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ABSTRACT: A one-dimensional model was developed for sol- 
vent extraction of oil from a packed bed of oil-bearing vegetable 
materials. ]he equilibrium relationship between the residual oil 
content of marc and oil concentration of stagnant miscella in 
pores of the bed material was generated through experiments 
with rice bran and hexane. The nondimensional parameters rec- 
ognized from the model describing extraction were initial 
Reynolds number (Rei) , initial Schmidt number (Sci), bed void 
fraction (eb), particle porosity (ep), ratio of bed diameter to parti- 
cle diameter (Dt/dl~) , ratio of bed depth to bed diameter (L/Dt), 
ratio of particle surface area to bed cross section (apAL/A = apL), 
and recycle of solvent and equilibrium distribution coefficient 
(EDC). For reducing the time required to extract to the same 
residual oil content of marc, higher values of Rei, eb, and a_L 
were beneficial, whereas higher values of Sc i, 8p, Dt/dp, L/I~ t, 
and EDC were detrimental. 
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A review of the literature suggests that, while considerable 
experimental work in solvent extraction of vegetable oil has 
been carried out by various researchers, efforts to model the 
process have been inadequate. For modeling extraction, the 
efforts of Fan and Morris (1), Lee et al. (2), Karnofsky (3), 
Abraham et al. (4), and Chien et al. (5) should be recognized. 
However, all previous work either failed to appreciate the 
transient nature of the process of solvent extraction in a 
packed bed or could not identify the variables that govern the 
process and, as a result, failed to determine the effects of the 
variables. 

In the present work, an attempt was made to develop a 
one-dimensional transient model for the process of extraction 
in a packed bed. A nondimensional scheme was adopted to 
identify and study the effects of variables that govern the 
process of extraction. 

Theore t ica l  model .  The packed bed was conceived to be 
pretreated (mechanically crushed, expressed, or pelletized) 
oil-bearing vegetable materials or seeds in a vertical column 
into which solvent entered from the top. The solvent perco- 
lated down through the interparticle void space and picked up 
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oil from the solids on its way. The solvent and oil solution, 
termed miscella, exited the bottom of the bed. 

Figure 1 shows a packed-bed column with an enlarged 
view of particles of an oil-bearing vegetable material. Pre- 
treating the solids developed macro pores upon complete 
breakdown or rupture of cell wails. Part of the solvent entered 
these pores and dissolved the oil instantly. The miscella re- 
siding in these pores was considered a stagnant phase. The re- 
maining part of the solvent flowed down through the inter- 
particle void space as the continuous or bulk phase. 
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FIG. 1. Section of packed column with enlarged view of particles; Z, 
axial direction of depth (m); AZ, slice width in bed (m); L, depth of bed 
(m). 
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Abraham et al. (4) recognized the equilibrium relationship 
between the residual oil content in the marc (solvent-laden 
solids) and the oil concentration in stagnant miscella in the 
pores. They also suggested that different oil concentrations in 
the miscella caused changes in the binding force of  the sur- 
face of  the solid. Thus, the oil concentration in stagnant mis- 
cella in pores at any point of  time was considered to be in 
equilibrium with the residual oil content of  the solids. A 
change in the oil concentration in stagnant miscella in pores 
brought  about a change in the residual oil content of  the 
solids, which was governed by the system-specific equilib- 
rium relationship that could only be obtained through experi- 
ments. 

The miscella in the bulk phase that f lowed down the bed 
through the interparticle void space had a leaner oil concen- 
tration compared with the oil concentration in the stagnant 
miscella in pores. At any section of  the bed and at any point 
in time, there was always a difference between the oil con- 
centrations of  the pore and bulk miscellas. This resulted in 
transfer of  oil (solute) from pore to bulk phase. As a conse- 
quence, for that section and at that time, the oil concentration 
of  the pore miscella changed. This brought about fresh disso- 
lution from residual oil in solids in accordance with the equi- 
librium relation between the oil concentration of the stagnant 
miscelta in pores and the residual oi! content of the marc. 

As the bulk miscella flowed down the bed, picking up oil 
from the pores, an oil concentration gradient developed in the 
bulk phase along the depth of  the bed. This resulted in a min- 
imum concentration gradient at the top of  the bed (entry of  
solvent) and a maximum concentration gradient at the bottom 
of the bed (exit of  miscella). The concentration gradient in- 
duces diffusive mass transfer of  solute in the direction from 
higher to lower solute concentration zones. Therefore, in the 
bulk miscella, diffusion mass transfer of  oil took place from 
the bottom toward the top of  the bed, which was in the direc- 
tion opposite to the flow of  bulk miscella. This phenomenon 
will hereafter be referred to as dispersion. 

Assumpt ions .  The assumptions made in developing the 
proposed model were: (i) Vegetable oil was regarded as a sin- 
gle component  because all glycerides are highly soluble in 
hexane. Further, for crushed oil-bearing vegetable materials, 
phosphatides could not block the access of  hexane to the oil 
in solids. It was assumed, in line with Karnofsky (6,7), that 
cell walls were completely ruptured. (ii) The solids had 
macro-size pores in which oil globules resided; solvent en- 
tered these pores and instantly dissolved the oil, resulting in 
the formation of  miscella (stagnant phase). An equilibrium 
relationship became established between the oil concentra- 
tion of  the stagnant miscella in the pores and residual oil con- 
tent of  the marc. (iii) At any section of  the bed and at any 
point in time, transfer of  oil occurred from the pores to the 
bulk, due to the oil concentration difference between miscel- 
las in the two phases. (iv) In the bulk phase, viewed in isola- 
tion, a concentration gradient occurred in the direction oppo- 
site to the flow of  bulk miscella, resulting in dispersion of  oil. 
(v) Bed depth to bed diameter ratio (L/Dt) was large to allow 

for no radial oil concentration gradient. (vi) Constant and uni- 
form void fraction in the bed. (vii) Symmetry  along the 0- 
axis. (viii) Constant and uniform particle porosity. (ix) Con- 
stant and uniform temperature. (x) No heat of  mixing. (xi) 
The equilibrium relationship generated through experiments 
accounted for the effect of  moisture in the solids. 

Mathemat ica l  formulat ion.  Mass balances for the miscella 
and for the solute (oil) were determined for the volume ele- 
ment A • AZ of  the packed bed. 

Overal l  cont inui ty  in the bulk  phase.  The various contri- 
butions were: 

Time rate of mass input of miscella across the 
face at Z due to convective flow 

= [A • E b ° V s ° Pl] ]z 

Time rate of mass output of miscella across the 
face at Z + AZ due to convective flow 

= [A • ~b" Vs" 9t] Iz + AZ 

Time rate of mass contribution to bulk miscella 
in the volume element due to mass transfer of solute 
(oil) from the stagnant phase in pores to the bulk phase 

= [ k f  ° A • AZ • ( 1 - E b )  ° ap • Pl" (Cp - C)] 

Writing the mass balance for the volume element and taking 
limits as AZ --~ 0: 

time rate of mass of ] [time rate of mass of oil ] 
bulk miscella input I + ]contributed to bulk from / -- 
input across the face Z tpore due to diffusion I 

time rate of mass of ] 
ulk miscella output ] 
cross the face Z + AZ J 

led to 

d V ~  1 - e h 
- k f ap (Cp-C)  [1] 

dZ £b 

Equation 1 was subjected to the boundary condition: 

at Z = 0, V s = Vsi for all t [la] 

t Equations 1 and l a were nondimensionalized by using V s = 
Vs/Vsi, t" = Vsi-t/L and Z" = Z/L. The resulting nondimen- 
sional equation simplified to: 

dV s _ l - e  b (apL) Sh ~,  C) 
dZ" e b r e  i - 

[2] 

Equation 2 was solved by using the boundary condition: 

at Z' = 0, V' = 1 for all t' [2a] 
S 

Species continuity in the bulk phase.  Along lines similar to 
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the above and adopting the same nondimensionalizing 
scheme, the solute balance yielded: 

aC_l - a(gtsC) D Z Dzi l dp c?2C 

at" oz' Dzi Dmi PeiL L c)Z "2 
l- Eb Jr ) a , L ) -  (C,, - C) 

Eb t, p e  i ~, 

[3] 

Equation 3 was solved for the initial condition: 

at t' = 0, C = C, for all Z' [3a] 

and boundary conditions: 

atZ,=O,V,c_(Dz Dzi  1 dp)OC..[_l~.7 forall t '  
Dzi Dmi Pei ~ j~_ =Ci 

[3b] 

and at Z' = 1 a c  = 0 for all t '  [3c] 
' cgZ' 

Species continuity in the pore phase. In nondimensional 
form, the equation for species continuity was: 

dCp 1 dN ~t '  [ 1 + - -  ]+I--~-Sh(a,,L)(C. - C ) = O  [4] 
Ep dCp Ep P e  i z 

Equation 4 was solved for the initial condition: 

at t '  = 0, Cp = Cpi for all Z' [4a] 

Sherwood number (Sh) as per Treybal (8) is given by: 

Sh = 2.4 Re°'34Sc °'42 valid for 0.08 < Re < 0.125 
= 0.442 Re°'69Sc 0"42 valid for 0.125 < Re < 5000 [5a] 

and Peclet number as per Butt (9), by 

E b ° Pe = 0.2 + 0,011 Re °48 [5b] 

The Re and Sc were upgraded by means of  the following 
equations: 

N = 0.2032 ° C p  [6] 

The bran sample used had a total extractable oil of  20% (by 
weight) and a moisture content of  7% (wet basis). 

The set of  generalized nondimensional Equations 2 
through 4, along with relevant initial conditions and bound- 
ary conditions, together with the equilibrium relationship 
Equation 6, constitute the proposed generalized model de- 
scribing the behavior of  packed-bed-type extractor. Equations 
2 and 4 were solved with modified Euler 's  method, while 
Equation 3 was solved with the Crank-Nicolson algorithm 
(12). 

RESULTS AND DISCUSSION 

We recognized from the model that the nondimensional input 
parameters governing the process of  extraction were initial 
Reynolds number (Rei) based on particle diameter, initial 
Schmidt number (Sci), bed void volume (~b), particle poros- 
ity (ep), ratio of  bed diameter to particle diameter (Dt/dp), 
ratio of  bed height to bed diameter (L/D0, ratio of  particle 
surface area to bed cross section (apL), initial oil concentra- 
tion (C i, in mass fraction) of  the solvent, and the equilibrium 
distribution coefficient (EDC). 

Effect of Re c A change in Re i, while other parameters were 
held constant, meant that the throughput of  solvent into the 
bed changed. Figure 2 presents the effect of  Re i on oil con- 
centrations of  bulk and pore miscellas at bed exit with time. 
While the oil concentration of  the bulk phase rises to a peak 
value and then falls, the oil concentration of  the stagnant 
phase falls continuously. 

A higher rate of  mass transfer was associated with a higher 
Re and was governed by Equation 5a involving Sh as a func- 
tion of  Re and Sc. Thus, a higher value of  the peak oil con- 
centration was attained with a higher Re i. Although the loca- 
tion of the peak oil concentration was nearly the same on the 
nondimensional time scale, the actual time (dimensional) for 
the peak to appear with a higher Re i was less than with a 
lower Re i. 

In the nondimensional scheme, the nondimensional time 
(t') was given by: 

Re = VsdpPt/la 1 = ReiVs(Pt/Pli)(lali/~ h) [5c] 
Sc = pl/(PlD1 ) = Sci(Pl/gli)(Pli/Pl)(Dli/D1) [5d] 

where subscript "i" refers to initial state. 
The viscosity ratio ([tll/ltlli) and the diffusion coefficient 

ratio (D1/DIi) were evaluated in a similar manner to Reid et 
al. (10). The density ratio (9/Pli) was evaluated based on ex- 
periments by Majumdar (I i). 

The equilibrium relationship between the residual oil content 
(N, in mass fraction) of marc and the concentration of oil (Cp, in mass 
fraction) of stagnant miscella in pores was obtained through 
experiments. Details of the experiment are provided by Majumdar 
(11). The relationship for the specific system of rice bran (as 
oil-bearing vegetable material) and hexane at 30°C was: 

t' = (t • V s i ) / L  [7] 

As mentioned earlier, a change in Re i was associated with a 
change in throughput and, therefore: 

(tRel/t'Re2) = (tRel/tRe2)(Vsi(Rel)/Vsi(Re2)) [8] 

The nondimensional times to attain peak concentration in 
bulk for various Re i values were nearly the same, i.e., t'Re 1 = 
t'Re 2. Therefore, 

tRe2 = (Vsi(Re 1)/gsi(Re2))tRel [9] 

As an example, for Re 1 = 100 and Re z = 20, Vsi(R e = 100)/ 
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FIG. 2. Effect of init ial Reynolds number (Re i) on oi l  concentrations of 
bulk and pore miscellas at bed exit; Sci, initial Schmidt number; Eb, bed 
void volume; Ep, particle porosity; Dt/dp, bed diameter to particle diam- 
eter ratio; L/Dt, bed depth to bed diameter ratio; ap " L, ratio of particle 
surface area to bed cross-section; C; initial oil concentration; EDC, equi- 
l ibrium distribution coefficient. 

g s i ( R e  = 20) = 5 ,  a n d  t h e r e f o r e ,  tRe2(Re = 20) = 5 tRel (Re = 100)" T h e  
above analysis substantiated that the dimensional time (t) for 
the peak to appear for a higher Re i was less than for a lower 

Re i. 
Through a similar analysis, we concluded that, to attain the 

same concentration of  oil in bulk miscella at bed exit, the ac- 
tual time (dimensional) required for a higher R e  i w a s  less than 
that for a lower R e  i. A higher R e  i w a s  also associated with a 
lower pore phase concentration, which indicated lower resid- 
ual oil content in the marc. 

Further, from Figure 2, the driving force (Cp-  C) available 
for mass transfer for the same oil concentration of  miscella in 
pores was higher at a lower Re i. It is known that Sc is of  the 
order of the ratio of  momentum boundary layer to concentra- 
tion boundary layer thickness. Therefore, with a higher Re i, 
the gradients associated with momentum transfer (i.e., 
3Vs/~Z) and mass transfer (3C/~Z) were steeper and associ- 
ated with higher transfer rates at any point of  time. From the 
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FIG. 3. Effect of Sc i on oil concentrations of bulk and pore miscellas at 
bed exit. See Figure 2 for abbreviations. 

above, we concluded that a higher R e  i w a s  associated with a 
lower oil concentration of  stagnant miscella in pores and a 
higher oil concentration of  bulk miscella. 

To summarize: (i) a higher Re i resulted in a higher oil con- 
centration of  bulk miscella; (ii) a higher Re i resulted in a 
lower oil concentration of  stagnant miscella in pores; and (iii) 
a higher R e  i resulted in a lower concentration difference (Cp- 
C) between bulk and pore phase miscellas over time. We con- 
clude that, in order to extract to a specific residual oil content 
of the marc, increasing Re i reduced the time required for ex- 
traction. 

Effect ofSc r Sc i is defined as the ratio of  momentum dif- 
fusivity to mass diffusivity. It may also be defined as the order 
of  momentum transport boundary layer to mass transport 
boundar3) layer thicknesses. 

Figure 3 presents the effect of Sc i on oil concentrations of  
bulk and pore miscellas at bed exit with time. It could be ob- 
served from the figure that (i) a higher Sc i was associated with 
a higher oil concentration of  the miscella in both the bulk and 
pore phases; (ii) a higher Sc i was also associated with a lower 
oil concentration difference between the bulk and pore phase 
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miscellas; and (iii) for the range of Sc i values studied, the 
peak oil concentration of the bulk occurred at the same time 
(nondimensional). 

A higher Sc i, being associated with a higher momentum 
diffusivity, resulted in rapid mass transport as compared with 
a lower Sc r Convective mass transport appeared to be domi- 
nant over diffusive mass transport for a higher Sc r This trend 
was more prominent because of the linear equilibrium rela- 
tionship exhibited by the system. Convective transport was 
therefore responsible for a lower oil concentration difference 
(Cp-  C) between the miscellas in pore and bulk phases at 
higher Sc r For lower Sc i, in which the convective transport 
was lower, the oil released by the solids to the stagnant mis- 
cella in pores (as governed by the equilibrium relationship) 
was not easily convected away by the bulk phase. This re- 
sulted in a larger oil concentration difference between the two 
phases. 

A higher Sc i could also be construed as being associated 
with a lower concentration boundary layer thickness and, 
hence, with a steeper concentration gradient, resulting in 
higher mass transfer rate (Re i remaining constant, the mo- 
mentum boundary layer thickness was unaltered). Figure 3 
shows that, for Sc i = 100, the mass diffusivity was lower by 
an order of magnitude compared with momentum diffusivity, 
the concentration difference between miscellas in pore and 
bulk phases became lower, and the oil in the pores was not 
quickly released to the bulk phase. 

We conclude from the study that it was not beneficial to 
extract oil with solvents whose momentum diffusivity was 
much higher compared with the mass diffusivity for systems 
exhibiting equilibrium relationship as considered in the pre- 
sent study. The effect of bed temperature could be visualized 
through a change in Sc i because diffusivities are functions of 
temperature. 

Effect o fe  b. The effect of E b w a s  studied through the nondi- 
mensional parameter identified in Equations 2 and 3 as (1- 
eb)/~b, which could be written as: 

(1-Eb)E b = [solid volume/void volume] 
= [np/{ 1.5 (Dt/dp)3(L/Dt) -np}] [10] 

where n p =  number of particles of size dp, D t = bed diameter, 
and L = bed depth. 

Therefore, a variation in (1-£b)/£b, in effect, indicated a 
variation in the number of particles (n )  where Dt]d p and L/D t p,  
were held constant. An increase in the number of particles in- 
creased (1-Eb)/gb, which meant that more material was avail- 
able for extraction. Again, an increase in (1-eb)/£ b meant a de- 
crease in eb" The result has been discussed subsequently in 
terms of variation in ~b" 

H i g h e r  E b meant less quantity of solids and, hence, less 
quantity of oil available in the bed for extraction and vice 
versa. Figure 4 shows the effect of eb on oil concentrations of 
bulk and pore miscellas at bed exit with time. With an in- 
crease in e b, the peak oil concentration in the bulk miscella at 
bed exit decreased because less oil was available. Similarly, 
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FIG. 4. Effect of 8b on oil concentrations of bulk and pore miscellas at 
bed exit. See Figure 2 for abbreviations. 

the oil concentration of pore miscella at bed exit became 
lower at any point of time. Further, with an increase in ~b, the 
interstitial velocity decreased, leading to lower local Re, 
which ultimately decreased the rate of mass transfer of oil 
from pores to bulk. Thus, the higher the eb, the higher was the 
oil concentration difference between miscellas in process and 
the bulk at any point of time. Peclet number (Pe) (which gov- 
erns axial dispersion) also has a bearing o n  gb as per Equation 
5b. 

Lower % was associated with higher bed loading, conse- 
quently more time was required to reach a specific oil con- 
centration of bulk miscella. Because Re i and other pertinent 
parameters were held constant, the peak oil concentration of 
bulk miscella occurred at the same time for the range of E b 

values studied. 
Effect of  ep. Other parameters remaining constant, a 

change in ~p indicated a change in the fraction of solids in the 
particle. A higher ep resulted in a lower fraction of solids in 
the particle. Figure 5 shows the effect of gp on oil concentra- 
tions of bulk and pore miscellas at bed exit with time. 

The residual oil content per unit mass of marc, expressed 
in mass fraction, was: 
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N = mass of residual oil in marc/mass of marc 
= mass of residual oil/(mass of oil-free solids + mass 

of residual oil) 
= volume of residual oil poJ(volume of oil-free solids 

Pbs + volume of residual oil Poil) [11] 

where Poil = density of  oil, and Pb~ = bulk density of  oil-free 
solids. 

In other words, the volume of  solids was inclusive of  ep 
and was linked through Pbs' Therefore, a change in 8p should 
alter the equilibrium relationship (N vs. Cp). However, as the 
mass fraction of  oil per unit mass of  marc was unaltered for 
the present case, a higher 8p indicated a higher oil content res- 
ident per unit volume of  off-free solids (when all other para- 
meters were held constant). Therefore, a higher ~p, being as- 
sociated with a reduced fraction of  solids in the particle, re- 
suited in increased oil concentrations of  miscellas in both the 
bulk and pore phases. 

Also, the degree of  change in the oil concentration of  the 
stagnant miscella in pores was of  the same order of  magni- 
tude as that of  the bulk phase. Axial dispersion through Pe 

and mass transfer rate through Sh were affected only by ~b 
and not by ~p. 

Particle porosity affected the equilibrium relationship di- 
rectly because an increase in total oil resident in solids was 
associated with higher ep, as shown in Equation 11. Thus, 
higher ep resulted in more time for extraction to a specific oil 
concentration of  bulk miscella and was also associated with a 
higher peak concentration. 

Effect of D/dp. Varying Dt/d p, while holding other para- 
meters constant, was associated with a change in D t (dp could 
not be changed without changing Rei). An increase in Dt/d p 
indicated an increase in D t. One of  the nondimensional para- 
meters recognized in the course of  model development was 
(L]Dt) ratio. If D t was altered, the bed depth (L) had to be cor- 
respondingly altered to keep the L/D t constant while varying 
D/dp. 

Figure 6 shows the effect of  Dt/d p on oil concentrations of  
bulk and pore miscellas at bed exit with time. Increasing Dtd p 
increased the solids loading in the bed. Because of  increased 
D t and the resulting proportional increase in L, more oil was 
available for extraction. Thus, with increase in Dt]dp, the oil 

JAOCS, Vol. 72, no. 9 (1995) 



MODELING SOLVENT EXTRACTION OF VEGETABLE OIL IN A PACKED BED 977 

15 15 
l Pore (Cp) 

I V - .  oo, lc, T 
7<  .12 

..L3 

"6 c,o ~,. "5 
o 9 -  t"7.s " 4  ~ 9 

- 

° F-------- 
"5 "6s 

5 5 ,o 
S c  i = 3 5  '*" 

* * -  03 

3 ¢b = 0.4 ~ 3 
ep = 0.3 ~" 

~" gt/d p = 70 
a p - L  =18 

C i = 0 

EDC = 0.2032 

0 t I I I 
0 5 10 15 20 25 

Nondimensional time, t" ---) 

FIG. 7. Effect of L/D t on oil concentrations of bulk and pore miscellas at 
bed exit. See Figure 2 for abbreviations. 

. . . . . . .  Pore (Cp) Re i = 100 

Bulk (C) Sc i = 35 

~\ ~b = 0.4 
~,  ,,,, ~p = 0.3 

\ ~ \ x \  Dt/d p = 70 

\ \  ",, L/D t = 1.5 

\ \ \  " \  C i = 0 

\ N , \ \ ?  " - , ,  EDC = 0.2032 

• - - . J  

- ' 7 8  ~ 

i I I I - 

0 t0 20 30 40 50 

Nondimensional time, t' ) 

FIG. 8. Effect of apL on oil concentrations of bulk and pore misce]las at 
bed exit, See Figure 2 for abbreviations. 

concentration of bulk miscella (at bed exit) reached a higher 
peak. As Dt/d p increased, resulting in increased solids load- 
ing in the bed, it took more time for extraction to a specific 
oil concentration of bulk miscella. 

Effect of the L/D r Changing L/Dt, while keeping other pa- 
rameters constant, was in effect changing L. An increased 
L/D t ratio was associated with higher solids loading and a 
corresponding greater amount of oil available for extraction. 

Figure 7 presents the effect of L/D t on oil concentrations 
of bulk and pore miscellas at bed exit with time. As expected, 
a higher L/D t was associated with a higher peak concentra- 
tion of bulk miscella at bed exit. The trend presented in this 
figure could be explained along similar lines provided for 

Dt/d p. 
Effect of apL. Particle surface area to bed cross-section 

ratio led to the nondimensional parameter apL. Variation in 
apL, while keeping other parameters constant, indicated a 
variation in the particle surface area (per unit volume of the 
particle) across which mass transfer (of oil) took place. 
Higher apL, therefore, meant more surface area was available 
(for the same volume of particles) for mass transfer and, 

hence, a higher quantity (mass) of oil was transformed from 
the stagnant miscella in pores to the bulk miscella. 

Figure 8 presents the effect of apL on oil concentrations of 
bulk and pore miscellas at bed exit with time. At higher apL, 
because of the larger mass of oil transferred from pores to the 
bulk through diffusion, the oil concentration of the bulk mis- 
celia at any point in time was higher. This led to a lower oil 
concentration of miscella in pores. 

Effect of recycled miscella. Recycling miscella meant a 
continuous time rate of change of its oil concentration while 
it was fed back to the inlet of the bed. Figure 9 presents two 
cases that illustrate the effect of varying the oil concentration 
of solvent/miscella input to the bed on oil concentrations of 
bulk and pore miscellas at bed exit with time. In one case, the 
input to the bed was always a fresh solvent, which means that 
the oil concentration of the input solvent for all time is nil, 
that is, C(0,t) = 0. In the other case, the miscella that was leav- 
ing the bed was recycled back to the inlet of the bed, that is, 
C(0,t) = C(L,t-At). In the latter case, the miscella, which al- 
ready contained oil, picked up more oil from the bed as it 
flowed down through the packed bed. Hence, at any point in 
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time (Re i remaining constant, the nondimensional and dimen- 
sional time were identical), the oil concentration of the bulk 
miscella with recycle was higher than that with fresh solvent. 
Additional observations that could be made from the graphs 
were: (i) the rate of fall of Cp with recycle was slower than 
that with fresh solvent; (ii) the rate at which (Cp - C) changed 
was slower with recycle than with fresh solvent; (iii) it took 
longer to reach a specific residual oil content of marc with re- 
cycle than that with fresh solvent; and (iv) recycle caused a 
higher peak oil concentration of bulk miscella. 

Effect ofEDC. EDC was defined as the ratio of residual oil 
content of marc to the oil concentration of the stagnant mis- 
cella in pores at equilibrium. A higher EDC was associated 
with higher residual oil content (N) of  the marc, which, in 
turn, meant lower oil extraction from solids. In other words, a 
higher EDC indicated a higher degree of difficulty in extract- 
ing oil from the oil-bearing solids. 

Figure 10 presents the effect of EDC on oil concentrations 
of bulk and pore miscellas at bed exit with time. When EDC 
was high, it took a longer time to achieve the same oil con- 

centration of bulk miscella at bed exit compared with low 
EDC. With high EDC, N at any point in time was high, as ob- 
served from the high Cp value in the figure. Given that the 
ratio of densities (ps/p]) and N remained unaltered, a high 
EDC resulted in low Cp. 

A change in EDC could also be viewed as: (i) changing the 
oil-bearing material and solvent system, or (ii) changing the 
extraction temperature. 

Conclusions. In terms of the time required for the process 
of extraction to reach a specific residual oil content in the 
marc, the following Conclusions were drawn from the study: 
(i) Higher Re i was associated with less time for extraction 
(while the oil concentration of bulk miscella at bed exit was 
rising to a peak value, the same of the stagnant miscella in 
pores was more or less constant); (ii) lower Sc i was associ- 
ated with less time for extraction; and (iii) of the parameters 
that either had little influence or could not be significantly 
changed, higher values of E b and apL and lower values of 8p, 
Dt/d~,, L/D t, and EDC were associated with less time for ex- 
traction. 
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