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Abstract:

In this work the problem of displacing a ganglion of a fluid by another immiscible one in
capillaries is investigated. A modeling approach is developed to predict the location of the
ganglion with time. The model describes two patterns; namely, when the ganglion totally
exists inside the tube, and when the advancing interface of the ganglion has broken through
the exit of the tube. The model is valid for the case in which the ganglion is wetting as
well as when it is nonwetting to the wall of the tube. It also considers the situation in
which both the advancing and the receding interfaces assume, generally, different contact
angles. For the special case when the displacement process is quasistatic, both the receding
and the advancing contact angles may be considered the same. Under these conditions,
interfacial tension force plays no role and the ganglion moves as a plug inside the tube
with a constant velocity. When the viscosity ratio between the invading fluid and the
ganglion is one (i.e., both phases are having the same viscosity) the motion reduces to the
Hagen-Poiseuille flow in pipes. Once the advancing interface breaks through the exit of the
tube, interfacial tension starts to take part in the displacement process and the ganglion
starts to accelerate or decelerate according to the viscosity ratio. When the ganglion is
nonwetting, interfacial tension becomes in the direction of the flow and is opposite to the
flow otherwise. The model accounts for external forces such as pressure and gravity in
addition to capillarity. A computational fluid dynamics analysis of this system is conducted
for both types of wettability scenarios and shows very good match with the results of the
developed model during both the two modes of flow patterns. This builds confidence in
the developed modeling approach. Other cases have also been explored to highlight the
effects of other scenarios.

1. Introduction

In oil production, water is injected into oil reservoirs, in

that the average residual oil left in the reservoir is perhaps
one-third of the original oil (Jha, 1984; Sheng, 2013; Salama

a process called water flooding, to displace the oil towards
production wells (Abdus et al., 2008; Ahmed, 2019; Arab
et al., 2020; Mogensen and Masalmeh, 2020). Even though
this technique is widely used worldwide, it can only displace
but portion of the in-place oil. Indeed, it has been reported
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et al., 2017; Speight, 2019). Such substantial quantities of
residual oil are consequence of water bypassing chunks of oil
intact in the rock pores. Many factors may contribute to such
phenomenon including heterogeneity of reservoir materials
and of their affinities towards reservoir fluids. In fact, it has
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been reported (Zhong et al., 2014; Bao et al., 2018) how the
differences in affinity properties of a Y-shaped pore junction
can influence the amount of oil advancing in the two branches.
The displacement of oil by water depends on many factors
including oil viscosity and rock characteristics. The process of
water flooding measures how water displaces oil from porous
and permeable reservoir rocks at a microscopic scale, which
represents the level of analysis over a small core-plug sample
in a laboratory. At the reservoir scale, however, the efficiency
of waterflooding processes must include information about the
effects of geology, gravity, and geometry. Because of the small
length scale associated with the displacement process at the
scale of individual pores, capillary force plays crucial role in
the sweeping efficiency. The study of this mechanism at pore
scale can be conducted in two ways; namely, via pore network
models (Raoof and Hassanizadeh, 2010; Raoof et al., 2013;
Xiong et al., 2016; Huang et al., 2020; Won et al., 2021), or
via a real reconstruction of a representative porous medium
domain via techniques involving computer tomography (CT
scan) (Alemu et al., 2011; Cnudde et al., 2011; Madonna et
al., 2012; Ramanathan et al., 2016; Bageri et al., 2021). Of the
two, pore network models represent the simplest to establish.
In pore network models two techniques have been adapted;
the first is quasistatic pore network models (Blunt et al., 2002;
Nordhaug et al., 2003; Zhang et al., 2015; Regaieg and Mon-
corgé, 2017) and the second is dynamic pore network models
(Blunt, 2001; Joekar-Niasar and Hassanizadeh, 2011; Joekar-
Niasar and Hassanizadeh, 2012; Qin and van Brummelen,
2019). In quasistatic pore network models, certain rules are set
to advance the interfaces through pore bodies and pore throats.
A critical entry pressure is defined for every pore throat in the
network. These entry pressure values define criteria for the
interface to advance into pore throat or otherwise pining at
its entry. The critical entry pressure is calculated based on the
static contact angle, interfacial tension, and the diameter of
the pore. An algorithm may be developed to monitor how the
network is populated with the invading fluid until breakthrough
occurs. Occasionally, invaded fluid may get separated and
trapped in certain locations of the network and defines what
is called ganglions. In dynamic pore network models, on the
other hand, the velocity of the interface is correlated with the
pressure difference via a conductance term that accounts for
the resistances to the flow in each pore throat. Two general
approaches, exist; namely single-pressure and two-pressure
algorithms (Joekar-Niasar and Hassanizadeh, 2012). In single-
pressure algorithm, a single pressure is assigned to each pore
body regardless of their fluid occupancy. In two-pressure
algorithm, when a pore body is filled with two fluids, each
fluid is assumed to have its own pressure and, in this case,
a local capillary pressure exists in a pore body. When the
invaded phase exists as separated ganglions, things become
more complex by the possible larger number of interfaces
a ganglion could establish within the network branches. In
microscale simulation, on the other hand, real pore structures
within a representative sample are extracted and conservation
laws are solved in the pore space where the two fluids coexist
(Almetwally and Jabbari, 2020). While this approach is more
realistic, it cannot be used on relatively larger-scale volumes

for the relatively larger computational resources it requires.
Different numerical techniques have been adapted to study
the displacement of one fluid by another immiscible one. They
may, generally, categorized into three basic models. These are,
namely; sharp interface models (Sato and Niceno, 2013; Bao
et al., 2016; Montazeri et al., 2017; Xu et al., 2018), diffuse
interface models (De Mello and da Silveira Filho, 2005; Pan
2019; Benilova, 2020), and lattice Boltzmann models (Grunau
et al., 1993; Lamura et al., 1999; Guo, 2021). The outcomes
of these methods on a small-scale representative sample may
be extrapolated and upscaled to provide field variables.

Another application where displacement of immiscible
fluids in capillaries occur is related to the filtration of oily
water systems using membrane technology. In this case, oil
exists as droplets dispersed in the continuous water phase.
In order for the membrane to function effectively in sepa-
rating oil and water, the selectivity of the membrane is not
only dependent on its pore sizes but also on the affinity
characteristics towards both oil and water. In other words,
the membrane should be selected to be oleophobic such that
interfacial forces act to hold oil droplets at the surface of the
membrane. If the transmembrane pressure is held smaller than
the entry pressure, oil droplets will remain pinned at the pore
openings without permeation. The accumulation of oil droplets
at the surface of the membrane intensifies the problem of
fouling and reduces the filtration capacity of the membrane.
In order to minimize the potential growth of fouling, pinned
droplets must dislodge the surface. This is done via enforcing
the feed emulsion along the membrane surface in crossflow
methodology. The shear flow stresses pinned droplets to detach
the surface and free pore openings from blockage (Tummons
et al.,, 2016; Zoubeik et al., 2018; Salama, 2020a, 2020b,
2020c, 2020d, 2021b, 2021c; Echakouri et al., 2021). In some
scenarios, the crossflow field can breakup permeating droplets
into two parts one remains at the surface and another inside the
pore (i.e., a ganglion). The ganglion further permeates via the
pore by permeate flux. It is interesting to estimate the volume
of the droplet that remains in the pore and to highlight the
displacement of the droplet by permeate flux. This has been
the topic of previous works by Salama (2020c) in which a
computational fluid dynamics (CFD) analysis has been used
to highlight the physics involved in such process.

From the previous discussion, it can be seen that handling
the problem of displacement of a fluid by another immiscible
can be quite involved particularly in complex geometries. For
the scale of such phenomenon in capillary tubes, Salama
(2021a) has recently developed a generalized model that
accounts for all possible scenarios involving imbibition and
drainage processes. Another case that can be of interest in this
category would be related to the scenario in which a fluid is
displacing a ganglion of another immiscible one in capillaries.
This is the topic of this work where we try to extend the
framework developed by Salama (2021a) to encounter the
movement of ganglions in capillaries.
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(a) A ganglion displaced by an invading fluid
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(b) A ganglion totally encompassed inside the tube
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(c) A ganglion starting to break through the exit of the tube

Fig. 1. Schematic of the considered setup where a ganglion is enclosed inside a capillary tube and is surrounded by the other immiscible fluid (a). Two
patterns are identified; namely, when the ganglion is totally contained inside the tube (b), and when the ganglion has broken through the exit (c).

2. Problem statement

As indicated earlier, water bypassing oil during water
flooding can lead to larger volume of oil left intact inside
the reservoir. Furthermore, due to the higher viscosity con-
trast between water and the oil, with the less viscous water
displacing the higher viscosity oil, fingering can occur at
the water-oil front that can lead to the separation of chunks
of oil from the bulk oil where they become surrounded by
water. In other words, ganglions are formed in the interface
region that are transported with the invading water phase. It is
therefore important to investigate their dynamics in simplified
geometries before featuring their behavior in complex systems.
The considered setup represents a capillary tube where a
ganglion initially exists in the tube and is displaced by an
invading immiscible fluid. Fig. 1(a) shows a schematic of
the considered setup where a ganglion (orange in color) is
displaced by an immiscible one (blue in color). The length of
the ganglion is /; and the location of its receding interface from
the start of the tube is / with the total length of the tube given
as L. Two flow patterns can establish; namely, 1) when the
ganglion is fully encompassed inside the tube, Fig. 1(b), and 2)
when the advancing interface has breakthrough the exit of the
tube, Fig. 1(c). Both flow patterns are treated separately and a
model that depicts the location of the ganglion in both cases
would need to be developed. The basic assumptions related
to the developed model is that both fluids are incompressible
and in the special case of slower flow, both the interfaces of
the ganglion assume, approximately, the same contact angle.

3. Model development

The governing equation that describes the dynamics of the
ganglion inside a capillary tube during an invasion process by
another immiscible fluid is the conservation of momentum,
which may be written over a control volume as:

d
= [ pudV + [ (pu-n)udA =Y F (1)
arv/ A/

where u is the velocity vector, n is the outwardly unit normal
vector to the surface area A, and F refers to all external volume
and surface forces. In typical flows in capillaries, the inertia
term may be neglected (Lucas, 1918; Washburn, 1921; Dullien
et al., 1977; Hammecker et al., 1993; Cai et al., 2010, 2012,
2021; Bijeljic et al., 2011; Salama, 2021a) and the above
equation reduces to:

YF=0 @)

The set of external forces include, pressure, capillary,
gravity and friction forces and they may be calculated as:

ZF:—/pndA+/TndA+/png+/ytdl 3)
A A \4 CL

where 7 is the interfacial tension, t is the unit vector in the
plane tangent to the interface at the contact line (CL) and
normal to the CL. Let us define the average shear stress 7 as:
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7= —/rdA )

where A; refers to the area where the shear stress applies.
Eq. (3) would now be adapted over the control volume that
represents the capillary tube. We apply this equation for the
two patterns discussed before.

3.1 Case I: the ganglion is totally enclosed in the
tube

When the ganglion is totally contained within the capillary
tube, one can establish two scenarios. The first represents the
case in which the ganglion is wetting and the second is when
the ganglion is nonwetting. Fig. 2 shows schematic of the two
cases in which the flow is directed downwards. The ganglion
establishes two interfaces inside the capillary tube. Under
static conditions, these interfaces assume the static contact
angle. The advancement of the ganglion inside the capillary
tube, however, results in the two interfaces (i.e., the advancing
and the receding interfaces) to assume different contact angles;
namely the advancing and the receding contact angles. Such
dynamic contact angles are, generally, function of the flow
velocity (Payatakes, 1982; Wu et al., 2017; Siebold et al.,
2020). In this case, one can break the forces influencing the
dynamics of the ganglion inside the tube for the two cases as:

ZF =(p1 —p2)Acs — D (L—1,)T| — DI, T

5
+p1g(L—1,) A+ prglyA+ DY (cos 4 — cos Og) ®)

where the plus sign in the interfacial tension term represents
the case of a wetting ganglion and the negative sign for a
nonwetting ganglion. In the above equation, Acs is the cross-
sectional area of the tube. Likewise, the + sign in the gravity
term indicates that the gravity could be in the direction of the
flow or opposite to it.

In typical flows in capillary tubes, it is customary to assume
that the flow is laminar and the velocity profile is parabolic
(i.e., lower Reynolds number flow conditions). In this case, the
average shear stress in the two fluid regions may be expressed
as (Salama, 2021a):

_ u _ U
T1 :8N157 72:81»125 (6)

where U is the average velocity. Ignoring inertia and substi-
tution into Eq. (5), one obtains:

ApAcs —8uim(L—1)U —8upml,U £ pig(L—15)A

(7
+p2gleA+ DY (cos 04 —cosBg) =0

With some manipulations and rearrangements, Eq. (7)
reduces to:

251 lg lg
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Fig. 2. A wetting (a) and a nonwetting (b) ganglions inside the capillary
tube: (a) A wetting ganglion; (b) A nonwetting ganglion.

Following Salama (2021a), let both the viscosity and
density ratios be defined as: A = u; /i, and & = p;/pa,
substitution in Eq. (8) yields:

APACS - Suzﬂ'UL |:A, (1 - lg) + lg:|

L L
lg lg 9
+p2gAcsL [5 (1 - L> + L]

+ DY (cos B4 —cosOg) =0

The average velocity, U, may be defined as: U = dl/dt
(Salama, 2021a), which is shown in Fig. 1(a), in this case Eq.
(9) reduces to:

L d

l

+ p2gAcsL {5 <1 - i) + g]
+ DY (cos B4 —cos Og) =0

ApAcs — 8L [k <1 — lg) + lg} dl
l

Dividing thoroughly by Acs and rearrangement, one ob-

tains:
32w lg I, ] dl
1 _— —_] —_— =
D? {’1 ( L + L | drt

Ap£prgL [5 (1 - lg) + lg} +Ap,

(11
L) L
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where Ap, =4vy/D (cos 64 — cos 6g). Let us define the param-
eters ay, and ag as:

32/.12L lg lg
= All—=2 = 12
W= [ ( L)L (12)
LIE(1 le +lg (13)
A, = —_ =
¢ = P28 I I
Substitution into Eq. (11), one obtains:
dl Apx+Ap.+
= = AP L AP L dg (14)
dt ay
Eq. (14) is an implicit equation since Ap. =

f(dl/dt,y,D,0s), where Os is the static contact angle. In
the special case when the flow is relatively slow, both the
advancing and the receding interfaces assume approximately
the static contact angle. In this case, one may assume Ap. =0
and the above equation reduces to:
ﬂ _ Ap*ag (15)
dt ay
The right-hand side of Eq. (15) is constant, and this implies
that the average velocity is constant. For this scenario, let us
consider the case when A =1, (i.e., y; = tp = u), for flow in
horizontal tube (i.e., a; = 0), the parameter a; becomes equal
to 32uL/D? and Eq. (15) becomes:

a_, D
dt ~  32uL

Ap (16)

Which conforms to the Hagen-Poussile’s formula (Batch-
elor, 2000). Integrating Eq. (15), yields:

1(t) = <Apiag)t

a'u au

a7

Eq. (17) indicates that the location of the ganglion proceeds
linearly with time and the ganglion is not accelerating during
this flow pattern.

3.2 Case II: the advancing interface has exited
the tube

When the ganglion is fully contained inside the capillary
tube, the size of the two fluid regions remains constant. In
this case, pressure, gravity, friction, interfacial tension forces
are constant. This would not be the case when the ganglion
starts to break through the exit, (I+1, > L). The size of the
invading fluid continuously increases while the size of the
invaded fluid diminishes. This implies that the friction force
changes continuously as the makeup of the fluid in the tube
changes. This flow pattern is similar to the cases recently
studied in (Salama, 2021a) that describes the displacement of
one fluid by another immiscible one in capillaries. For the sake
of completion, however, we highlight the main steps. For this
case, Eq. (5) is modified to incorporate the effects of capillarity
of the single interface that exists inside the tube, therefore one
obtains:
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Fig. 3. When the ganglion has broken through the exit of the tube, a single
interface remains inside the tube which is displaced towards the exit of the
tube. In this case the volume of the invading fluid inside the tube increases
and that of the ganglion decreases: (a) Invasion by a nonwetting phase; (b)
Invasion by a wetting phase.

T dA

ZF:(PI—P2>ACS_/ T1dA —
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(18)
j:/ plngj:/ p2gdV £ rmDYycos 0
Vi Va
where p; and p; are the pressures at the inlet and exit of the
tube, 7; and 7, are the shear stresses at the wall of the two
parts of the control volume, A; and A, are the surface areas of
the control volume associated with the two fluid regions (as
shown in Fig. 3), V| and V, are the volumes of the respective
two fluid regions, p; and p; are the densities of the fluids in
the two parts, Acs is the cross-sectional area, and 6 is the
contact angle.
Adapting Eq. (18) to the control volume considered in Fig.
3, and ignoring inertia term, one obtains:

(p1 — p2)Acs — nDIT) — D (L — 1) Ty £ p1 glA

(19)
+p2g(L—1)A+mDycosB =0

Substitution of Eq. (6) into Eq. (19) and dropping the
subscript CS, one gets:

ApA — 8L U —8m (L—1) upU £ pglA

(20
+pg(L—1)A+wDycos® =0
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As has been introduced before, the average velocity U
may be correlated with the time derivative of the location
of the meniscus as U = dl/dt, where ¢ is the elapsed time.
Substitution into Eq. (20) yields:

dl
ApA+piglIA+prg(L—1)A— Sﬂlﬂla

dl (21)
- SH(L—Z)}LZE +DycosO =0
Factoring and collection of terms, one obtains:
4ycos O [
Ap+ Y ingLL(é—l)H]
(22)

32 1) dl 32pLdl

With the capillary pressure defined as p. = 4ycos6/D,
substitution in the above equation and dividing thoroughly by
|pc|, one obtains:

A . L
{ P Pe P28 ing(é—l)l}—
[ 32up G-It 32[.L2L] dl
|pC|D2 |pc|D2 dt
Rearrangement, one gets:
3241 32u2L] dl [ P28 }
A—1)1+ ——|x —1)|I
[pcD2( N o0 ar &Y 24)
_Ap | pe  pagl
[pe|l  Ipel Pl

Following Salama (2021a), let the parameters, a, b, ¢, and
d be defined as:

321
a= """ (A -1 (25)
pp? * 1
32upL
=— (26)
‘pchz
P28
c=+ -1 (27)
pel &Y
_Ap | pc , pagL 28)

Pl |pel |pel

Eq. (24), therefore, can be written in compact form as:

dl
(al +b)— —cl=d

dt 29)

Eq. (29), therefore, describes the advancement of the
interface inside the capillary tube for the case in which [/ lies
between L —1, and L.

4. Verification, and validation

In this section, we provide comparisons with CFD analysis
of two cases representing a wetting and nonwetting ganglions,
ignoring the gravity. For this system, a, = 0, and during the
first flow pattern in which the ganglion is totally encompassed
inside the tube, the location of the meniscus is determined
by I(t) = (Ap/ay)t. This formula is used initially assuming
that Ap. = 0. This flow patterns ends when | = L — [, after a
time period of #; = a, (L —1I,)/Ap. When the ganglion starts
to break through the exit, the second flow pattern starts and,
in this case, we have Eq. (29) modifies to:

dl
[+b)—=d 30
(@ +5)5, (30)
Integration yields:
SP+bl=di+C @31)

where C is the constant of integration, which may be calculated
knowing the initial condition. Therefore, when ¢t = #;, and
I = L—1g, the constant of integration, C, is:

C:g(Lflg)erb(Lflg)fdt[ (32)

Substitution into Eq. (31), one obtains:

a b a
t=—P+-l—|—
2d T d [201

Collecting terms and simplification yields the following
algebraic equation:

(L—1g)* + S (L—1y)— t,} (33)

2 I d|L L ]H’ (34)

. al? | 2
T 2d

<ng>21+u{z (L—1)

In the considered setup, when gravity is neglected, the
parameter d equals Ap/|p.|=£ p./|pc|. It is to be mentioned
that, apart from the speculation of slowly moving meniscus,
the dynamic contact angle should be used for the two flow
regimes of the ganglion. Even though there exist models that
correlate the dynamic contact angle with the velocity (or more
specifically the capillary number), these models may be valid
for some special cases (Salama, 2021a). In this work, the
problem is even more complicated by the fact that there exist
two contact angles associated with the two interfaces of the
ganglion inside the capillary tube. It is beyond the scope of this
work to review the different models for estimating the dynamic
contact angle. Interested readers, however, may refer to the
ample works of several authors who have considered this topic
(Payatakes, 1982; Wu et al., 2017; Siebold et al., 2020). In this
work, however, the dynamic contact angles have been used
as a fitting parameter that is tuned to match the CFD results.
The fitting process involves generating the normalized volume
curves assuming static contact angle conditions. Then the
receding contact angle is adjusted to fit the general behavior
of the normalized volume profile for the second flow regime
(i.e., after the ganglion has broken through the exit). The
advancing contact angle is then tuned to match the location of
the receding meniscus at the end of the first flow regime. In
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Fig. 4. Schematic of the computational domain. The parallelopiped at the
top is a reservoir of the invading fluid and the capillary tube attached to the
reservoir is where the ganglion exists.

the next section, a description of the computational setup that
is used to provide comparison exercises for validation purposes
is introduced.

4.1 Computational setup and CFD results

The computational setup built for the purpose of pro-
viding a framework for validation represents a rectangular

parallelepiped region that defines a reservoir and a capillary
pipe attached to the reservoir. The reservoir has dimensions
of 5x4 x3 um and the capillary tube has a diameter of 0.4
um and a length of 15 um (i.e., L/D ratio of approximately
40), as shown schematically in Fig. 4. This setup has been
used in ample previous works (Zoubeik et al., 2018; Salama,
2020a, 2020b, 2020c, 2020d, 2021b, 2021c; Echakouri et al.,
2021) for which sensitivity analysis of the adequacy of mesh
resolution as well as the appropriate discretization schemes
for the different terms contributing to the governing equations
have been explored and will not, therefore, be repeated here.
Furthermore, the governing equations in the context of volume
of fluid modeling have also been described in previous other
works (Zoubeik et al., 2018; Echakouri et al., 2021; Salama,
2021b, 2021c).

Two cases have been explored in this work representing;
namely, 1) a nonwetting ganglion displaced by a wetting phase
and 2) a wetting ganglion displaced by a nonwetting phase.
In both scenarios, a number of cases of different viscosity
contrasts of the two phases have been considered. In all the
studied scenarios, a ganglion is initiated at the inlet of the
capillary tube of a length of one third the length of the tube
(i.e., [y = 5 um). For the nonwetting ganglion scenario, the
ganglion is considered having a static contact angle of 135°
and is 45° for the wetting ganglion scenario. In both cases,
the surface tension has been considered as 0.025 N/m and the

0 10 25 35 40

64 100 150

50

200 250 290

Fig. 5. Snapshots of the location of a wetting ganglion inside a capillary tube. The followings are the operating conditions and properties of both fluids: Ap
= 2.5 bars, ¥y = 0.025 N/m, 6 = 45°, u,, = 0.01 Pa-s, f,, = 0.001 Pa-s, A = 0.1.



38 Salama, A., et al. Capillarity, 2021, 4(2): 31-44

0 10

350 400 410

100 150 200

420 430 433

Fig. 6. Snapshots of the location of a nonwetting ganglion inside a capillary tube. The followings are the operating conditions and properties of both fluids:
Ap = 2.5 bars, ¥y = 0.025 N/m, 6 = 135°, u,, = 0.001 Pa-s, i, = 0.01 Pa-s, A = 0.1.

pressure difference along the capillary tube of 2.5 bars.

Fig. 5 shows snapshots of the ganglion inside the capillary
tube at different times for the case in which the ganglion
is wetting. In this case, the two interfaces of the ganglion
assume concave shapes. Two cases with respect to the viscosity
contrast have been considered; namely, 1) when A = 0.1 (i.e.,
the invading fluid is less viscous than the ganglion), and 2)
when A = 10 (i.e., the invading fluid is more viscous than
the ganglion). As depicted in Fig. 5, for the case when A =
10, the ganglion advances inside the tube at a constant rate
until the advancing interface reaches the exit, then the rate
decreases during the increase in the volume of the invading
fluid which is more viscous. On the other hand, when the
ganglion is nonwetting, the two interfaces assume convex
shape. Again, during the displacement of the ganglion, when it
is fully contained within the tube, the ganglion is displaced at a
constant rate. Once the leading interface has reached the exit of
the tube, the displacement of the receding interface accelerates
or decelerates dependent on the viscosity ratio. Therefore, if
the viscosity ratio is larger than one, the receding interface
decelerates, and accelerates otherwise. This is depicted in Fig.
6 which shows the case of a nonwetting ganglion with A =
0.1 for which case it takes less time for the receding interface
to clear the tube.

4.2 Validation exercises

Now it is important to establish confidence in the intro-
duced model by providing comparisons with the conducted
CFD analysis. The comparisons are done by comparing the
normalized volume of both the invading fluid and the ganglion
(both are normalized by the volume of the tube) with those
calculated by the developed model. It is clear that the volume
of both the invading fluid and the ganglion remains constant
during the period when the ganglion is fully contained inside
the tube. Once the leading interface of the ganglion has
reached the exit of the tube, the volume of the invading fluid
increases until eventually it fills the tube and the volume of
the ganglion decreases until the ganglion totally exits the tube.
The viscosity contrast controls the rate at which the ganglion
leaves the tube. That is, when the viscosity contrast is larger
than one (i.e., A>1) the ganglion leaves at a slower rate as the
resistance increases by the increase in the volume of the more
viscous fluid and vice versa. In all the examples considered in
these validation exercises, gravity has been ignored.

Fig. 7 shows the case of a wetting ganglion inside a
capillary tube whose static contact angle is set to 8 = 45° and
is displaced by a nonwetting fluid with two viscosity contrasts;
namely, A = 0.1, and A = 10. For the case when A = 0.1 (i.e.,
the ganglion is 10 times more viscous than the invading fluid),
the overall resistance of the two-phase system inside the tube
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Fig. 7. Comparisons between the normalized volumes of both the invading
fluid and the ganglion calculated using both CFD and the developed analytical
model for the case of wetting ganglion under two viscosity contrasts; namely
A =0.1and A = 10.

is less than that when A = 10 (i.e., the invading fluid is 10
times more viscous). The difference is manifested in the time
it takes for the invading fluid to fill in the tube. As depicted,
it took longer for the ganglion to reach the exit of the tube
when A = 10, than it is when A = 0.1. That is when A =
10, two third of the tube is filled with the more viscous fluid
than when A = 0.1. Furthermore, the wetting ganglion clears
the tube at a faster rate when A = 0.1, than it is when A =
10. This is, again, because in the first case the less viscous
fluid replaces the more viscous one, and therefore, the overall
resistance decreases. The comparisons show very good match
as depicted in Fig. 7. It is to be noted that, in both scenarios of
a wetting ganglion, the interfacial tension force of the receding
interface when the leading interface has left the tube opposes
the direction of the flow as depicted in Fig. 3(a).

On the other hand, for the cases where the ganglion is
nonwetting, several scenarios of viscosity different contrasts
were considered; namely, A = 0.2, 0.1, 0.02, and 0.01. In these
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(a) Normalized volume of the displacing fluid

scenarios, the larger the viscosity of the invading fluid (i.e., the
smaller the viscosity ratio) the longer it takes for the ganglion
to clear off the tube. This is manifested in Fig. 8, which shows
the profiles of normalized volume of the invading fluid (Fig.
8(a)) and of the ganglion (Fig. 8(b)). As seen, the normalized
volume of both the invading fluid and the ganglion remains
constant during the period where the ganglion is contained
within the tube. When the ganglion breaks through the exit, the
invading fluid advances at a faster pace because its viscosity
is less than the viscosity of the ganglion. It is also worth
mentioning that the interfacial tension force of the receding
interface for this scenario is in the direction of the flow as
depicted in Fig. 3(b).

5. Discussions and Analysis

In this section, parametric analysis of the influence of the
viscosity ratio, contact angle and affinity state of the ganglion
is presented. The study considers the idealized cases when the
contact angle assumes the static condition. In this case, both
the advancing and the receding interfaces assume the same
contact angle and will not, therefore, contribute any net force
when the ganglion is totally contained inside the tube.

We start with the case in which the invading fluid is more
viscous than the ganglion (i.e., A>1). For this system, when
the ganglion is fully contained inside the tube it advances
uniformly and the menisci advance linearly in time. The first
case considers a neutral ganglion for which the interface
assumes a contact angle of 90°. As shown in Fig. 9(a), the
ganglion advances first linearly, then nonlinearly once the
advancing interface has break through the exit of the tube.
Furthermore, the lager the viscosity ratio, the larger the elapsed
time till the ganglion has left the tube. It is to be noted that,
in this scenario, interfacial tension forces do not play any
role. Similarly, Fig. 9(b) depicts the case of a nonwetting,
less viscous ganglion with the static contact angle of 45°. In
this case, the ganglion, once starts to break through the exit,
would experience an additional force in the direction of the
flow due to capillarity. This force would result in clearing the
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Fig. 8. Variations of the normalized volumes of both the invading fluid and of the ganglion with time as determined via the considered CFD simulation and

the analytical model.
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Fig. 9. Profiles of the normalized distance of the receding miscues (normalized by the length of the tube) for the cases when the displacing fluid is more

viscous than the ganglion for both wetting and nonwetting ganglions.
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ganglion from the tube faster. This is manifested in the change
in the slope of the normalized location of the meniscus when
the leading interface has break through the tube. This is also
manifested in the elapsed time when the ganglion has cleared
the tube, which is less than that of the previous case. When the
less viscous ganglion is wetting with a contact angle of 60°, as
shown in Fig. 9(c), interfacial tension forces reverse its role.
That is once the leading interface of the ganglion has break
through the exit of the tube, interfacial tension force becomes
opposite to the direction of motion of the flow. This results

again in changing the slope of the curve and also increases
the elapsed time till the ganglion clear off the tube.

It is interesting to compare between the effects of the
contact angle for the same viscosity ratio on the normalized
location of the meniscus. This is depicted in Figs. 10(a) and
10(b) which shows two cases, namely, a) when A = 10, and b)
when A = 50. One scenario considers a nonwetting ganglion
(corresponding to a contact angle of 45°) and another scenario
for a wetting ganglion for which the contact angle is 120°. In
Fig. 10(a), it is clear that it is faster to clear off the ganglion
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when the ganglion is nonwetting than it is when the ganglion is
wetting. Again, this is a consequence of the interfacial tension
force of the receding interface, which is in the direction of
the flow when the ganglion is nonwetting and opposite to the
direction of the flow when the ganglion is wetting. Similar
behavior is also noticed for the case when A = 50, as shown
in Fig. 10(b) albeit longer elapsed time.

In the previously studied cases the invading fluid has
been considered more viscous than the ganglion. In the next
example, the opposite scenario in which the invading fluid

is considered less viscous than the ganglion (i.e., A<1) is
studied. In this case, the overall resistance of the fluids to
the flow is less than the previously studied cases. This is a
consequence of the fact that the less viscous fluid occupies
twice as much the volume of the ganglion. Fig. 11 shows three
cases; namely, a) a neutral ganglion, b) a nonwetting ganglion,
and c) a wetting ganglion. In the first case, interfacial tension
does not play any role in the two flow regimes. During the
first flow regime (i.e., when the ganglion is fully contained
inside the tube), linear variation of the normalized volume of
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the two phases is observed. Again, this is a manifestation of
the constancy of the driving and resistive forces. Once the
leading interface of the ganglion has left the tube, the friction
force continues to decrease resulting in the receding meniscus
to accelerate, Fig. 11(a).

When the ganglion is nonwetting, the same linear variation
of the normalized volumes is observed during the first flow
regime. During the second flow regime, however, the net
interfacial tension force of the receding interface is in the
direction of the flow and this results in extra acceleration due
to this additional force, Fig. 11(b).

The last case depicts the scenario in which the ganglion
is wetting. In this case, during the second flow regime, the
surface tension force is in the direction opposite to the flow
direction and this results in the ganglion to take more time
until it clears off the tube, Fig. 11(c).

To compare between the effects of the contact angle for
the same viscosity ratio, Fig. 12 shows comparisons between
the different contact angle scenarios for two cases of viscosity
contrasts; namely A = 0.1, and A = 0.02. From these figures
(Figs. 11(a) and 11(b)) it is clear that it takes longer for the
ganglion to clear off the tube when it is wetting.

6. Conclusions

In this work, the scenarios of displacing a wetting/non-
wetting ganglion by another immiscible fluid in capillaries
have been studied. A model is developed that divide the flow
regime into two. The first flow regime depicts the time in
which the ganglion is contained inside the capillary tube and
the second depicts the flow regime in which the ganglion
starts to break through the exit of the tube. In the first regime,
four forces appear; namely, pressure force, gravity, capillarity,
and viscous resistance force. In this regime, these forces are
constant and therefore, the ganglion advances uniformly inside
the tube. Once the ganglion starts to exit the tube, this marks
the second flow regime. In this case, the friction force increases
when the displacing fluid is more viscous than the ganglion,
and decreases otherwise. Furthermore, the interfacial tension
force will be in the direction of the flow when the ganglion
in nonwetting, and opposite to the flow if otherwise. The
model also considers the case of a quasistatic movement of
the ganglion in the tube. In this case, the contact angles of
the receding and the advancing interfaces of the ganglion
may be considered the same and interfacial tension force may
be ignored in the first flow regime. A CFD study has also
been conducted to provide framework for verification and
validation of the developed model. Comparisons show very
good match between the model and the CFD study, which
builds confidence in the modeling approach.
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