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Abstract—Experiments were carried out to demonstrate the dispersion that occurs at the interface between fluids when
two immiscible {luids flow in porous structures. In this work the porous medium was cetlulosic absorbent and the {luids.
decyl alcohol and water, were modified 5o as to cover a range of flow rates and identical fhuid viscosities. Computerized
Tomography (CT) was used to generate dynamic three-dimensional images of two-phase saturations and provided
quantitative information of time evolution of Muid saturation at each position, Thus. use of C'T made characterization
of twoe-phase displacement history in celiulosic porous media possible. This work could relate experimental fluid satura-

tion to 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 oif recovery, groundwater
corHamination, and dispersion of toxic 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, interfacial tension and pro-
perties of media. The displacement of immiscible fluids is of im-
portance in many processes as mentioned above. In 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 al., 1959 Willemsen, 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 Chung, 2001] 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 capiliary network, The former paper is chiefly con-
cerned 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 inaccessibility to conventional
measurement probes.

Several methods have been used, however, for studying fluid sat-
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uration distributions during fluid displacement processes. Micro-
wave absorption [Parson, 1975} and resistivity measurement [Lever-
etie. 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 nof give quantitative data. Recently,
radioisolope tracing by Gamma Camera [Castellana et al.. 1980;
Huang, 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. [n comparison to these {raditional fechnigues,
X-ray Computed Tomography (we call this CT hereafier) is a fast
and accurate technigue which can offer unprecedented 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 {1983, 1984] were the first to apply medical X-ray tomog-
raphy to study fluid motion in oil recovery research. Weilington and
Vinegar {1985] of Sheil reviewed three-dimensional measurerent
of rock density, porosity. its relevance to rock mechanics. correla-
tion of core logs with well logs, and other petrophysical applica-
tions. Flannery et al. [1987] have reported on micro X-ray CT for
maging individual pores with a pixel size of 2.5um. More re-
cently magnetic resonance imaging | Vinegar. 1986; Chen etal., 1993]
has been used to study flow behavior in a porous meditm. 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 posiion. 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 mode! 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 3005 transverse axial fomography system used for
the experiment is a second-generation scanner (EM1 Medical Lim-
ited, Slough, U A tomographic section, nominally 8~ 107 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 i the human
body. The range which is knear, extends on an EMI scale where
water is zero and air and bone are —500 and +500, respectively. EMI
number is defined as
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where 1L and 1, , are linear attenuation coefficient and attenuation
coeflicient of water, respectively. A scan field of 0254 m=0.254 m
is divided into a 320-320 matrix of picture elements (pixels) of
0,75~ 107 m by 0.75~ 107 m, The X-ray tube is usually operated
al 120 KeV and 30 mA and the detector assembly is comprised of
30 detectors, each combining a doped sodium iodide scintillation
crystal photomultiplier. The EMI scanner sofiware performs auto-
matic scan sequence control, concurrent data acquisition, image dis-
play and annotation and automatic transfer to a magnetic tpe. These
CT-generated magnetic tapes were then fransferred to a microcom-
puter where the fluid saturations were computed.

2. The Preparation of Porous Medium Assembly

A gquasi-one dimensional porous medium was constructed from
32 sheets of Whatman Number 5 filter paper. Round filter papers
(diameter=0.24 m) were cut info rectangular shapes (0.21~0.05m)
and silicone rubber adhesive was evenly applied to four edges. The
filter papers were placed together so that the thidiness of resulting
porous medium was approximately 0.00592 m,

‘The whole assembly was put in a vacuum oven (2 numHg) for
20 minwes 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., El Monte,
CA.) was applied for 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 rubber 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 fo 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 structiral tni-
formity. The uniforns distribution of X-ray attenuation coefficient
with respect to distance proved that the cellosic bed consisted of
a homogeneous porous structure. The porosity of cellulosic bed de-
termined by experiment is to be 0.7. H 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 of the liquids with celiulose
must be near 90 degrees so as to minimize capillarity, The immis-
cible fluids used were water containing 47.6 wit%a sucrose (displac-
ing fluidy and decy! alcohol (displaced fluid), C'T experiments only
differentiate between fluids if displacing fluid has higher attenua-
tion than displaced fluid. 47.6 we®o sucrose solution was tagged with
0.4 M Kl solution o increase its X-ray attenuation coefficient. This
concentration gave optimal contrast with decyl afcohol and mini-
mized beam hardening,

When 47.6 wi%s sucrose solution (viscosity=13.63 cP at 21.5°C)
displaced decyl alcohol (viscosity=13.45¢P at 21.5°C) saturated
in pore struchure, viscosity difference between two fluids was 0.18 ¢P
(we call this case zero viscosity difference hereafier). The viscosity
of water was modified by sucrose. Decyl alcohol was selected as
displaced fluid because its viscosity was equivalent 1o sucrose so-
lution and had a near neutral wettability to cellulose. Decyl alcohol
is also immiscible with water.

Fig. I shows the CT experimental layvout. Displacement experi-
ments were carried out by mounting celldosic 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 fo X-ray) secured these piates.
Positioning arrangement was used to place absorbent mounting firame
exactly within the tomographic plane of the CT scanner. Afier the
absorbent mounting frame was centered in the CT scanner, dry cel-
lufosic porous medium was first scanned to ensure the homogene-
ity of porous structure nside the bed. Ten pore volumes of dis-

X-rays
th
Absorbent
Mounting
Frame
GRADUATED
FLUID CYLINDER
RESERVOIR
Fig. 1. Schematic diagram of experimental setup.
1
—
4CM
ABSORBENT
FLUID
MOUNT INJECTION
GAR, 48 cm

Fig. 2. Absorbent mounting frame of poly(vinyl chioride) (dimen-
sion in cm).
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placed fluids were injected to safinate the poroys mediuan afier eva-
cuation. Uniform saturation of porous medium was confirmed by
CT image before displacement experiment. A displacing fluid was
injected at 3 flow rates, such as 0.137 am’/min, 1.02 emy¥/min, and
4.04 cm'/min. The image data were taken at every 30 seconds duing
displacement experiments, Fight image dala were selected from
each flow rate to confirm theory. The local X-ray attenuation 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 effect. For the conversion of CT data into saturation fraction (dis-
placing/displaced fluid composition), the attenuation coefiicient dis-
tributions 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 CT scanner noise
and/or porosity variation.

DATA REDUCTION

A two-phase displacement experiment requires two kinds of re-
ference image data in order to compute the saturation fraction, One
is taken from the cellslosic porous medium saturated only with dis-
placing fluid and the other with only displaced fluid. The linear at-
tenuation coefficient of a specific voxel (volame element) (i, j) (Fig.
3). 1, . is a linear combination of the attenuation coefficients of all
existing components

Mo A =0, Mo 7 90 My (2)

where ¢, , is the void fraction of the volume element (i, 1L, .- stands
for the attenuation coefficient of the displacing fnid (subscript 1)
or displaced fluid {subscript 2). When each porous medivm is sat-
urated with the displacing and displaced fluid respectively, the at-
tenuation coefticients for the voxel (i, }) are,

U § Bt O N T VY ¢3)
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The attenuation coefficient for the same voxel when the porous me-
dium now contains both fluids is,
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Fig. 3. A voxel {1, j) of whole object consists of cellulosic absorbent
in center and plastic plates in both sides.
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Combining the above equations, an equation for the saturation of
the displacing fluid is obtained,

N Wy RN ()
Mt etnme ~ Moz cotmbone

Xi

Eg. (6} is the fundamental relationship that links the aftenuation co-
efficients to fluid saturations. To calculate the saturation fraction ac-
curately, the attenuation coefficient distribution of 1, . 80 Ly e
was checked over the cross-section of the porous medium, The ef-
fect of beam hardening (the increase of X-ray average energy 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 1, .. 8nd L .. and
the precision in which these numbers can be obtained, it is shown
that the fluid saturation can be obtained within about +1.53% error
range. Experimental results showed a pronounced variation of X-
ray atfenuation numbers along the direction of overall displacement
and negligible variations in other directions. Therefore, 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 paragraphs the steps taken to reduce image data
to physical dispersion coefficients are discussed. These steps include
estinating focal fluids saturation along the position of flow direc-
tion, differentiating saturation-distance data and extracting PH(x, t)=
=0y, fox=px, 1M (we express this tenn as P hereafler} along
the position axis {see Eq. (26); Kim and Chung, 2001]. In the sim-
plest interpretation, the average displacement rate B and the disper-
sion constant D can be determined from the first moment and se-
cond moment of the distribution of P'" along the position axis, The
first mormnent is defined by:

jfx?’fljdx
=T 7
7P

also we have,
{x) =Pt )

in which [} is the average displacement rate and is easily deter-
mined from <> and optimal time.
The second moment is defined by:

L TxPax
(x)= W {9
Tl
A dispersion coefficient D can be computed by;
Y= ()T =2In {10y

EXPERIMENTAL RESULTS AND DISCUSSIONS

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

Average EMI number of decy! alcohol saturated cellulosic bed
and sucrose solution saturated bed were shown as 68.4 and 3983,
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Fig. 4. Giray scale image of sucrose solution (0.4 M KI doped) dis-
phacing decyl alcohoi at the flow rate of 1.02 ce’/min (white
area means sucrose solution).

respectively, The difference between decyl alcohol and sucrose data
(EMI 329.9) is proportional to the fraction of decyi 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 gray scale image of CT was given for experiment in
which sucrose solution displaced decyl alcohol for the flow rate of
1.02 [em™/min}. This is typical of all image data used in displace-
ment experiments. It is seen that the mterface between displaced
and displacing fluid is flat and that there is very litle tendency for
a fluid projection (or finger to form). Thus, the central 15 pixels
section in flow direction can be fully representative of the displace-
ment experiment.
2. Displacing Fluid Saturations as a Function of Position

Figs. 5{a)-5{c} show displacing fluid saturation fiaction as a flnc-
tion of position at different time with increasing fluid displacement
rate. Distance is measured in pixels, each pixel being 0.75 mm wide.
These figures are the fundamental plots out of which dispersion co-
efficients can be ultimately cstimated. Increasing displacement rate
broadens the saturation zone of displacing fiuid. For a given dis-
placement rate, particularly in Fig. 5(c). it is evident that at longer
times the broadening of the zone occwrs 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 sataration fraction and is independent of displacement
rate.
3, Fractional Concentration of Microscopic Interfaces at a Po-
sition x

Eq. {11) fthe same equation as Eq. (28); Kim and Chung, 2001]
defined p''(x, t) as the concentration of microscopic interfaces. P!
can be determined directly from experimental data. Since PV is de-
fined as P"=—dD,/ox at t, then the sfopes in Fig, 5 give PP as a
function of position.
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Fig. 5. The variation of saturatien fraction along with distance at
different time interval (in case of zero viscosity difference)
{a) 0.137 emi¥min (b) 1.02 ci’/min (¢) 4.04 em’/min.

Since a complete theoretical description exists for the case of vis-
cosity difference equal to zero [Kim and Chung, 2001}, the spatial
variation of P can also be determined. In Fig. 6(a){¢), the fiac-
tional concentration of microscopic interfaces, P has been plotied
as a function of position for the three different flow rates. P is an
indication of the spatial distritution of the fraction of microscopic

Korean J. Chem. Eng.(Vol. I8, No. 6)
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interfaces, The width of this distribugion, 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, 3 can be determined from the
data in a number of ways. Through these determinations one can
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Fig. 6. Fractional concentration of microscepic interfaces as a func-
tion of distance ({in case of zero viscosity difference) (a) 0.137
cny/min, t=26 min (b) 1.02 em’/min, =9 min () 4.04 em’/
min, t=4.5 min.
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Table 1. Average displacement rate, B> 14° Jem/sec|

Experimental flow rate, Q

Method 0.437 1.02 4.04
[em*/min]  [em/min]  fern’/min]
From integration of P 0,17 1.6 4.0
- position plots
From Q/effective area .19 t4 5.0

check the experimental results for internat consistency. The experi-
mental flow rate (3 was measured in each experiment and held con-
stant. However, the data shown do not reflect the complete area of
displacement (e.g., the edge regions are not included) and thus the
experimental  does not always exactly apply.

The average displacement rate can be determined most appro-
priately from P* - 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 [§ values are given in Table 1.

There is a difference between 3 derived from experimental
and [ derived from P - position plots. For the case of high flow
rae experiments where pressure gradient is the greatest, irregularities
in the flow (at the edges for example} account for this discrepancy.
5. Determination of Dispersion Coefficients

Eq. {1} forms the theoretical basis for the relationship among
P M. 1), the concentration of microscopic interfaces, position and
tine. For the case of equal viscosities, a dispersion coeflicient may
be imambiguously deduced from the experimental data. Using P -
position plots as shown in Fig, 6, dispersion coefficient, D can be
determined from a second moment method by Eq. (9) and Eq. (10)
for three different flow rates. These data together with experimen-
tal flow rates are given Table 2.

Using experimentally determined parameters (3 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 finction
of time and position for three different {low rates.

@, :%er&(;j{%) (12)
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
fcm’/min). there was good agreement between the experimental
and theoretical results. The fitted average dispersion coefficient (D=
£.43< 107" 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 [eny'/sec|

Experimental flow rate, Q

Method 0.137 102 4.04
fem’/min]  [em'/min}  {em'/min]
From data analysis of " E.44~ 1070 1.07+107 547107
- position plots
From theoretical P43 LOEx 10T 5210

curve fitting
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Fig. 7. The comparisen of experimental data points with theoreti-
cally derived curve at the flow rate of 0.137 cm’/min.

ment rates. The same dispersion coetticient was used over a con-
siderable range of displacement and time. For experimental range
of flow rate, all the data are well described in terms of a constant
dispersion coefficient and thus an effort was made {0 quantify the
closeness of the fit between data and theory. The variance was
checked at the different times for three flow rates considered. At
flow rate of 0.137 [co’/min] the variance after the injection of 327
em’ of Auid {first data set) was about the same as afier the injection
of 4.62 cm’ of fluid (eighth data 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. These were gen-
eral observations in all experimentat ranges of flow rate. The fitted
average dispersion coefficients are reported in Table 2 for the three
flow experiments. A Fickian dispersion coefficient is, therefore,
appropriate for the description of immiscible displacement in a ran-
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DISPLACEMENT RATE {CM/SEC)

Fig. 8. Dispersion coefficient versus displacement rate.

dom porous media,

6. Dispersion Coefficient as a Function of Displacement Rate
Fig. 8 shows dispersion coefficient £ as a function of displace-

ment rate 3. The relationship as predicted by theory is linear,

D=2k (13)

o
The value of dispersion cocflicient can be used 1o calculate the length
of a jump or segment. it is known that the void fraction can be ex-
pressed as,

3 M 4
0  ($—residual saturation) A thh
Eliminating M and r. from Eq. (14) by using Eq. (13},
D= Ql, (15

_2(])( | —residual saturation) A

The length of a jump can thus be calculated fiom the above equa-
tion. Flows meastrernents and Darcy’s law predict that 1. is of the
order of 20 microns, which is also confirmed by SEM phaotomicro-
graph (Fig. 9), This gives M/A to be about 50,000 per unit area of
porous bed. The value of [, obtained was 1.300~ 107 m. 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 more 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. The residual trapped vol-
e is part of these pores. I this is true then the length of segment
should be 4.33+ 10~ m. The valuc appears to be of reasonable di-
mension providing suitable microscopic steps of sufficient frequency
so that a statistical approach to the displacement phenomena appears
warranted.

CONCLUSIONS

Fig. 9. Scanning electron photemicrograph 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 cel-
halosic porous media, [f immiscible displacement oceurred with fla-
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 coeflicients in all direc-
tions. H was confirmed that the dispersion coefficient was a linear
function of the flow rale. These arc consistent with the theoretical
model of random walk in former paper,
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NOMENCLATURE

: unit area of porous bed [m’]

: dispersion coefficient [m'/s]

» length of a jump {m]

: total number of capiilaries inumber]

PY(x. 1) : fractional concentration of microscopic interfaces be-
tween x and xt+dx attime t [-]

z O

Q : volumetric flow rate {m'/s]

L. : radius of a capillary m]

t : time [s]

X : flow direction [m]

X, » saturation fraction of displacing fluid which occupies the

void space of voxel (i, j} [-]

Greek Letters

B : average displacement velocity at which all the interfaces
move [m/s]

i : linear attenuation coefticient |-}

Wone - altenuation coefficient of water [-]

M, » attenuation coefTicient of a specific voxel (i, ) [-]

L, : attenuation coefficient of displacing flaid [-]

in : attenuation coefficient of displaced fluid {-]

My e - attenuiation coefficient of porous celhilose filled with
displacing fluid in voxel (i, j} |-}

Ma e - aftenuation coefiicient of porous cethiose filed with dis-
placed fluid in voxel (i, j) [-]

p(x. 1) : the concentration of microscopic interface between x
and x+dx at time t [number/m}

o : porosity of the cellulosic porous bed [-]

P, : the void fraction of the volume element (i, j}{-]

November, 2001

L - fluid saturation {-]
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