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Media 

Abslract-Experiments were carried out to demonstrate the dispersion that occurs at the intcrlhce between fluids when 
two immiscible fluids flo',~ in porous structures. In this w'ork the porous medium was cellulosic absorbent and the fluids. 
deeyl alcohol and water. ~.ere modified so a_s to cover a range of flow rates aa~d identical fluid viscosities. Computerized 
Ibmograph? (CT~ was used m generate dynamic three-dimensional images of  t,,~.o-phase saturatkms and provided 
quantitative intbrmatkm of time evolution of fluid saturation at each position. Thus. use of CT made characterization 
oftwc~-phase displacement histou in cellulosic txm~us media possible. This work could ~vlate experimental fluid satura- 
t}on m theoretical model of immiscible fluids flow. 
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INTRODUCTION 

The flow of immiscible fluid phases in porous media is involved 
in many displacement processes, such as oil recovery, groundwater 
contamination, and dispersion of  tordc chemicals in soil The time 
history of the intramedia spatial saturation distribution of each phase 
is essential for describing the storage and transport of  fluids in po- 
rous media. 

In general, when two-phase immiscible fluids are flowing in po- 
rous media, unstable flow (viscous fingering) may result due to the 
regime where one fluid is less viscous than the other The criteria 
on fluid instability result from viscosity, interracial tension and pro- 
perties of  media~ The displacement of  immiscible fluids is of  im- 
portance in many processes as mentioned above, tn those areas, an 
understanding of the relevant mechanisms is essential for the stor- 
age and the transport of  fluids in porous media. Three different ap- 
proaches [Chuoke et at., [959: Wil[emsen, 1983; Paterson, 1984] 
are given to describe the mechanisms linked to the displacement of  
two immiscible fluids. Unlike previous theoretical approaches, the 
former paper [Kim and Chang, 200[] is based on a stochastic mod- 
el. in this model a porous medium is considered to be equivalent to 
a network of uniform capillaries and flow occurs within a random 
microscopic capillary network. The former paper is chiefly con- 
cemed with the dynamic fluid behavior that takes place in a porous 
medium. An analytical expression is developed and can describe 
fluid saturation distribution that agrees qualitatively with that seen 
in experiment. Such saturation distributions in optically dense media 
are difficult to acquire because of the inaccessiNlity to conventional 
measurement probes. 

Several methods have been used, however, for studying fluid sat- 
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umtion distributions during fluid displacement processes. Micro- 
wave absorption [Parson, I9751 and resistivity measurement [Lever- 
erie, 1939] provide area-average fluid saturation. Transparent po- 
rous models [Van Meurs, 1957] show the motion of the fluid in- 
terface, even though they do not give quantitative data. Recently, 
radioisotope tracing by Gamma Camera [Castellana et at., f980: 
l--Iuang,, 1986] gives two-dimensional projections of  the fluid satu- 
ration distribution. None of these methods provides the detailed in- 
formation required for a conclusive study of an immiscible fluids 
displacement process. In comparison to these traditional techniques, 
X-ray Computed Tomography (we call this CT hereafter) is a fast 
and accurate technique which can offer tmprecedented information 
about fluid saturation distributions in porous media during dis- 
placement processes, as well as information about rock structures 
corresponding to local regions within porous media. Wang and co- 
workers [I 983, 1984] were the first to apply medical X-ray tomog- 
raphy to study fluid motion in oil recovery research. Wellington and 
Vinegar [1985] of  Shell reviewed three-dimens}onal measurement 
of  rock density, porosity, its relevance to rock mechanics, correla- 
tion of core logs with well logs, and other petrophysical applica- 
tions. Flannery et at. [1987] have reported on micro X-ray CI '  for 
imaging individual pores with a ptxel size of  2.5 bun. Mote re- 
cenfly ma~clic resonance imaging [Vinegar, 1986; Chen et at., 1993] 
has been used to study flow behavior in a porous medium. Among 
the fluid flow problems that can be studied with CT are two-phase 
relative permeability, dispersion, viscous fingering, trapped oil sat- 
uration, and imbibition. Computerized Tomography can generate 
dynamic three-dimensional images of  two-phase saturations and 
provides quantitative information of time evolution of fluid satura- 
tion at each position. Thus, the use of  CT makes characterization 
of two-phase displacement history in optically dense porous media 
possible. This work relates fluid saturation data to the one-dimen- 
sional model of  immiscible fluids flow developed in the former paper 
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[Kim and Chung, 2001], 

EXPERIMENTAL METHOD 

1. X-ray Computed Tomography 
An EMI CT 5005 transverse a,x[al tomography system used for 

the experiment is a second-generation scanner (EMI Medical Lim- 
ited, Slough, U.K.). A tomograohic section, nominally 8 ,  IO;m 
thick, is scanned by using X-rays and the resulting picture is dis- 
placed on a video monitor The system covers the full range of X- 
ray absorption coefficients of  materials normally found in the human 
body. The range which is linear, extends on an EMI scale where 
water is zero and air al~d bone are-500 and ~ 500, respectively. EM1 
number is defined as 

5 0 0 •  p" - g " ~ " "  ( ] ) 
/.L,.,,,.,. 

where/a and p,,,,,,, are linear attenuation coefficient and attenuation 
coefficient of  water, respectively. A scan field of  0,254 m~0.254 m 
is divided into a 320-.320 matrix of  picture elements (pixels) of  
0.75, lCc -~ m by 0,75, 10 ~na. The X-ray tube is usually operated 
at 120 KcV and 30 mA and the detector assembly is comprised of 
30 detectors, each combining a doped sodium iodide scintillation 
crystal photomul6plier. The EMI scanner software performs auto- 
matic scan sequence control, concurrent data acquisition, image dis- 
play and annotation and autonmtic transfer to a magnetic ~pe. ]laese 
CT-generated magnetic ~ z s  were then transferred to a microcom- 
puter where the fluid saturations were computed. 
2. The Preparation of Porous Medium Assembly 

A quasi-one dimensional porous medium was conslmcted from 
32 sheets of  Whatman Number 5 filter paper, Round filter papers 
(dianleter-O.24 m) were cut into rectangular shapes (0.2 ] ,  0.05 m) 
and silicone rubber adhesive was evenly applied to four edges. The 
filter papers were placed together so that the thid,:ness of  resulting 
porous medium was approximately 0.00592 m, 

The whole assembly was put in a vacuttm oveu (21 mmHg) for 
20 minutes so that silicone seal developed some degree of cure, The 
porous medium was then removed from the vacuum oven and put 
between steel plates having the dimension of 0,21 , 0.05 ~ 0.0048 m. 
A 4,540 kg force by press (Pasadena Hydraulics Inc., E1 Monte, 
CA.) was applied lbr 24 hours to fully cure the silicone rubber seal. 
Rubber gaskets were also fixed on the four edges of  the fully cured 
porous medium (0.21 < 0.05 ~-. 0.0048 m) to prevent leakage of fluid 
during the displacement experiments. The porous medium having 
the mbb~v gaskets was then siliconed to PVC plate and assembled 
to keep the gap of 0.0048 m. The silicone rubber was completely 
cured for 24 hours to secure the leakage of  fluid. 

The PVC plate was mounted on a positioning jig on the CT ma- 
chine and it was scanned in the dry state to assume structural uni- 
formity. The uniform distribution of X~ray attenuation coefficient 
with respect to distance proved that the cellulosic bed consisted of 
a homogeneous porous structure. ]he porosity of  cellulosic bed de- 
termined by experiment is to be 0.7. It is assumed that the void frac- 
tion of  each porous media is constant and independent of  fluid oc- 
cupying it. 
3. Fluid-Displacement Experiments 

The prerequisites for fluids used in displacement experiments 

are: (1) There must be immiscibility between displaced fluids and 
displacing fluids, (2) The contact angle ofthe liquids with cellulose 
must be near 90 degrees so as to minimize capillarity. The immis- 
cible fluids used were wmer containing 47.6 wt% sucrose (displac- 
ing fluid) and decyl alcohol (displaced fluid). CT experiments only 
differentiate between fluids if displacing fluid has higher atlenua- 
{ion than displaced fluid. 47.6 we  i, sucrose solution was tagged with 
0,4 M K1 solution to increase its X-my attenuation coefficient. This 
concentration gave optimal contrast with decyl alcohol and mini- 
mized beam hardening, 

When 47.6 wt% sucrose solution (viscosity-- 13,63 cP at 21.5~ 
displaced decyl alcohol (viscosity = 13A5 cP at 21.5~'C) saturated 
in pore structure, viscosity difference between two fluids was 0, f8 cP 
(we call this case zero viscosity diflizrence hereafter). "Ille viscosity 
of  water was modified by sucrose. Decyl alcohol was selected as 
displaced fluid because its viscosity was equivalent to sucrose so- 
lution and had a near neutral wetlability to cellulose. Decyl alcohol 
is also immiscible with water, 

Fig. I shows the CT experimental layout. Displacement experi- 
ments were carried out by mounting cellulosic porous medium be- 
tween two circular plates of  poly(vinyl chloride) shown in Fig, 2. 
For assembling of the porous bed care was taken to ensure that the 
gap between two plates was maintained constant by using polyeth- 
ylene spacers. Nylon bolts (transparent to X-ray) secured these plates. 
Positioning arrangement was used to place absorbent mounting frame 
exactly within the tom%m"aphic plane of  the CT scanner After the 
absorbem mounting frame was centered in the CT scanner, dry cel- 
lulosic porous medium was first scanned to ensure the homogene- 
ity of  porous structure inside the bed. Ten pore volumes of dis- 

x-rays 
ttt 

Absorbent Mounting Frame 

FLUID ~ i~p RESERVOIR UMP 

Fig. 1. Schenratic diagram of experimental setup. 

I 
p GRADUATED CYLINDER 

4CM 
I [ i~_ A~3SORE3EN T 

L~~P..48 cm 
Fig. 2. Absorbent mounting frame of poly(vinyl chloride) (dimen- 

sion in cm). 
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placed fluids were injected to saturate the porous medium after eva- 
cuation. Uniform saturation of porous medium was confirmed by 
CT image before displacement experiment. A displacing fluid was 

as 0,1~7 cm/mm, 1.02 cm~/min, and injected at 3 flow rates, such * ~ ' 
4.04 cmVmin, The image data were taken at every 30 seconds during 
displacement experiments. Eight image data were selected from 
each flow rate to confirm theory. The local X-ray a~nuation co- 
efficient was recorded for each pixel position of the image. All vol- 
umetric flows were verified by monitoring the volume of fluid in a 
graduated cylinder. Adjusting the height of outlet tube relieved grav- 
ity effeck For the conversion of CT data into saturation fraction (dis- 
placing/displaced fluid composition), the attenuation coeff• dis- 
tribulions to fluids were determined over a cross-section of cellulo- 
sic porous bed, The magnitude of the minor fluctuations in the CT 
data was measured and compared to the expected CF scanner noise 
and/or porosity variation. 

DATA R E D U C T I O N  

A two-phase displacement experiment requires two kinds oD,e- 
ference image data in order to compute the saturation fraction. One 
is taken from the cellulosic porous medium saturated only with dis- 
placing fluid and the other with only displaced fluid. ]'he linear at- 
tenuation coefficient of  a specific voxel (volume dernen0 (i, j) (Fig. 
3), ~t,.,, is a linear combination of the attenuation coefficients of  all 
existing components 

11, ?:::~ I -{[}, ~) I&.l/./, ,, ~ OJx] ,, _. ~2) 

where ~,,, is the void fraction of the volume element (L j), ~ 2  stands 
for the attenuation coefficient of  the displacing fluid (subscTipt 1 ) 
or displaced fluid (subscript 2). When each porous medium is sat- 
urated with the displacing and displaced fluid respectively, the at- 
tenuation coefficients for the voxel (i, j) are, 

btl.~.~l,,l ,,, ={ 1 - ~,.~ )g..,~. o, + 0,. ,btl ~ 3 ) 

tl._ ..~:,~:,/:':( 1 -  {~,.: )g,../:.<.o,."~ O,. ,bt2 14) 

The attenuation coefficient for the same voxel when the porous me- 
dium now contains both fluids is, 

bt,:-(l q},~Ig~,,,,:,,,+f~,,x,~g,~q},;(l x,:)g2 (5) 

Combining the above equations, an equation for the saturation of 
the displacing fluid is obtained, 

Eq, (6) is the fundamental relationship thai links the attenuation co- 
efficients to fluid saturations. To calculate the saturation fraction ac- 
curately, the attenuation coefficient distribution ofbq.~,,,j,,~ and tt,_,d~,a .... 
was checked over the cross-section of the porous medium. The ef- 
fect of  beam hardening {the increase of  X-ray average euegy dur- 
ing the passage through the material that results from the larger at- 
tenuation of  the lower energy part of  the beam) was shown to be 
negligible. From the difference between j.t L~a,,,~,,~ and J.tz.,,,,a,,,. and 
the pi~ecision in which these numbers can be obtained, it is shown 
that the fluid saturation can be obtained within about +I.5~ error 
range. Experimental results showed a pronounced variation of X- 
ray attenuation numbers along the direction of overall displacement 
and negligible variations in other directions. "[herefore, flow took 
place mainly in one direction and the saturations were computed 
by, taking the average X-ray numbers of  the central 15 pixels region. 

In the following param'aphs the steps taken to reduce image data 
to physical dispersion coefficients are discussed. These steps include 
esthnating local fluids saturation along the position of flow direc- 
tion, differentiating saturation-distance data and extracting P~ t)- 
-Oq),/Ox=p{;~(x, t)/M {we express this term as P~ hereafter)along 
the position axis [see Eq. (26); Kim andChung, 2001]. In the sim- 
plest interpretation, the average displacement rate [3 and the disper- 
sion constant D can be determined from the firsl moment and se- 
cond moment of  the distribution ofW } along the position axis. The 
first moment is defned by: 

~ xp/]~dx 
(x) {;} 

also we have, 

(x) -13t 18} 

in which [3 is the average displacement rate and is easily deter- 
mined from <x> and optimal time. 

]he  second moment is defined by: 

I 1 [ 
I 
I 

N ~1 r,! bl . . . . . . . .  
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VOXEL 

Fig. 3. A voxel (i, j) of whole object consists of cellulosic absorbent 
in center and plastic plates in both sides. 

[ •  x-'PeE~dx 
(x 2} " 19} 

I:P"'{I-, 

A dispersion coefficient D can be computed by; 

(x ~) - (x): -2Dr { I 0 t 

E X P E R I M E N T A L  R E S U L T S  A N D  D I S C U S S I O N S  

The liquid-liquid contact angle (taken through water) was meas- 
ured on cellophane fihn and found to be 83 degrces. Thus, all ex- 
periments were designed so that capillarity effects would be mini- 
mal. Viscosity difl'erences and fluid displacement rates would be 
the principal variables. 

Average EM1 number of  decyl alcohol saturated cellulosic bed 
and sucrose solution saturated bed were shown as 68.4 and 398.3, 
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Fig. 4. Gray seale image of sucrose solution (0.4 M KI doped) dis~ 
placing decyl alcohol at the flow rate of 1.02 cmJ/min (white 
at~ea means sucrose solution). 

respectively. The diflkrence between decyl alcohol and sucrose data 
(EMI 329.9) is proportional to the fraction ofdecyl alcohol in the 
porous structure. Local fluid saturation along the position can be 
accurately estimated by using the calibration data and Eq. (6), 
1. Gray Scale Images 

In Fig. 4 a garay scale image of CT was given for experiment in 
which sucrose solution displaced dew[ alcohol for the flow rate of  
1.02 [cm'/minl. This is typical of  all image data used in displace- 
ment experiments. It is seen that the interface between displaced 
and displacing fluid is flat and that there is very little tendency for 
a fluid projection (or finger to tbrm). Thus, the central 15 pixels 
section in flow direction can be fully r~T~resentative of  the displace- 
ment experiment. 
2. Displacing Fluid Satnralions as a Function o f  Position 

Figs. 5(a)+5(c) show displacing fluid saturation fiaction as a fmlc* 
tion of  position at different time with increasing fluid displacement 
rate. Distance is measured in pixels, each pixel being 0.75 mm wide. 
lhese figures are the fundamental plots out of which dispersion co- 
efficients can be ultimately estimated. Increasing displacement rate 
broadens the saturation zone of displacing fluid. For a given dis- 
placement rate+ particularly [n Fig. 5(c), it is evident that at longer 
times the broadening of the zone occurs between displacing and 
displaced fluid. It is also observed that the displacing fluid does not 
even at very large time displace all of  the displaced fluid from the 
porous media. This residual saturation is observed in Fig. 5(a)+5(c) 
to be 0+11 saturation fiaction and is independent of  displacement 
rate, 
3+ Fractional Concentration of  Microscopic Interfaces at a Po- 
sition x 

Eq. (11 ) [the same equation as Eq. (28); Kim and Chung, 20011 
defined p'~(x, t) as the concentration of microscopic interfaces. P '  
can be determined directly fiwn experimental data. Since P~' is de- 
fined as P' ..... OO+,/Ox at t, then the slopes in Fig, 5 give P+' as a 
function of  position. 

pm(x,t ) M _ e x p  (.x + ~Jt,): (I[) 
(4g[)t] ''~ " 4Dr 
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gig. 5. The variation of saturation fraction along with distance at 
different time interval (in ease of zero viscosity difference) 
(a) 0.137 cm3/min (b) 1.02 cm3/min (c) 4.04 cns 

Since a complete theoretical description exists for the case of  vis- 
cosity difference equal to zero [Kim and Chang, 2001], the spatial 
variation of  t ~" can also be determined. In Fig. 6(a)-{c), the frac- 
tional concentration of microscopic intetfaces, P+~ has been plotted 
as a function of position for the three diflbrent flow rates. P~' is an 
indication of the spatial distribution of the fraction of  microscopic 
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interfaces, The wMth of this distribution, which looks gaussian, de- 
pends on time and is a measure of  the underlying spreading phe- 
nomena associated with the random walking of the individual mi- 
croscopic interfaces, 
4. Calculation of  Average Displacement Rate 

The average displacement rate. 13 can be determined from the 
data in a number of  ways. Throu~ these determinations one can 

(b) 
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Fig. 6. Fractional concentration of microscopic interfaces as a fimc- 
lion of distance (in ease of zero viscosity difference) (a) 0.137 
cm~/mim t=26 min (b) 1.02 cm~/min, t=-9 min (c) 4.04 eriC/ 
rain, t=4.5 min. 

Table 1. Average displacement rate, [~x 102 Icm/seel 

Method 

Experimental flow rate, Q 

0.137 1.02 4.04 
[cm-Vmin] [c,ll~lmin] [cnr~lmin] 

From integration of P j~ 0.17 1.0 4.0 
- position plots 

From Q/effbctive area 0.19 1.4 5.0 

check the experimental results for intemal consistency, The experi- 
mental flow rate Q was measured in each experiment and held con- 
stant. 1 lowever, the data shown do not reflect the complete area of  
displacement (e.g., the edge regions are not included) and thus the 
experimental Q does not always exactly apply. 

The average displacement rate can be determined most appro- 
priately from ! ~ - position plot (Fig. 6), The quantity [3 is given first 
moment method by Eq, (7) and Eq, (8). For each of the Fig, 6 this 
integral has been determined and [3 values are given in Table 1. 

"l]lere is a difference between 13 derived from experimental Q 
and 13 derived from P~ - position plots. For the case of  high flow 
rate experiments where pressure gradient is the greatest, irreg-alarities 
in the flow (at the edges for exan~ple) account for this discrepancy. 
5. Determination of  Dispersion Coefficients 

Eq, (1 [) forms the theoretical basis for the relationship among 
p"(x, t), the concentration of  microscopic interfaces, position and 
time. For the case of  equal viscosities, a dispersion coefficient may 
be unambiguously deduced from the experimental data. Using P ' -  
position plots as shown in Fig, 6, dispersion coefficient, D can be 
determined from a secxmd moment method by Eq. (9) and Eq. (10) 
for th~ee different flow rates, These data together with experimen- 
tal flow rates ate given Table 2, 

Using experimentally determined paramders (13 and D) and using 
Eq, (12) [the same equation as Eq. (31): Kim and Chung, 2001], 
theoretical curves of  fluid saturation were generated as a function 
of time and position for three different flow rates, 

1 ~.,, (x+13t~ �9 ~ - - e r i c , - -  �9 ( 12 ) 
2 k2dNJ  

These theoretically derived curves were then superimposed over 
the experimental data points in Fig. 7. Points indicate experimental 
data, while the solid line represents Eq. (12). At flow rate of  0.137 
[crn3/min], there was good agreement between the experimental 
and th~x)retical results. "Ihe fitted average dispersion coefficient (D-  
I A3"< 10 -~) fits the experimental data adequately at these displace- 

Table 2. The comparison of dispersion coefficients by data anal- 
ysis with those by theoretical curve fitting, D [cm2/sec[ 

Experimental flow rate, Q 

Method 0,137 1.02 4.04 
[carS/mini [cm-~/min] [cm:<lmin] 

From data analysis o fP  "~ 1.44, I0 -* 
- position plots 

From theoretical 1.43 , 10 -* 
curve fitting 

1.07 :" 10 -3 5.47 " 10 -s 

1.01 x 10 -3 5.2"~ l0 -~ 
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Fig. 7. The comparison of experimental data points with theoreti- 
cally derived eurve at the flow rate of 0.137 cma/min. 

merit rates, The same dispersion coefficient was used over a con- 
siderable range of  displacement and time, For experimental range 
of  flow rate, all the dala are well described in terms of  a constant 
dispersion coefficient and thus an eflbrt was made to quantify the 
closeness of  the fit between data and theory. The variance was 
checked at the diflL~rent times for three flow rates considered, At 
flow rate of  0, I37 [cm?min] the variance after the injection of  327 
cm: of  fluid (first data set) was about the same as after the injection 
of  4.62 cm ~ of  fluid (eighth dam set), Also, the variances at higher 
flow rates were somewhat higher but in the same range and had 
the same constancy with degree of  displacement, lhese were gen- 
eral observations in all experimental ranges of  flow rate. The fitted 
average dispersion coefficients are reported in Table 2 for the tkree 
flow experiments. A Fickian dispersion coefficient is, therefore, 
appropriate for the description of  immiscible displacement in a ran- 

dora porous media. 
6. Dispersion Coefficient as a Function of  Displacement Rate 

Fig, 8 shows dispersion coefficient D as a function of  displace- 
ment rate [3, The relationship as predicted by theory is linear. 

D - Qp/r ( 13 ) 
27~r[ 

11ae value of  dispersion coeflMent can be used to calculate the len~h 
ofa jump or segment. It is known that the void fraction can be ex- 
pressed as, 

m'~M {t4) 
�9 (1-residual saturalion)A 

Eliminating M and q from Eq. (14) by using Eq. (13), 

Q4, (15) 
D - 2 0 ( I  residual saturation )A 

The length of a]ump can thus be calculated from the above equa- 
tion, Flows measurements and Darcy's law predict that 1; is of  the 
order of 20 microns, which is also confirmed by SEM photomicro- 
graph (Fig. 9), This gives M/A to be about 50>000 per unit area of  
porous bed. "Pne value ofl~, obtained was 1.300~ IWm.  At first 
glance this jump length appears to be too high. This is the result of  
the assumption that restricts all of  the porous domains of  the paper 
to capillaries existing in a single direction. It is much mote reason- 
able to assume that the pore volume is isotropic in all coordinate 
directions. Since motion is restricted to one direction there will be 
a jump only in the flow direction x. The pores in the directions per- 
pendicular to the flow direction appear as dead end pores, occupy 
volume but do not advance the interface. "[he residual trapped vol- 
ulne is part of  these pores. If this is true then the length of  segment 
should be 4.33 x 104 m, The value appears to be of  reasonable di- 
mension providing suitable microscopic steps of sufficient fi,eqnency 
so thai a statistical approach to the displacement phenomena appears 
warranted. 

CONCLUSIONS 
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Fig. 8. Dispersion coefficient versus displacement rate. 
Fig. 9. Scanning electron photomicrograph of Whatman number 

5 filter paper. 
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Computed Tomography is shown to be a quantitative and non- 
destructive technique for tracking fluid displacement process in cd- 
[ulosic porous media. If immiscible displacement occurred with flu- 
ids having identical viscosities, the interface between the fluids was 
dispersed according to an idealized Fickian process. Using the meth- 
od of moments we determined dispersion coefficients in all direc- 
tions. It was confirmed that the dispersion coefficient was a linear 
function of the flow rate. "[hese are consistent with the theoretical 
model of  random walk in former paper. 
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NOMENCLATURE 

A : unit area of  porous bed [m:l 
D " dispersion coefficient [m:/s] 
I, : length of  a jump [m] 
M :total number of  capillaries [number] 
P' ~(x, t) : fractional concentration of  microscopic interfaces be- 

tween x and x+dx at time t {-I 
Q : volumetric flow rate [m~/s} 
r< : radius of  a capillary [m 1 
t : t ime [sl 
x : flow direction [m] 
x,., : saturation fraction of displacing fluid which occupies the 

void space ofvoxel (i, j) [-] 

Greek Letters 
[3 : average displacement velocity at which all the interfaces 

move [m/s] 
ja : linear attenuation coefficient [-] 
ja ....... : attenuation coefficient o f  water [-] 
ja,, : attenuation coefficient o f  a specific voxel (i, j) [-] 
~t~ : attenuation coefficient o f  displacing fluid [-] 
~t: : attenuation coefficient o f  displaced fluid [-1 
lug. <,,,,,..,< : attenuation coefficient of  porous cellulose filled with 

displacing fluid in voxel (i,j) [-] 
lu: ~. ........... : allenuation coefficient of  porous cellulose filled with dis- 

placed fluid in voxel (i,j) [-] 
p"'(x, t) : the concentration of  microscopic interface between x 

and x ~ dx at time t [number/m] 
(~ : porosity of  the cellulosic porous bed [-1 
(~,, : the void fraction of the volume element (i, j) [-1 

O~e : fluid saturation {-] 
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