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ABSTRACT

Enhancement in heat transfer at micro scales is an active area of study, followed
by many researchers. Use of non-boiling two phase flows in the form of segmented
flows has become one of the interesting methods for achieving higher cooling (or mass
transfer) capacities. Segmented flows (also known as slug flows, plug flows, or Taylor
flows) is a series of moving liquid segments which are separated by gas bubbles or
another liquid slugs. These flows are known as gas-liquid or liquid-liquid two phase
flows, respectively. The effective phenomenon in heat transfer enhancement is internal
circulations inside the liquid slugs, which helps to mix the liquid.

The main focus of the present thesis is on heat transfer of gas-liquid segmented
flows, using numerical simulations based on the concepts of Computational Fluid
Dynamics (CFD). As shown in the literature review, large gaps exist in research which
need further studies. The target of this research is providing details on hydrodynamics
and heat transfer in gas-liquid two phase flows, which can be helpful in understanding
the whole process better. Based on the literature reviewed, the numerical modeling
can be conducted using single phase or two phase simulations. Both single phase and
two phase numerical simulations have been performed in this research. The research

has also been conducted using fixed and moving frames of reference.
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It has been shown that slug flows with shorter slugs provide greater cooling ca-
pacities compared with long slugs. Furthermore, it has been shown that liquid film
around bubbles reduces the intensity of circulations in liquid slugs and hence reduces
the cooling capacity. Therefore, using hydrophobic wall materials has been suggested.
The key finding of the present research is how the liquid film around bubbles affects
heat transfer, and it has been suggested to include this parameter in the correlations
in the future. The comparison of the results with experimental data and/or exact

analytical solutions throughout the thesis show good agreements.
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1 TWO PHASE FLOW AT SMALL SCALES

Development of electronic and computer devices, miniature mechanical systems, and
MEMS (Micro-Electro-Mechanical-Systems) during the past decades has increased
the demand for heat removal processes. Using microchannel heat sinks is one of the
early methods suggested by Tuckerman and Pease [1] for thermal management of
electronic cooling. The idea was using fluid flow in small parallel channels called as
“microchannels” to remove heat generated by an electronic device as shown in Fig. 1.1.
The dimensions of microchannels have been optimized by Tuckerman and Pease [1]
based on surface temperature and maximum allowable pressure drop. They reported
that a single phase water flow microchannel heat sink is able to remove heat up to 790
(W/em?).

Single phase internal flows in microchannels are generally laminar, with limited
Nusselt numbers in case of long microchannels (much longer than entrance length)
[2]. Therefore, researchers have started to investigate different ways to overtake these

limits. Some researchers have tried to increase the heat transfer surface area using ge-
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Microchannel Heat Sink

A
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Flow Heat

Figure 1.1: A typical microchannel heat sink.

ometrical hindrances [3]. Using tree-like bifurcating microchannels is another example
[4, 5]. Non-straight microchannels have also been studied in order to increase mixing
and convective heat transfer [6, 7, 8, 9]. Other examples are using short microchan-
nels (compared to entrance length) [10, 11, 12], using nanofluids in order to enhance
thermal capacity of the fluids [13, 14, 15], and two phase flows [16, 17, 18, 19, 20].

Figure 1.2 shows some examples of the aforementioned methods.

a) b)
L B L
LT H| e
I H ==
B H e

Figure 1.2: Examples of microchannel heat sinks, a) tree-like bifurcating [5], b) non-

straight microchannel [6].

Using non-boiling two phase flows in mini and microscales has attracted researchers
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soon after the mini and microchannels emerged as an interesting approach in designing
small heat sinks and heat exchangers. The number of published literature on two phase
flow fundamentals and applications is increasing dramatically as this kind of flow can

give higher heat (or mass) transfer rates compared with single phase flows (Fig. 1.3).

200
180
160
140
120
100 |
80
60 F
40 +
20 F

Number of Publications

Figure 1.3: Two phase flow research at micro scales during the past two decades (only

journal papers with respect to non-boiling two phase flows, excluding phase change).

1.1 Two Phase Flow Patterns

Non-boiling two phase flows are categorized into three types: gas-liquid, liquid-liquid,
and solid-liquid two phase flows. The gas-liquid two phase flow has a potential to
enhance heat transfer while it could be easily generated (compared with liquid-liquid
and solid-liquid flows), so many researchers have focused on the fundamentals of this

kind of two phase flows including slug formation, flow pattern, pressure drop, and heat
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transfer. The gas-liquid two phase flow in small scales have different modes which are
bubbly, slug, churn, slug-annular, and annular flows. Figure 1.4 and Fig. 1.5 show
the different types of gas-liquid two phase flows in horizontal and vertical (upward)

capillaries.

d)

Figure 1.4: Two phase flow regimes in horizontal small tubes, D=1.097 mm, Triplett

[22], a) bubble flow, b) slug flow, ¢) churn flow, d) slug-annular flow, e) annular flow.

Different flow maps have been published for large and small tube diameters which
show the type of two phase flow based on the velocities or superficial velocities of two
phases. Since there are some differences between the two phase flows in macroscales
and microscales, the flow maps generated for macroscales can not accurately predict
the flow regime at the microscale. For example, the two phase flow in microchannels
is mainly laminar due to small characteristic length but turbulent in large pipes.
Furthermore, the liquid slugs in large scale slug flows usually contain small bubbles

but this is not the case in slug flow in microchannels. While flow maps are useful
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Figure 1.5: Two phase flow regimes in vertical small tubes, Liu and Wang [23].

tool to predict the flow pattern, care must be taken when using them since they are
not universal. A sample is shown in Fig. 1.6 for a tube diameter of 1.097 (mm) by
Triplett [22]. Recently, some researchers [24, 25| compared the existing flow maps for
different microchannel sizes in order to unify flow transition boundaries in the flow
maps. For example, Sur and Liu [25] developed a new flow map using the modified
Weber numbers as the coordinates. Figure 1.7 shows this flow map.

Typically, microchannels are the channels (or capillaries) with a characteristic
length of less than 1 (mm). However different extensions exist in the literature, the
following criterion, i.e. the Laplace constant, is one of the mostly used criteria (Gal-

biati and Andreini [26] and Triplett et al. [22]):

9(pr — pa)
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Figure 1.6: Flow map, D=1.097 mm, Triplett [22].

where o and p are the surface tension between the two phases and density, respectively.
The indexes L and G denote liquid and gas, respectively. A rough estimation of the
Laplace constant for air and water at room temperature is around 2.7 (mm).
Gas-liquid slug flows are of interest in the present research as it could lead to
a great enhancement in heat transfer and consequently help to design smaller heat
sinks/exchangers. A slug flow contains elongated gas bubbles, usually with a length
more than the hydraulic diameter of the microchannel, which separate liquid phase
into plugs of liquids. These gas bubbles are often, but not always, surrounded by

a thin liquid film which acts like a lubrication layer and let the bubbles move faster
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Figure 1.7: Two phase flow map reconstructed with the proposed dimensionless pa-

rameters as the coordinates, Sur and Liu [25].

than the average velocity of the liquid phase. Slug flows are sometimes called as Taylor

flow (Taylor [27]), Plug flow, Bolus flow (Prothero and Burton [28]), or segmented flow

(Horvath et al. [29]). Figure 1.8 shows gas-liquid slug flows with different slug lengths.

1.2 Mechanism of Heat Transfer Enhancement

Two effects have been introduced as responsible factors in enhancement of heat transfer

rate in non-boiling two-phase flows: 1) internal circulations in the slugs, leading to a
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Figure 1.8: Gas-liquid slug flows for different slug lengths.

greater radial heat transfer rate, and 2) increased slug velocity when compared with
the same single phase mass flow rate, which is a consequence of reduced phase fraction.
Muzychka et al. [30] recently showed that only the first one is valid. As they argued,
increasing the convective heat transfer coefficient, h, does not necessarily lead to a
greater heat transfer since a segmented flow has smaller contact area compared with
a single phase flow. Figure 1.9 shows the internal circulations caused by shear forces

in the moving plugs.

(@ —_—

Figure 1.9: Internal liquid plug circulation a) hydrophobic surface b) hydrophilic

surface.
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The internal circulations inside liquid slugs bring fresh liquid from center of the slug
to the wall, where heat transfer process occurs. This provides a renewal mechanism
to the thermal boundary layer and increases heat transfer. However, diffusion is
important in this process as well, so the boundary layer grows until the circulation
center (circulation eye) receives the heat. Figure 1.10 shows effects of the internal

circulations on heat removal process for a constant wall temperature.

1.3 Dimensionless Groups

A significant number of dimensionless groups exist to assist two-phase flow researchers
developing more general results and models. Reynolds number, Re, Capillary number,
Ca, Weber number, We, Nusselt number, Nu, and Prandtl number, Pr, are a few
examples. Only a brief description would be presented here. More details of definitions
and physical interpretations can be found in literature [2, 21, 32]. Different velocities
(true phase velocity or superficial velocity) have been used in the literature to define
these dimensionless numbers, so it is necessary to note the definitions when one decides

to use data reported in different papers.

Reynolds number

The Reynolds number, Re, is traditionally defined as:

_ pUD,
1

Re

(1.2)
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300 308 315 322 330 338 345  350(K)

d)

Figure 1.10: Internal circulation effects on heat transfer in a moving liquid slug, a)
¥ =9.77x107°, b) z* = 2.93 x 1074, ¢) * = 6.84 x 107*, d) 2* = 1.07 x 1073, e)

r* = 3.03 x 1073, (Talimi et al. [31]).

and shows the ratio between inertial and shear stress forces. In the above equation
p is the fluid density, p is the fluid viscosity, U is velocity, and D, is the hydraulic
diameter which is identical to the diameter in circular tubes. One of the initial and
important steps in numerical simulation of a fluid flow is to examine whether laminar

or turbulent conditions exist. Re is mostly used for this decision. The critical Re
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corresponding to the onset of turbulence is 2300 for single phase flows in tubes with
diameters as small as 50 pum (Incropera et al. [32]). The critical Re has been reported
to be of ~ 1000 for single moving droplets (Ren et al. [33]) which could be more
applicable in non-boiling two-phase slug flows in microscale.

Decrease in length scale (microtube diameter) and consequently increase in relative
roughness (¢/D) affects transition Reynolds number range. As summarized in Table
1.1 from Ghajar et al. [34], the transition Reynolds range becomes narrower with a

decrease in tube diameter.

Table 1.1: Summary of transition Reynolds number ranges for various stainless steel
tube sizes [34]

Tube ID. (uwm) Transition range

2083 1500 < Re < 4000
1600 1700 < Re < 4000
1372 1900 < Re < 4000
1067 2000 < Re < 4000
991 2000 < Re < 4000
838 2200 < Re < 4000
732 2200 < Re < 3000
667 2200 < Re < 3000
559 1900 < Re < 2500
508 1700 < Re < 2100
413 1500 < Re < 1900

337 1300 < Re < 1700
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Capillary number

The Capillary number, Ca, is defined as follows:

Ca=— (1.3)

and is the ratio between viscous and surface tension forces. In the above equation
o is the surface tension between the two phases, which cause a Capillary pressure

difference between the two phases at curved interfaces.

Ca/Re number

A combination of Ca, Re, slug length, and hydraulic diameter of the microchan-
nel make a very important dimensionless group in two-phase slug flow pressure drop
analyzing (Muzychka et al. [21], Kreutzer et al. [58], Walsh et al. [59]). The ratio of
the Capillary number and the Reynolds number is a dimensionless group without any

specified name and is independent of flow velocity as follows:

Ca  p°

ﬁ_apD

(1.4)

As showed by Walsh et al. [59] the above dimensionless group - when combined with
the slug length and microtube diameter - can illustrate the effects of the slugs on the

total pressure drop as follows:
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L. /Ca\ /3 | <<1 Taylor flow (two phase flow)
D (Re)

(1.5)

>> 1 Poiseuille flow (single phase flow)
Bond, Eotvos, and Laplace numbers
Using these dimensionless groups one can compare the gravitational and capillary
forces. The definitions are different in term of characteristic length scales.
The Bond number, Bo, is defined as:

Bo — 9B (p = py) (1.6)

g

The Eotvos number, Fo, is defined as:

D? (p, —
7o = 90" (= py) (1.7)
o
The Laplace number, La, is defined as:
o
La=,|—— (1.8)
9D? (pr = py)
The three dimensionless groups above are related as follows:
1
FEo=4Bo=— (1.9)
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Weber number

The Weber number, We, is defined as:

_ pU?Dy,
0

We

(1.10)

and is the ratio between inertial and surface tension forces. In mini and micro scales
the interaction between two fluids at their interface can be important. The importance
of surface tension effects is determined based on Re, C'a, and/or We. The quantity of

interest is C'a or We for low Re and high Re flows, respectively.

Froude number

The Froude number, F'r, is defined as:

U2

Fr=—
T gD

(1.11)

and is a ratio of inertial and gravitational forces. Some researchers also defined the

Froude number as: F'r = U/+\/gD.

Fanning friction factor and dimensionless wall shear stress
The average shear stress over a specified channel length, 7,,, can be nondimen-
sionalized in two ways. The first model usually denoted as Fanning friction factor, f,

is:

f=r (1.12)

2



1 TWO PHASE FLOW AT SMALL SCALES 15

which gives fRe = 24 for laminar flows in plane channels when D, = 2H. In the
second model, the dimensionless mean wall shear stress is defined as follows:
Tth fR@

= R (1.13)

The dimensionless mean wall shear stress, 7*, has also been named as Poiseuille
number by some researchers (Churchill [35]) and has the value of 12 for a fully devel-
oped fluid flow in a plane channel. In this study, the shear stress of the two-phase slug
flow is presented using the second model since it has more physical meaning than f

(Muzychka et al. [21]).

Prandt]l number

The Prandt]l number, Pr, is defined as follows:

Pr=—=——+= 1.14
r=t (114)

and is the rate of momentum diffusion versus the rate of thermal diffusion. In the
above equation, v is the momentum diffusion, « is the thermal diffusion, C), is the

specific heat capacity, and k is the thermal conductivity.

Nusselt number and dimensionless heat transfer (q*)
The Nusselt number, Nu, is defined as:
hDh th

Nu= ="~ = FT =T (1.15)
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and is a dimensionless heat transfer rate, defined based on the difference between
wall temperature, T,,, and fluid bulk temperature, 7,,. In the above equation h is
convective heat transfer coefficient, and ¢ is heat flux. Another approach exists for
defining a dimensionless heat transfer, which is based on the difference between wall

temperature and inlet temperature, leading to a dimensionless wall flux, ¢*, as follows:

:q—Dh
k(Tw_T;)

(1.16)
where T} is the inlet temperature. The first approach is more applicable in heat
exchangers and the second one is useful in heat sinks. More details are available in

Muzychka et al. [30] and Shah and London [2]. The dimensionless heat transfer and

the Nusselt number are related as follows:

* 1 N, *
¢ =17 [1—exp (—4Nup, L*)] (1.17)

where L* is dimensionless tube length:

. L/D L/D
"~ RePr  Pe (1.18)

1.4 Other Important Parameters

Fig. 1.11 schematically shows a typical slug flow i.e. a train of liquid moving plugs
separated by elongated gas bubbles in microchannel. In general the bubbles nose

and tail have different curvatures and the difference between them depends on flow
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parameters such as Reynolds number. In most slug flows gas bubbles are separated
from the microchannel wall by a thin liquid layer around them. The thickness of
this layer, known as ¢, depends on two phase flow Capillary number, Ca, and will be
discussed in section 2.1. The length of the liquid slugs and gas bubbles are normally

shown by L, and Ly, respectively. The pitch, P, is nose to nose or tail to tail distance.

5 P
l < >
= (o C o> C D
‘Lshl Lb ’

Figure 1.11: Typical slug flow.

The slug flow void fraction is defined as the ratio of the gas volume to the total

two phase volume in certain length of mircotube i.e. control volume. That is:

<

(1.19)

and liquid fraction is:

<=

a = (1.20)

The void and liquid fractions of two phase flows are related as follows:

ap+ oy =1 (1.21)
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The mass flux, GG, is the mass flow rate per unit cross sectional area which can be

calculated as follows:

Gy == = poUs (1.22)
and
my
= -— = 1-2
Gl A plUl ( 3)

where U is superficial velocity i.e. the velocity of each phase in the microtube if
that phase occupied the total cross sectional area. The actual phase velocities can be

defined using phase void (or liquid) fraction as follows:

U G
uy, = 24 = —~ (1.24)
Qg PgQy
and
w2t G (1.25)
ar - Py
Finally, the quality of the two phase flow is:
Gy
T = 1.26
Gg + Gy ( )

and takes a value of 0 for single phase liquid flows and 1 for single phase gas flows.



2 LITERATURE REVIEW

Most studies in this area are experimental. As a result of this and many other reasons,
there are significant gaps in numerical simulation analysis. One of the most important
reasons can be the time-expense of the numerical methods. Numerical simulation as a
method for predicting the heat and mass transfer characteristics has gained popularity
due in part to the developments in the computational hardware and software.

A few review articles exist in this area which mostly contain experimental works
(Shao et al. [37], Kreutzer et al. [19], Angeli and Gavriilidis [17], and Gupta et
al. [18]). Recently, Talimi et al. [20] reviewed numerical studies on hydrodynamics
and heat transfer in non-boiling two phase flows in microscales. They gathered and
categorized much of the work conducted in recent years into two major sections: gas-
liquid and liquid-liquid two phase flows. These sections are categorized further into two
subcategories including circular or non-circular channels. While from the numerical

point of view there is no difference between the gas-liquid and liquid-liquid two-phase
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flow simulations, the role of the gas phase in heat transfer is mostly ignored due to
its much lower heat capacity. This further leads to another simplification i.e. using
a single phase moving frame technique for simulations. This will be discussed in the
later sections. In the case of liquid-liquid two phase flow for heat removal applications
both of the phases are shown to play significant roles. Figure 2.1 shows the structure of
the review conducted by Talimi et al. [20]. The main focus was on flow patterns, slug
formation, film thickness, and bubble shape in the literature and less consideration on
heat transfer and pressure drop. Numerical simulation is a very powerful tool which
gives much detail on the hydrodynamics and heat transfer and hence it helps a lot in

giving deeper insight in two phase slug flows in microchannels.

Review Structure
. "
Liquid/Liquid

Circular Tubes Non-Circular Channels Circular Tubes Non-Circular Channels

Slug Formation t Slug Formation Slug Formation
Flow Patterns

Slug Formation
Film Thickness
Velocity and Flow Patterns

N
=i hiiress I
| Flow Patterns [l B8
_suoble eI ™G, and nerac shpes |
R
R

ol Flow Patterns

Figure 2.1: Review structure, (Talimi et al. [20]).

In this section a brief review of the existing literature (experimental and numer-

ical) is presented. The film thickness, pressure drop, and heat transfer are the three
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important aspects which are going to be considered in the present research. The im-
portance of the film thickness on the internal circulations has been shown by Taylor
[27]. As Fig. 2.2 illustrates the streamlines in the liquid slug depends on the Capillary
number, C'a, and a dimensionless number, m, which is a relative velocity between the

two phases, as follows:

m— o= U
= Ub

(2.1)

where b and [ denote the bubble and liquid phase, respectively. Figure 2.2 shows
that for high C'a values a complete bypass occurs through the liquid film around
the bubbles, and in the slug flows with low C'a number internal circulations exist.
As presented in the following sections the film thickness is a function of Ca, so the
film thickness is an important parameter which governs the flow pattern i.e. internal
circulations and this way the film thickness might have strong effects on heat transfer
process. In the following sections, the experimental and numerical studies on the film

thickness will be reviewed along with pressure drop and heat transfer.

2.1 Film Thickness

The film thickness has been calculated experimentally using two different approaches.
In the first approach, the thickness of the liquid film around the bubbles is measured
directly from the images (Aussilous and Quere [38] and Han and Shikazono [52]). In

the second approach, the film thickness is calculated based on the bubble velocity and
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Figure 2.2: Streamlines in liquid slugs in front of a Taylor bubble, (Taylor [27]).

continuity equation. Some researchers assumed a stagnant film (Warnier et al. [40])
and some assumed a fully developed annular flow velocity profile and zero shear stress
at the interface in their calculations (Thulasidas et al. [41]). The following correlations

have been suggested for film thickness calculation in slug flows:

Fairbrother and Stubbs [42]:

% = 0.5Ca'/? (2.2)

for 5 x 107° < Ca < 3 x 1071,
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Bretherton [43]:

B
= 1.34Ca*3 (2.3)
for 1073 < Ca < 1072,

Taylor [27]:

5 1.34Ca*P
R 1+3.35Ca?/3

(2.4)
for 1072 < Ca < 1.4. In the correlations above § and R are the liquid film thickness
and microchannel radius, respectively.

The effects of a few different parameters on liquid film thickness have been studied
numerically. These parameters are C'a, Re, Fr, bubble length, and flow direction
(with gravitational effects).

Gupta et al. [44] compared the numerically calculated liquid film thickness with
different empirical correlations and showed that the best agreement is with Betherton’s
prediction at low C'a (similar results were reported by Martinez and Udell [116]). Chen
et al. [46] calculated the liquid film thickness around the bubble for Ca ~ 0.006 and
0.008, and compared their results with the Bretherton correlation. Their results show

some differences from Bretherton’s prediction. While Taha and Cui [47] reported the

independence of liquid film thickness around a rising bubble on the bubble length in
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vertical microtubes, Chen et al. [46] argued that since the bubble length in their study
was smaller than three times the microtube diameter, the results show some difference
from Bretherton’s prediction. Shen and Udell [48] reported an over prediction of
Bretherton’s theory for C'a higher than 0.005.

Fig. 2.3 shows the results of numerical study performed by Giavedoni and Saita
[49] on the liquid film thickness. As one can see in Fig. 2.3, Re has some effect on
liquid film thickness for high values of Ca. Aussillous and Quere [38] suggested a
correlation for liquid film thickness at high C'a as a function of C'a and Re or Ca
and We. Edvinsson and Irandoust [50] (and also Taha and Cui [51]) showed that
the liquid film thickness increases with C'a, Re and F'r. They argued that for small
microchannels it is sufficient to correlate the liquid film thickness with C'a. As flow
rates and diameters increase, the effects of inertial forces as well as gravitational forces
become more pronounced.

Same was reported by Han and Shikazono [52] who examined effects of different
parameters on film thickness in microtubes with diameters from 0.3 (mm) to 1.3
(mm). They confirmed that film thickness is only a function of Capillary number
when Capillary number is small, and by an increase in Ca the effects of inertial force

is important. They suggested the following correlations at different Reynolds numbers:

5 0.670Ca*/?
D 1+ 3.13Ca??+ 0.504Ca%672 Re05%9 — ().3521}/ 0629

(2.5)

when Re < 2000, and:
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when Re > 2000. As Ca approaches zero, Eq. 2.5 follows Bretherton’s theory (Eq.

2.3).
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Figure 2.3: Film thickness over half channel size, (hy), for channels (dashed lines)
and circular capillaries (solid lines). The situations which may not be feasible are

presented by dotted lines, Giavedoni and Saita [49].

Fig. 2.4 shows the range of Ca in which numerical studies on the liquid film
thickness have been conducted. As this figure shows, C'a lower than 0.001 have been

neglected in the numerical simulation. Assuming water as liquid phase and air as gas
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phase, this value represents a superficial velocity of 0.07 (m/s). As lower velocities
are applicable in the microfluidics, numerical studies for low C'a could be performed

in future research.
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Figure 2.4: C'a range in which liquid film thickness has been studied numerically for

gas-liquid flows in circular microtubes.

Film Thickness in Non-Circular Microchannels

The effects of different parameters including Ca, gravity effects, channel shape
and geometry, and bubble length on the thickness of liquid film around the bubble
have been of interest in recent research. Ghidersa et al. [53] reported that in square
microchannels, the liquid film thickness around the Taylor bubbles increases with
increases in the Ca.

Taha and Cui [54] showed that there is a difference between the liquid film thickness
for upward and downward flows in square microchannels, for Ca = 0.009. According

to their results, for this low Ca, the film thickness around the bubbles rising in a
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microchannel (upward flow) is higher than downward flow, and they argued that this
is because of gravity forces.

Onea et al. [123] considered a cylindrical bubble in square and rectangular minichan-
nels with the same hydraulic diameters and flow parameters. They showed that the
bubble in the square channel has a circular cross section while in the rectangular chan-
nels the bubble is squeezed between the long walls. Therefore, the thickness of the
liquid film relative to the smaller dimension is decreasing while the other is increasing.

Liu and Wang [56] reported a thinner liquid film thickness at the side walls in
equilateral triangular microchannels as compared with square microchannels for the
same hydraulic diameters and initial volume of Taylor bubbles. They also showed that
liquid film thickness in square microchannels is less than that in circular microtubes
over the full range of C'a. They presented the reasons as follows: the symmetry of
the circular microchannel leads to a uniform liquid film between Taylor bubbles and
the wall, but in square and equilateral triangular microchannels most of the liquid is
squeezed into the corners which results in thinner liquid films on side walls.

According to Yu et al. [57], the liquid film around the bubbles could become
very thin or even partially dry-out in small microchannels with width of around 50
micrometers. They reported that the film thickness depends on the magnitude of
the surface tension, the bubble length, the bubble velocity and the surface property.
The range of C'a in which numerical studies on the liquid film thickness have been

conducted for non-circular microchannels is showed in Fig. 2.5. As shown, most of
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the research was performed for square cross sectional microchannels. Only Yu et al.
[57] carried out simulation for rectangular microchannels and only for aspect ratio of
2. Therefore, a gap exists for C'a lower than 0.006 for rectangular microchannels with
the aspect ratio of 2, and also for other aspect ratios in all values of C'a. Similar
to rectangles, the only triangles shape which has been studied numerically was equi-

lateral triangles by Liu and Wang [56].
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Figure 2.5: C'a range in which liquid film thickness has been studied numerically for

gas-liquid flows in non-circular microchannels.

2.2 Pressure Drop

Pressure drop in two-phase slug flow increases as a result of circulations inside the
slugs and the hydrodynamic effects of a two-dimensional velocity field near the wall.
Based on the analysis presented by Kreutzer et al. [58] and Han and Shikazono [52]

the two phase pressure drop in slug flows is a result of three components:



2 LITERATURE REVIEW 29

AP = APgyuy + APpjt, + AP, (2.7)

APy, is the pressure drop in the liquid slug and is assumed to be a summation of a
fully developed laminar flow pressure drop in the liquid and an additional effect due
to the internal circulations. APy, is the pressure drop in the film and is usually
very small compared to the slug pressure drop (Kreutzer et al. [58]). AP, is the
pressure drop in the bubble front and end noses and according to Bretherton [43] can

be calculated as follows for slug flows in circular microtubes and with a small Ca:

AP,,, = 7.16 (3Ca)*/* % (2.8)

As reported by Kreutzer et al. [58] and Walsh et al. [139] the ratio between Ca
and Re is a prominent parameter in pressure drop modeling of gas-liquid two phase
slug flow. They also included slug length effects on the pressure drop in their analysis.

Walsh et al. [139] suggested the following model for pressure drop calculation:

1.92 / Re\'?
fRe =16+ — <C—Z) (2.9)

where L* = L,/ D is the dimensionless liquid slug length and the Reynolds number is
based on the liquid phase velocity and properties. As discussed earlier the two phase
flow can be assumed as a fully developed single phase laminar flow (Poiseuille flow)

when:
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1/3
% (%) >> 1 (2.10)

Numerical studies on slug flow pressure drop have been also published recently.
Table 2.1 shows that most of the numerical studies on pressure drop have been con-
ducted for gas-liquid two phase slug flows in circular microtubes and other useful
channel shapes have not been studied yet.

Kreutzer et al. [58] and Gupta et al. [44] showed that in a computational unit cell
including a Taylor bubble and two half liquid slugs ahead and behind the bubble, the
pressure distribution along the axis in the bubble is constant and higher than that
of the liquid phase. Similar results have also been reported by Taha and Cui [51].
Kreutzer et al. [58] argued that there is a difference between pressure drops resulted
from numerical simulations and experiments due to impurities in the real fluid which
is not accounted for in numerical studies. They suggested modeling the pressure drop
as sum of two elements. Firstly, the pressure drop in the slug (liquid phase) as a single
phase, and secondly, the effects of gas phase or interface as a function of Re and Ca.

The model proposed by Kreutzer et al. [58] for numerical simulations is as follows:

16

=R

0.33
1+0.07% (%) ] (2.11)

According to Kreutzer’s results, pressure in the liquid slug decreases along the
axis, and an oscillation was found right behind the bubble. Kreutzer et al. [58] argued

that oscillation happens because of an inundation on the interface. Gupta et al. [44]
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reported a complex pressure distribution in this region because of numerical effects.

Table 2.1: Numerical studies on pressure drop in circular microtubes and non-circular
microchannels

Duct shape Fixed frame Moving frame

Circle Gupta et al. [44, 64] Kreutzer et al. [58]
Akbar and Ghiaasiaan [36] Fries and Rohr [62]
Chen et al. [46] He and Kasagi [61]
Qian and Lawal [65] Mehdizadeh et al. [63]
Kashid et al. [128], (Liquid/Liquid)

Parallel plates — Baird [66]

Talimi et al. [31]
Square, Rectangle Yu et al. [57] Taha and Cui [54]
Other — —

Chen et al. [46] showed that pressure drop increases rapidly with decreasing slug
length or increasing bubble length. Therefore, using different gas injector systems e.g.
nozzles, can affect pressure drop by influencing gas slug length.

Taha and Cui [51] observed fluctuations in the wall shear stress ahead of and
behind the slug, and nearly zero pressure drop in the central region. Based on their
results, these fluctuations decrease with an increase in C'a. They also reported that
the pressure drop across the bubble front increases with increasing C'a. He et al. [60]
and He and Kasagi [61] stated that increasing in bubble frequency and decreasing in
slug length will increase pressure drop in both flow conditions of with and without
liquid film. He and Kasagi [61] reported that at one microtube diameter away from
gas bubble, shear stress is almost equal to the single phase Poiseuille flow. In the

other words, the increasing effect of two-phase flow on shear stress is significant near
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the interface.

Slug flow pressure drop in curved microchannels was studied numerically by Fries
and von Rohr [62]. They reported channel curvature and width as effective parameters
and stated that as these parameters decrease, the pressure drop of the gas-liquid Taylor

flow increases.

Pressure Drop in Non-Circular Microchannels

The pressure drop or wall shear stress for the slug flow inside non-circular mi-
crochannels has not been studied extensively and only the effects of C'a and flow
direction (gravity effects) were of interest in recent years. Yu et al. [57] shows similar
trend in pressure across the centerline to the centerline pressure distribution of circu-
lar microtubes, and showed that pressure is distributed almost constantly along the
bubbles with an effective pressure drop inside the liquid slugs.

Taha and Cui [54] investigated wall shear stress of Taylor flow in square microchan-
nels for two opposite directions (upward and downward). According to their results,
the side wall shear stress distributions are the same for both flow directions at low
Ca. They also showed that similar to circular capillaries at low Ca, there are some
fluctuations in shear stress profile and that the central region of the profile (related
to bubbles body) has near-zero value. They argued that the corner wall shear stress
for upward flow is higher than the downward flow, because of different liquid film

thicknesses in these two cases.
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2.3 Heat Transfer

Non-boiling two phase slug flows or Taylor flows (Taylor [27]) have been studied widely
for enhance in heat (or mass) transfer in microscales in recent years. Heat (or radial
mass) transfer increases using this type of flows due to the internal circulations inside
the moving slugs (Muzychka et al. [30]). The heat transfer process in slug flows
has been examined experimentally and numerically but there are still large gaps in
research (Shao et al. [37], Kreutzer et al. [19], and Angeli and Gavriilidis [17]).
Early experiments on heat transfer in slug flows have been conducted by Oliver
and Wright [68] and Oliver and Young-Hoon [69, 70]. They investigated using slugs
in heat transfer enhancement focusing on the effects of internal circulations and the
void fraction. A correlation based on the data presented by Oliver and Wright [68]

has been introduced by Hughmark [71] as follows:

. 1/3 0.14
hreDyar _y 7 (—mc” ) (i> (2.12)
k aLkL Hw

The effect of slug length on mass transfer has been investigated by Horvath et al.
[29] at different Reynolds numbers but a fixed void fraction of o = 0.5. The effects
of slug length on Nusselt numbers has been experimented also by Vrentas et al. [72]
but this time for a solid-liquid two phase slug flow using steel spheres to segment the
liquid stream.

Numerical simulations of heat transfer in slug flows have been appeared in the

literature more recently. Table 2.2 presents the different numerical studies of slug flow
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heat transfer in circular and non-circular microchannels and the conditions employed
in these simulations. Ua-arayaporn [73], He et al. [60], and Gupta et al. [64] showed
that the Nusselt number, Nu, is large in the region where bubbles exist in gas-liquid
slug flows. This is mainly because the difference between the mean temperature in the
thin liquid film around the bubble and the wall temperature is very small. Lakehal
et al. [74] and Narayanan and Lakehal [75] simulated the heat transfer process in
gas-liquid slug flows and presented the following correlation for the Nusselt number

using a combination of laminar and turbulent Nusselt numbers:

Nup =~ 3.67 4 0.022Rep*® Pr04 (2.13)

where Rep is based on the gas bubble velocity. Gupta et al. [64] reported that Nu
in gas-liquid slug flows increases by a factor of 2.5 compared with laminar and fully
developed single phase flow in both constant wall temperature and constant wall heat
flux boundary conditions.

Narayanan and Lakehal [75] reported a substantial increase in the Nusselt number,
Nu, with increasing gas slug length. They obtained an average Nu of 15 for slug flows
and indicated that using slug flows may lead to an overall enhancement in heat transfer
by a factor between 3 and 4 compared to single phase flows. They also showed that
gravity has some effects on heat transfer in slug flows, and in particular the down-flow
case where the direction of gravity is the same as direction of flow, the average Nu is

about 4% higher compared to the zero gravity cases. As it is common in approximately
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all of the numerical studies that have been reviewed, the fluid properties are assumed
to be constant at an appropriate temperature. Fei et al. [76] is one of the rare
studies in which two-phase flow was numerically studied using temperature dependent
properties.

Leung et al. [77] studied gas liquid heat transfer of Taylor flows in vertical up-
ward direction under constant wall heat flux thermal boundary condition. They used
circular capillaries with 2.00 (mm) diameter and examined effects of slug length, mix-
ture velocity, and homogeneous void fraction on the heat transfer process. Based on
what they reported, Taylor flow heat transfer increases by a decrease in slug length
and an increase in mixture velocity. These results were based on a wide range of
slug lengths (1 — 220D) with controlled mixture velocities (0.11 < Uy, < 0.53(m/s),
200 < Rey, < 1100), and homogeneous void fractions (0.03 < a < 0.90). Finally,
they suggested that slug flow heat transfer under constant wall temperature bound-
ary condition is approximately 15% lower than slug flow heat transfer under constant
wall heat flux boundary condition. They extended this research [78] (in 2012) and
suggested the following empirical correlation for the apparent slug Nusselt number,

Nup~, in slug flows under constant wall heat flux boundary condition:

Nugs = Nugo + 0.13 (L7) "% (Ca) ™% (2.14)

and argued that slug flows with lower Capillary numbers have greater heat transfer

rates due to stronger circulations inside the moving slugs. However, as stated by
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Leung et al. [78] using Eq. 2.14 is possibly safe for slug flows with long liquid slugs
and/or large Ca, and should be used with care when slugs are short (L* < 107%) or
the slug flow has a low Capillary number (Ca < 1073). In the present Ph.D. research,
these effects have been focused numerically and reasons have been discussed.
Muzychka et al. [30] suggested a heat transfer predictive model based on an
asymptotic analysis and the available data in the literature. They suggested to use
the slug length instead of the tube length as the length scale when nondimensionalizing

heat transfer data. Their model is as follows:

—2/3
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The correlation above is applicable when a system includes more than five liquid slugs.
Combining the Graetz slug flow and Poiseuille flow asymptotes, Walsh et al. [59]
proposed the following model for two phase slug flow heat transfer in circular capillaries

under constant wall heat flux:
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where «y, is the liquid fraction and m is the liquid mass flow rate.

Asadolahi et al. [84, 85, 86] evaluated numerical modeling of Taylor flow hy-
drodynamics and heat transfer using two phase moving frame of reference numerical
simulations (see Fig. 3.8b). They compared the bubble shape, film thickness, bubble
velocity, and homogeneous void fraction with existing correlations and experimental
results and reported good agreement. They also compared pressure drop and heat
transfer from numerical simulations to experimental results, and discussed that over-
all using a two phase moving frame of reference numerical simulation can be a valid

approach in prediction of slug flow behavior.
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Table 2.2: Numerical simulations of slug flow heat transfer in microtubes and mi-
crochannels

Authors Conditions Geometry Boundary condition
Ua-arayaporn et al. 14 < Re < 435 Circular Constant heat flux
[73] 0.4 < We < 130 Moving frame of reference
D = 10,20(um), L = 2D
Fukagata et al. [83] 0.0087 < Ca < 0.27 Circular Constant heat flux
16 < Rep, <490 Moving frame
D =20(um),L =2D
He et al. [60] Re =90 Circular Constant heat flux
We =11 Moving frame
D = 10(um)
Narayanan and Ca =0.0154 Circular Constant temperature
Lakehal [75] We =17 Fixed frame
Re = 1110 D = 1(mm), L = 40D
Lakehal et al. [74] Ug = 0.66(m/s) Circular Constant temperature
Up =1.11(m/s) Fixed frame
D =1(mm),L = 40D
Gupta et al. [64] Re =280 Circular Constant heat flux
Ca = 0.006 Fixed frame
a = 0.51(water — air) D = 0.5(mm),L = 40D
Mehdizadeh et al. [81] Ca = 0.0031 Circular Constant heat flux
Fixed frame (Conjugated
D =1.5(mm), L =40D simulation)
Baird [66] Re = 1,10, 50,100 Parallel plates Constant temperature
Pe=10.2,50 Moving frame
L=05,1,2,3,4,5H
Young and Mohseni Re =100 Parallel plates Constant temperature
[79] 0 = 90° Moving frame & Constant heat flux
L=05,1,2,4,8H
Oprins et al. [80] Rey = 50,100 Parallel plates Constant temperature
Pr~175 Moving frame
L =238(mm),H = 1(mm)
Talimi et al. [31, 82] Re =375 Parallel plates Constant temperature

0 = 45°,60°,90°,135°  Moving frame
L=1,2,3,510,20H
Asadolahi et al. 22 < Re < 1189 Circular Constant heat flux
[84, 85, 80] 0.003 < Ca < 0.160 Moving frame
(water — nitrogen) 2.74 < Lg/D < 6.43
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Howard et al. [87] investigated effects of Prandtl and Capillary numbers on heat
transfer of Taylor flows in a 1.5 (mm) diameter circular microtube under constant wall
heat flux boundary condition. Different slug lengths (0.88 < Ls/D < 32) and Prandtl
numbers (6.8 < Pr < 912.5) have been considered in their experiments. They showed
that a change in Prandtl number can cause a significant change in the transition region
from entrance to fully developed flows. Furthermore, Nusselt number oscillates when a
low Prandtl liquid is used in generating Taylor flow, and these oscillations are damped
out when Prandtl number increases. Another important parameter on heat transfer
is the film thickness, and it has to be considered when calculating void fraction of
a Taylor flow. The effect of film thickness on heat transfer in slug flows is studied
further in the present thesis.

Leung et al. [89] studied the effects of gravitational force on slug flow pattern and
heat transfer in circular microtubes (1.12 < d < 2.12(mm) giving Bond numbers of
0.287 < Bo < 1.028) experimentally, and reported insignificant effect of gravity on
heat transfer in Taylor flow regime. However, as they showed, flow pattern and bubble
velocity depend on the Bond and Capillary numbers, but this dependency vanishes

for small value of Bo and/or Ca, or as Ca — oc.

Heat Transfer in Non-Circular Microchannels
While non-circular microchannels include a variety of geometries like square, rect-
angle, parallel plates, triangle, and ellipse, only a few numerical studies were found for

moving plugs or droplets between parallel plates. This may be due to the necessity of
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using three dimensional computational domains in the cases other than parallel plates
in non-circular microchannels which makes the numerical studies time consuming. The
prominent parameters which affect heat transfer in non-circular channels have been
reported as slug length, channel geometry, interface shape (contact angle), and flow
pattern (internal circulations).

Baird [66] showed that shorter droplets moving between two parallel plates have
higher values of Nu, and as the length of the droplets increases the heat transfer char-
acteristics moves toward the single phase heat transfer, because the main mechanism
of increasing convective heat transfer i.e. internal circulations in the droplet has less
effect. Baird [66] also mentioned that important parameters in heat transfer modeling
for moving droplets between parallel plates are Pe, droplet length, distance between
two parallel plates, and meniscus curvature effects i.e. contact angle. As a result,
the reports of Nu versus position of droplets should include all of the aforementioned
parameters.

Young and Mohseni [79] reported higher Nu (after initially oscillating) for various
droplet sizes moving between parallel plates compared with continues Graetz flow.
They argued this is because of the circulating internal flows inside the moving droplets.
They also showed that as the droplets become shorter, the Nu increases because there
is relatively more cool fluid inside the droplet which can be brought into contact
with the heated wall in comparison to the longer droplets. They reported that Nu

begins to decrease (before being constant) when the first circulation completes and
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the previously heated fluid is brought back to the heated walls. They also reported
a locally higher value of Nu before stabilization and argued this as follows. In long
droplets the dominant heat transfer process is diffusion from the wall into the liquid
in radial direction, but in short droplets the diffusion in wall-tangent direction has
the main role. The highest peak in Nu occurs when these two diffusion times become
near equal in magnitude.

Oprins et al. [80] studied numerically the internal flow patterns and heat transfer
inside electrostatic actuated droplets moving between two parallel plates. They car-
ried out steady and time-dependent simulations, assumed laminar flow and constant
fluid properties. They also proposed a lumped model by dividing the droplet into four
cells for steady state case, and then expanded it in order to make it capable of pre-
dicting unsteady heat transfer inside the moving droplet, before it becomes thermally
saturated. They reported that the heat transfer increases to twice that as compared
to the minimum heat transfer only by heat conduction in the liquid.

Sammarco and Burns [143] performed a finite difference analysis to investigate the
effect of different parameters on microfabricated devices heat transfer behavior using a
moving droplet. They suggested a new optimized value for a dimensionless parameter
which is useful in design purposes. In addition, they showed that for Pe < 0.1, one
can achieve more uniform interface temperatures.

Suzuki et al. [144] investigated experimentally the flow pattern of a sliding droplet

between two parallel plates on a slope and reported the droplet shape, solid-liquid
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molecular interaction, and the gravitational force as the important parameters in
order to determine the sliding mode on a solid surface. They observed that water
droplets slid down with interfacial rotation flows and slipping motion at the solid-
liquid interface. This observation is very important and can be helpful in numerical
simulations where the boundary conditions should be applied e.g. at moving walls.
The slip rates are dependent on the combination of the chemical compositions and the
coating material of the top and the bottom walls.

Walker and Shapiro [149] studied hydrodynamics of a moving droplet between
two parallel plates for EWOD purposes. They modeled the problem using Hele-Shaw
equations as a two-dimensional problem due to small spacing between the plates and
consequently small Reynolds number.

Zeng and Korsmeyer [150] and Jang et al. [151] performed three dimensional simu-
lations of moving droplet hydrodynamics for lab-on-a-chip applications using Flow3D
and CFD-ACE+, respectively. However, their main focus was on electrohydrodynam-
ics, electric potential distribution, droplet fission, etc.

More recently Kumari and Garimella [146] carried out one of the rare three di-
mensional numerical studies on moving droplets hydrodynamics and heat transfer
and presented three dimensional motion effects on convective heat transfer inside the
droplet using temperature profiles at the different locations inside the droplet. They
conducted their simulations for two different situations: a moving droplet on a single

plate and between two parallel plates, using hemispherical and cylindrical computa-
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tional domains, respectively.

Talimi et al. [31] compared two approaches for integrating the heat transfer for
a specified number of slugs in a channel when the single phase moving frame com-
putational domain is used. The first approach includes summing up the local heat
transfer rates for all of the moving slugs in the channel from entrance to exit. This
requires that one knows the exact position of all the slugs. The second approach,
on the other hand, is based on the heat received by a slug while it moves through
the channel and liquid volume fraction of the two phase flow. They showed that the
second approach is more straightforward. Based on this approach Talimi et al. [31]
presented some graphs of dimensionless heat transfer for different slug lengths and
contact angles. They assumed same values for advancing and rear contact angles and
as they mentioned the effects of the difference between these two contact angles will

be examined in the future studies.

2.4 Other Aspects

2.4.1 Slug formation

The process of slug formation in circular channels has been reported as a strong
function of type of mixing zone and studied for different mixing zone shapes: T-
junctions (Qian and Lawal [65], Kumar et al. [103], Dai et al. [113]), Y-junctions
(Kumar et al. [103], Ilnicki et al. [114]), pre-mixed inlets (Qian and Lawal [65], Kumar

et al. [103]), and annular nozzles (Shao et al. [37], Gupta et al. [64], Chen et al. [46],
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Goel and Buwa [108], Narayanan and Lakehal [75]). The parameters of interest which
have been studied by researchers are diameter of the mixing zone, channel curvature
(for meandered channels), and superficial velocities of the two phases. The forces
which have been studied by recent researchers include surface tension, viscous friction,
inertial, and gravitational forces. The effects of these forces can be presented using
the different dimensionless groups such as the Reynolds number, Re, and Capillary
number, Ca.

Wall adhesion and contact angle play a prominent role in slug/bubble formation
as reported in some recent literatures. For example Cherlo et al. [109] reported an
increase in slug length with a decrease in contact angle. On the other hand, Gupta
et al. [44] reported that the wall contact angle plays no role when the mesh is fine
enough near the walls because the thin liquid film around the bubbles can be captured
using this fine mesh. This could be true when the channel material is hydrophilic and
there is no gas/liquid/solid contact angle. In the case of hydrophobic materials, the
wall contact angle is still important. However the mesh resolution in the numerical
simulations conducted by Cherlo et al. [109] is much coarser than what Gupta et al.
[44] used. This seems to be unavoidable (especially in 3D cases) since using fine mesh

like what Gupta et al. [44] suggested is very time consuming.

T-Junction:
Dai et al. [113] performed a highly detailed numerical study on slug formation

in T-junction. They showed three stages in slug formation: expansion, collapse, and
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pinching off. They also argued that pressure increase in the liquid phase, shear stress,
and surface tension are three forces which are involved in the process of slug formation.
The different arrangements of liquid and gas inlet directions and their effects on slug
formation were studied numerically by Qian and Lawal [65]. They showed that in
order to achieve shorter gas slugs, gas and liquid phases should be fed head to head
or perpendicular to each other, while the liquid flows parallel to the microchannel.

Decreasing the diameter of the mixing zone, leads to a decrease in the gas slug length.

Y-Junction:

Ilnicki et al. [114] showed numerically that liquid slug length increases and gas
slug length decreases with a decrease in gas superficial velocity or an increase in liquid
superficial velocity for a Y-shape microchannel. Similar trend observed by Kumar et
al. [103]. They also reported that slug length ratio has a 20-30% difference compared

with the flow rate ratio.

Annular (Concentric) Nozzles:

A three stage process of slug formation using concentric nozzles - consists of ex-
panding, contracting, and necking - was reported by Shao et al. [37], similar to what
observed by Dai et al. [113] in T-junction. These stage names refer to the movement
of gasliquid interface at the lower end of the gas bubble near the nozzle. At the first
stage, expanding, the gas/liquid interface moves toward the microtube wall due to
injection of gas. As the bubble grows to a certain level, the interface movement re-

verses and it moves away from the wall toward axis. This is the contracting stage.
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By injecting more gas, the gas bubble grows further in radial direction and leaves
only a thin film of liquid to pass. Therefore, liquid pressure makes the relation region
between gas bubble and gas inlet stream slender i.e. necking stage. Figure 2.6 shows

these three stages.

Expanding Contracting Necking

A B C D E F G

Figure 2.6: Slug formation process (Shao et al. [37]).

Chen et al. [46] stated that bubble departure size (maximum gas slug size just
before departure) depends on liquid and gas superficial velocities. By increasing gas
superficial velocity (or decreasing liquid superficial velocity), the departure size and
the length of the gas slug increase. (The same results were also reported by Kumar et
al. [103].) They also showed that under the same liquid and gas superficial velocities
(UL, and Ug) i.e. same flow conditions, the size of Taylor bubbles formed inside a given

geometry of microtube can vary distinctly using different bubble generation devices.
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In other words, for a given set of Uy, and Ug, different flow patterns can occur inside
the same channel.

Another detailed numerical study on slug formation process using concentric noz-
zles was performed by Goel and Buwa [108], in which the effect of different parameters
such as gas and liquid superficial velocities, C'a number, nozzle geometry, contact an-
gles, and physical properties of liquid were of interest. They showed that wall adhesion
is a very important parameter in the process of slug formation and an increase in wall
contact angle and a decrease in nozzle wall contact angle would decrease the bub-
ble formation period. Surface tension has a significant effect on this process and the
bubble formation period increases with an increase in surface tension.

Narayanan and Lakehal [75] focused on the effect of gravity on the breakup into
slugs and according to their results, the slug breakup happens slightly earlier for up-

flow, which leads to a higher breakup frequency.

Pre-Mixed Inlets:

Qian and Lawal [65] numerically investigated the effect of pre-mixing level and
mixing zone geometry on gas slug length. They showed as the two phases (gas and
liquid) are mixed better at the inlet of microchannel, the gas slug lengths become
shorter (similar results were also reported by Kumar et al. [103]). Kumar et al. [103]
also reported that by increasing the curvature ratio (the ratio of coil diameter to tube
diameter) the slug length increases for both gas and liquid phases. They proposed

the following reasons for this behavior. For low curvature ratios small slugs formed



2 LITERATURE REVIEW 48

due to strong centrifugal forces. As the curvature ratio increases, the centrifugal
force becomes weaker and slug length increases. They also showed that by decreasing
Ca, the gas slug length increases, by showing that when surface tension increases or

viscosity decreases, the gas slugs become longer.

Slug Formation in Non-Circular Microchannels

Slug formation process in non-circular microchannels has been widely neglected in
the recent numerical simulation. Almost all of the numerical studies on slug formation
process in gas-liquid two phase flows have been carried out for circular microtubes.
This may be because of applicability of a two dimensional axisymmetric geometry. The
studies performed by Santos and Kawaji [119] for square microchannels and Yu et al.
[57] for square and rectangular microchannels are exceptions. Based on the results
of Santos and Kawaji [119] the length of gas slugs increase with an increase in gas
superficial velocity or a decrease in liquid superficial velocity. Yu et al. [57] performed
a lattice Boltzmann numerical study on the process of slug formation in non-circular
microchannels and reported a dependency of the process on C'a. They showed that
for high C'a, small bubbles formed, with a diameter less than microchannel width. So
slug flow would not occur. They argued that this is because of weak surface tension
forces that cannot dominate shear forces. According to their results, gas inlet pressure
is higher than liquid inlet pressure in the expanding stage of slug formation. When
the liquid inlet pressure overcomes the gas pressure, the second stage starts. The third

stage, necking, is when a peak occurs in the difference between gas and liquid inlet
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pressures. The aforementioned procedure can be seen in Fig. 2.7.
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Figure 2.7: (a) Snapshots of the slug formation process and (b) pressure variation at
the gas and liquid inlets, time points AD correspond to the four snapshots in (a) (Yu
et al. [57]).

Using 2D simulations for rectangular microchannels Guo and Chen [120] reported
some critical contact angles above which the Taylor bubble formation will not take

place and showed that this critical contact angle depends on Ca. This shows the
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important role of the contact angle (i.e. using different wall materials) in controlling
the slug formation process in microchannels. Obviously more research can give deeper

insight on this subject.

2.4.2 Bubble Shape

Typically, Taylor bubble shape depends on different parameters such as C'a and Re
and has a meniscus front nose and a relatively flattened bottom. The length of the
Taylor bubbles depends strongly on the mixing configuration. The liquid film formed
between the bubble and the wall is uniform at the middle portion. The film thickness
of the liquid around the gas bubble increases continuously towards the front nose (as
it is shown schematically in Fig. 3.8), while it shows somewhat wavy behavior towards
the bottom portion.

Kreutzer et al. [58] and Chen et al. [46] reported a change in the front and
rear shapes of the departed Taylor bubbles with Re (defined based on the two-phase
velocity U = U, + Ug). According to Chen et al. [46], at low Re, both the front and
rear sides of Taylor bubbles show a hemispherical cap shape. As Re increases, the
curvature radius of the bubble tip become smaller and the rear cap becomes flattened
(similar results are reported by Kreutzer et al. [58]). The dependency of bubble shape
on Re is showed in Fig. 2.8. Chen et al. [46] also showed that when the liquid
superficial velocity is small enough as compared to the gas superficial velocity, long

Taylor bubbles can be formed by merging a growing bubble with the departed Taylor
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bubble in front of it. This approach is called Taylor-pairing or doubling.
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Figure 2.8: Taylor bubble shape for Re = 1,10, 100,200 at Ca = 0.04 (Kreutzer et al.
[58]).

Edvinsson and Irandoust [115] showed that as Ca increases, the rear side of the
bubble becomes less convex and inverted gradually. They also reported that as Re
increases, a multiple wavelet appears in the film near the rear side of the bubble and
its amplitude increases with Re.

Taha and Cui [51] reported almost similar curvature of Taylor bubble ends at low
Ca and nearly identical streamlines at both ends of the bubble. They also showed
that as C'a increases, the bubble nose becomes more slender and liquid film flowing
around the bubble is thicker (similar results reported by Martinez and Udell [116]).
They discussed three separate regions in the leading edge of the bubble: the bubble
cap region, the liquid film region and the transition region between them. According
to their results, increase in C'a result in an increase of the liquid film thickness and the
sharpness of the bubble nose. This results in smaller bubble caps and larger transition
regions.

Taha and Cui [47] found that by decreasing the Morton number, Mo, under a
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constant value of Eotvos number, Fo, the curvature of the bubble nose increases and
the bubble tail flattens, which results in an increment of the liquid film thickness
around the bubble. Also the curvature of bubble nose increases as Fo goes up.

The length of the Taylor bubbles has been studied numerically by Shao et al. [37]
and Kumar et al. [103]. Shao et al. [37] reported the bubble size increases with
increasing gas and decreasing liquid superficial velocities. Also, bubble size is mainly
affected by surface tension and only slightly by density and viscosity. They reported
an increase in bubble size with increasing nozzle size, and argued the reason is due
to the decrease in gas flux when using larger nozzles, while keeping the same gas
flow rate. The surface tension force increases as nozzle becomes larger. Former has
a detaching effect and later has an attaching effect, therefore the bubble formation
time and consequently its size increases. A dependency on bubble length on inlet
conditions was also reported by Kumar et al. [103] for pre-mixed inlet configuration
in meandering microtubes.

Ua-arayaporn et al. [73] studied the effect of pressure gradient on the shape of
bubbles in a slug flow through microtubes and found that the bubbles are nearly

spherical under the low pressure gradients.

Bubble Shape in Non-Circular Microchannels
The main parameters, which are reported to have strong effects on the bubble
shape and interface between the two phases, are C'a and superficial velocity ratio.

According to the numerical research on bubble shape in square microchannels, the
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bubble shape is nonaxisymmetric and flatten out against the wall for low Ca and
axisymmetic, i.e. the bubble cross section at any axial position remains circular, for
high Ca. Ghidersa et al. [53] and Taha and Cui [54] reported that the bubble shape
remains circular even up to C'a = 0.043, which they argued is in agreement with other
published studies. However the generally accepted minimum value of the Ca is 0.04.
There are several different reports on transition Ca limit from 0.1 to 0.04 (Taha and
Cui [54], Raimondi et al. [121]).

Taha and Cui [54] showed that at low Ca, both the front and rear ends of the
bubbles are nearly spherical. When Ca increases, the convex bubble end inverts
gradually to concave. As the Ca increases, the bubble becomes longer and more
cylindrical. At higher C'a numbers, we have cylindrical bubbles.

Liu and Wang [56] carried out a numerical study on bubble shape with respect to
Ca through square and equilateral triangular microchannels and (similar to Taha and
Cui [54] and Raimondi et al. [121]) argued that because the liquid film thickness in
corners is larger than side walls, the liquid flows more slowly in the corners. They also
reported the transition C'a limit of 0.1 for square microchannels and discussed two
potential causes for differences between this limit and the value of 0.04 reported by
other researchers. Firstly, the inertial effect was considered in their study and second,
they simulated a finite long bubble in their work.

Yu et al. [57] reported that a larger gas to liquid flow ratio leads to longer gas

bubbles in square and rectangular microchannels. Under the same flow rate ratio, a
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smaller C'a number results in a longer bubble. According to their results, the geometry
of the mixing section also affects the bubble size and the spacing between the bubbles.

Reznik and Yarin [122] simulated numerically the change in the contact angle of a
droplet squeezing between two moving walls and reported that the free surface deviates
from circularity at the beginning of the squeezing process and after sufficiently strong
squeezing, the contact angle gradually goes up toward the value of m. According to
their results, the free surface becomes more similar to the circular shape during the

final steps of squeezing.

2.4.3 Flow Patterns

Bubble length, Peclet number Pe, Bodenstein number Bo, Capillary number Ca,
pressure gradient, flow direction (gravitational effects), channel curvature (for curved
microchannels), and superficial velocities of the two phases have been reported by
many researchers as the main factors influencing flow patterns and consequently heat
and mass transfer. Another important factor is whether the bubble touches the channel
walls, i.e. dry-out condition, or not.

Giavedoni and Saita [49] and Martinez and Udell [116] reported different flow
patterns for high and low Ca. Based on their results, circulation regions inside the
liquid slugs become smaller as C'a increases and showed that these results agree with
Taylor [27].

Slip ratio between bubbles and liquid has been studied numerically (Edvinsson and
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Irandoust [50], Ua-arayaporn et al. [73], He et al. [60]). He et al. [60] found that for
Taylor flow when the wall is perfectly wetted by liquid, the gas bubble to liquid velocity
ratio is approximately 1.2, which agrees well with the Armand correlation (Armand
and Treschev [117]) but when the gas bubbles contact with the wall directly i.e. a
dry-out patch, the gas bubble flows with the same velocity as liquid slugs (slip ratio
of 1). Ua-arayaporn et al. [73] reported higher ratios of gas velocity to liquid velocity
for higher pressure gradients and argued this is because the change in bubbles shape
for higher pressure gradients. At higher pressure gradients, the bubble is elongated
in the central region of the tube or pipe and less is influenced by the no-slip wall
condition. Edvinsson and Irandoust [50] argued that for small microchannels it is
sufficient to correlate the relative velocity of gas plugs with Ca. As flow rates and
diameters increase, the effects of inertial forces as well as gravitational forces become
more pronounced. In addition, the size of the circulation regions within the liquid plug
decreases rapidly with increases in liquid film thickness. Tlnicki et al. [114] reported
that for high values of overall velocities (Ug + U, > 0.4(m/s)) the time necessary to
reach a steady Taylor flow increases significantly if the slip ratio (Ug/Uy) is higher
than 1. On the other hand, for the overall velocity lower than 0.4 (m/s) this necessary
time increases only if the slip ratio is higher than 2.5.

Axial transport phenomena (considering mass transfer) between liquid slugs through
the liquid film around the bubbles have been studied by Salman et al. [118] and Mu-

radoglu et al. [104]. Salman et al. [118] investigated numerically the effect of axial
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mixing in liquid phase of Taylor flows for low Bo, where diffusion is sufficiently large,
and reported an increase in axial mixing in liquid slugs with increasing C'a and argued
this is because of a thicker liquid film around the bubbles and better communication
between slugs. They also showed that axial mixing increases with an increase in bub-
ble and slug length and suggested using short bubble and slug lengths in order to have
reduced axial mixing.

Muradoglu et al. [104] studied the effects of Pe on the axial mass transfer (dis-
persion) in the liquid slugs. They found that “convection” and “molecular diffusion”
control the axial dispersion for different Peclet numbers, Pe. They introduced three

different regimes of Pe:

1) Convection-controlled regime when Pe > 103.

2) Diffusion-controlled regime when Pe < 102.

3) Transition regime when 10% < Pe < 103.

Curved microtubes have been studied by Fries and von Rohr [62]. They showed
that the symmetrical velocity profile of straight microtubes changes to an asymmetrical
one for the meandering channel configuration. Therefore radial mass transfer inside
the liquid slug increases and mixing length reduces. A smaller radius of curvature
provides more mixing rather than larger radii. They argued this is because of larger
centrifugal forces. According to their discussion, the optimal slug length for fast mixing

depends on the bend geometry. While longer slug lengths provide an enhanced mass
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transfer due to the bending angle of the slug, shorter liquid slugs have smaller turning
angles, providing an enhanced asymmetrical flow pattern.

Taha and Cui [51] reported that at low Ca, the shape of streamlines at the front
and end of the bubble are almost the same, bending sharply in the path of circulation.
They also mentioned that this localized effect of the bubble can be seen only within
a bubble diameter from the bubble nose. According to their results, the circulation
region in the liquid slugs becomes smaller and the center of the circulation zone shifts
toward the axis, as Ca increases. Also, by increasing Ca, the thickness of liquid
film flowing around the bubble increases, and complete bypass flow occurs around
Ca = 0.5. They observed two stagnation points in the liquid plug: one on the bubble

tip and the second inside the liquid plug.

Flow Patterns in Non-Circular Microchannels

According to the published literature, velocity field and flow patterns of gas-liquid
two phase flow in non-circular microchannels are both affected by Ca, channel shape
and geometry, slug length, and local pressure gradient. There is also a reported critical
Ca in which a complete bypass occurs. This critical value has been reported for a few
channel shapes such as squares and triangles.

As presented in Table 2.3 most of the recent attention on velocity field and flow
pattern of two phase flow inside non-circular microchannels was on square microchan-
nels. Rectangular microchannels were of interest by Yu et al. [57] and Onea et al.

[123]. Liu and Wang [56] is one of the rare numerical studies on flow pattern inside
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triangular microchannels. Therefore rectangular and triangular geometries need more
numerical focus.

Zaloha et al. [124] investigated flow patterns and circulations inside liquid slugs
in gas liquid Taylor flows in straight and meandering rectangular microchannels using
micro Particle Image Velocimetry (u — PIV). According to their report, the internal
circulations inside moving liquid slugs are symmetrical about the center line of the
straight rectangular microchannels, but more complex in the meandering microchan-
nels. They quantified the recirculation motion inside moving slugs for slug lengths of
Ls/w < 1.5, and showed that the product of the liquid slug residence time and the
recirculation rate is independent of the two phase velocity, Uy,, when 8 < Re;, < 32
and 1.1 x 107 < Cay, < 4.5 x 1072,

Worner et al. [105] reported that the velocity profile in the liquid slug has the same
parabolic form for different lengths of computational domain in square microchannels.

Taha and Cui [47] showed numerically that the behavior of dimensionless bubble
velocity of Taylor flow in square microchannels is similar to circular microtubes, except
for low Ca where it increases with Ca. They also showed that the transition to
complete bypass occurs around Ca = 0.4. According to their results, two separate
circulation regions exist in front of and behind the bubble at low C'a. As Ca increases,
similar to the circular microtubes, the center of circulations moves away from walls
and shifts toward the symmetry line. At high Ca, recirculation regions vanish and a

complete bypass occurs. They showed that the liquid flow field is not axisymmetric
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Table 2.3: Numerical studies on hydrodynamics and heat transfer in gas liquid two
phase flows in non-circular microchannels.

Authors

Flow conditions

Geometry

Research aspects

Liu and Wang [56]

Yu et al. [57]

Ghidersa et al. [53]

Worner et al. [105]

Taha and Cui [54]

Young and Mohseni

[79]

Onea et al. [123]

Oztaskin et al. [135]

Santos and Kawaji
[119]

Oprins et al. [80]

Heil [138]

Giavedoni and Saita

[49]

Guo and Chen [120]

0.003 < Ca<1

0.006 < Ca < 0.2

Air-silicon oil

Re =76.3
Ca = 0.043,0.205

Ca=0.2

0.001 < Ca < 3.4

Re = 100, 400

Mo = 0.0004926

H =0.03,3

Air/methyl chloride water
0.11 < Ca < 0.23

0.018 < Ug < 0.791m/s
0.042 < Uy, < 0.757m/s
Air-water

U=0.1m/s

Water

0.06 < Ca<b
0 < Re < 280
0.005 < Ca <1
0< Re< 70

6.4 x 107* < Ca < 0.017

MFR

Square and equi-triangle
Dy =1mm,L =16Dy
FFR

Square and rectangular
125um x 1250r250um
MFR

Square duct (3D)

2mm X 2mm X 2mm
MFR

Square duct (3D)

2mm X 2mm X 2mm
MFR

Square duct (3D)

2mm X 2mm X 2mm
MFR

Single droplet between
parallel plates

0.125 < H/L <1

MFR

Square and rectangular
Dh = 2mm (3D)

MFR

Square ducts (3D)
2mm X 2mm

FFR

Square ducts (3D)

Dy =113um

MFR

Single droplet between
parallel plates
L=28mm, H=1mm
MFR

2D channel

MFR

Circular tubes and
parallel plates

FFR

Rectangular ducts (2D)

Bubble shape,

flow patterns,

and film thickness
Pressure drop, flow
patterns, slug formation,
and film thickness
Bubble shape,

flow patterns,

and film thickness
Bubble shape

and flow patterns

Bubble shape, flow
patterns, pressure drop,
and film thickness

Heat transfer
(isothermal and isoflux
boundary conditions)

Bubble shape,

flow patterns,

and film thickness
Velocity and flow
patterns, flow stability

Slug formation
and flow patterns

Flow patterns,
heat transfer
(isothermal wall)

Film thickness
and flow patterns
Film thickness

and flow patterns

Slug formation
and flow patterns
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at low Cla by presenting two different positions of the vortex eye from the side and
diagonal views.

Ghidersa et al. [53] reported that for the cross section with the smallest film
thickness, in the liquid film surrounding the bubble a back flow region exists. They
argued this flow corresponds to a local high positive pressure gradient due to the rapid
change in film thickness.

Liu and Wang [56] like other researchers (Taha and Cui [54], Raimondi et al. [121])
reported that with increases in Ca, the distribution of the vortex centers transferred
from walls into the circle gradually, and become smaller and smaller. They argued
that as the vortex centers shifted toward the centerline, more liquid flows towards
the bubble and this forms a thicker film. Finally at critical C'a, at which the bubble
velocity is equal to the maximum liquid velocity, there is a complete bypass and no
circulation in liquid plug. They obtained a critical C'a of 0.8 and 1.0 in square and

equilateral triangular shapes, respectively.

2.4.4 Liquid-Liquid Slug Flow

Numerical studies on liquid-liquid two phase flows have not been considered widely
and the articles found in this field are much less than what can be found in gas-liquid
field. Table 2.4 shows the numerical studies on liquid-liquid two phase flows. As
one can see in Table 2.4, many of research aspects are still untreated, including slug

shape, film thickness of continuous phase around slugs of dispersed phase, pressure
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drop, and heat transfer. Based on the thermal diffusivity of the liquids, both phases
could contribute in the heat transfer process. The ability of liquid-liquid two phase
flows to increase heat transfer as compared with gas-liquid two phase flows can be a

future research subject. Curved microchannels are another gap in research.

Table 2.4: Numerical studies on hydrodynamics and heat transfer in liquid-liquid two
phase flows.

Circular microtubes Non-circular microchannels Meandering
microchannels
Slug formation Kashid et al. Wu et al. [102, 129]- Rectangle No studies found.

[101, 125, 126, 127, 128] Kumar et al. [103]- Rectangle
Aliasghar Zadeh and Radspiel
[130]- Rectangle
Cherlo et al. [109]- Rectangle

Raj et al. [131]
Slug shape No studies found. Raj et al. [131] No studies found.
Flow pattern Kashid et al. Wu et al. [129]- Rectangle No studies found.

[101, 125, 126, 127] Raimondi et al. [107, 121]

(Square)
Film thickness No studies found. No studies found. No studies found.
Pressure drop  Kashid et al. [128] No studies found. No studies found.
Heat transfer No studies found. No studies found. No studies found.

Liquid-Liquid Slug Formation in Circular Microchannels

The effects of a small number of parameters on the slug formation process in liquid-
liquid flows have been studied in the recent years. These parameters are wall adhesion,
wall confinement, and Cla.

Kashid et al. [101] simulated slug formation in a Y-junction mixer using two

liquids and reported that the wall adhesion plays a very important role in formation
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of the plugs. According to their simulation results, the two liquids travel through the
microtube, after the Y-junction, as two parallel flows to a certain distance. After that,

slugs form due to the wall adhesion.

Liquid-Liquid Slug Formation in Non-Circular Microchannels

The liquid-liquid two phase flows in non-circular microchannels have not been con-
sidered extensively in the numerical simulations. Only a few studies have considered
the effects of some general parameters such as C'a and Re on the slug formation process
and flow patterns.

Aliasghar Zadeh and Radespiel [130] argued that the mechanism of slug formation
depends on C'a. For high Ca, shear stress forces play the prominent role, and for
low Ca, a force balance between phases pressure difference and Laplace pressure is
important.

The effects of C'a on slug length have been studied by Aliasghar Zadeh and Rade-
spiel [130] and Wu et al. [102]. According to Aliasghar Zadeh and Radespiel [130], slug
length decreases initially and flattens as C'a increases. Wu et al. [102] reported the
strong dependence of plug size on C'a. They showed that (for their case) by increasing
Ca, droplets become shorter. They also showed that for Ca < 0.005, droplet length
is only influenced by C'a and that for higher Ca, it is influenced by both C'a and Re.

Wu et al. [129] showed that the distance between two neighboring droplets in-
creases with a decrease in C'a. Another result of their work is that the size of the

formed slugs increases when Ca decreases. For small Ca, the diameter of formed
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droplets becomes larger than the width of the channel and slugs are generated. For
larger C'a, small droplets generated and do not touch the wall and therefore the effect
of the channel geometry decreases.

Raj et al. [131] showed the strong effect of wall contact angle on slug formation
in rectangular microchannels. They performed 3D simulations for different contact
angles from 60° to 180° and observed that an increase in the wall contact angle makes

the slugs smaller and more stable.

Liquid-Liquid Flow Patterns in Circular Microchannels

Kashid et al. [101, 125, 126, 127] have carried out a number of numerical simula-
tions on the flow pattern inside the slugs. The effect of different parameters including
Re, interface shape, and circulation intensity were of interest in their works. The
effects of C'la and We were also studied recently by Wu et al. [129].

Kashid et al. [101] performed numerical simulations for a liquid-liquid plug flow in
microtubes considering two liquid plugs separately. They considered two cases for the
second liquid plug: with and without a thin film around the computational domain.
According to their results two flow patterns exist in each slug: a recirculation zone at
the center and in the wall proximity and two stagnant zones in between them. Thus,
there is a parabolic velocity profile showing the maximum velocity at the center of the
slug, zero velocity at some radial position and negative velocity at the wall surface.

Kashid et al. [125] mentioned that for long liquid slugs in which slug length is larger

than slug diameter, the radial position of the stagnant zones are located at roughly



2 LITERATURE REVIEW 64

half the microtube radius. These stagnant zones shift slightly toward the center of
the slug with increasing liquid flow velocity. On the other hand, for shorter slugs, the
radial position of the stagnant zones observed between the cent