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Viscous and capillary pressures during drainage: Network simulations and experiments
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The displacement of a wetting fluid by a nonwetting fluid in a porous medium, i.e., drainage, was studied by
means of experiments and simulations. A network model was formulated, capable of describing the fluid
saturation of the porous medium and the pressure during the displacement. The results of experiments with
several micro flow models are reported, using two fluid systems and varying displacement rates. These mea-
surements allow interpretation in terms of the contributions of the capillary and viscous pressures. The results
of the simulations are in agreement with the experiments, with the exception of one case at a high displacement
rate and characterized by a high viscosity raf®1063-651X%97)13310-4

PACS numbe(s): 47.55.Mh, 47.11tj, 47.55.Kf, 68.45.Gd

[. INTRODUCTION Both the invasion percolation and the DLA network mod-
els are built on “rules.” DLA, for instance, involves random
Immiscible two-phase flow in porous media has applica-walkers obeying a set of rules that determine how the walk-
tions in a wide variety of technological areas, such as oikrs traverse the network. If one wishes to describe drainage
recovery, soil reconstitution processes, wetting and dryingn the more general situation, where capillary and viscous
processes, and hydrology. Although immiscible flow canforces are both present, these rule-based models should be
take place in many forms, the work reported in this paper iombined in some form or other with the random resistor
restricted to the study of two-phase displacement processetype model. For this, one can use a rule based model to
In particular, we were interested in the so-called drainageipdate the fluid configuration and then perform a random
process, where the nonwetting fluid displaces the wetting oneesistor type calculation to determine the pressure drop in
(the reverse process is called imbibitio®n a macroscopic one of the fluids, while immobilizing the other fluid8—21].
scale, the generalized Darcy equations are used to descrilédthough this model gives interesting results, it does not de-
these phenomenid,2]. However, these equations are of a scribe the transition from capillary dominated drainage to
semi-empirical nature, and require several experimental padscous dominated drainage, since the viscous pressure drop
rameters as input, such as capillary pressure curves and rela-not taken into account when updating the fluid configura-
tive permeabilities. One would like to have a more funda-tion.
mental understanding of how these semiempirical, Several attempts have been made to combine these mod-
macroscopic equations, and the quantities appearing in therals with the random resistor type models. The differences
relate to the well-known laws of fluid dynamics and to the between the various methods lie mainly in the way in which
microscopic description of the porous material. the network is set up. Payatakes and co-workers, for ex-
Network models have been developed to describe fluidample, use a network in which there are only channels
flow through porous media on a microscopic scale. By clos¢22,23. These channels have a sinusoidal shape and repre-
analogy with random resistor networks, single phase flowsent both pores and pore throats of a porous medium. An-
can be described by a network of capillaries, connecting thether approach is to use spheres for the pores and cylinders
pores[3—5]. Each capillary in the network is assigned a flow for the channels, as was done by Koplik and Lassggér
conductance, which relates the flow rate through the capilenormandet al. [24,25 presented a simplification, using
lary to the pressure drop over it. By imposing fluid conser-pores that are mere fluid reservofhaving only voluméand
vation at each pore, one arrives at a set of equations similathannels, which carry no volume, but represent the flow
to Kirchhoff's equations for random resistor networks. If the properties of the network. The advantage of such a network
network is representative of a porous medil617], one can model is that simulations are less laborious than when using
calculate the permeabilit}8,9]. On applying this network the networks that were mentioned earlier.
model in two-phase flow, the introduction of the capillary = However, in these publications, the pressure field that is
pressure difference between the two phases poses a difficydtedicted by the simulations for a flow controlled displace-
problem. So far two limiting cases have been described iment was not accounted for. But this is just as important a
the literature. In the first one the capillary forces are domi-physical parameter as the saturation. Although the saturation
nant over the viscous forces. When the the viscous pressure more directly related to, e.g., the recovery factor for an oil
drop can be neglected, the invasion percolation mpb@t  reservaoir, it is the pressure buildup that determines the dis-
13] gives a good description of drainafed]. A second lim-  placement of one fluid by another. The interplay between
iting case is found in situations where the viscous forces arpressure buildup and fluid displacement remains incompre-
dominant over the capillary forces: the diffusion limited ag- hensible as long as these factors are not described accurately
gregation (DLA) model describes the displacement of aby simulation.
high-viscosity fluid by a low-viscosity fluid, thereby giving We have used a network model similar to the one intro-
rise to viscous fingering15—17. duced by Lenormanctt al. to compute the pressure field.
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However, we found that we had to extend the rules used ithese are taken into account. We shall discuss each of them
his model to obtain a satisfactory description of the pressureeparately, starting with the viscous force.
during drainage. We also performed experiments in micro Each channel in the network is assigned a flow conduc-
flow models, in which we measured the local fluid pressuretance, the value of which is determined by its geometrical
These are measurements of the local fluid pressure duringroperties. The flow conductancg determines the flow rate
flow controlled displacement. Lenormand recorded pressuri a channel between pores labeledibgnd j, which are at
differences in a pressure controlled displacement experimenpressures; andp;, respectively, in the following way:
with negligible viscous pressure$24]. Avraam and
Payatakes also determined pressures in a micro flow model Ci
[26], but they measured an average over several pores, and Qijzi(pi—pj), D
hence also over the two fluids. In our investigation, we have Hij
measured the pressures in the two fluids separately, perm
ting the interpretation of the viscous and capillary contribu-
tions to the pressure difference in the model.

We have formulated our network model in Sec. Il. Some
of the details are deferred to the two appendices, viz., th
flow properties of channels to Appendix A and the full net-

U\?hereQij is the amount of fluid flowing from porieto pore

j per unit of time andu;; is the viscosity of the fluid in the
channel. For the calculation of the flow conductangeit is
assumed that the flow in a channel can be described by a
Boiseuille flow. The flow in the channels is treated as a
. . single phase flow problem; neither film nor corner flow have
work equations and update rules to Appendix B. In Sec. lllyoon jmplemented in the simulator. This may be one of the
we have described our micro flow models and our procedurﬁ1Ore limiting simplifications made in this model.

Ejo make tgem. Il? gelc. glthevexpenment?l setup and proce- The capillary force causes a pressure difference between
uré are described. In Sec. vV we present our measuremerys, o (nonwetting and the watefwetting fluid). If the in-

of drainage pressure curves in several micro flow modelSe a0 petween the oil and water is characterized by a mean
using two fluid systems. The first fluid system had aV'SCOS'tyradius of curvaturR,, the pressure difference is given by
ratio of 1 (unity), whereas in the second fluid system the(Ref (2] p. 8 c

nonwetting fluid was about twelve times more viscous than
the wetting fluid (viscosity ratio~12). The difference be-
tween the micro flow models was mainly one of topology.
The coordination number of the models ranged from 3 to 5.
The model with coordination number 5 had a nonplanar )
structure. The results of the measurements are compard¥€repn, andp,, are the pressures of the nonwetting and
with simulations, whereby we have focused on the pressur@’ett'”_g fluids,o is the mterfama_l tension between the fluids,
buildup during the displacement. In most cases the simula@”dﬁ's the contact angle. Capillary effe_ct_s, due to mterfgces
tions are in agreement with the experiments. Only in a casl the pores, are considered to be negligible, and only inter-
with a high-viscosity ratio was the pressure buildup underestaces at the boundaries between a pore and channel and in

timated, using the simulations, although the saturation curvé1€ channels themselves are taken into account. For this pur-
matched the experimental one. pose each channel was assigned a capillary entry pressure

Pﬁ- , Which is the pressure difference between oil and water
that is needed for the oil to enter a water filled channel. For
Il. THE NETWORK MODEL example, if poré is filled with oil and porej with water, the
oil will only enter the channel between the pores if
pi— pj>Pi‘*j . This means that the channel can be “capillary

[8,9,24,25. Lenormand and co-workers were primarily con- blgcked, |.e.é there will be no flow in the channel when
cerned with the invasion pattern of a nonwetting fluid into a0=Pi—pi=Pj. L . .
porous medium filled with a wetting phase. The pressure of quthermore, gravity gives rise o a hydros_tauc pressure
the nonwetting fluid during flow controlled displacement was9radient. The pressure difference between poraad | at
not studied. For an accurate description of the pressure of ROSitionsx; andx; , respectively, is given by
nonwetting phase one needs to extend the “rules” of the
original network model. Pi—Pj=pijg- (Xi—X;), 3

For complicated systems, one has to make certain simpli- ) ) o ]
fications to keep the model effective. The main assumption&herep;; is the density of the fluid in the channel connecting
that have been introduced into our model are the followingPoresi andj andg is the acceleration due to gravity.
(i) the flow is in the Stokes regime, i.e., inertial effects can be The values of the flow conductancg and the entry pres-
neglectedyii) the fluids are Newtonian, incompressible andsureP;; depend on the geometry and the sizes of the channel
immiscible; (iii) the pores are reservoirs without any flow between pores andj. A type of geometry that resembles a
properties;(iv) the channels have no volume, but carry achannel in our micro flow models was implemented in our
fluid label, indicating which fluid is flowing through the simulator(see Fig. 1 In Appendix A we give the formulas
channelv) the geometry and the dimensions of the channel®f c;; and Pﬁ for this type of channel.
determine the flow properties of the network. The fluid flow through a channel is determined by the

When the flow is in the Stokes regime, the flow behaviorinteraction of the three forces discussed above. We have dis-
of the fluids is determined by three forces, viz., the viscoustinguished between configurations with zero, one, or two me-
capillary, and gravitational forces. In the simulator all of nisci in a channe(see Fig. 2 (1) If no meniscus is present

20 cosd
Prw= Pw= R ) 2
C

In this section we present our network simulator. It is an
extension of the model introduced by Lenormaatal.
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Qijj :M—;{G(PJ_PF Pi)(pi—p;+Pj)
+0(pi—pj— PH)(pi—pj— P} ()

If pj—pi>Piej, oil will flow from pore j to porei. If
pi— pj>Piej , oil will flow from pore i to porej. In all other

cases the channel will be capillary blocked. It can be seen

FIG. 1. The geometry of a channel as assumed in the simulatothat the capillary force gives rise to nonlinear flow equations.

in the channel then

Cij
Qij:M_ij(pi_pj)-

(4)

(2) If one meniscus is present, and poreés filled with oil,

and porej is filled with water then

Cij
Qij :M_:j{e(pj_pi)(pi_pj)

+0(pi—p;— P (pi—pj— P},

where the Heaviside functiofi(x) is defined by

1 if x>0
0(x)=

0 otherwise.

©)

(6)

If pi<p;, water will flow from porej to porei. If

e

pi—p;>Pjj .

is filled with water then

i

b)

oil flow

capillary
blocked
<)

capillary
blocked

oil will flow from pore i to porej. In other
cases the channel is capillary blocké8). If two menisci are
present, and pordsandj are filled with oil, and the channel

In the formulas shown above, we have excluded the grav-
ity terms. These can be incorporated by replacing in Egs.
(4)—(7) pi—p;j by pi—pj—pijg- (Xi—X;).

So far we have only looked at the relation between the
flow rate through a single channel and the pressure differ-
ence between the pores that are connected by the channel.
However, we wish to determine the behavior of the fluids in
the whole network consisting of many pores and channels. In
order to derive the equations that represent the fluid flow
through a network we made use of the fact that we were
dealing with incompressible fluids. This means that the total
volume of the fluids is conserved, i.e., the net fluid in-flux
into each pore is zero. Therefore, one may write for each
porei

QF:; Qij » (8

where Qf is the external influx into pore, which is zero
unless the pore happens to be a boundary one, and the sum
runs over all neighboring pores. Replaci@g by the expres-
sions given in Eqs(4)—(7) one obtains a set of nonlinear
equations. In Appendix B we have given the explicit form of
the equations. The differences between the present work and
the approach of Lenormaret al.[24,25 is described in de-

tail at the end of Appendix B. The set of nonlinear equations
may be solved numerically, yielding the pressure at each
pore of the network.

A typical simulation consists of the following stefis is
similar to what is known in reservoir engineering as the im-
plicit pressure, explicit saturatiofiMPES) schemd 27)):

(1) A fluid configuration and the boundary conditions are
defined. In our simulations we impose flow rates at the inlet
pores and pressures at the outlet pores.

(2) The fluid configuration determines which of the equa-
tions (4)—(7) should be selected for each channel. A more
detailed description of this procedure is given in Appendix
B.

(3) The network equations given in E() are applied.
This results in a calculation of the pressure field over the
network.

(4) From the pressure field solution in stép) one can
determine for each channel the identity of the fluid that is
flowing through it(oil or water, or capillary blockedand its

FIG. 2. The three flow configurations that are taken into accounflOW rate. _ ,
in the simulator.(a) Corresponds to absence of a meniscus in the (5) Determine the size of the time step. For each pore one

Channe|[Eq (4)]’ (b) Corresponds to one meniscus present in thecalculates the t|me needed to get Completely f|”ed with e|ther

channelEq. (5)], and(c) to two menisci Eqg. (7)]. The flow in the
channel between poiieand porej is denoted byQ;; . The variable

oil or water (depending which of the two has a positive net
in-flux). The minimum of these times is taken as the size of

Aj; is equal top;—p;—p;;g0-(x—X). The entry pressure of the the nexttime step. It is assumed that during a time step the

channel isPﬁ- .

pressure field over the network does not change.
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(6) The saturation of all pores is updated using the flow B1
rates determined in stg@) and the time step determined in e =t

—— i i . D2

step(5). This results in a new fluid configuration.

(7) Go back to ste2) unless some predefined stop cri-
terion is reached.

Repeating the steps described above two-phase flow
through a network can be simulated. At this moment the
model will only give acceptable results for cases where the
oil saturation in the network increases with tirfdrainage
type simulatiof. The main reason for this is that film or
corner flow plays a much more important role when imbibi-
tion occurs. The inclusion of film flow will necessitate an
extension of Eqs(4)—(7). Moreover, imbibition calls for
more sophisticated update rules than the ones used in the
present simulator.

In the discussion above no restrictions were imposed on
the topology of the network. The simulator can handle any
topology for the networktwo- and three-dimensional and
any desired coordination numBPe©ne only has to specify
how the pores are connected to each other.

In the limit of vanishing flow rate, the current model is  FIG. 3. (Color). The design pattern of the two-layer micro flow
reduced to invasion percolation. There is, however, a subtleodel M1; the top layer is depicted in red, the bottom one in blue,
difference between the two models, even in this extreme corgnd the connections between the two in black.
dition. In the current model, several pores can be filled si-

multaneously during a time step, in contrast to invasion per- \odel M3. This model resembled M2. but the channels

colation. This should not be of importance, however, unl_esajere etched in one of the glass plates only, whereas the pores
ﬂ;]e netlwork '? de(?er?erateﬁ corr:tamln_g many equal-sizeff, o etched in both plates. Hence M3 had a higher ratio of
channels. We found that, when the drainage front is grav.'tggore size divided by channel sizéaspect ratio”) than M2,
stabilized, the results of the current model converged with, - 4" ~"|ower fluid conductance. The galleries and the chan-

those from invasion percolation_. Due to numerical problem%els connecting them to the model were etched in both glass
we were unable to choose sufficiently low flow rates “nderplates; the etching depth was &n.

nonstabilized conditions. Model M4.This model also resembled M2, but 1219 ran-
domly selected channels were removed. The model had 2401
pores and 3485 channels, and hence the connectivity of M4
Experiments were performed in four glass micro flowwas lower than that of M2. The model was designed in such
models. One of these consisted of a two-layer micro flowa way that each pore would have at least two channels con-
system(see Fig. 3, the other three were one-layer models. nected to it(see Fig. 4. The etching depth was 3bm, but
The widthw of the channels in each of these models wasduring fusing the model was kept in the oven too long, which
designed to be either 96, 127, or 166, based on a random resulted in a lower channel depth. A comparison with single
selection for each individual channel. Variations in condi-phase flow simulations suggested that the channel depth after
tions during etching and fusing of the models gave an estifusing was roughly X 20 um.
mated range of um around these values. The pores wereThe wide structures at the top and bottom of Fig. 3, labeled
made with diameters of 232, 268, and 30, respectively, B1 through B4, were named galleries. These galleries were
again with a range of um above or below this value. The made deeper than the rest of the etched pattern by sawing.
channel length, defined from pore center to pore center, was We shall briefly describe the construction of the two-layer
1 mm in model M1, and 0.57 mm in the other models. model, because it is partly new. Three glass plates of 2 mm
The charactistics of the various models were as follows:thickness were used for the construction. On two glass plates
Model M1.This model was a two-layer model, consisting a planar pore network was etché&tle red and the blue net-
of three glass plates, where in the top plaga in Fig. 3 and  work of Fig. 3 and on the third one holes were etched that
in the bottom ongblue in Fig. 3 a square pattern of pores served as channels connecting the two network laytbres
and channels was etched and in the middle platack in  black dots in Fig. 3 The lithographic technique by which
Fig. 3) connections were made to interconnect with the othethe glass plates were etched was as follows. A thin layer of
two. The result was topologically the same as &25X2  copper was applied to one side of each glass plate using a
cubic network. The model had 1250 pores and 3075 chanvacuum-deposition technique. The copper surface was cov-
nels; the etching depth was 3bn. ered with a layer of photoresistant material. A negative film
Model M2.This model was a one-layer model, where in of the computer-drawn template of the pore network was
one glass plate a 4949 square network of pores and chan- pressed against the photoresistant layer, and the device was
nels was etched. The other glass plate contained a mirrghen exposed to UV light. After the photoresist was devel-
image of the first and was fused on top of it. The modeloped, the glass plates were baked in an oven at 185 °C to
consisted of 4704 channels, and 2401 pores; the etchintharden” the remaining photoresist. Next, the exposed cop-
depth was 3Qum. per was dissolved in a weak solution of ferrichloride

Ill. THE MICRO FLOW MODELS
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PRESSURES DURIS . .. 5679

Al

8] P1

intet 1

S1

P2
inlet2 L2

A2

micro flow

A4

S2

outlet 1

holding ring

A3

FIG. 5. A schematic representation of the experimental setup.

M4; a square pattern with roughly a quarter of the channels re-

moved.

(FeCk). The glass surface exposed through this treatme
was then acid-etched in an agueous solution of, ¥ (250
g/l) in the following three-step cyclefl) etching during

roughly 2.5 min;(2) Submersion of the glass plates in water

for 1 min; (3) Removal of the insoluble residue, which re-

mained after etching, by washing the glass plates in a sat

rated solution of soda in water. This cycle was repeated un
the depth of the etched areas was 3% for the plates with
the pore networks, and 56m for the plate with the holes.

After etching, the three glass plates were fused in two stage
First, the plate with the holes and one of the other plate
were aligned under a microscope to ensure that the holq
coincided perfectly with the chambers of the planar network;

the two plates were then fused in a furnace at 625 °C und
mild mechanical pressure. Before the third plate was rivet

ground to a thickness of 5gm so that the holes extended
from one side of the plate to the other. Grinding was a del

cate enterprise. Before grinding, the model was filled with
wax, to ensure that no glass particles were left in the pore

When the desired thickness of 50n was reached, the wax

was removed and the glass surface was carefully cleaned al

polished. Then the third glass plate was fused onto the devi
as described above.

TABLE |. Fluid properties(at T=32.7 °Q; IFT stands for in-
terfacial tension with respect to water.

Nonwetting 1 Nonwetting 2 Wetting
Description n-decane Vitrea-9 Water
Dye (saturategl Sudan Red IV Sudan Red IV None
Viscosity (mPa $ 0.78 9.4 0.78
density (kg/m) 721 871 995
IFT (mN/m) 36.2 313

4!

onto the other side of the hole plate, the hole plate had to b

IV. THE EXPERIMENTS

t A glass model was clamped between glass disks in a
TPolder with eight flow ports, that were connected to the ends
of the galleries via flow conduits in the glass digkse Fig.

5). In this setup the micro flow model was mounted in a
vertical position. In the case of a one-layer model there were
two galleries and only four ports were connected to flow
|i'nes. The sample holder was suspended in a temperature
ontrolled bath, at 32.7 °C.

The schematics of the experimental setup for a two-layer
gnodel is given in Fig. 5. The two inlet flow lines were con-
nected to B1 and B2see Fig. 3. The outlets of the model
B3 and B4 in Fig. 3were connected to the outlet flow lines,
eading to the syphon S2. There were four pressure transduc-
rs PT1 to 4range—219 to +219 mbay, four ball valves
1 to 4, two Valco three-way selection valves Al and A2,
two Whitey three-way selection valves A3 and A4, and two
oil loops L1 and L2 with their Valco valves. The position of
the pressure transducers was such that they measured the

static pressure in the lines during an experiment. ISCO sy-
Sringe pumps supplied the pressure.

" The water used for the experiments was deionized, then
I;])&ssed through a Millipore Milli-Q purifying apparatus, and
Csubsequently boiled to remove the air. The oil was stored in
the loops L1 and L2, and when a drainage experiment was
performed it was driven out by the water into the micro flow
model. The course of an experiment was recorded in the
following manner: pressures and flow rates were read in by a
data acquisition program, and oil saturation was determined
by digital analysis of slides taken during the experiment. The
digitalisation of the slides was done by Kodak at a resolution
of 3192x 2048, full color. The analysis of these images was
performed with a special purpose program, which identified
the contents of each pore and channel.

After an experiment we cleaned the apparatus thoroughly.
It involved flushing with IPA and water, usually for one
night. When the model required an even more thorough

tf

e
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FIG. 7. An experimental pressure curve for drainage with

FIG. 6. An experimental pressure curve for drainage with
n-decane in model M4, showing the reproducibility.

Vitrea-9 in model M2, showing the reproducibility.

cleaning, it was heated to 450 °C. sure response directly. The single-phase flow conductance
For most of the experiments we usedlecane as nonwet- Will be controlled by the narrow chamber at the end and in

ting fluid, in which the dye Sudan Red IV was dissolved. IntWo-phase flow the capillary pressure will be determined by

model M2 we also used Vitrea{@8] to test the influence of the high entry pressure of the narrow chamber. Therefore we

an increase in the viscosity ratio. The properties of thes@ave chosen large outlet chambers, which have a negligible
fluid systems are listed in Table I. The surface tension andnfluence on flow conductance and capillary pressures. This

the interfacial tension were measured using the Du Nouy?@S @ disadvantage, viz., that the oil that enters the outlet

ring method. The viscosity of Vitrea-9 was measured withchamber will either remain connected or “snap off,” which
the ubbelohde methochott Gerte viscometer, type AVS is readily influenced by processes occurring outside the mi-
310 and the density was determined with a Mettler/PaacT0 flow model that are hard to control. We have not in-

densitometeftype DMA 55). The contact angles were estj- cluded these effects in our network model, and therefore the
mated to be about 30°. results from simulations may deviate from those of the ex-

The case of a viscosity ratio lower than 1 was not consigPeriments after breakthrough. Our main interest is centered,

ered, because it does not occur often. In the oil industry, foPOWeVver, on the pressure curvesforebreakthrough.
instance, the oils are usually more viscous than water. More- 1he flow rates were chosen in such a way that the viscous

over the displacement tends to get unstable when the displaBl€Ssure drop was of the same order of magnitude as the
ing fluid is less viscous than the displaced ¢ag is the case capillary pressure difference. This regime is the most diffi-
for DLA). Numerically this is also more complicated. cult one to describe by simulation, and it is therefore a good

With each of the models we performed flow rate con-test to determine whether our model is satisfactory.
trolled drainage experiments at least twice, to ensure repro-
ducibility. Oil was injected at a fixed flow rate into the water V. RESULTS AND DISCUSSION

filed micro flow model. The pressure curves followed a
fixed pattern. See, e.g., Figs. 6 and 7, where we plotted the We present here a selection of the experiments that were

pressure curves for several experiments to show the reprgerformed. Since our focus is on the pressure buildup during
ducibility. (We made sure that the saturation profiles weredrainage, we have not always shown saturation profiles. For
also reproduciblg. each of the models we also performed a single-phase flow
At first the pressure had to increase to the value of thexperiment with water, to test our description of the micro
capillary entry pressure of the model. After the oil had en-flow model. We know that the channel depth is the most
tered the system, the pressure rose slowly, due to an increaseportant parameter for single-phase flow. We therefore
in the viscous pressure drop. This increase was caused bychecked whether the single-phase pressure drops were simu-
decrease in the flow conductance of the micro flow modellated accurately when using our best estimate for the channel
due to capillary blockage of channels. Since this capillarydepth. These parameters were also used in the two-phase
blockage was the main cause of the buildup of the viscousimulations.
pressure contribution, it follows that this effect was strongest Model M1.In the single-phase flow test the pressure drop
in the micro flow model with the lowest connectivitsnodel  over the micro flow model was found to be 38 mbar at a flow
M4). rate of 100 ul/min. According to our simulator, this was
When the oil reached the outlet of the model, the breakeonsistent with the value of 3pm for the channel depth,
through point was reached. After breakthrough, the influencavhich is the main parameter for single-phase flow. For drain-
of the outlet chamber becomes important. If one introduces age, we have shown the pressure curve, ushtgcane and
narrow outlet chamber in the model, it influences the presa displacement rate of gl/min (Fig. 8). The curve follows
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FIG. 8. The experimental and simulated pressure curve for
drainage withn-decane in model M1. b

the general pattern sketched in the previous section. Firstthe gig. 10, (Color). The simulated drainage front in model M1.
pressure rises to the level of the entry pressure of the chan-

nels. During the displacement of water by oil, the pressure pjodel M2, n-decaneThe pressure drop over the model in
continues to rise. The oil and the water have equal viscositieg single-phase flow test was 6 mbar at 3@min, which

in this case, and it is therefore not obvious what causes thigy|d pe reproduced in a simulation, assuming a channel
rise. The simulation describes both the entry pressure and t"!fepth of 2<30 wm. For this model we have reported drain-
pressure buildup accurately. By using the simulator we coulq@lge experiments withn-decane and experiments with
interpret the pressure increase during displacement as beiRgirea-9 as the nonwetting phase. For drainage with
due to “capillary blockage” of many channels. A picture of _jecane at 1Qul/min, the comparison between simulation
the micro flow model during drainage is given in Fig. 9. This 54 experiment is illustrated in Fig. 11.

can be compare(bn astatistical basis with Fig. 10, where Model M2, Vitrea-9Figures 12 and 13 give the results for
we show the simulated drainage front. The pressure drog re|atively slow drainagél ul/min) with Vitrea-9, whereas
after breakthrough differs for the simulation. This is ex- Figs. 14 and 15 show a faster drainage experint&ftul/
plained at the end of Sec. IV. min). The rise in pressure difference during drainage is still
modest in the slower experiment, despite the much higher
viscosity of Vitrea-9. The simulation curve follows the ex-
perimental one. During the fast experiment, however, there
was a considerable build-up of pressure, which is underesti-
mated by roughly a factor of 2 if the simulator is used. The
simulated saturation front moving through the system is,

30 I T T 1 T
8 25
E
™
a 20
o 4
3 15}
c o
o
2 :
T 10Fg4 i Model M2, decane experiment —— -
o C simulation -----
3 N
& [ .
® 5 ; Q= 10pl/min .
a ;
I 1 1 1 1
0 20 40 60 80 100
Time (s)

FIG. 11. The experimental and simulated pressure curve for fast
FIG. 9. (Color). A picture of model M1 during drainage. drainage withn-decane in model M2.
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FIG. 12. The experimental and simulated pressure curve for

FIG. 14. The experimental and simulated pressure curve for fast
slow drainage with Vitrea-9 in model M2.

drainage with Vitrea-9 in model M2.

however, comparable to the experimental one. Note that imre comparable with the simulation.
this case the pressure increase during displacement could, in Model M4.There was an uncertainty in the channel depth
principle, be due to the higher viscosity of the oil. However,in this model, because the model had been in the oven too
based on our single-phase flow measurement, we would eXeng during the fusion. We used a single-phase flow test to
pect a pressure drop of roughly 6 mbar for Vitrea-9 flow atcalibrate this depth. The pressure drop during single-phase
10 wl/min through the model. As Fig. 14 shows, the pressurdlow at 100 ul/min was found to be 25 mbar, which was
increase is much larger, and therefore we have to introduceonsistent with a channel depth ofx20 um. For slow
“capillary blockage” once again to explain the results. drainage(1 ul/min) with n-decane, the comparison between
Model M3. The pressure drop for single-phase flow, 11experiment and simulation is presented in Fig. 18. A higher
mbar at 100ul/min, was consistent with a channel depth of injection rate(10 ul/min) gives rise to a large viscous pres-
35 um. For two-phase flow, Fig. 16 shows that this modelsure difference during drainaggig. 19. Again the pressure
had two distinctly different entry pressures, i.e., the one folincrease during displacement is much larger than the pres-
the pores and the one for the channels. This occurred becausere drop for single-phase flow at 1@l/min (i.e.,
the pores had been etched in both glass plates, but the char2.5 mba). The low connectivity of the moddlcoordina-
nels only in one glass plate. First all the pores at the entrancion number~ 3) is the underlying reason for the large pres-
were filled, and then the channels “after” the pores. Thesure rise. When during drainage a number of the channels
experimental pressure curve and saturation cyrig. 17 become capillary blocked, the remaining number of active

oil saturation

Model M2, vitrea, slow

simulation -----
experiment —

’ position ’

oil saturation

Model M2, vitrea, fast

simulation ----
experiment —

0.2 0.4 0.6 0.8
position

FIG. 13. The oil saturation as a function of the position in model  FIG. 15. The oil saturation as a function of the position in model
M2, during slow drainage with Vitrea-9. Position O corresponds toM2, during fast drainage with Vitrea-9. Position 0 corresponds to
the oil inlet at the top of the model, and position 1 to the outlet atthe oil inlet at the top of the model, and position 1 to the outlet at
the bottom. the bottom.
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TABLE Il. The update rules. 45 . . Y ; ;
Sj<S. Se<S;<S S>S 40 r
S<S, W2 o B2C g %7 e
S.<S<S o1 oF B2 £ 30t
S>S B1' B1 oA @ |
Q25 O F L
AVN: Use Eq.(B2). The fluid in the channel is water. éf—zo B
®O2: If il flowed through the channel in the previous time step, use 2
Eq. (B4). Otherwise use Eq(B2) with water as the fluid in the g 15 Model M3 eé‘ﬁf&ﬁg‘t?onﬁ -
channel. a4 J
‘B2: Use Eq.(B4). i
d01: If oil flowed through the channel in the previous time-step, use 5 g Q=10 pl/min T
Eqg. (B3). Otherwise use Eq(B2) with water as the fluid in the 0 L A ! L
channel. 0 20 40 60 80 100
Time (s)

€03: Use Eq(B2). If oil flowed through the channel in the previous
time step, the fluid in the channel is oil. Otherwise the fluid in the
channel is water.
B1: Use Eq.(B3). FIG. 16: The exper.imental and simulated pressure curve for
904: If oil flowed through the channel in the previous time step, usedrainage withn-decane in model M3.
Eq. (B2) with oil as the fluid in the channel. Otherwise use Eq.
(B5). We have shown that our experiments and simulations are
in good agreement with each other, both for pressures and
flow paths is low. Therefore the pressure mounts. The simusaturations, whernu,/u,=1. We have used micro flow
lation curve follows the experimental one, although in themodels with different topologies and various displacement
simulation, breakthrough takes place slightly earlier. rates. However, when comparing the experiment with the
Having discussed the experimental and simulation resultssimulations for u,/uw,=12, we are faced with a lack of
we can now show that the changes in the simulation rulegagreement. Since in our case the oil is more viscous than
(compared to Lenormand’s wofR4,25) have improved the water, the displacement has a stable front. This differs from
description of the pressure curves. As an example we use thbe situation where the displacing phase is much less viscous
10 ul/min experiments in model M3, Fig. 16. The pressurethan the defender phase, and viscous fingering occurs. The
curves for these experiments are reproduced by our simulassumption that the cage,/u,,= 12 is more easy to model
tions. With the simpler rules as explained at the end of Ap-because the displacement front is stable does not follow from
pendix B, the pressure buildup during the displacement iur results.
severely underestimated by the simulator; see Fig. 20. We There are a few elements in our modeling that can be
have also simulated with the simple rules at an even highdblamed for the lack of agreement. We would like to mention
injection rate, to see at which rate the old simulator wouldone of them in particular. During the pressure calculation in
give a pressure buildup similar to that in the experimentsthe network, the viscosity of the fluid in a channel must be
This occurred at a ten times higher rate, viz., 1@d@min. known. In our model we cannot always say which fluid is
However, at this rate, the overall pressure level is roughly 1present in a channel at an intermediate stage of the calcula-
mbar higher, because of the single-phase pressure drop. Ittion (see Appendix B Therefore we had to introduce an
clear, therefore, that although the old simulations also deeffective viscosity, Eq(B7), which is essentially an average
scribe a transition to a viscous pressure regime, this transidscosity. We have tested the influence of averaging ibt
tion takes place at too high flow rates. We conclude that irstead ofu. Although the pressure buildup during drainage
order to simulate two-phase flow correctly, one has to usevas slightly larger1 or 2 mbay when introducing an aver-
our new simulation rules. age 1L, the picture did not change significantly. Neverthe-

TABLE Ill. The oil saturation at steady state as a function of the injection(@aamdse=§ andS;= 1-S

(see text
S=0.01 S=0.05 S=0.10 S=0.20 S=0.25
Q (ul/min) Oil saturation at steady state

0.1 0.69 0.69 0.68 0.67 0.65

0.3 0.69 0.69 0.69 0.67 0.67

1.0 0.74 0.73 0.70 0.71 0.66

3.0 0.78 0.78 0.74 0.72 0.69

10.0 0.85 0.84 0.82 0.78 0.75

30.0 0.89 0.88 0.85 0.81 0.77

100.0 0.94 0.93 0.90 0.85 0.81
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FIG. 17. The oil saturation as a function of the position in model  F|G. 19. The experimental and simulated pressure curve for fast
M3, during drainage witin-decane. Position O corresponds to the drainage withn-decane in model M4.

oil inlet at the top of the model, and position 1 to the outlet at the

bottom. results for equal viscosities, but that there is room for im-

) ) provement when there is a large contrast in viscosities.
less we feel that improvements in these rules for unequal

viscosities are possible and that such improvements would
contribute to a better agreement between experiment and

simulation. _ We would like to thank W. van der Brugghen, who de-
In summary, we have developed a simulator that developed the method for making micro flow models and ini-
scribes the interaction between capillary and viscous effectgated the experimental setup. We would also like to thank

in drainage. We have performed experiments using micr®.0.E. Gebhardt for critically reading the manuscript.
flow models to establish the validity of the simulator. The

simulations are in agreement With the _experim_ents for th?APPENDlX A: FLOW PROPERTIES OF THE CHANNELS
decane-water system, where the viscosity ratio is 1. There is

a discrepancy, however, between the simulations and the ex- In this Appendix we demonstrate the flow properties of
periments, when the viscosity of the nonwetting phase ishe channels that were used in the network simulations as
much higher than the viscosity of the wetting phase. Thisshown in this article. Two properties were made use of in the
discrepancy occurs for measurements in the same modsektwork simulator: the flow conductance and the capillary
(M2) and with the same displacement r&fé® ul/min) for  entry pressure. Both of these depend on the geometry and the
which there is good agreement when using a fluid systernsize of the channels. In the network simulator we have intro-
with equal viscosities. Therefore we conclude that the simuduced a geometry that resembles the shape of an etched
lator produces results that are comparable to experimental
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channel, as depicted in Fig. 1. APPENDIX B: NETWORK EQUATIONS
The flow conductance;; of a channel connecting pores AND UPDATE RULES
andj is defined by Eq(1). For the calculation o€;; it was .
) . ) In Sec. Il we have explained how one can construct the
assumed that the flow in the channel is of the Poiseuille typeﬂ . . .
— . . flow equations for two-phase flow in a network. We will now

For a cylindrical channel the flow conductance as given in ; ) .

. . : T work them out in more detail. For each pore labeled ase
any text book on fluid dynamicE29] is c¢;j=7d"/(128). h

I . . _has[see Eq(8)]
However, for channels as in Fig. 1 no analytical formula is
known, so the flow conductance as a functionwf2d)/d
was computed numerically using a finite difference scheme.
In the network simulation these results were obtained with QF=2 Qij - (B1)
J

|

, (Al)  The expression that has to be used @y depends(1) on
which fluid is present in the channel connecting paresd

j and(2) on whether menisci are present in the channel. In
Egs.(4)—(7) we have given the three possible expressions for
Qjj - Notice that Eq.(5) can have two forms depending on
whether pord or porej is filled with oil. In the expression

C;=0.0744583414, 0.0775210038, 0.0134347430, of Eq. (5) it was assumed that poras filled with oil. If pore
j is filled with oil and pord with water, one has to exchange

w—2d
d

Cij :l_ Z Ci

wherel is the length of the channel, and the coefficie@ts
are

—0.0139011050, 0.0071067621, i andj in Eq. (5) and useQ; =—Q;; and pﬁ:pﬁ_ (c;; and
—0.0017048067, 0.0001533872, for=0.....6. wij are also symmetrjc Therefore Q;; in Eq. (B1) can have
four forms:

This fit is valid for w—2d)/d e[0,4]. Outside this range it (1) No meniscus is present in the channel:

is better to use as an approximation the flow conductance of Gi

a rectangular channg29] with the same depttl and a width Qj == Ajj . (B2)

W such that the cross-sectional area for flow remains the ) ) Hij L L

same, i.e.=w+ 7d/2. o (2} One meniscus is present, pares filled with oil, pore
The capillary entry pressuﬂéﬁ of a channel is the pres- j is filled with water:

sure difference needed between the nonwetting and wetting G

phase for the former to enter the channel. For a cylindrical Qi =——{6(A; —PH)(A; —Pi) + 6(Aj)A . (B3)

channel geometry this pressure difference is given by Hij

Piej =40 cosd/d, whereo is the interfacial tension between

the fluids, 9 the contact angle, and the diameter of the

cylinder. In Ref[30] a method is given to calculate the entry G

pressure for more complicated channel geometries. We have Qi =——{60(A; —PH(Aj +Pi)+ 6(A A} (B4)

applied this method to the type of channel used in our net- Hij

work simulator. The result is

(3) One meniscus is present, parés filled with water,
porej is filled with oil:

(4) Two menisci are present, poresindj are filled with
oil, and the channel is filled with water:

L +L cos & Gij
pe= min [Tt LnsCOST) Q= {6 — PE)(A; —PE)+ B(A; — PE)(A + P2,
d yeio,1/am A(Y) Hij (B5)
where the functiont ,,,, L,s andA are given by The notationd;; in Egs. (B2)—(B5) represents
(1/2) a
an(lﬂ):m(l_tanz y)cos i, (A3) Aij=pi—Pj— pijg (X —X;). (B6)
L) =(w—2d)/d+tan -+ 24, (Ad) Notice thatA;=—A4;;. In Eq. (B_Z) we have _used fopuj; _
and p;; the values of the viscosity and density of the fluid
and that is flowing through the channélater or oi). In situa-

tions(2), (3), and(4) the identity of the fluid flowing through
the channeloil or water or capillary blockedcan only be
w—2d 1 1/ a—sina determined after the pressure field in the whole network has
A= —Zq— T+ 5 tany cos2y) + §<sin2(1/2) a) been determined. Therefore, we have used in BR—(B5)

“effective” viscosities and densities fou;; andp;;, which
X (1—tarf )? cog . (A5)  are defined by

Here, a=7—23%—2¢. The minimization was performed
numerically. Mij = Sij ot (1= S) s, (B7)
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pij =Sijpot (1—Sij) pw, (B8) TABLE IV. The simpler update rules as used in Ré®4, 25. .
Only in the lower-left corner and in the upper-right corner a capil-
lary entry pressur®, is taken into account. Depending on the local
pressure field, the channel can be capillary blocked, or contain
flowing water or oil. For the other cases, where no capillary pres-
sure is involved, we indicate the type of fluid flowing through the
channel. In two cases this depends on the local pressure field.

whereS;; is the average of the oil saturations of poresnd
j. Combining Eg.(B1) with Egs. (B2)—(B5) the general
form of the flow equations is given by

C..
F(P=-Qft 3 LA+ 3 —lig(a,-P) S<S  S=S=5 S>S
ije(l) Mij ije(2) Mij
c S<S. Water Water P¢
X(Aij_pie})Jrg(Aji)Aij}jL”z %{Q(A“_piej) Se=S =S Water Water. Wateroron
ije(3) Mij S>5 P. Water or oil Qil
Cij
X(Ajj+ P+ 0(A) A+ 62(4) E{e(Aii_Piej) In Table 1ll we have listed the oil saturations at steady

state as a function db and the injection flow rat€. The
X(Ajj =P+ 0(A; —P{)(A;j+P{}=0. (B9  fluid properties were uo=pu,,=0.775 mPas, p, =995,
po=721 kg/ni, and o=33.1 mN/m. We tookS,=S and
This is a set of nonlinear equations, which may be solved bys,=1—S for S=0.01, 0.05, 0.10, 0.20, and 0.25. From the
a combination of an over-relaxation and a dampenedable it is clear the the outcome of a simulation depends on
Newton-Raphson methd@1]. the values ofS, and S;. However, the dependence is not
We need to specify how to decide which of the four equa-strong if S is restricted t0S<0.10. This seems reasonable
tions (B2)—(B5) should be used foR;; . The decision has to  from an experimental approach. If one wishes to avoid the
be made each time after one has updated the saturations @age of these arbitrary parameters, one would have to intro-
the pores. For this purpose we have formulated the so-calleuce dynamic mobilization and trapping criteria for oil.
“update rules.” These rules involve the saturations of theTherefore also the pores need to be given flow properties,
neighboring pores and the identity of the fluid that flowedwhich has not been done in the present investigation.
through the channel during the previous time st water, Finally, we discuss the difference with the approach of
or capillary blockedl Although there is some ambiguity as to |enormandet al.[24,25. Lenormancet al. assumed that the
how one should select these “update rules,” our choiceinterfacial tension only plays a role when two adjacent pores
seems to be “reasonable.” are completely filled by different fluids, i.e., wh&=0 and
In the update rules we have used two threshold saturatlorg 1. In all other cases they used P0|seunle flow with an
Se andS; (S.<$S). If we wish to establish which of the four  effective viscosity as in Eq(B7). A table with the simpler
equations(B2)—(B5) have to be applied for a channel con- ypdate rules is shown as Table 1V, to indicate the differences
nected to poreg andj, we must compare the oil saturations with the present work. This table can be compared with
S and S; of the pores with the threshold saturations. ForTable Il. An advantage of the simpler rules is that one only
some situations also the status of the channel in the previouseeds to know the fluid content of the pores: the fluid in the
time step(flowing oil or water, or capillary blockedplays a  channel between two pores is not relevant. However, we
role for the update rules. We have listed the update rules igould not reproduce the experimental results with this ap-
Table I1. proach, and therefore we introduced the fluid content of each
We still have to decide on the values 8¢ andS;. At channel as a modeling parameter.
present they are still completely arbitrary in the simulator. In  In retrospect, having looked closely at our simulations, we
principle one would like to relate them to a kind of “residual can say that the most significant difference was the rule for
oil” (Sg) and “connate water” (I S) saturations of a flow between two oil-filled pores. In Reff24, 25 the rule
pore. So far we do not have such an interpretation, but baseglas that in this case oil would flow in the channel, without
on experimental observations we have cho$gnand S;  capillary pressure terms. We concluded that it was important
close to zero and one, respectively. In the simulations preto model the effect of water still being present in the channel
sented in this paper they were taken to 88=0.05 and between the pores. This implies two interfaces and therefore
S¢=0.95. We have performed simulations using several valtwo capillary pressure terms. This type of channel can be-
ues forS, andS; on a fixed network realization. This gave come capillary blocked, which has quite a strong effect on
information on the influence of these parameters. the pressure buildup during drainage.
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