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1. INTRODUCTION

While considerable advances have been made in stadeing the influence of heterogeneity of poroeslia on
solute transport, less attention has been givehdalependence of solute transport on the denaitiation of the fluid,
especially when gravitational instabilities occur@ et al . ,1992 ;Welty and Gelhar ,1991).Siguaifit variation of
aqueous phase fluid density may occur, e.g., iwagsa intrusion into costal aquifers(Huyakorn et,4087),transport of
solute due to agricultural practies(Mulgeen andkKam, 1972),gravity sinking of contaminant plumdsgkiel and Braid
,1980),and fluid fleow near salt domains and bedsit deposits(Herbert et al.,1988).Based on thedieur of some
lechat eplumes in the Nrtherlands, van der Molesh van Ommen (1988) concluded that density effectdgbly more
common than usually assumed.

While numerous laboratory studies have showndbasity varations can result in significant flondamixing in
porous media (Wooding,1959,1962 Bachmat and Elttk))Bigger and Nilesen,1964.Krupp and ELrick,1986se and
Passioura, 1971 ; Oostrom et al,1992a,1992b;Schihcand Schwartz,1990;Hayworth.1993; and Dane eil@84a ),
numerical model studies of unstable flow and mixofgvariable density fluids are much scarer (Eltf@8,7;koch and
Zhang, 1991;Schincariol et al ,1994; Dane et &@4b9.In constrast, considerable attension has baem to numerical
model studies of viscous fingering(instability) pesially in the chemical and petroleum engineetirgature(Chang and
Slattery,1988,1990).Although the behaviour of gi@idnal instability is similar to that of viscotisgering, considerable
differences exist, as will be discussed later.
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In this study we will focus on two numerical apprbas to simulate unstable flow and mixing of a aale

density fluid in normally one-dimensional (1-D) hogeneous porous medium.

The approach is to simulate unstable flow and ngixim a normally 1-D system with a 1-D, coarse sgpati
discretization. In this approach, instabilities aomsidered as a larger scale dispersion procesfiam and transport are
viewed to be 1-D. The apparent dispersivity, themefs afunction of the despersivity of an ‘ideaicer, fluid properties
and other related variables (Young, 1990). Sineefitie spatial discretization approach is very comaponal intensive,
and is difficult to be used in large scale problethe coarse spatial discretization approach issratiractive for practical
problems. The key to this approach is the developnoé an appropriate expression for the apparespedsivity .
Recently, an essentially 1-D theoretical modelitoutate field scale flow and mixing of variable déy and viscosity
fluids, based on a stochastic analysis, was degdldyy Welty and Gelhar(1991,1992). The second tibgeof this
research is, therefore, to develop an empirical d@lel to simulate unstable flow and mixing duehte fluid density

variation in a seemingly homogenous porous medium.
2.1-D SIMULATION MODEL

Before deriving the 1-D simulation model, we needidentity three length scales involved in the omhu
displacements experiments, viz., the laboratoryesdae continuum scale and the pore scale.Therdatmy scale is
defined by the size of the column. The continuumlesés characterized by a REV (Bear,1972), while plore scale is
related to the size of the pore. Although the ganim approach, on which the governing equationsdarte transport and
fluid are based, widely accepted, the concept ®REV is still an issue of debate(Baveye and Spd$i®4). The
dispersivity for a perfectly homogenous porous mediat the continuum scale is considered to resaihfpore scale
heterogeneity (@ven and Molz, 1988). The existence of a perfe¢ligmogenous porous medium at the continuum scale
can, however, be questioned. Welty and Gelhar(19®@inted out that all sands exhibitsome degreeetérbgeneity.
Evidence of heterogeneity in a carefully packeddseolumn was given by Oostrom et al. (1992a). Tamployed a
gamma radiation technique to determinesitu BTCs and a similar method as used in this studgeti@rmine effluent
BTCs. For stable displacements, they showed thatldlyitudinal dispersivities, derived froimm situ BTCs, were
consistently smaller than those derived fronm efillBTCs. Since the measuring scale of the gamditatian technique
is a scale betweem the continuum and the laboratcale, the difference between measured dispéesivitdicates the
existence of continuum scale heterogeneity. Thesaored laboratory scale dispersivity, thereforeultssrom both pore

scale and continuum scale heterogeneities.

Due to the complexity of interaction between theops medium heterogeneities at several scaleshendensity
variation of fluids, it is very difficult, if notmpossible, to derive a theoretical expressiontierapparent dispersivity in a
seemingly homogenous porous medium. In this stuelyagsumed that a similar relation as between tparapt and the
‘ideal’ tracer dispersivity at the field scale, édped by Welty and Gelhar(1991), can be applieddoite transport
problems in a seemingly homogenous porous mediuthedaboratory scale. In the derivation of thipression, we made
no distinction between the notation of the fieldhlsecand the corresponding laboratory scale vasatdgcept for the
despervities. Following Welty and Gelhar (1991 #xpression for apparent dispersivity at the fegdle can be written

as

2&-1

ap_a;’e” (2.1)
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1
d (In —)
g = _~ W
dc (22)
t
z+ =2 2.3)
T
G, = — <% _
1 cEr 24)

Where ({; and {ILU are the apparent longitudinal dispersivity and lteitudinal diapersivity for the ideal
tracer at the field scale ,respectively,c is themeontration at dept;E:s'I , z' is the vertical distance in the porous medium
(porosity downward ard@'= 0 at the top of the porous medium),t is the time,the approximately constant flow factor
(Wetly and Gelhar ,199%),is the mean fluid density at depfhr 1 is the mean liquid viscosity at depﬁhI ,k is the mean

permeability at deptEI,g is the gravitational field strength ,q is ther®aflux and n is the porosity .A detailed derigati

of equation can be found in Welty and Gelhar (198Ehould be noted that several variables in tH2 fhodel are

averaged ones over the horigental croos sectitimeofertical ,nominally 1-Dsystem.

Substituting the expressions for and into Equayields:
1 ou kg Bu
yu 6z'  uq &z'

a, = z°
(2.5)

If the viscosity gradient effect on solute trangpsrassumed to be negligible (Galeati et al., J9BRuation can
be rewritten as

kg dp éc

{11 = Z
uq dcéz’ 20
dp
If we then approximate— by
dc
dﬂ . Pmax — Po _ ﬁp
d,u Cmax Cnax (2.7)

WhereCmax andpmax are the concentration and the corresponding deasithe solution introduced at

the porous medium, an@y is the density of the background fluid (pure whatean be expressed as
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Where
A
Kp—’*"
i o
q 2.9)
and
kgpo
(2.10)

K =
H

Combining Equation (2.1) and (2.8), we obtain
ES ES - C
—2z (c(
C

alL i ma:() )
—_— =g cEr
al® 12)

Based on the assumption about dispersivity relatdhe field and the laboratory scale, we have
Ed # - C
—2zm (C(
C

) )

aq -
ol
@)1

0
Where{Ii and {Ij_ are the apparent longitudinal dispersivity and ltritudinal dispersivity for the ideal

tracer at the laboratory scale, respectively.
The 1-D governing equation to modal solute tranispbthe laboratory scale is

cc &c 6c
-— — B 2.13
ct 6z’ Poz! (213)
Where D is the apparent dispersion coefficienivmiable density fluid at the laboratory scale:
q
D = a; — + DD
n (2.14)
q
B=— (2.15)
n
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D= a;B + Dy (2.16)

WhereDﬂ, is the molecular diffusion coefficient .Subjecttb® boundary and initial condition, Equation (3,13
coupled with the expression for the apperant d&percoefficient, can be solved numerically by Rigaproximation

method. With initial and boundary conditions are:

c(0,t) =¢c, atz’ =0; t >0

(2.17)
c(1,t) = ¢, atz' =1;t = 0 (2.18)
C(.Z’r, 0)=Be<<1 atZI>0;t:0 19)
gc éc
— =0;2'=0and==0;2"=1att0 (2.20)
cZ cZ
3. SOLUTION BY RITZ APPROXIMATION METHOD
Step: 1The weak form of the Equation is
de ' dv ge ' Ee _r ol '
fV—=dz +D[——=de' +B V= dz'’—D.V.—= |z =0+
dt dz' &z’ gz’ gz’
DV.= |z =1
0= it (3.1)
Putting V :{3?1- ; i=1, 2 which satisfies the boundary conditions.
Step:2We must select v @i ; i = 1, 2 in the two-parameter Ritz approximatio satisfy the boundary conditions
@ (0)=C, @ (1) =C;i=1, 2. We choose the following functions as,
@1 (EI] 2‘:61 - CD] .ZI + Cﬂ
and
2
The Ritz method seeks an approximate solution taiéan (2.5) in the form of a finite series
¢z, 9=a,(0)0, Z')+a,®)0, (2" (3.3)

Where the constants bj ; j = 1,2 called Ritz cagdffits are chosen such that equation (3.1) hoids fogi ; i =
1,2.

Step: 3Substituting the values from equation (3.3) with@ ; i = 1,2 in the equation (3.1). We get Ritz etijpra as,

a' Ap+taAptaBu+taBotfaEnt+tpakn

Do @le +ap) |- tDe(@le +a® ) |,—q =0 (3.4)
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and
&' AntaAntaBuy+taBortfabEn+BaEy
Deg(adg +aw') | ,—g+De(ad +ap')|,—q =0 (3.5)
Where
aa]_ aa2
al - -1 ; I - P 4
' ot ® ot
o = g . © = ol
T oozl 27 oz (3.6)
Ajj = ¢ilgidz"; i,j=1,2
1 (3.7)
Bij = 1¢i' [qj dz’; i,j=1,2 (3.8)
Eij = ¢ilq dz'; i,j=1,
0
Step: 4Simplification of equation (3.4) and (3.5) wittethelp of Aij, Bij and Eij ; i, j =1, 2 is givernyb
, cl2 +¢4C,y +rc[}2 . ?acl2 +4c,c, +5c02 e2—¢.2
a | —— |+a, +a, ! 0
3 B 12 2
+a, [co2 o2+ _Co)gzcl i C”)] =0
9B
and
2 2 2 2
a, 3¢,” +4c,¢, + 3¢, o 3¢,” +4cy¢ +8¢” | a, (¢ —co)(2¢q+¢;)
12 - 15 3
2 2
L (Cl —Cp ] . 4¢,” —2c,¢; —2¢, 0
? 2 3
(3.10)
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Step: 5the residual of the approximation in the initiahdition is

y=c(Z', 0)-¢ (3.11)
Using the Galerkin method, we have
1
’ : . (3.12)
[C(z,0)-€]lqi =0;i=1,.
0
means

a(0 2 2

1( ) [Ci +COC1+C§ ] + aQ(O) [3C, +4GC: + 5G]

12 e, &G
- - =0 (3.13)
2 2

and
2O raci+acei+561 + 2O (3 +ace+8d)

12 15

£C,  2¢Cy _
3 3
(3.14)

We obtain approximate initial conditions

2(0)00.0044 and  #0)O- 0.0036 (3.15)

Step: 6 We can solve the ordinary differential equatiorB{3and (3.10) subject to the initial condition1) by exact

means. Using Laplace transform method we obtain

0.1667046
Hay} = (p+146.79459)2 —1462 Ha} =

0.000991
(p—0.3557505)2—1.23357

Inverting and, we get

a, = (0.000991)e%3>°7505t ginh(1.2335.t)

a, = (0.0011418)e 146-7945%¢ ginh(146.t)

Step: 7RequiredSolution of the problem is

c(z’,t) = (0.001016202)e 14679459t ¢inh(146.t) .2’

+(0.00088199)e%-3557505t ginh(1.2335.t)z"*
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The following values of the various parameters hlagen considered in the present analysis and fghigal

representation

G =0.

01,

G=0.9¢e=0.001

4. GRAPHICAL AND NUMERICAL REPRESENTATION

Graph 1

——c(Z,1),2=0.2 —=—c(Z'1),7=0.4 ——c(Z}),2=0.6
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Table: 1
t c(z'1),z'=0.2 c(z'1),z2=0.4 c(z'1),2'=0.6
0 0 0 0
0.1 4.49827E-06 1.79925E-05 4.04827E-05
0.2 9.253E-06 3.7012E-05 8.3277E-05
0.3 1.4213E-05 5.6852E-05 0.000127917
0.4 1.93327E-05 7.73308E-05 0.000173994
0.5 2.45778E-05 9.83112E-05 0.0002212
0.6 2.99259E-05 0.000119703 0.000269333
0.7 3.53652E-05 0.000141461 0.000318287
0.8 4.08926E-05 0.00016357 0.000368034
0.9 4.65112E-05 0.000186045 0.000418601
1 5.22282E-05 0.000208913 0.000470054
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Graph 2

——c(Z,1),t=0.2 —=—c(Z 1),t=0.4 ——¢(Z',1),t=0.6
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Table: 2
c(z',1),t=0.2 c(z',1),t=0.4 c(z',t),t=0.6
0 0 0 0
0.1 2.31325E-06 4.83317E-06 3.12203E-05
0.2 9.253E-06 1.93327E-05 0.000124881
0.3 2.08193E-05 4.34986E-05 0.000280983
0.4 3.7012E-05 7.73308E-05 0.000499525
0.5 5.78313E-05 0.000120829 0.000780508
0.6 8.3277E-05 0.000173994 0.001123932
0.7 0.000113349 0.000236826 0.001529796
0.8 0.000148048 0.000309323 0.001998101
0.9 0.000187373 0.000391487 0.002528846
1 0.000231325 0.000483317 0.003122032

5. CONCLUSIONS

A 1-D modal to simulate unstable flow and mixingwafriable density fluids in a vertical ,normaly 1spstem
Jfiled with a seemingly homogenous porous mediurerendeveloped .To evaluate theSimulation modekplaitement

experiments were condected in a vertical columedilvith either a fine or a medium sand.

e The experimental results demonstrated that theedigm zone
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Increased with decreasing Darcy flux for a givguuinsolute concentration.
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