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1 . SUMMARY 

The phenomenon of misc ib le- l iqu id displacement in porous media exists 
in te r t i a ry o i l recovery and l i q u i d chromatography. When the f l u i d to be 
displaced is more viscous than the displacing f l u i d , the more mobile, d is 
placing f l u i d may protrude in to the resident phase in "viscous f ingers . " 
S imi la r ly , in ver t ica l f low, "gravi ty tongues" may develop when the top 
f l u i d is denser than the bottom f l u i d . Such conditions ar is ing from den
s i t y and viscosity differences are termed "unfavorable" indicat ing a poten
t i a l for great ly increased dispersion. 

Misc ib le- l iqu id displacements of water/ethanol solutions were conducted 
i n a 2.54-cm-ID column packed with glass beads of 275-300 and 25-30 mesh. 
Bed heights were varied from 6.35 to 40.8 cm to determine the importance 
of end effects and to develop a correlat ion for dispersion coeff ic ients in 
doubly favorable displacements. The ra t io of d isp lac ing- f lu id- to- res ident -
f l u i d v iscosi t ies was maintained near 1.35 for three d i f fe rent f l u i d pairs 
wi th 0.0125, 0.0125, and 0.022 gm/cc density di f ferences. 

End effects were present only in displacements o f the largest density 
difference in beds of small par t i c les . Dispersion coef f i c ien ts , obtained 
from a two-parameter model, increased with increasing favorable density 
di f ference, ve loc i ty , and par t i c le diameter. However, absolute density or 
viscosity had no apparent e f fec t . Dispersion coef f ic ients were correlated 
with both the Reynolds number of the displacing f l u i d and the difference 
between Reynolds numbers. Future studies should invest igate d i f fe rent 
ranges of densities and v iscosi t ies to ascertain the correct functional 
form of th is cor re la t ion. 

2. INTRODUCTION 

2.1 Background 

Misc ib le- l iqu id displacement in porous media is of importance because 
of i t s applications in t e r t i a r y o i l recovery, chromatography, and leaching 
of buried radioactive wastes. Densities and v iscosi t ies of the phases i n 
fluence dispersion in th is process. I f the resident f l u i d is more viscous 
than the displacing f l u i d , then the more mobile, less viscous displacing 
f l u i d may protrude into the resident phase, causing viscous f inger ing. 
S imi lar ly , gravity tongues may develop in density-unfavorable ver t ica l d is
placements in which the top f l u i d is denser than the bottom f l u i d . 

Several models have been proposed to simulate th is process (7) : the 
dispersion model predicts symmetric S-shaped concentration p ro f i l es , and 
the capacitance model (3J accounts for "stagnant" volumes in the porous 
media, giving asymmetric concentration prof i les with t a i l i n g . Mixing c e l l , 
f i l m , and s t a t i s t i c a l models have also been suggested (7 ) , but no sat isfactory 
model has been proposed to simulate displacements with the highly i r regular 
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concentration pro f i les caused by extremely unfavorable viscosity or g rav i ta 
t ional condit ions. 

Previous workers (4J have attempted to correlate dispersion coef f ic ients 
wi th c r i t i c a l ve loc i ty , which is the veloc i ty at which pressure gradients 
were equal o»- the veloc i ty a t which the inter face is al legedly stable. 
Using Darcy's Law, th is veloci ty is given by 

p r " p d 
V c " y r " ^d 

In ver t ica l f low, gravi ty forces dominate at low ve loc i t i es , so v i s 
cosity unfavorabi l i t ies may ex is t without causing f inger ing . A low c r i t i c a l 
veloci ty i s then predicted by Eq. (1 ) . At high ve loc i t i es , i ne r t i a l and 
viscous forces Jominate, and even a small unfavorabi l i ty i n v iscosi ty may 
cause f inger ing. Equation (1) then predicts an upper value for V . When 
f l u i d pairs have ident ica l v iscosi t ies and densi t ies, Eq. (1) loses i t s 
meaning. In two previous MIT pro jects , dispersion in favorable and un
favorable displacements using a var iety of packing materials and l i qu id 
pairs was investigated (2 , 6 ) . I t was found that dispersion coef f ic ients 
increased wi th veloc i ty and pa r t i c le size for displacements with sym
metrical concentration pro f i les 

2.2 Objectives 

The object ives were: (1) to determine whether entrance and ex i t effects 
are s ign i f i can t i n a 2.54-cm-ID column, and i f so, to el iminate them by 
modifying the apparatus, and (2) to correlate dispersion coef f ic ients in 
doubly favorable displacements as a function of the control variables, such 
as l i qu id densit ies and v iscos i t ies , par t i c le diameters, and flow rates. 

3. APPARATUS AND PROCEDURE 

3.1 Experimental 

Experiments were conducted in a 2.54-cm-ID x 50-cm-long column (F iq . 1 ) , 
packed with spherical glass beads of e i ther 0.0049 cm (275-300 mesh) or 
0.065 cm (25-30 mesh) in diameter. To minimize entrance e f fec ts , the d is 
placing f l u i d was introduced through a small Teflon tube into the space be
tween a plunger and a porous-disk f low-d is t r ibutor j us t above the packing. 
A rubber 0-r ing was ins ta l led above the disk to minimize wall channeling. 
A concave plug with glass fiber packing at the bottom of the column was also 
used to minimize exit, e f fec ts . Temperature was kept at '3°C by a c i rcu la t ing 
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water bath. Pore volumes were calculated conventionally from the weight and 
volume of glass beads packed in the column. 

Four liquid pairs, a l l mixtures of ethanol and water, were used (Table 1 ) . 
Liquid flow rates from 1.2 to 24 ml/min were used,with bed heights rangino 
from 6.35 to 40.8 cm. The density of the effluent stream was monitored by 
a SODEV 02D densimeter. 

Table 1. Experimental Fluid Pairs 

Fluid Pair % EtOH p (gm/cc) u (mp) 

displacing 7.25 0.9850 12.95 
A 

resident 0 0.9975 9.80 

displacing 16.25 0.9725 17.50 
B 

resident 7.5 0.9850 12.95 

displacing 31.25 0.9500 24.15 
C 

resident 16.25 0.9725 17.00 

displacing 0 0.9975 9.80 
0 

resident 31.25 0.9500 24.15 

Unfavorable both in density and viscosity. 

3.2 Mathematical Model 

The effluent density or concentration profile was matched to the dis
persion model. Assuming no radial gradients, the model simulates dispersion 
as: 

ax 2 3 x " 3 t 

I f an in f in i te core is assumed, the boundary and in i t ia l conditions are set 
as follows: 

at x = 0, vCQ = vC - D g (3) 

fo(qn/cc^ 

-0.0125 1.32 

-0.0125 1.35 

-0.0225 1.42 

+0.0475 0.41 
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as x - « C(x,t) -*• 0 (4) 

at t = 0.0 C(x,0) = 0 (5) 

The solution to Eq. (2) using Eqs. (3), (4), and (5) is then 

c , i r H q izi). — d — e-v(y-n2/4i ( 1 . 2 i , ( 6 ) 
co z z A S0y(y+l) 1 + I 

where: 

Y = vL/D 

y = dimensionless length, x/L 

I = pore volume injected or the dimensionless time, vt/L 

If one considers the existence of relatively stagnant packets in the 
bed, e.g., molecular diffusion dominates, the solution becomes: 

§ - 1 er fc(£ £ J ) . ^ exp[-Y(y-J) 2/4J] (1 - 2 d*) (7) 
Co z z /J /^(y+J) 1 + J 

where J = I/f and f is the fraction of the bed which is active. Chow and 
Alger (1_) have developed a computer model based on Eq. f7), which was also 
used in this study. 

4. RESULTS AND DISCUSSION 

Figure 2 shows a typical symmetrical S-shaped concentration profile 
obtained from the effluent of a stable displacement and the best dispersion-
model fit. In general, the dispersion model described the data well for 
symmetrical displacements. A summary of experimental displacements and 
model fits is included in Appendix 8.1. 

Figures 3, 4, and 5 show that end effects are negligible except in 
the displacement of the largest density difference in small packing (Fig. 4) 
in which the dispersion coefficient apparently increased with decreasing bed 
height. Figures 3, 4, and 5 show an increase in dispersion coefficient 
with increasing particle size, flow rate, and density difference. This is 
in agreement with previous workers, who also found the dispersion coefficient 
to increase with particle size and flow rate (2_, 6). As velocity increases 
the convective contribution to dispersion increases, and therefore a greater 
dispersion coefficient is obtained. 
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Krupp's data (15) agree with these findings In that dispersion increases 
with increasing favorable density difference. However, this is contrary to 
what was reported by Howlett (4), that mixing length decreases as density 
difference becomes more favorable. If dispersion is gravity-controlled, 
gravitational forces should act to segregate the phases, decreasing the dis
persion coefficient. However, if the flow regime is such that inertial 
viscous forces dominate, higher dispersion coefficients result from increases 
in density difference. Dispersion coefficients were about equal for dis
placements with fluids of equal density differences and viscosity ratios 
but different absolute values. 

Krupp's results (5J and the results of this study can be unified if D is 
plotted as a function of Rej, Reynolds' number of the displacina fluid (Fia. 6). 

Two distinct zones exist. For Rej > 10" 3, dispersion is high enough thct 
molecular diffusion is negligible. For Re^ < !0~ 3, the dispersion coef
ficient is the same order of magnitude as diffusion coefficients; therefore 
the dependence of D on Re^ is weaker than in the first zone. 

The correlation shown in Fig. 6 was found unsatisfactory as D was de
pendent only on the properties of the displacing fluid. D was also plotted 
as a function of Re r - Red, and a similar correlation was obtained (Fig. 7). 
The slopes of the lines in Figs. 6 and 7 are nearly the same, suggesting 
that other, perhaps more meaningful, combinations of Re,j and Re r can be used 
to correlate the data. 

5. CONCLUSIONS 

1. The dispersion coefficient was proportional to Re^ and (Rer - Re d). 
_3 

2. For Re d > 10 , molecular diffusion was insignificant compared with 
dispersion. 

3. End effects were enhanced by large density difference and small 
particle size. 

4. Absolute densities and viscosities had no apparent effect on the 
dispersion coefficient. 

6. RECOMMENDATIONS 

It is clear that some form of Reynolds number is the important factor 
in correlating dispersion coefficients. Future studies should investigate 
different ranges of densities and viscosities to ascertain the correct func
tional form of this correlation. 
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8. APPENDIX 

8.1 Summary of Results 

Table 2 presents the summary of experimental conditions and results. 
Following Table 2 are experimental breakthrough curves showing the fit of 
the theoretical model. The dimensionless concentration (C/C0J at the 
outlet is plotted as a function of injected pore volumes or dimensionless 
time. 

8.2 Location of Original Data 

The original data were recorded in ORNL Databook A-8144-G, pp. 46-62, 
and on chart paper in the calculation files of the MIT School of Chemical 
Engineering Practice, Bldg. 3001, ORNL. 

8.3 Nomenclature 

A cross section of column 
C concentration, presented only as a ratio, C/C 

2 
0 dispersion coefficient, cm /sec 
dp particle diameter, cm 
f active bed fraction 
g gravitational constant 
K permeability (Darcy) 
L bed height, cm 
1 pore volumes injected , Vt/L 
J I/f 
Q volumetric flow rate, cc/min 
Re Reynolds number, pvd /u 
t time, sec 
v in te rs t i t ia l velocity, cm/sec, Q/Ae(60) 
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v £ critical velocity , cm/sec 

x position in axial direction, cm 

y dimensionless length, x/L 

6reefc symbols 

Y vL/D 

c void fraction in bed 

u viscosity, ap 

p density, ga/cc 

Subscripts 

d displacing fluid 

o initial 

r resident fluid 
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