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Abstract

Through experimental measurement and theoretical calculation, we have
investigated the effect of surface tension, liquid viscosity and the capillary
geometry (capillary gradient and tip diameter) on the effective pore throat, and
the impact of the effective pore throat on pore resistance to two-phase
interfaces formed from fluids with different viscosities and surface tensions.
When a two-phase interface flows in channels with varied pore size, capillary
force is insignificant in the section of the channel with an inner pore size greater
than the effective pore throat, and the pressure drops in this section depend on
capillary tip diameter, rather than the surface tension. Capillary force takes
significant effect on the interface only when the pore size in a tapered capillary
is smaller than the effective pore throat. Effective pore throat depends on fluid
surface tension and the capillary geometry, but not on liquid viscosity. The

higher the fluid surface tension, the larger the diameter of the effective pore
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throat. A channel with a large tip diameter or gradient will give a large effective
pore throat diameter. Fluid viscosity only affects the magnitude of the resistant
pressure drops of fluid flows in constricted capillaries, but does not affect the
effective pore throat diameter. The effective pore throat and the pressure profile
measured in this study can be explained by the pore contact angle, but cannot

be explained by the contact angle on a flat surface of the same materials.
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tension, Constricted capillary, Pore contact angle

Introduction

Immiscible two-phase flows in porous materials are involved in many
technological, geophysical and biological processes [1], such as the movement
of air and water in soils and rocks [2], the recovery of hydrocarbons from
reservoirs, fluid transport in the gas diffusion layer of fuel cells [3, 4], micro
reactors [5] and electronic chips [6], and microbubble-aided drug delivery [7, 8].
Resistance to two-phase flows has been commonly used to characterize the
efficiency of transport processes, and is estimated by the pressure drop across
a porous material. The flow resistance is governed by pore morphology, pore
size and its throat [9, 10]), pore surface wettability [11, 12], and fluid properties

(e.g. viscosity and surface tension[13, 14]), etc.



. Numerous researchers have investigated the impact of fluid properties {4344+
46}, pore geometry {#6-20} and operational conditions {24} on the resistance to
single or two-phase flows in porous media. In 1982, Wardlaw demonstrated
that the oil trapping is a function of contact angle and pore geometry (pore-to-
throat ratio, pore diameter, and throat length, etc.)[15]. Many single and two-
phase flows experiments have been conducted in slowly or abruptly constricted
capillaries which are designed to mimic a single pore-throat structure [20, 34-
37]. Liang et al. demonstrated that the total resistant pressure for a liquid drop
passing through an abruptly constricted capillary is dependent on the pore to
throat ratio, inclination angle, contact angle, and throat diameter[20]. However,
to author’s best knowledge, some important aspects are still not clear. For
example, what pore size can be seen as a throat based on hydrodynamic
resistance has not been clearly defined, i.e. at which point a significant
resistance occurs to two-phase flows in a channel with varied pore size.
Moreover, if the pore throat is defined based on hydrodynamics, what factors
will affect the pore throat. Will the pore throat be affected by the fluid properties
and pore body?

Commonly, pore throats are regarded as the section or point with a minimal
cross-sectional area in a flow path [22-24]. It can be evaluated directly through
tomographic methods, e.g. micro-X-ray imaging and magnetic resonance
imaging (MRI) [25-29]. The tomographic methods coupled with mercury

injection porosimetry can estimate the size of pore throat in reservoir or aquifer



rocks, in which pressure difference measured across a core sample and the
volume of mercury that intrudes into the sample material are employed to
evaluate the distribution of pore volume and pore size [27, 30]. The data from
mercury injection porosimetry is useful to describe the permeability of porous
materials in a macroscopic sense, but is not helpful for understanding the
impact of the geometry of individual pore on the resistance to fluids, which is
particularly important in improving the efficiency of processes and treatments
for micro reactors, electronic chips and microbubble-aided drug delivery. In
pore-scale network modeling, the pore volume is simplified as two elements-
pores and throats [32]. The throat length is roughly defined by subtracting the
two pore lengths (different from the pore diameter) from the total length
between two pores [28, 33]. However, the definition of a throat is somewhat
arbitrary as pointed out by Blunt, and may affect the accuracy of prediction in
multiphase flows modelling. Understanding the points at which fluids start to
suffer from the resistance due to the constriction of the flow channel geometry

will help to segment the pores and throats concisely.

The resistance of a pore throat to a two-phase flow is different from a single
phase flow due to the capillary effect induced by the two-phase interface [38].
When two-phase flows in capillaries, the presence of air bubble results in an
increase in the resistance, and the pressure increase phenomenon is the well-
known ‘Jamin’ effect. Many researchers also reported an increase in pressure

when oil drop-water flows in channels with varied diameters [34, 35, 39]. For



example, Cobos et.al [35] analyzed the emulsion flow with oil drops in a glass
capillary with a diameter of 200 ym (tube) and 50 ym (throat), and a sudden
increase in the pressure drop was observed when oil drops flow into the tapered
section of a glass capillary. The sudden increase in the resistance has been
simply seen as the effect of the capillary pressure and the difference in fluids
viscosity. The mechanism for this increase remains to be clarified, such as
where exactly the increase occurs, and what factors affect the sudden increase
in the pressure drop. In low-permeability reservoirs, the ‘Jamin effect’ becomes
severe with the progress of liquid displacement, and the resistance required to
displace the oil phase from the reservoirs is significantly high due to the great
pore size variations and pore-pore throat ratios [25, 40]. A clearer
understanding of pore throat based on hydraulic resistance will help to reveal
the mechanism of sudden increase in the resistant pressure, and the impact of
pore geometry on pore resistance to fluid flows [41].

In this study, constricted capillaries were employed to understand the pore
resistance to fluid flows, and the factors affecting the effective pore throat. The
effective pore throat was defined firstly based on the pressure-drop profiles of
two-phase flows in constricted capillaries. The effect of surface tension on the
effective pore throat and pressure drop was studied through adjusting the fluid
surface tension. Silicone oils with similar surface tensions, but a large

difference in viscosities, were employed to investigate the effect of fluid



viscosity on the effective pore throat. It is the first time to use pore contact angle

in the pressure drop calculation.

Theory

Hydraulic resistance to two-phase flows in a microchannel is mainly determined
by capillary force, viscous/frictional force, buoyancy force, and fluid gravity.
Weber number, Bond number and Capillary number given in equations (1), (2)
and (3), have been used to evaluate the relative effect of inertial force, gravity
forces and viscous force versus surface tension on a two-phase flow,

respectively.

_ prv?
We = ” (1)
Bo = (Pw‘P;w)glz (2)
Ca =" (3)

14

where pw is the fluid density of wetting phase, pnw is the fluid density of non-
wetting phase, ris the radius of microchannels, u is superficial velocity of fluid,
y is liquid-vapor interfacial tension, g is gravitational constant, [ is the
characteristic length and u is the dynamic viscosity of fluids.

As reported in literature, a thin liquid film exists uniformly between the
microchannel inner surface and the gas phase when a long bubble of a fluid
with negligible viscosity moves slowly and steadily in a microchannel filled with
liquid. The liquid film is stagnant, and does not cause frictional pressure loss

[42, 43]. The film thickness is proportional to Ca number (% = 0.67Ca??, where



D is the channel diameter) [44], which is negligible in this study due to the small
magnitude of the Ca number as given in Table 1. Thus the effective channel

diameter for fluids flow can be seen as the capillary diameter.

We and Bo number are much less than 1 (as shown in Table 1), therefore the
inertial effects and gravity force can be ignored. Capillary effect is included
when the Ca number is smaller than 10°. As the contraction of capillary
geometry is not abrupt, the pressure drop resulting from the contraction is
negligible. Gravity force and buoyancy force can be ignored as the capillary
setup is maintained in a horizontal configuration. Therefore, the total pressure
drop for two-phase flows in a constricted capillary is the sum of the capillary

pressure drop and frictional pressure drop.

Table 1. Range of the experimental parameters in this study

u 2.36x10%- 0.0212 m/s Bo 1.41x103-0.0353

Ca 2.79%107- 8.81x103 We 1.1x108- 3.57x104

Re 1.41x105-2.3

2.1 Young-Laplace equation

Young-Laplace equation has been commonly used to predict the capillary
pressure difference across the bubble in a cylindrical capillary [11, 45-48]. It is
expressed as the function of the surface tension and contact angle of the fluids,

which is the Young-Laplace equation, given by,



Pc=Pn_PW=M (4)

where r is the microchannel radius, and 8 is the contact angle between a

vapour-liquid interface and the channel inner surface.

2.2 Frictional pressure drop

The frictional pressure drop in fully developed laminar flow is calculated by

Darcy-Weisbach equation,
: (5)
2D
where L is the channel length, u is the mean superficial velocity of the fluid, D
is the channel diameter, and f is the Darcy friction factor.

For laminar flow, f is obtained through conventional equation (6),

f=2 (6)

" Re

where Reynolds number is given by Re = 22,

As the capillary diameter used in this study is not constant, the correlations for
frictional pressure drop presented in literature are not suitable for tapered
capillaries. We derived a new equation according to Darcy-Weisbach equation
to predict the frictional pressure drop for fluids flow in tapered capillaries (the
detailed derivation is described in reference [38]), given as:

m2kr# mwkr3

where k is the capillary gradient, defined as k = (ro; — 11;,)/L, in which ret is

the radius of the effective pore throat, rip is the radius of the capillary tip, and L



is the distance between the effective pore throat point and the capillary tip (as

shown in Fig.1).

2.3 Experimental capillary pressure drop

The experimental capillary pressure is obtained through subtracting the
frictional pressure drop from the overall pressure drop measured. For single-
phase flows (case 1 of Fig. 1), the overall pressure drop is given by,

APgingie = APry + APr, (8)
where APy, is the frictional pressure drop of liquid in the tube with a bore size

of 3 mm, APy, is the frictional pressure drop of liquid in the tapered section.

Tube with a bore

size of 3 mm Tapered section

1 Single-phase
2

L Two-phase
3

P (effective pore throat)

Fig. 1 A sketch of gas-liquid flows in a constricted capillary (bubble is shown in

blue and liquid phase is shown in white)

For two-phase flows, when interface flows into the tapered section (case 3 of

Fig. 1), the overall pressure drop AP; is given by,

APy = APjy + AP, + AP, + APj gy (9)



Where AP, is the frictional pressure drop of liquid in the tapered section
(difference with APy, as the length occupied by liquid is changed), APy, isthe
frictional pressure of gas phase in the tapered section and AP, is the capillary

pressure drop across the liquid-air interface in the tapered section.

Capillary pressure across the interface, AP, can be obtained through equation
(8) and (9),

AP, = (APr — APgingie) + (AP, — AP/, — APrg5) (10)
APr and APg;, 4. were obtained experimentally through recording the overall
pressure drop for two-phase and single-phase flows, respectively. Other terms,

the frictional pressure drop for liquid phase and gas phase in constricted

capillary (APs,, APf, and APy,,) were calculated by equation (7).

Materials and methods

3.1 Manufacture of constricted capillaries

Constricted capillaries with different inner diameters and gradients were
manufactured from borosilicate glass tubes with an inner diameter of 3 mm;
(FB51467 Fisher Scientific, UK). To avoid any contamination, the glass tubes
were soaked in 5M sodium hydroxide solution for 30 minutes (Fisher Scientific)
and rinsed thoroughly with deionized water (C540 Deionizer, Veolia Water
Solutions Technologies). The glass tube was then soaked in acetone for
another 30 minutes (Fisher Scientific, A/0600/15), and washed with deionized

water again. The glass tubes were then heated to around 550 °C by a D2-BS



0617 butane to remove any organic contaminant. After cooling, the tube is
ready for manufacturing constricted capillaries with suitable tip sizes. The
length of the capillary constricted section was controlled at around 3.5 cm and
the pore size gradually decreases at a constant gradient and the tip has the
smallest pore size. Two subsections of the constricted section (as shown in Fig.
1) were manufactured to achieve significant decrease of the channel diameter
from 3000 um to below 300 um, and to investigate pore size effect in a large
range. The experimental setup shown in Fig. 2 contains a liquid pump (LC-20
AD, Shimadzu), a pressure transducer with 0.01 mbar resolution, and a long
working distance microscope with a long working distance (Brunel Microscope
Ltd, 10x objective) fitted with a digital camera (AM7023 Dino-Eye, Dino-Lite

Digital Microscope).

3.2 Measurement of pressure drops for fluids flow in constricted
capillaries

A gas-liquid interface was introduced through injecting 0.1 ml gas into the
constricted capillary which was initially filled with DI water. Then, the pump with
a controlled flow rate of 0.01 ml/min was operated for both single and two-phase
flows in all experiments. The interface position is identified through marking the
tapered section of capillary with intervals. The pressure drop was displayed on
the pressure transducer and recorded every 0.25 second through a LabView

software.
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Fig. 2 Schematic of (a) the experimental apparatus and the tapered capillary
(the tapered section consists of two subsections, and the tip diameter of the
first subsection is about 1000 ym), and (b) a top view of a bubble in a

constricted section of capillary in its static state

3.3 The effect of gas type on the effective pore throat

As CO2 (C40-VB, BOC, Manchester), CH4 (CP Grad (100%), BOC, Surrey) and
air are the gases commonly used in fuel cells, gas reservoir and microbubble-
aided drug delivery, respectively. Experiments in this section were designed to
investigate the resistance of a constricted capillary to the interface created by
these gases. The properties of these gases are shown in Table 2. During
experiments, 0.1 ml of gas was injected respectively to create gas-water flows
in constricted capillaries. The fluid flowrate was controlled at 0.01 ml/min and

the pressure drop was recorded correspondingly.



Table 2. Physical properties of air, CO2 and CH4 (at 25°C and atmospheric

pressure)
Gas Density (kg/m3)  Surface tension in water system (mN/m)
air 1.18 71.99
CO2 1.98 72.0 [49]
CHa4 0.66 75.5[50, 51]

3.4 The effect of surface tension on effective pore throat

To investigate the impact of liquid surface tension on effective pore throat and
the fluid resistance, 2-propanol (99+ %, extra pure, ACROS Organics, New
Jersey, U.S.A) and its aqueous solutions (with various mass fraction) were
used as the liquid phase, and the air was the gas phase. As shown in Table 3,
these solutions have a good contrast in surface tension. Their surface tension
ranges from 21.22 mN/m for pure 2-propanol to 72.0 mN/m for DI water. Their
viscosities were very close, ranging from 8.94x10* Pa-s (for DI water) to
2.07x107 Pa-s (for 2-propanol), and thus the difference in viscosity among

these solutions can be ignored.

Table 3. Physical properties of aqueous solutions of 2-propanol and DI water

(at 25°C and atmospheric pressure) [52, 53]

Concentration Density Viscosity Surface tension

(wiw %) (kg/m3) (Pa-s) (mN/m)




0 (DI water) 997.05 8.94x10* 71.99

5 974.12 1.725x103 49.58
20 913.17 3.040x103 30.57
100 718.11 2.070x103 21.22

3.5 The effect of liquid viscosity on effective pore throat

Silicone oils (sourced from MAPLLC Petroleum Crude Oil) were used as their
viscosity varies greatly (as shown in Table 4) while their surface tension is
similar, ranging from 20.1 to 21.2 mN/m. During the experiments, 0.1 ml silicone
oil with different viscosity was injected to the constricted capillary which was
initially filled with DI water to create immiscible oil-water flow, and the pressure

drop profiles were recorded.

Table. 4 Physical properties of silicone oils [54-56]

Silicone oil Density Viscosity Surface tension Interfacial tension

(kg/m3)  (Pa-s) (mN/m) against water (mN/m)
10cst 930 9.3x108 19.4 434
50cst 960 4.8x107? 20.8 41.2
100cst 960 9.6x102 20.9 41.0
500cst 970  4.85x10" 211 40.5

Results and discussions



4.1 Effective pore throat and resistant pressure profiles of two-phase flow
in constricted capillaries

Effective pore throat of the constricted capillaries has been proposed and
defined by our group based on the measured pressure drop profiles [38]. Fig.
3 presents a typical example to illustrate the definition of the effective pore
throat (P Point in Fig. 3a), i.e. the pore size at which the resistant pressure
suddenly increases. When the channel pore size is smaller than effective pore
throat diameter, the capillary force to gas-liquid flows starts to be significant.
This critical effective pore throat has been observed from our several hundred
measurements. Fig. 4 presents additional typical pressure drop profiles for gas-
liquids with different interfacial tension in constricted capillaries with different tip
diameters. Some oscillation can be observed in the pressure profiles measured
from tapered capillaries with larger tip diameter (as shown in Fig. 4a). The main
reason is the magnitude of pressure drop in tapered capillaries with larger tip
diameter is very small. In addition, the fluid surface tension, tip geometry of the

tapered capillary affects the magnitude of fluctuation.
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Fig. 3 (a) Method to evaluate the diameter of the effective pore throat (P Point),
(b) pressure profile of an air-water flow in a constricted capillary with a tip

diameter of 94 ym
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Fig. 4 Resistant pressure profiles of (a) the air-5% 2-propanol flows and (b) the

air-20% 2-propanol flows

The pressure increase in gas-liquid pressure profile is attributed to the capillary
pressure induced by the gas-water interface when the pore diameter is smaller
than the effective pore throat. ‘Jamin’ effect describes that the presence of air
bubble retards the liquid flow in a tube with a small diameter, but does not
indicate at which pore size the pressure increase happens in tortuous channels,
and when the capillary force to the gas-liquid flow starts to be significant [35,
57-59]. Young-Laplace equation has been commonly employed to predict
capillary pressure, and shows that the capillary pressure smoothly changes

with the channel radius (APcx1/r), but also does not show at which pore size



the capillary force starts to be significant. The effective pore throat defined in
this study clarifies this problem and indicates the pore size at which sudden

increase starts and the capillary force takes effect.

4.2 Impact of gas phase on the effective pore throat

In this section, the effect of different gases on the effective pore throat and the
resistance to gas-liquid flows in constricted capillaries have been investigated.
Air, CO2 and CH4 were chosen as these gases are very common in fuel cells,
electronic devices, CO: storage, shale gas recovery and microbubble-aided
drug delivery. The typical experimental data have been presented in Figs 5-8.
All of the data show that capillary resistance to the interfaces starts from the
effective pore throat. Under the same capillary tip diameter, a larger surface
tension of gas-water interface suffers a higher resistance. The effective pore
throat diameter is very similar for three types of gas-water flows due to the

similar surface tensions of three gases (as shown in Figs. 7 and 8).
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Fig. 5 Pressure-drop profiles for (a) COz-water and (b) CHa—water flows in

constricted capillaries with tip diameters in the range from 115 to 280 ym

The pressure profiles for three gas-water flows are very similar (Fig. 6), with a
slight difference in magnitudes of pressure drop. For example, in the constricted
capillary with a tip diameter of 116.8 um (Fig. 6a), the CHs-water interface has
the highest pressure increase after the effective pore throat due to the greatest
surface tension of CHs-water (75.5 mN/m), while the air-water interface gives
the lowest increase (lowest surface tension of air-water, 71.99 mN/m). Before
the gas-water interface moves towards the effective pore throat, the pressure
drop for the three type of gas-water flows is almost the same, as shown by the

overlapping horizontal lines in Fig. 6.
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Fig. 6 Pressure drop profiles of air-water, COz-water, CHs-water flows in the
capillary with (a) the tip diameter of 116.8 um, and (b) the tip diameter of 94.3,

132.6 and 280 ym



60

94 upm-CO2 = two phase
504 single phase
= 40 . — linear fitting
g [ adba® sma 4 B 4 4 sm w4 @
s 30 T T
a -
) 94 pm-air
5 50
o
E 404 P
1] [ —A A —A—
o 30 - T T T
& )
60 ! 94 um-CHa
504
40 P
W W I— S —
30 . T T T
0 500 1000 1500

Pore diameter (um)

Fig. 7 Effective pore throat for air-water, CO2-water, CHs-water flows in the

constricted capillary with a tip diameter of 94 ym

= air-water
800 ® COz-water
4 CH4-water
linear fitting (CHa4)
—— linear fitting (air)
600 - linear fitting (CO2)

Effective pore throat diameter (um)

4004
air: y=2.56x-34.10, R*=0.982
CO, y=2.58x-42.38, R?=0.984
200+ CH,: y=2.69x-57.95, R’=0.974

AN

100 200 300
Capillary tip diameter (um)

Fig. 8 Effective pore throat of the constricted capillaries for air-water, CO2-water

and CHas-water flows

4.3 Impact of liquid surface tension on effective pore throat
To further investigate the impact of surface tension on the effective pore throat,
2-proponal was used to adjust the liquid surface tension from 71.99 to 30.57

mN/m. The physical properties of the liquids are shown in Table 3. The results



(Figs.9-10) indicate that the effect of surface tension on the pressure drop for
two-phase flows takes action only after the effective pore throat, and a larger
surface tension gives a larger resistance in constricted capillaries. For the flow
path with a pore size greater than the effective pore throat, liquid surface
tension does not affect the pressure drop of the flows, and the pressure drop is
mainly controlled by the capillary tip size, rather than the surface tension. Small
capillary tip gives a high resistance to two-phase flows. [Moreover, the diameter
of the effective pore throat increases with the increase of interface surface
tension under the same flow conditions (flowrate, liquid viscosities) and
capillary tip size, as shown in Fig. 10. !

Fig. 9 (a) (b) and (c) show the pressure-drop profiles for the flows of air-water,
air-5%wt 2-propanol and air-20%wt 2-propanol in constricted capillaries. In Fig.
9(a), the horizontal lines are the balanced pressure for two-phase flows before
the interfaces touch the effective pore throat. The balanced pressure for air-
water, air-5%wt 2-propanol and air-20%wt 2-propanol were about 6.1, 7.2, and
10.1 mbar, respectively. Although the surface tension of air-20%wt 2-propanol
is the lowest (30.57 mN/m), the balanced pressure to air-20%wt 2-propanol flow
is the highest as the capillary tip diameter is the smallest (218.6 ym). The
surface tension of air-water is the highest but the balanced pressure is the
lowest because of the relatively large capillary tip diameter (224 pm). This
indicates that when the pore size of microchannel is greater than the effective

pore throat, the resistant pressure drop is directly dependent on the capillary
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To avoid more problems from the reviewer.




tip sizes, rather than the surface tension. Fig. 9 (b) and (c) further prove the
dominant effect of capillary tip size on the resistant pressure before the effective

pore throat.
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Fig. 9 Effect of liquid surface tension and capillary tip diameter on the pressure-
drop profiles of two-phase flow in constricted capillaries (The surface tensions:
air-water = 71.99 mN/m, air-5%wt 2-propanol = 49.58 mN/m and air-20%wt 2-

propanol = 30.57 mN/m)

In Fig. 9, the peak of the pressure drop for air-water flows is largest among
three types of two-phase flows, as the surface tension of air-water is highest.

According to the Young-Laplace equation (AP, « y), the two-phase interface



with a larger surface tension will induce a higher capillary resistance. This can
explain the difference in pressure profiles measured for gas-liquid interface with
different surface tension, only when the pore size is smaller than the effective
pore throat. However, it cannot explain why the impact of surface tension on
the resistant pressure suddenly starts from the critical point-the effective pore
throat. In Section 4-6, the sudden increase in capillary resistance is qualitatively

explained through pore contact angle.
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Fig. 10 Impact of surface tension on the effective pore throat

The three fitted lines in Fig. 10 indicate that fluid surface tension affects the
effective pore throat diameter of constricted capillaries for two-phase flows. For
the gas-liquid flows with a smaller surface tension, the effective pore throat
diameter in the microchannel would be smaller. For example, in a capillary with
tip diameter of 200 um, the effective pore throat is the highest for air-water flow

(around 480 pym, as shown in Fig. 10,) because of the highest surface tension



of air-water interface (71.99 mN/m). On the contrary, the effective pore throat
diameter for air-20%wt 2-propanol interface is the smallest (about 300 ym)
among the three cases, as it has the lowest surface tension (39.57 mN/m). Itis
interesting to note that the gradients of three fitted lines are nearly the same.
During the experiments, viscosity of DI water, 5%wt 2-propanol and 20%wt 2-
propanol, and the capillary geometry were very similar, and the gas volume and
liquid flowrate were the same. The same gradient of the lines in Fig. 10 means
that the impact of the capillary tip size on the diameter of effective pore throat

is the same even though the air-liquid interfaces have various surface tensions.

4.4 Effect of liquid viscosity on the effective pore throat

The effect of viscosity on the effective pore throat was investigated through
injecting silicone oil with viscosities from 10 to 500 cst to create a silicone oil-
water flow in constricted capillaries. The physical properties of different silicone
oils are presented in Table 4. The experimental results are presented in Figs.
11-12. The results indicate that viscosity significantly affects the magnitude of
the pressure drop in fluids flows (Fig. 11), but does not affect the diameter of

the effective pore throat (Fig. 12). The resistant pressure drop of silicone oil

flow in constricted capillaries increases with fluids viscosity. When the viscosity
increases from 10 to 100 cst, the pressure drop for the silicone oil in a

constricted capillary with a tip diameter of 339 ym increases from 5 to 35 mbar.
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Fig. 11 Effect of viscosity on the pressure drop for silicone oil flows in a

constricted capillary with a tip diameter of 339 ym

Fig. 12 shows the effect of viscosity (from 10 to 500 cst) on the effective pore
throat for silicone oil-water flows in constricted capillaries. The diameter of
effective pore throat is similar even the viscosity of silicone oil varies
significantly from 10 to 500 cst. The data indicates that the effective pore throat
diameter is independent of fluid viscosity. Viscosity can affect the magnitude of
resistance to phase body, but does not affect the resistance to the two-phase
interface. A larger fluid viscosity will result in a higher frictional pressure drop,
which is easily explained by Hagen-poiseuille equation, thus the resistance to
fluid body is greater. As the resistance to the interface is induced by the surface
tension, rather than viscosities, viscosity does not influence the diameter of

effective pore throat.
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4.5 Impact of capillary geometry on the effective pore throat

Capillary geometry in this study includes the capillary length, capillary gradient
and capillary tip diameter. Figs. 8 and 10 show that, within a certain range, the
effective pore throat diameter linearly increases with the capillary tip diameter.
For liquids with various surface tension, a large capillary tip diameter gives a
large effective pore throat. As the capillary length is fixed in this study, the
gradient of the capillary tapered section can be simply calculated by dividing
the diameter difference at the two end of the capillary by the length. Fig. 13
illustrates the impact of capillary gradient on the diameter of effective pore
throat diameter. Effective pore throat diameter almost linearly increases with
the capillary gradient. Interestingly, the pressure increase rate does not show
any obvious dependence on the capillary tip diameter or the capillary gradient.

As shown in Figs. 4-6, the pressure increase sections in the pressure profiles



have a similar increase rate for all gas-liquid flows in the capillaries with

diameters in a wide range from 94 to 291.6 pm.
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Fig. 13 Impact of capillary gradient on the effective pore throat

4.6 Discussions

As discussed in 4.1, the resistance increase is attributed to the capillary force
induced by the bubble phase, while no theory explained this sudden increase
in resistant pressure as well as the effective pore throat. According to ‘Jamin’
effect and literature [60], the capillary pressure resulting from the motion of
bubble in constricted microchannel equals the difference of capillary pressure
between two sides of the bubble, as shown in Fig. 2 (b), and it is calculated

through equation (11).

AP. = Py — P, = 2¥¢0s% _ 2rcosty )

Ta b



30
m  Experimental APc

’g L Theoretical APc
e}
E 204
o ]
=1
@
8 [}
G 10 1

-
el
= "
g
O o4 " . LR & .

T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Radius (um)

Fig. 14 A plot of the change of capillary pressure with the flow path radius for

air-water flow in the constricted capillary with the tip size of 94 ym

Fig. 14 compares the experimental capillary pressure and the theoretical
capillary pressure for air-water flows in a constricted capillary, and it indicates
that the capillary pressure calculated through equation (11) is smoothly and
continuously changed with flow path radius under the condition that the contact
angle and the surface tension are fixed. However, the experimental capillary
pressure is not smoothly changed with flow radius (as shown in Figs. 15-16),
and the effective pore throat separates the capillary pressure profile into two
straight lines with different gradients. When the channel pore size is greater
than the effective pore throat, capillary pressure does not vary with the pore
size. After the effective pore throat, capillary pressure suddenly increases with
the decrease of pore size. The theoretical equations cannot indicate the size of
effective pore throat and capillary pressure drop of fluid interface in constricted

capillaries within a large range of pore size.
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Fig. 15 AP, vs. 1/r for air-water flows in constricted capillaries with different tip

diameters

However, the effective pore throat and the sudden increase in the resistant
pressure profiles could be qualitatively explained by the pore contact angle
published by our group [61, 62]. Contact angle measured from a pore space
differs significantly from that on a flat surface. For a certain vapor-liquid
interface and solid surface, the static contact angle on a flat surface is a
constant. In a pore space, the static pore contact angle for air-water interface
increases with the decrease of pore size until around 200-400 ym, and then
takes a constant value of around 33 degrees (as shown in Fig. 16) [61]. When
the pore size is greater than the effective pore throat, with the decrease of pore
size, the pore contact angle increases, i.e. cosf decreases. The capillary
pressure may remain constant in this section due to the decrease of cosé and

the decrease of r at the same time. Once the pore size is smaller than the



effective pore throat, the pore contact angle is roughly a constant. The capillary
pressure therefore linearly increases with 7/r. The turning point in the contact
angle profile roughly matches the effective pore throat.
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Fig. 16 Change of static pore contact angle with 1/r, and change of capillary
pressure with 1/r for the air-water flows in the constricted capillary with a tip size

of 117 uym

From the aspect of the interfacial free energy, pore contact angle can also
explain the measured pressure profile and the effective pore throat. For an
isothermal, closed system, the interfacial free energy (dF) can be calculated
through equation (12) [1], [63],

dF = ys4dA — ygdA —ygdA cosf (12)
Where y is the interfacial tension for the liquid-gas (/g), solid-gas (sg) and
solid-liquid (s/) interfaces, dA is the moving area of interface and 6 is the

equilibrium contact angle among the three-phase.



When the pore size is larger than the effective pore throat, the pore contact
angle increases with the decrease of pore size, i.e. cosf is decreasing. The
interfacial free energy (dF) increases correspondingly, which means more
energy is stored in the interface, therefore the energy dissipation which is
reflected through pressure drop is not significant. This corresponds to the
horizontal section of capillary pressure profile. When the channel pore size is
smaller than the effective pore throat, the contact angle does not vary with pore
size, and the two-phase interface cannot store extra energy, therefore the
capillary pressure drop (AP,) starts to increase sharply with the decrease of

pore size.

Conclusions

The paper investigates the effective pore throat of a micro-channel with varied
diameter and the effect of the surface tension, pore contact angle (not flat
surface contact angles), viscosity and tip diameter of constricted capillaries on
the effective pore throat. The pressure drops were measured to evaluate the
resistance to two-phase interface in constricted capillaries and to identify the
effective pore throat. “Effective pore throat” is defined to determine at what pore
size the capillary resistance starts to apply to two-phase interfaces in a
microchannel with varied pore size.

The size of effective pore throat depends on liquid surface tension and capillary

geometry (capillary tip diameter and capillary gradient). The higher the



interfacial tension of gas-liquid interfaces, the larger the diameter of the
effective pore throat. The capillary with a smaller tip diameter, or a smaller
gradient will give a smaller effective pore throat diameter. Fluid viscosity only
affects the magnitude of the resistance to fluids flows in microchannels, but not
affect the diameter of the effective pore throat.

Surface tension affects the resistance to the two-phase flows only when the
channel has a size smaller than the effective pore throat. The larger the surface
tension, the greater the resistant pressure to two-phase interfaces. For
channels with pore size greater than the effective pore throat, the resistant
pressure drop depends on capillary tip diameter, rather than the surface tension.
The sudden change in the resistant pressure profile, and the effective pore
throat cannot be explained by the contact angle on a flat surface, but it could
be explained by the pore contact angle. The difference in the capillary pressure
profile before and after the effective pore throat matches the change in the pore

contact angle with the pore size.
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