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Abstract

Due to the fast increasing of water demand and the raising hydrological variation caused by
the global climate change, using only the surface water will increase the risk of water shortage
in Taiwan. Comparing to the surface water, the groundwater resource is much more stable than
the surface water. Therefore, the conjunctive-use of surface and sub-surface water can greatly
reduce the water shortage risk. Although there are places that the groundwater was over pumped
in Taiwan, the situation does not prohibit the implementation of conjunctive-use since the merit
of the conjunctive-use is not to use more groundwater resource but to utilize the aquifer as a
new storage system of the surface water to increase the capacity and efficiency of surface water
allocation in time. The conjunctive operation is not only to preserve the balance of groundwater
recharge and pumping. Beside, depending on the operation objective, the conjunctive
operation can even recharge the aquifer to conserve the groundwater resource.

This study is to develop a optimal planning model for the conjunctive-use of surface and
subsurface water. The proposed model is capable of considering both linear surface water
systems and nonlinear groundwater systems simultaneously. Conventionally, wells system and
artificial lake are two hydraulic structures generally used in the groundwater management, and
both structures can be applied simultaneously or independently in the conjunctive-use system.
Therefore, the research consists of three steps (years). The first and second years are to develop
the conjunctive-use models that apply either the well system or the artificial lake for
groundwater supply. The final year is to integrate the two years results and develop a general
conjunctive-use model that considers both the well system and artificial lake. For the beginning
two years, the Genetic Algorithm (GA), Artificial Neural Network (ANN) and Linear
Programming (LP) are adopted to develop the planning model. This study further applies the
fuzzy control theorem to allocate the water demand between the surface and sub-surface system
in the third year. The proposed model can analyze different planning strategies for the
conjunctive-use of surface and sub-surface water and obtain a strategy which can fulfill the
requirement of sustainable management, increase the system operating efficiency and reduce the
water shortage risk.
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Abstract

The displacement mechanisms of water-air in the porous media are the important
fundamental concepts for unsaturated flow in subsurface. Lenormand and Zarcone (1983,
1984b) have proposed displacement formula of two phases fluid displacements in porous
media and been widely applied to different situations. This study applies transparent
micro model and digital image analysis to perform the experiments and examine the
displacement formulas.

The experiments were performed following the Lenamands assumptions as closely as
possible. Various displacement mechanisms were observed and their images were
recorded. The displacement mechanism is mainly piston type during the drainage
process, while that are snap off and In type in the imbibition. Preference paths of
non-wetting phase fluid were clearly observed during the drainage. The experimental
fluid displacement images and associated capillary pressure were then used to verify the
conventional displacement formulas (the Lenormand and Zarcone, 1983, 1984b). The
experimental study shown that the experimental results were closed to the critical
capillary pressures predicted by the formulas except for the snap off mechanism in
imbibition. The critical capillary pressure for snap off to occur in a throat tends to larger
than that predicted by the formulas. The phenomenon became significant when pores or
throats that filled with wetting fluid surrounded a throat. For the throats, our study
suggests that to increase the prediction accuracy of the Lenormand and Zarcones
formulas, the critical capillary pressure for snap off to occur should consider more about
the wetting conditions of the neighboring pores and throats. To summarize, this study
provided experimental supports and suggestions for the Lenormands displacement
formulas and were valuable references for studying displacement mechanism in porous
media.

Introduction

Displacement mechanisms for two immiscible fluids in porous media are very
important for groundwater hydrology and remediation as well as reservoir engineering.
Lenormand et al. (1983, 1984b) used displacement mechanisms to describe the
relationship between capillary pressure and the interface curvature of two immiscible
fluids. They proposed displacement formulas including “In’ type imbibitions that have
been widely adapted to other analytical 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.
The shape of pores in their micro model is irregular, and not fully consistent with the
assumption of the displacement formula derivation. Therefore, this study performs 2-D
pore-throat micro model experiments with square pores to investigate the applicability of
the displacement formulas.

Experiment system



1. The head control sub-system includes connecting tubes and glass containers

(reservoirs) which elevations can be freely adjusted to control the heads.

2. The two sides of the micro model are connected to inflow and outflow

reservoirs respectively.

3. Images of the fluids distribution in the micro model were recorded by the CCD
camera (640*480 pixels, RGB format) during the experiment.

4.  The fluids are static at the end of each stage of the experiment and the degree

of saturation for each phase varied according to the capillary pressure.

CCD camera mounted on the X-Y table
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Fig.1 Schematic diagram of the experimental setup for P-S curves
Micro model

Micro model is the most important component of the experimental system.
1. Figure 2 shows the schematic diagram of micro model for P-S experiments. The
micro model is consisted of 25 pores and 40 throats.
a. Barriers were required to confine the non-wetting fluid in the micro model during
experiment.
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Fig.2 Schematic diagram of micro model for displacement mechanisms

Experimental fluids
Air and water were chosen to represent the non-wetting phase and wetting phase,
respectively.

a. Water was dyed blue and the air was white naturally without dyeing.

b. Since the concentration of the dye in the liquid was less than 0.05%, the dye had

a minimal impact on the results of P.-S experiments.
C. Table 1 lists the properties of the liquids.

Table 1 Physical property of the related fluids

Chemical Density | Surface
Experimental fluids formula (g/cm3) tension
(24°C) _|(Dynes/cm)
Water HO 0.997 715

Results and Discussion

Results

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 Lenormand’s formulas.

Fig. 3 shows the dimensions of the pores and throats in the transparent micro



model. “T” indicates a throat, “P” indicates a pore, and the Arabic numerals give their
associated dimensions.

4 N
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Figure 3 The widths of pores and
throats in the transparent micro model.

Table 2 summarizes the critical capillary pressure as estimated by Lenormand’s and
Hughes’s formulas, assuming the wettability is perfect (¢ =0") and the half-corner
angle o equals 45  (the corner angle of the rectangular cross-section of pores and

throats was 90° ).

Table 2. The estimated critical capillary pressure of various fluid displacement for the
micro model’s pores and throats in imbibition

Snap-off1 (Is_réf]%r‘:f;n I1 imbibition |12 imbibition
width(cm) (Hughes) d) (Lenormand) | (Lenormand)
(cmH,0) (cmH,0) (cmH,0) (cmH,0)
0.034 3.06 4.30 * *
0.038 2.84 3.85 * *
Throat | 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

“*” indicates that the displacement mechanisms will not occur.

Drainage Process

Since the fluid displacement in the drainage process was simple, this section focuses on

sixth stage in drainage process.
Figure 4 shows the selected images in the sixth stage of the drainage process
a. Pce equals 4.3 cmH,0.

b. The circled areas in the image demonstrate the piston-type motion at

selected throat.

C. The widths of the selected throat is 0.5mm, the computed Ppision IS
4.51cmH,0 and the P is 4.3cmH0.

d. The Pypiston 1S 0.21 cmH,0 greater than Pee.

Figure 4. The end of the sixth stage of
drainage process.

Imbibition Process

Twelfth stage: Figure 5a~ Figure 5d shows the selected images in the twelfth stage of

the imbibition process



Figure 5a. The beginning of twelfth
stage of imbibition process.

Pce equals 3.4cmH,0.

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 5a is the starting image of the snap-off process, and the widths of the
selected throats ‘Sn_1.0° and ‘Sn_2.0° are 0.42mm and 0.46mm,

respectively.

Their computed Pspap-ofiz are 2.53cmH,0 and 2.39cmH;0, and Pspap.orr2 are
3.48cmH,0 and 3.18cmH,0.

The Pgnap-orn for ‘Sn_1.j> and *Sn_2.j> are 0.87 cmH,O and 0.97 cmH,0
lower than P respectively. The Psap-ofiz IS 0.08 cmH,0O greater than P for
‘Sn_1.j>and 0.22 cmH,0 lower than P for ‘Sn_2.j’.

Figure 5b. The twelfth stage of
imbibition process.
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Figure 5c. The twelfth stage of
imbibition process.

Figure 5d. The end of -twelfth stage
of imbibition process.



Fourteenth stage: Figure 6a~ Figure 6¢ shows the selected images in the fourteenth

stage
a. Pc equals to 2.8cmH,0.

b. Figure 6a is the starting image of the In imbibtion and snap-off for the
selected pores and throat.

C. The sizes of ‘11_1.0°, ‘11_2.0’ and ‘Sn_1.0’ are 0.88mm, 0.72mm and

0.42mm, respectively.

d. The computed Py, for “I1_1.j"and ‘I1_2.j” are 2.97 cmH,0 and 3.28 cmH,0,

respectively. For the ‘Sn_l.j’, Psnap-ofir IS 2.65cmH,0, while Pspap-ofiz 1S

3.48cmH,0.
than Pg.
Sn_1.0{ ) Sn_1.173
.8 Y0 M 213 L Ll
A f
i & & =
Figure 6a. The fourteenth stage of Figure 6b. The fourteenth stage of
imbibition process. imbibition process.
Sn_1.21"|
,‘ml'\
1 20

Figure 6¢. The end of fourteenth
stage of imbibition process.



Sixteenth stage: Figure 7a to 7b shows selected images of the sixteenth stage

a. The experimental Pce was 2.2cmH20.

b. The size of “‘12_1.0’ is 0.72mm, and its estimated critical capillary

pressure for producing the 12 type imbibition (P, ) is 2.13 cmH,0.

Figure 7b. The sixteenth stage of
imbibition process.

Discussion

Figure 7c. The sixteenth stage of
imbibition process.

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

P.-Sw curve (Fig. 8) shows the significant change for the saturation of wetting phase
fluid (Sw) when the In type imbibition occurrs at P = 2.8, 2.2 and 2.0 cmH,0.

2. Therefore, snap-off is an important displacement mechanism in facilitating the

increase of the wetting phase fluid saturation in the imbibition process. Figure 9

summarizes the occurrence of displacement mechanisms and demonstrates that

snap-off occurs before In type imbibitions.

10



Pce-Sw Curve

—A— Drainage
—V— Imbibition

0
\ \ \

0.2 0.4 0.6 0.8 1
Sw
Figure 8. Capillary pressure-Saturation curve in the pore-throat network of the

transparent micro modelmicro model.

Occurring frequencies of the snap-off and In imbibition

5 — .

[ |snapoff
| [ 11 imbibition
[ ] 12 imbibition
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2 — — |
l — — =
0 | | T T T
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Pce
Figure 9. Occurring frequencies of the snap-off and In imbibition in imbibition process
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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.

1. 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.

2. Analysis of the saturation variation during the imbibition 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 connecting throats were saturated

3. 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 displacement mechanism in facilitating
the increase of the wetting phase fluid saturation in the imbibition process.

Nomenclature
¢ contact angle

a half-corner angle

P pressure, cmH,O

S saturation, fraction

P. capillary pressure, cmH,O

Pee experimental capillary pressure, cmH,O

P iston the critical capillary pressure of piston-type motion calculated by Lenormand’s

formula.
Psnap-ofi1  the critical capillary pressure of snap-off calculated by Hughes’s formula.

Psnap-ofiz  the critical capillary pressure of snap-off calculated by Lenormand’s formula.

Pin the critical capillary pressure of In imbibtion calculated by Lenormand’s formula.

Sw  the saturation of wetting phase fluid, fraction

Snw  the saturation of nonwetting phase fluid, fraction

12



Sn_i.j  Sn indicated *Snap-off’, i is the throat label and j is selected evolution step of
snap-off.

In_i.j Inindicated ‘In imbibition’, i is the throat label and j is selected evolution step
of In imbibition.
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