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Abstract This study applies a transparent micro model and

digital image analysis to the experimental study of the dis-

placement mechanisms for water and air in porous media

during imbibition process, and examines the displacement

formulas. This study conducts experiments following

Lenormand’s assumptions as closely as possible. Various

displacement mechanisms were observed, and their images

were recorded. The displacement mechanisms in imbibition

are mainly snap-off, In type imbibition and piston-type

motion. The experimental fluid displacement images and

associated capillary pressure were then used to verify the

displacement formulas. This experimental study shows that,

when snap-off occurred, the experimental capillary pres-

sures were close to the Lenormand’s estimation of critical

capillary pressures where enough surrounding area of the

throat was saturated. When I1 and I2 type imbibitions

occurred, the experimental capillary pressures were also

close to the Lenormand’s estimation of critical capillary

pressures where enough connecting throats were saturated.

The In type imbibition and its associated piston-type motions

are the main processes to increase the wetting phase fluid

saturation. For the pore–throat distribution applied in this

study, snap-off can facilitate the occurrence of In type

imbibition and its associated piston-type motion; therefore,

snap-off is an important displacement mechanism in facili-

tating the increase of the wetting phase fluid saturation in the

imbibition process. To summarize, this study provides

valuable experimental support and suggestions for Lenor-

mand’s displacement formulas, which are the basis for many

related experimental and numerical studies.

Keywords Displacement mechanisms � Micro model �
Imbibition � Porous media � Pore–throat network �
Two-phase flow � Pore scale

List of symbols

h Contact angle

a Half-corner (angle)

P Pressure (cmH2O)

S Saturation (fraction)

Pc Capillary pressure (cmH2O)

Pce Experimental capillary pressure (cmH2O)

Psnap-off1 Critical snap-off capillary pressure calculated

by Hughes’s formula

Psnap-off2 Critical snap-off capillary pressure calculated

by Lenormand’s formula

PIn Critical In imbibition capillary pressure

calculated by Lenormand’s formula

Sw Saturation of wetting phase fluid fraction

Snw Saturation of non-wetting phase fluid fraction

Sn_i.j Sn indicated ‘Snap-off where i is the throat label

and j is the snap-off selected evolution step’

In_i.j In indicated ‘In type imbibitions’ where i is the

pore label and j is the In type imbibition

selected evolution step
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Introduction

Displacement mechanisms for two immiscible fluids in

porous media are very important for groundwater hydrol-

ogy and remediation as well as reservoir engineering.

Capillary pressure is one of the most important forces in

describing such a displacement mechanism. Researchers

have studied the effect of capillary pressure on two-phase

flow in porous media for more than three decades. (Dodd

and Kiel 1959; Wardlaw and Taylor 1976). Lenormand

et al. (1983), Lenormand and Zarcone (1984b) used dis-

placement mechanisms to describe the relationship

between capillary pressure and the interface curvature of

two immiscible fluids. They examined the microscopic

displacement mechanisms of water and air in porous media

and proposed displacement formulas including ‘In’ type

imbibitions that have been widely adapted to other ana-

lytical and simulation studies. Their displacement formula

derivation assumes that the pore shape is square and the

pore size is the same as its connecting throats. They also

performed experiments to verify the formulas using a

micro model with a pore–throat connected structure that

had seven different throat sizes. However, the shape of

pores in their micro model is irregular, and not fully con-

sistent with the assumption of the displacement formula

derivation.

A multi-phase flow in a pore–throat micro model with

internal corners produces a thin film of wetting phase

fluid in the corners for both drainage and imbibition

processes. Lenormand et al. (1983) found that during the

drainage process, the non-wetting phase fluid invades

pores or throats that filled with wetting phase fluid.

However, a thin film of wetting phase fluid remains in the

extreme corner of the pore or throats. Thus, the wetting

phase fluid in the corners forms a connected path even in

the drainage process, and the disconnected wetting phase

residual can leave the micro model through the connected

path. In imbibition, the wetting phase fluid flows into the

micro model via the continuous path and is therefore

called ‘‘corner flow.’’ The corner flow becomes thicker as

capillary pressure decreases. When the capillary pressure

decreases to the critical pressure of the displacement

mechanisms, the wetting phase fluid does not contact the

wall of the pore or throat. The interface of the two

immiscible fluids collapses, and the wetting phase fluid

fills the pore or throat. Therefore, the corners are the key

to the displacement mechanism in a pore-throat network

(Li and Wardlaw 1986; Hughes and Blunt 2000; Mahmud

and Nguyen 2006). The critical capillary pressure depends

on the size of the pore and throat, and the displacement is

called In type imbibition or snap-off for pore and throat,

respectively. Li and Wardlaw 1986, Mogensen and

Stenby 1998 also pointed out that the occurrence of

imbibition displacements in rectangular pore–throat micro

model is more likely than in a circular model because of

its corners.

Researchers have also performed 3-D pore scale mod-

eling to study the curve characteristics of two phases flow

in porous media based on a hypothetical 3-D pore–throat

micro model (Jerauld and Salter 1990; Reeves 1997;

Ioannidis and Chatzis 1993; Kawanishi et al. 1998;

Mogensen and Stenby 1998; Vidales et al. 1998; Hughes

and Blunt 2000; Mahmud and Nguyen 2006). As indicated

previously, corners are important factors for pore–throat

micro models. For a 3-D pore–throat micro model, a pore

or throat with a circular cross section has no corner.

Therefore, if a 3-D pore–throat micro model has either

sphere pores or throats with circular cross sections, that

micro model has no connected corner inside (Jerauld and

Salter 1990 and Reeves 1997) and some of the displace-

ment mechanisms cannot occur realistically. On the other

hand, a 3-D pore or throat that has a non-circular (i.e.,

rectangular or triangular) cross section has corners.

A pore–throat structure with pores and throats that has a

non-circular cross section has connected corners inside

(Ioannidis and Chatzis 1993; Kawanishi et al. 1998;

Mogensen and Stenby 1998; Vidales et al. 1998; Hughes

and Blunt 2000; Mahmud and Nguyen 2006). Because

wetting phase fluid can flow into a pore–throat structure via

the corners, all of the displacement mechanisms, such as

snap-off and In type imbibitions, can occur when the

capillary pressure decreases during the imbibition process.

Therefore, a pore–throat micro model with a non-circular

cross section is more realistic.

Due to difficulties in implementing 3-D micro model

experiments, researchers often adapt the theories of dis-

placement mechanisms for a 3-D pore scale network

modeling from the results of 2-D micro model experi-

mental studies (Lenormand et al. 1983; Lenormand and

Zarcone 1984b; Li and Wardlaw 1986; Ioannidis et al.

1991). In fact, a 2-D micro model is simply a single layer

3-D micro model with a constant thickness layer. As stated

previously, a 3-D pore–throat micro model without a cir-

cular cross section (Ioannidis and Chatzis 1993; Mogensen

and Stenby 1998; Vidales et al. 1998; Hughes and Blunt

2000; Mahmud and Nguyen 2006) can realize all of the

displacement mechanisms. The geometrically similar 2-D

counterpart of a 3-D pore–throat micro model is a 2-D

pore–throat micro model with square pores (Lenormand

et al. 1983; Lenormand and Zarcone 1984b). Snap-off

equations in a 2-D micro model can be directly applied to a

3-D micro model because they share the same mechanism.

However, the In type imbibitions equations must be mod-

ified because the number of throats connected to a pore in

2-D and 3-D micro models is different (Blunt 1997;

Hughes and Blunt 2000; Mahmud and Nguyen 2006).
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Lenormand et al. (1983) and Lenormand and Zarcone

(1984b) conducted some of the most significant 2-D micro

model experimental studies. They derived displacement

equations that were widely applied to other studies. How-

ever, the pores shape in their micro model was irregular,

and not fully consistent with their assumption on deriving

displacement formulas. Therefore, this study performs 2-D

pore–throat micro model experiments with square pores to

investigate the applicability of the displacement formulas.

This study provides experimental support and modification

suggestions to Lenormand’s displacement formulas, and is

a valuable reference for studying displacement mecha-

nisms in porous media.

Related theory

Snap-off

During the imbibition process, the snap-off displacement

mechanism only occurs in a throat. As the capillary pres-

sure decreases, the wetting phase enters the transparent

micro model through the continuous corner path. The

interface of the two fluids thus changes its curvature, and

the volume of the wetting phase (corner flow) increases at

the throat and pore corner. As the capillary pressure

reaches the critical capillary pressure where snap-off

occurs, the interface collapses. The wetting phase fluid then

occupies the throat and forces the non-wetting phase into

the pores. This process is called snap-off (Lenormand et al.

1983; Lenormand and Zarcone 1984b). Lenormand and

Zarcone (1984b) proposed the following equation to esti-

mate the capillary pressure necessary for snap-off to occur,

Psnap�off1

c
¼ 2ðcos h� sin hÞ

d
ð1Þ

where c is interfacial tension, d is the width of the throat

and h is contact angle.

Hughes (1998) proposed the following equation to

estimate the critical capillary pressure for snap-off to occur

under the condition that the sum of the contact angle h and

the half-corner angle a is less than 90�,

Psnap�off2 ¼
c
r1

ðcos h� sin h tan aÞ ð2Þ

where c is interfacial tension and rt is the inscribed radius

of the throat.

In type imbibition

During the imbibition process, the fluid displacement

occurring in a pore is called In type imbibition (Lenormand

et al. 1983; Lenormand and Zarcone 1984b) and the sub-

index n is the number of throats surrounding a pore that fill

with non-wetting phase fluid. Lenormand et al. (1983),

Lenormand and Zarcone (1984b) illustrated the critical

condition for I1 and I2 type imbibition to occur in a rect-

angular section. In I1 type imbibition, before wetting the

pore with wetting phase fluid, only one throat surrounding

the pore is filled with non-wetting phase fluid. The other

neighboring throats are filled with wetting phase fluid. In I2

type imbibition, before wetting the pore with wetting phase

fluid, two neighboring throats of the pore are filled with

non-wetting phase fluid. The other neighboring throats are

filled with wetting phase fluid. Lenormand and Zarcone

(1984b) proposed an equation to estimate the capillary

pressure required for I1 type imbibition to occur.

P11

c
¼

ffiffiffi

2
p

d
þ 2 cos h

x
ð3Þ

The critical capillary pressure for I2 type imbibition to

occur can be estimated by the following equation:

P12

c
¼ cos h

d
� 1

ffiffiffi

2
p

d
þ 2 cos h

x
ð4Þ

Research procedure

Figure 1 shows the research procedure of this study. The

fluid-pairs in this experimental research were air and water.

As Fig. 1 shows, Step 1 is to perform the micro model

experiments and record all the experimental images using a

digital camera. A series of images were recorded for each

stage of capillary head variation. The following section

describes details of the experiment procedure. Step 2 is to

analyze the impact of various fluid displacements on the

saturation variation, and examine the accuracy of Lenor-

mand’s displacement theory based on the recorded images.

For each stage of capillary head variation, the total satu-

ration variation was obtained by comparing the last image

of the stage to the starting image. Moreover, this study

examines the series of images within each stage and

obtains images associated with each fluid displacement.

The saturation variations induced by the fluid displace-

ments were then obtained by processing the selected

images. For each stage of capillary pressure variation, the

ratio of saturation variation for each fluid displacement to

the total saturation variation can then be computed.

Lenormand’s displacement theory can predict the occur-

rence of various types of fluid displacement and compute

the associated critical capillary pressure based on the fluid

properties and porous structure. Therefore, the selected

images can also be used to examine the occurrence of fluid

displacement predicted by Lenormand’s displacement

theory.
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Experimental design

Experiment system

The experimental system for Pc–S (capillary pressure–sat-

uration) experiments (see Fig. 2) consists of a transparent

acrylic micro model, head control sub-system, CCD cam-

era, and light source. The head control sub-system includes

connecting tubes and glass containers (reservoirs) whose

elevations can be freely adjusted to control the heads. The

two sides of the micro model are connected to the inflow

and outflow reservoirs, respectively. A CCD camera

recorded images of the fluid distribution in the micro model

during the experiment. The Pc–S experiment is basically a

static experiment. The fluids are static at the end of each

stage of the experiment, and the degree of saturation for

each phase varies according to the capillary pressure.

Micro model

The micro model is the most important component of this

experimental system. Figure 3 shows the schematic dia-

gram of the micro model for Pc–S experiments. The micro

model consists of 25 pores and 40 throats. The pores and

throats were connected to each other with a grid pattern, as

the figure shows. Figure 3 shows the details of the pore and

throat connection. The distance between the centers of two

adjacent pores is 2.2 mm. For each pore and throat, the

widths were randomly selected from five predetermined

sizes using a Visual Basic Application (VBA) in AUTO-

CAD. Table 1 lists the widths and numbers of the pores

and throats obtained in this study. The equivalent radii of

the pores and throats in Table 1 were calculated according

to geometric relation with the following Eq. 5,

1

R
¼ 1

w
þ 1

d
ð5Þ

Fig. 1 Research procedure

Fig. 2 Schematic diagram of the experimental setup for Pc–S curves
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where R is the equivalent radius of the pores or throats, w is

the width of pores or throats, and d is the depth. All pores

and throats in the micro model are 0.8-mm deep. Table 1

shows the equivalent radii of the pores and throats for the

micro model. For the Pc–S micro model, barriers were

required to confine the non-wetting phase fluid within the

micro model during experiment. Figure 3 shows that the

barrier located at the boundary of the wetting phase fluid

reservoir prevented the non-wetting phase fluid from

leaking into the wetting phase fluid reservoir. The barriers

consisted of many parallel micro-channels. The narrow

width of the micro-channel created a condition where the

capillary pressure at the micro-channel must be greater

than the ‘entry pressure’ for the non-wetting phase fluid to

pass through the barrier. Therefore, the width of the micro-

channels was less than the minimal width of the pores or

throats in the micro model. Each micro-channel in the

barrier is 0.1 mm wide. The dark color in Fig. 3 shows the

pores and throats with varied sizes in the micro model.

The acrylic surface of micro model is hydrophobic, and

unlike the wetting condition of the soil particle surface in

general. Chang et al. (2008) coated the micro model with

silicate (SiO2 � nNa2O � xH2O; n ¼ 2� 4) to make its

surface into hydrophilic. This study follows their method to

change the wetting characteristic of micro model into

hydrophilic.

CCD camera

The CCD camera in this study was mounted on an x-y table

above the micro model. The camera could move freely in

all directions. The images were recorded in digital signals

and stored in a personal computer. The CCD images were

recorded at a resolution of 640 9 480 pixels, and each

pixel was represented in RGB format. Throughout the

experiment, the CCD camera recorded images at a time

interval of 30 s. The recorded RGB images were examined

using Adobe Photoshop software to determine the degree

of saturation for both wetting and non-wetting phase fluids.

Experimental fluids

Air and water represent the non-wetting phase and wetting

phase, respectively, in this study. The experimental fluids

were dyed with different color to enhance visual observa-

tions and facilitate image analysis of their saturation in the

micro model. De-ionized water was dyed blue, and the air

naturally appeared white without dyeing. Since the con-

centration of the dye in the liquid was less than 0.05%, the

dye had a minimal impact on the results of Pc–S experi-

ments. Table 2 lists the properties of the liquids.

Experiment procedure

The temperature of the experiment in this study was

maintained at 24�C. The following section provides a

detailed description of the experiment.

Figure 4 shows the Pc–S experiment procedure. The

micro model was saturated with wetting phase fluid before

the experiment began. The experimental procedure con-

tained two major stages: the drainage process and the

imbibition process. During the drainage process, the cap-

illary pressure increased step by step. The increase of

capillary pressure for each step was equivalent to 0.1–0.4

Fig. 3 Schematic diagram of micro model for displacement

mechanisms

Table 1 The sizes and numbers of pores and throats

Width (mm) Effective radius (mm) Numbers Occupied ratio

Pore

0.60 0.343 3 0.011

0.72 0.379 6 0.034

0.88 0.419 6 0.046

1.14 0.470 4 0.051

1.28 0.492 6 0.097

Throat

0.34 0.239 10 0.023

0.38 0.258 4 0.022

0.42 0.275 7 0.065

0.46 0.292 12 0.035

0.50 0.308 7 0.050

Depth = 0.8 mm

Table 2 Physical property of the related fluids

Experimental

fluids

Chemical

formula

Density (g/cm3)

(24�C)

Surface tension

(Dynes/cm)

Water H2O 0.997 71.5
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cm of water head. The capillary pressure can be increased

by either increasing the pressure head of the non-wetting

phase fluid or decreasing the pressure head of wetting

phase fluid. Both approaches can be implemented by

adjusting the reservoir elevation. For each step, fluid

distribution images were continuously recorded at 30-s

intervals until the images showed no change for 30 min.

The last image was then used to determine the fluid sat-

uration associated with the capillary pressure. The

drainage process experiment terminated when the capil-

lary pressure nearly equaled the entry pressure of the

barrier. The imbibition process was similar to the drainage

process except that the capillary pressure decreased in

steps.

All images were recorded by a CCD camera at a

640 9 480 pixel resolution, and each pixel was represented

by R-G-B values. The images were examined using Adobe

Photoshop software to determine the saturation of wetting

phase fluids for each image. The saturation of the non-

wetting phase can then be calculated.

Results and discussion

Examining the recorded images clearly shows the details of

the fluid displacement, and its associated experimental

capillary pressure was then compared with the estimated

critical capillary pressure to verify the accuracy of

Fig. 4 Experimental procedure
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Lenormand’s formulas. Since the fluid displacement in the

imbibition process was more complicated than that in

drainage process, this section focuses on the imbibition

process. To facilitate the discussion, Fig. 5 shows the

dimensions of the pores and throats in the transparent

micro model. In this figure, ‘‘T’’ indicates a throat, ‘‘P’’

indicates a pore, and the Arabic numerals give their asso-

ciated dimensions.

Table 3 summarizes the critical capillary pressure as

estimated by Lenormand’s and Hughes’s formulas,

assuming the wettability is perfect (h = 0�) and the half-

corner angle a equals 45� (the corner angle of the rectan-

gular cross section of pores and throats was 90�). Using the

series of recorded images, the following section compares

these predicted values with the experimental capillary

pressure alone.

Figure 6a–d shows the selected images in the 12th stage

of the imbibition process, where Pce equals 3.4 cmH2O. The

circled areas in the images demonstrate the detailed snap-

off process at selected throats labeled with ‘Sn_i.j’, where i

is the throat label and j is the selected snap-off evolution

step. Figure 6a is the starting image of the snap-off process,

and the widths of the selected throats ‘Sn_1.0’ and ‘Sn_2.0’

are 0.42 and 0.46 mm, respectively. Their computed

Psnap-off1 are 2.53 and 2.39 cmH2O, and Psnap-off2 are 3.48

and 3.18 cmH2O. The Psnap-off1 for ‘Sn_1.j’ and ‘Sn_2.j’ are

0.87 and 0.97 cmH2O lower than Pce, respectively. The

Psnap-off2 is 0.08 cmH2O greater than Pce for ‘Sn_1.j’ and

0.22 cmH2O lower than Pce for ‘Sn_2.j’. This difference

indicates that the critical snap-off capillary pressure as

estimated by Lenormand’s formula is closer to the Pce.

Figure 6a shows that there were two fully wet throats

and one partially wet throat close to ‘Sn_1.0’ in the

beginning, and two fully wet throats neighboring ‘Sn_2.0’.

Figure 6b shows a selected image for the step after Fig. 6a.

The ‘Sn_1.1’ and ‘Sn_2.1’ indicate the progress of the

snap-off process at the same throats for ‘Sn_1.0’ and

‘Sn_2.0’. The color changes in the figures indicate the

wetting phase fluid invading through corner flow since the

throats were not directly connected with other saturated

pore or throats. Figure 6c is a selected image of the step

after Fig. 6b. Sn_2.2 shows that the snap-off process for

the throat is almost completed. Figure 6d indicates that the

snap-off process is complete at ‘Sn_1.3’. The snap-off

progress shown at the two selected throats in the previous

figures imply the existence of corner flow since both

throats were not directly connecting to other fully wet

pores or throats in the beginning. Moreover, the wetting of

the two throats creates an environment for the occurrence

of In type imbibition in the 14th stage.

Fig. 5 The widths of pores and throats in the transparent micro

model

Table 3 The estimated critical

capillary pressure of various

fluid displacements for the

micro model’s pores and throats

in imbibition

* indicates that displacement

mechanisms do not occur

Width

(cm)

Snap-off1

(Hughes) (cmH2O)

Snap-off2

(Lenormand) (cmH2O)

I1 type imbibition

(Lenormand) (cmH2O)

I2 type imbibition

(Lenormand) (cmH2O)

Throat

0.034 3.06 4.30 * *

0.038 2.84 3.85 * *

0.042 2.65 3.48 * *

0.046 2.50 3.18 * *

0.050 2.38 2.92 * *

Pore

0.060 * * 3.53 2.19

0.072 * * 3.24 2.13

0.088 * * 2.98 2.08

0.114 * * 2.72 2.02

0.128 * * 2.62 2.00
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Figure 7a–d shows the selected images in the 14th stage,

where Pce equals to 2.8 cmH2O. The circled areas in the

images demonstrate the detailed process of In imbibition

and snap-off. Figure 7a is the starting image of the In

imbibition and snap-off for the selected pores and throat.

The sizes of ‘I1_1.0’, ‘I1_2.0’ and ‘Sn_1.0’ are 0.88, 0.72

and 0.42 mm, respectively. The computed PI1 for ‘I1_1.j’

and ‘I1_2.j’ are 2.97 and 3.28 cmH2O, respectively. For

the ‘Sn_1.j’, Psnap-off1 is 2.65 cmH2O, while Psnap-off2 is

3.48 cmH2O. Psnap-off1 is 0.15 cmH2O lower than Pce,

while Psnap-off2 is 0.68 cmH2O greater than Pce.. Thus, the

experimental snap-off capillary pressure is closer to the

critical capillary pressure calculated by Hughes’s equation

in this stage.

‘Sn_1.0’ indicates the snap-off starting image at the

selected throat. There is only one wetting throat close to

‘Sn_1.0’ as Fig. 7a shows. Because the upper and lower

throats at ‘I1_1.j’ were wetted through the snap-off in the

12th stage, the ‘I1_1.j’ pore has a high possibility for

producing I1 type imbibition, as the same figure shows.

The meniscus in pore ‘I1_1.0’ was not stable as the cap-

illary pressure decreased from the 12th stage to the 14th

stage, causing the meniscus to collapse and wetting phase

fluid to fill the ‘I1_1.1’ pore and its connected throat in

Fig. 7b. The wetting phase fluid fills the ‘I1_1.1’ pore and

its connecting throat when the I1 type imbibition and pis-

ton-type motion processes are all completed. Figure 7b

shows that two of the four connecting throats of pore

‘I1_2.1’ are filled with wetting phase fluid, and the pore has

a high possibility for I1 type imbibition if the throat

‘Sn_1.1’ is wetted. Figure 7c shows that the snap-off at

throat ‘Sn_1.2’, the I1 type imbibition at pore ‘I1_2.2’ and

the piston-type motion at the throat neighboring ‘I1_2.2’

are all completed.

The PI1 for ‘I1_1.j’ and ‘I1_2.j’ are 0.17 and 0.48 cmH2O

greater than Pce, respectively. To produce I1 type imbibition

in a pore, three connecting throats of the pore must be wetted.

The fact that the experimental capillary pressure Pce was

close to the computed PIn at ‘I1_1.j’ indicates that Lenor-

mand’s estimation for the I1 type imbibition is accurate when

enough surrounding throats of a pore are wetted. On the other

hand, there was only one wetted throat for pore ‘I1_2.j’ in the

beginning, as Fig. 7a shows. The capillary pressure must be

smaller for the connecting throats to be wetted before I1 type

imbibition occurs at pore ‘I1_2.j’. Therefore, the difference

between Pce and PI1 is greater at ‘I1_2.j’ than at ‘I1_1.j’.

Computing the saturation increase using image processing

shows that the contribution to the saturation increase is

15.3% by snap-off and 54.6% by I1 type imbibition and its

associated piston-type motion in this stage.

Fig. 6 a The beginning of the

12th stage of the imbibition

b The 12th stage of the

imbibition process c The 12th

stage of the imbibition process

d The end of the 12th stage of

the imbibition process
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Fig. 7 a The 14th stage of the imbibition process b The 14th stage of

the imbibition process c The end of the 14th stage of imbibition
Fig. 8 a The 16th stage of the imbibition process b The 16th stage of

the imbibition process c The 16th stage of the imbibition process
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Figure 8a–c shows selected images of the 16th stage,

where the experimental Pce was 2.2 cmH2O. The size of

‘I2_1.0’ is 0.72 mm, and its estimated critical capillary

pressure for producing the I2 type imbibition (PI2) is

2.13 cmH2O. Figure 8b shows that the two throats sur-

rounding pore ‘I2_1.0’ become wetted before the I2 type

imbibition occurs. The Pce was close to the PI2, indicating

that Lenormand’s estimation for I2 type imbibition is

accurate when enough surrounding throats of a pore are

wetted. Figure 8c indicates the I2 type imbibition is com-

plete at ‘I2_1.1’.

In type imbibition is the major displacement mechanism

for wetting porous media, while snap-off can affect the

occurrence of In type imbibitions. The experimental Pc–Sw

curve (Fig. 9) shows the significant change for the satura-

tion of wetting phase fluid (Sw) when the In type imbibition

occurs at Pce = 2.8, 2.2 and 2.0 cmH2O. Table 4 shows

that the increase of the wetting phase fluid saturation dur-

ing In type imbibition and its associated piston-type motion

is 0.088, 0.229 and 0.131. These results imply that In type

imbibition is the major displacement mechanism for the

wetting phase fluid to invade the unsaturated pores and

throats. Moreover, as mentioned above, before the In type

imbibition of a pore can occur, enough surrounding throats

must be wetted. For the pore–throat distribution applied in

this study, snap-off can facilitate the occurrence of In type

imbibition and its associated piston-type motion. There-

fore, snap-off is an important displacement mechanism in

facilitating the increase of the wetting phase fluid satura-

tion in the imbibition process. Figure 10 summarizes the

occurrence of displacement mechanisms and demonstrates

that snap-off occurs before In type imbibitions.

Conclusion

This experimental study demonstrates that a transparent

micro model can be a valuable tool to investigate the multi-

phase flow displacement at pore scale. The results of this

experimental study show several important points.

Experimental images show that snap-off of a throat may

occur without direct connection to other continuous wetted

areas, and this implies the existence of corner flow. When

more saturated pores or throats are positioned close to a

throat, the critical snap-off capillary pressure for the throat

estimated by Lenormand’s formula is closer to the exper-

imental value than that estimated by Hughes’s formula. On

the other hand, when few saturated pores or throats are

close to a throat, Hughes’s formula is more accurate.

Further, the critical capillary pressures of I1 and I2 type

imbibition estimated by Lenormand’s formulas for a pore

are closer to the experimental value when enough con-

necting throats were saturated.

Analysis of the saturation variation during the imbibi-

tion process shows that In type imbibition is the major

displacement mechanism for wetting porous media in the

imbibition process. However, before the In type imbibition

of a pore can occur, there must be enough wetted throats

Fig. 9 The capillary pressure–saturation curve in the pore–throat

network of the transparent micro model

Table 4 The ‘‘imbibition process displacement mechanisms’’ statistics for the imbibition process in this experiment

Pce (cmH2O) Sw (%) Increment

of saturation

Saturation variation

induced by snap-off

Saturation variation induced

by I1 type imbibition and it’s

associated piston-type motion

Saturation variation induced

by I2 type imbibition and

it’s associated piston-type motion

Stage 13 3 0.427 0.427

Stage 14 2.8 0.514 0.088 0.013 0.048

Stage 15 2.5 0.520 0.006

Stage 16 2.2 0.749 0.229 0.014 0.138 0.049

Stage 17 2 0.881 0.131 0.072 0.057
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surrounding the pore. For the pore–throat distribution

applied in this study, the snap-off can facilitate the

occurrence of In type imbibition and its associated piston-

type motion. Therefore, snap-off is also an important dis-

placement mechanism in facilitating the increase of the

wetting phase fluid saturation in the imbibition process.
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