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In this study, bubble dynamics and frictional pressure drop associated with gas lig-
uid two-phase slug flow regime in adiabatic T-junction square microchannel has been
investigated using CFD. A comprehensive study on the mechanism of bubble formation
via squeezing and shearing regime is performed. The randomness and recirculation pro-
files observed in the squeezing regime are significantly higher as compared to the shear-
ing regime during formation of the slug. Further, effects of increasing gas velocity on
bubble length are obtained at fixed liquid velocities and simulated data displayed good
agreement with available correlations in literature. The frictional pressure drop for slug
flow regime from simulations are also obtained and evaluated against existing separated
flow models. A regression correlation has also been developed by modifying C-parame-
ter using separated flow model, which improves the prediction of two-phase frictional
pressure drop data within slug flow region, with mean absolute error of 10 %. The influ-
ences of fluid properties such as liquid viscosity and surface tension on the two-phase
frictional pressure drop are also investigated and compared with developed correlation.
The higher liquid viscosity and lower surface tension value resulted in bubble formation

via shearing regime.

Key words:

slug flow, two-phase frictional pressure drop, T-junction square microchannel

Introduction

Microfluidic systems offer opportunities for
process automation as well as large-scale integra-
tion for chemical and biological systems. This holds
potential for development of process intensification
techniques such as Lab-on-a-Chip (LOC) and Mi-
crototal-analysis-system  (LTAS).  Additionally,
small sample sizes allow rapid, low cost, and highly
sensitive analysis of chemical and biological sam-
ples in these systems'. The microfluidic system re-
duces transport distances and dilutions caused by
Taylor dispersion. In addition, introduction of a new
phase into these systems further reduces transport
distances and dilutions caused by Taylor dispersion.
Simultaneously, it increases the interfacial area and
rate of self-mixing with formation of dispersions,
bubble/droplets and films?. As a result, higher rate
of heat and mass transfer is achieved in the multi-
phase microfluidic systems.

Many physical, chemical, and biological pro-
cesses often involve gas liquid operations. Gas lig-

“Corresponding author: msalam@mnnit.ac.in

uid two-phase flow in microfluidic systems pro-
vides efficient and economical stage for performing
controlled fast reactions, mixing, separation, mate-
rial synthesis, controlled generation and manipula-
tion of dispersed micro-bubbles/droplets. Moreover,
individual bubbles/droplets can be precisely gener-
ated, transported, sorted, mixed, controlled and ana-
lyzed. These micro-bubbles/droplets offer potential
for compartmentalizing biological and chemical re-
actions within picolitre/nanolitre scale, similar to
cellular levels. Further, these micro-bubbles/drop-
lets have wide applications in the field of biomole-
cule synthesis, biomedical technology, diagnostics,
drug delivery, and nanotechnology'.

Due to prevailing interfacial forces as com-
pared to inertial forces, the physics of a microfluid-
ic system differs significantly from macro-systems.
The interfacial forces have significant influence on
microfluidic multiphase flow behavior®. At present,
the complex hydrodynamics, interaction between
forces and relationships among different parameters
in microfluidic systems are not universal and well
established. Therefore, better insight on microfluid-
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Table 1 — Numerical studies on hydrodynamics, heat and mass transfer in slug flow in microfluidic devices based on VOF method

Software/
Authors Numerical dimensions/fluids computational Key points
domain
Taha and Cui'*  2D; Circular, axial symmetry Fluent/ Moving Bubble velocity, shape and velocity distribution around
geometry (Lx11L) Frame bubbles were investigated in slug flow and validated
with past experimental results.
van Baten and 2D, d: 1.5, 2, 3 mm, axisymmetric CFX/ Moving Frame Volumetric mass transfer of liquid phase collectively
Krishna® geometry influenced by bubble rise velocity, unit cell length, lig-
uid diffusivity, length of liquid film, and the channel
diameter.
Taha and Cui® 3D, axisymmetric, Square Fluent/ Moving The velocity distribution, shape and local wall shear
capillary, Lx11L Frame stress around were investigated and validated with past

Taha and Cui'®

Akbar and
Ghiaasiaan®’

Qian and Lawal'’

Kumar et al.'®

Shao et al.?®

Liu and Wang*

Guo and Chen"

Gupta et al.?

Dai et al®

Goel and Buwa?

Gupta et al.®®

2D, Vertical capillary axisymmetric
geometry, dx11d

2D, axisymmetric geometry
d: 1 mm

2D, T-junction, d: 0.25 to 3 mm;
L: 60d, Water and air

3D; Curved microchannels (mixed,
T- and Y-) of d: 0.5 mm, Water
and air

2D, axisymmetric geometry, d: 1
mm with two gas nozzle sizes of
0.11 and 0.34 mm ID, Air and
three liquids (water, octane and
semi-octane)

square and equi-triangular
capillaries; d:1 mm L: 16d

2D, rectangular geometry,
d: 200 pm, L: 50d, Water and air

2D, axisymmetric circular
geometry d: 0.5 mm, L: 10d, Water
and air

3D, T- type, Circular, d:100 um,
L: 10d, Air and three liquids
(water and semi-water)

2D and 3D, axisymmetric, circular
microchannels d: 0.3, 0.5, 0.75,
and 1 mm, Water and air

2D, axisymmetric simulations,
d: 0.5 mm, L: 15d, Water and air

Fluent/ Moving
Frame

Fluent/ moving
Frame

Fluent/ Fixed Frame

Fluent/ Fixed Frame

CFX/ Fixed Frame

Fluent/ Moving
Frame

Fluent/ Fixed Frame

Fluent/ Fixed Frame

Fluent/ Fixed Frame

Fluent/ Fixed Frame

Fluent and TransAT/
Fixed Frame

experimental results.

The shape, velocity distribution and local wall shear
stress were computed and validated with past experi-
mental results.

Simulated bubble velocity, frictional pressure drop,
slug length, and liquid film thicknesses compared rea-
sonably well with literature.

Gas and liquid slug lengths obtained at various operat-
ing and fluid conditions. Slug lengths were found to be
mainly dependent on phase hold-up. New correlations
were proposed for estimating gas and liquid slug lengths.

For low curvature ratio non-uniformity in the slug for-
mation was more pronounced as compared to the high-
er curvature ratios. Surface tension, viscosity and wall
adhesion had major influence on slug flow develop-
ment. Viscosity was more dominant in curved micro-
channels as compared to the straight microchannels.

Bubble formation mechanism and bubble size at dif-
ferent operating conditions and fluid properties was
investigated. Increase in nozzle size and contact angles
favor the formation of larger bubbles. Surface tension
had higher influence on bubble size than viscosity and
density.

Bubble size and shape, thickness of liquid film, veloc-
ity field and two-phase relative velocity were observed
as functions of capillary number.

Bubble break-off mechanism at different Capillary
number and influence of operating conditions and flu-
id properties was investigated. Gas slug length de-
creased with decreasing the surface tension and in-
creased with decreasing of liquid viscosity.

Liquid film was obtained using finer mesh near wall.
Film thickness, gas holdup, bubble length and velocity
and pressure distribution in a unit cell was studied.

Three stages for bubble formation in squeezing regime
were proposed via: expansion, collapse and pinching
off. Collapse stage was found as most important stage
in bubble formation process.

Effects of superficial gas and liquid velocities, channel
geometry, wall adhesion, and fluid properties on the
dynamics of bubble formation were investigated and
validated with past experimental results.

Volume of fluid (VOF) and level-set techniques of the
ANSYS Fluent and TransAT codes, respectively was
employed to study flow and heat transfer in slug flow
regime. Both tools had similar results.
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Software/
Authors Numerical dimensions/fluids computational Key points
domain
Raj et al ! 3D, Rectangular, four different Fluent/ Fixed Frame Wall adhesion had strong influence on the drop/slug
geometry, water and silicon oil formation mechanism. Predicted drop/slug lengths
were found to be independent of continuous phase vis-
cosity, interfacial tension, channel size, inlet distribu-
tor for different values of Capillary numbers.
Santos and 3D, d,;: 113 um, nearly square, Fluent/ Fixed Frame Good agreement with experimental value of gas slug
Kawaji*! Water and air length below 400 um was observed.

Liu and Wang?

Kashid er al.**

Asadolahi et al.3?

Sivasamy et al.>*

Santos and
Kawaji’®

Li et al.®®

Horgue et al.*

Talimi et al.’’

Talimi et al.*

Hoang et al.®®

Kang and Zhou*

Chandra et al.*

2D, Circular, axial symmetric,
d: 1 mm.

2D, T-type geometry,
Glycerol/water and 3M fluorinated
fluid FC-3283 and 1H,1H,2H,2H
perfluoro-1-octanol

2D, axisymmetric, vertically
upward, d: 2 mm, L: 100d for
fixed frame and 6.75 d for moving
frame, Water and nitrogen

3D, rectangular microchannel
(wxh: 100x200 um? and

L: 1000 pm), Mineral oil
and DI water

3D, d,: 113 pm, nearly square,
Water and air

3D, T-junction, rectangular;
aspect ratio-100/80 pm, Silicon
oil and aqueous glycerine

d: 2 mm, L: 10d

2D, d: 500 um

d: 0.5 mm

2D; width: 100 um and length:
800 pm, Air and ethanol

3D, 594x80 wm?, serpentine
channel, CO, and methanol

3D, rectangular
(1.00x1.00x50 mm?),
Water-cyclohexane

Fluent/ Moving
Frame

Fluent/ Fixed Frame

Fluent/ Moving
Frame and fixed
frame

Fluent/ Fixed Frame

Fluent/ Fixed Frame

Fluent/ Fixed Frame

Fluent/ Fixed Frame

Fluent/ moving and
fixed frame of
reference

Fluent/ Moving
Frame

Open Foam/ Fixed
Frame

Fluent/ Fixed Frame

Fluent/ Fixed Frame

Volumetric mass transfer coefficient in Taylor flow
was analyzed as a function of various parameters. It
increased with increasing liquid-film length, liquid dif-
fusivity and bubble velocity, and decreased with in-
creasing liquid-slug length, capillary diameter, and
liquid-film thickness.

Slug flow generation and its key characteristics such
as wall film and wetting behavior were obtained thor-
oughly using the VOF method.

Comparison of fixed and moving frame of reference.
The hydrodynamics and heat transfer results were sim-
ilar using these approaches. Computational time was
higher in fixed frame of reference.

During squeezing regime, pressure profile of the dis-
persed and the continuous phase changed as the drop-
let break-up process proceeded.

Hydrophobic channels enhanced contact area of gas
slugs with channel walls, whereas hydrophilic chan-
nels enhanced internal mixing within gas slugs and
liquid plugs.

Numerical and experimental analysis of mechanism of
droplet formation in immiscible liquid/ liquid T-junc-
tion system. The experimental and numerical results
displayed good agreement.

Compared to Geo-Reconstruct, HRIC, QUICK, and
CICSAM scheme using Fluent VOF method to pro-
vide computation speed and accuracy for simulation of
the slug flow.

Moving frame of reference method over predicted
pressure drop and heat transfer.

Heat transfer inside square microchannel under con-
stant wall temperature boundary condition in two-
phase slug flows was simulated at different Reynolds
number, contact angle, and slug length.

Presented criteria for optimizing computational set-
tings for observing and studying film and bubble dy-
namics in segmented flow.

Studied effects of surface tension and viscosity on the
bubble generation process in direct methanol fuel cells
(DMFC).

Less number of slugs formed for small values of ob-
struction spacing and inducing more internal mixing
within a slug.
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ic systems is required in order to broaden the exist-
ing knowledge and expertise on these systems.

In the literature, numerous experimental inves-
tigations are reported on the hydrodynamics and
flow characteristics of gas liquid two-phase flow in
microfluidic systems over the years*'*. Several flow
patterns such as bubbly, slug/Taylor, churn, annular
and dispersed have been observed in the gas liquid
two-phase flow. These flow patterns develop in dif-
ferent flow conditions, fluid’s nature, channel size,
geometry and wettability of the microfluidic sys-
tem. The flow pattern maps*’#!° indicate that slug
flow usually dominates over other flow patterns for
wide-ranging operating conditions in microfluidic
systems. The slug flow is characterized by alternate
sequences of cylindrical shaped liquid slugs and gas
bubbles. The diameter of the bubbles is in range of
the hydraulic diameter of channel or greater. These
gas bubbles fill the entire cross section of the chan-
nel with thin film of the liquid separating bubbles
from the wall of channel. Slug flow provides en-
hanced stability, control, safety, higher heat and
mass transfer rate due to reduced axial distance,
higher radial mixing, and large interfacial area.

Numerical studies on microfluidic
slug flow

The continuous evolution and advancement in
the field of efficient multiphase flow modelling, in-
terface capturing, pre-processor, solver and
post-processing techniques have made CFD codes/
software a powerful tool for analysing and design-
ing systems which involve fluid flow, heat and mass
transfer. The numerical studies in the field of the
microfluidic flow are increasing rapidly as they
may provide detailed, precise and reliable informa-
tion on parameters as compared to experimental re-
sults which are uneconomical and often erroneous.
Interface tracking techniques such as volume of flu-
id (VOF) method is one of the popular ways for
tracking interfaces in multiphase flow. Recently,
many authors had examined hydrodynamics, flow
characteristics and related parameters of the slug
flow in microfluidic systems using VOF method.
Mostly, fixed and moving frame computational do-
mains were employed to simulate slug flow using
VOF methods in these studies.

Taha and Cui'*'¢ applied control volume meth-
od using VOF method and studied hydrodynamics
of slug flow in terms of velocity field, wall shear
stress distribution, bubble shape and velocity profile
at different capillary numbers in two-dimensional
capillary and three-dimensional square capillary
with refined grid near wall by means of moving
frame simulation. The simulated results of bubble

shape, wall shear stress and velocity profiles were
in good agreement with previous experimental re-
sults. In another benchmark study, Qian and Law-
al'” investigated Taylor flow in T-junction micro-
channel using VOF method with varying cross
sections of the channel ranging from 0.25 mm to 3
mm in fixed frame two-dimensional geometry. They
reported gas and liquid slug length at various flow
rates, diameters, fluid properties and inlet configu-
rations. The gas and liquid slug lengths were in-
creased with increase in their respective fluid veloc-
ity, and dimensionless slug sizes (L /d and L/d)
were found to be mainly dependent on phase hold
up. Liquid viscosity had no major impact on slug
lengths, whilst the surface tension and wall adhe-
sion affected slug lengths moderately. In addition,
non-uniformity in slug size increased with increas-
ing fluid velocity. Kumar et al.'® studied Taylor
flow in curved microreactors at different operating
conditions and reported influences of the inlet ge-
ometry conditions, flow rates, channel diameters,
curvature ratio, inlet volume fraction, wall contact
angle and fluid properties on slug length. They ob-
served that the effect of fluid viscosity was more
pronounced in curved microchannels than straight
microchannels. Guo and Chen" studied the mecha-
nism of bubble formation, effect of capillary num-
ber, gas and liquid velocity, contact angles and fluid
properties on the slug lengths. The squeezing re-
gime was reported on low Ca number while shear-
ing regime was found at high Ca number. Also, for
the formation of the bubbles, a threshold value of
wall contact angle for different capillary number
was proposed. Gupta et al.® carried out CFD simu-
lation of Taylor flow in circular channel of diameter
0.5 mm and length of 10d having air and water as
the working fluids using commercial software Flu-
ent. The VOF method, CSF method and QUICK
scheme were adopted and suggested the use of finer
mesh near the wall in order to capture wall liquid
film. Santos and Kawaji*!** compared void fraction
and slug length of the gas liquid system in nearly
square-shaped T-junction microchannel of hydraulic
diameter 113 pm experimentally and numerically.
The void fraction predicted numerically had linear
relationship with homogeneous void fraction while
values obtained experimentally depend upon ratio
of superficial velocities (Ug/ U). The simulated gas
slug length was similar in size to that obtained ex-
perimentally for slug length less than 400 um while
they were dissimilar for longer slug sizes. In few
other numerical studies, heat and mass transfer in
microfluidic devices were also investigated® 2, A
comprehensive summary of numerical studies based
on VOF model in two-phase microfluidic flow is
presented in Table 1. However, numerical studies
have not been reported so far on the modelling of
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two-phase frictional pressure drop in microfluidic
devices employing CFD. As a result, an attempt has
been made in the present study to investigate bub-
ble dynamics and two-phase frictional pressure drop
associated with slug flow regime for adiabatic
T-junction square microchannel using CFD.

Numerical methodology

Model geometry

In the present investigation, a T-junction square
microchannel having hydraulic diameter (d,,) 1 mm
is initially prepared and meshed in ANSYS. The
fluid inlets are constructed at an angle of 90°. The
lengths of square-shaped fluid inlets are 2 mm. The
length of mixing zone is kept 150 mm long, so that
the mixing effect of two fluids can be easily cap-
tured, and the fully developed flow can be observed.
The longer channel length also enabled observing
stability and uniformity of bubble size at several
flow conditions. The three-dimensional T-junction
microchannel is shown in Fig. 1. The water and air
are taken as working fluids. The fluids are fed sep-
arately through two different inlets of T-junction to
mixing zone. The water is fed horizontally while
gas is introduced vertically into the channel. The
physical properties of fluids used in the present
simulation are mentioned in Table 2.

Governing equations

The volume of fluid (VOF) method*! has been
adopted for tracking locations of interface between
gas and liquid phases by solving additional continu-
ity equation for volume fraction for one of the
phases. In the VOF method, two or more phases are
considered as immiscible and for each control vol-
ume, the volume fractions of all phases sum up to
unity. For each additional fluid phase, i, introduced
in the system, a new volume fraction term (a,) is
added as a variable in the computational cell, i.e.

— a. = 0: the cell is empty of the i" phase.
— o, = 1: the cell is full of the i" phase.

— 0<a<I: the cell contains the interface between
the 1" phase and one or more other phases.

1mm
& <>

Table 2 — Physical properties of fluids used in the present

simulation
Fluid pkgm3) | pukgm's? o (N m™)
Air 1.225 1.7894-10° -
Water 998.2 0.001003 0.072

A single set of the continuity and momentum
equations is solved throughout the computational
domain. The continuum surface force (CSF) mod-
el is employed to model surface tension as an ex-
tra body force in momentum equation. The continu-
ity and momentum equation of the VOF formulations
of two-phase flow are as follows:

Equation of continuity:

0 .
a—’t’w.(pv):o (1)

Equation of motion:
o(p¥)
ot

+V.(pi)=Ap+ A.[u(vv + W)J +pg+F (2)

Volume fraction equation:

ou

£ +vVa,=0 3
> . 3)
where,
p:alpl +agpg
ll’t:/'tlpl +Il’tgpg

Simulation schemes

The simulations are performed in ANSYS
FLUENT 15.0 release using double-precision solv-
ers with fixed frame 3D computational domain. Be-
fore simulation process, grid independency tests are
conducted to ensure optimum mesh spacing. As the
present study is primarily focussed on investigation
of two-phase frictional pressure drop in slug flow
region, the cell numbers are increased until the data
obtained for two-phase frictional pressure drop are
grid independent. Different cell numbers ranging
from 153000 to 425456 were used for this purpose.
The present computational geometry contains
298753 hexahedral cells. The courant number is

v
2mm
(o@ 2 mm I
hd z‘l

= 152 mm

Fig. 1 — Schematic representation of the T-junction square microfluidic test section of d,,= I mm
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fixed at 0.25 and time step size is in order of
105~10"° second in present simulations. The wall
adhesion is turned on and the contact angle is kept
at default condition at 90°." The surface tension
value is kept at 0.072 N m™'. The no-slip walls con-
dition is applied. Water is assigned as primary phase
and air as secondary phase. Pressure-implicit with
staggering option (PISO) scheme is selected for the
pressure velocity coupling, with neighbour correc-
tion value as one. For the spatial discretization,
green gauss cell based method for gradient, Pres-
sure staggering option (PRESTO!) scheme for pres-
sure, second order upwind scheme for momentum
equation with geo-Reconstruct scheme for volume
fraction were adopted as solution methods. The
transient formulation first order implicit with non-it-
erative time advancement is set in current simula-
tion. For slug flow region, gas and liquid flow rates
ranges were adopted from the flow regime map of*.
The flow rates of both gas and liquid used in the
present simulation ranged from 0.025-0.5 m s
The flow conditions are laminar and capillary num-
ber is in the range of 10#—1072 in all simulations.
The scaled residual for continuities and velocities
ranged around 10* and 1078, respectively, under
these conditions.

Results and discussion

Effect of capillary number on bubble formation

Capillary number (Ca) is defined as the ratio of
viscous to interfacial forces. It is an important di-
mensionless number, used to characterize two-phase
flow behavior in microfluidic devices and can be
represented by the following correlation:

Ca=uU,/o 4)

The value of Ca lies typically in the range of
104-10"2 for microfluidic devices as reported by
Garstecki et al.* The authors studied the process of
droplet and bubble formation in microfluidic T-junc-
tions geometry using the liquid-liquid two-phase
flow system and divided bubble formation mecha-
nism into two regimes, i.e., squeezing and shearing
regime. The squeezing regime is observed at low
capillary number where interfacial forces were
dominant and formation of bubbles were not domi-
nated by shear stresses; rather it emerged from pres-
sure drop across the emerging bubbles. At high cap-
illary number, shear forces come into play and the
formation of bubbles get dominated by shearing
stresses of continuous phase which shear off the
emerging bubbles. Van Steijn et al.** and Guo and
Chen'" also observed and confirmed bubble forma-
tion mechanism through squeezing and shearing re-
gime using experimental and numerical investiga-

tions in microfluidic devices. Their studies showed
that the formation of bubbles mainly depends on the
ratio of fluid flow rate and channel dimension. The
typical values of capillary number for transition be-
tween these two regimes are in the order of 1073,

In the present study, the effects of capillary
number on the bubble formation mechanism are
studied. The squeezing regimes are observed at low
capillary numbers (10%~1.5-1073) and shearing re-
gimes appeared at high capillary numbers (1.5-1073
~107) in slug flow region, as shown in Figs. 2 and
3. In addition, the bubble formation followed shear-
ing regime only with increase in velocity of contin-
uous phase (water) and remained almost unaffected
by increasing velocity of the dispersed phase (gas).
During simulations, a higher degree of randomness
and recirculation is observed near gas liquid inter-
face in the squeezing regime compared to the shear-
ing regime, as illustrated by the velocity vectors in
Figs. 2 and 3 respectively. In shearing regime, flu-
ids velocity vectors are moving parallel to each oth-
er in both phases under the influence of shearing
forces. While, in squeezing regime, chaotic move-
ments of velocity vectors are observed. Also, mix-
ing is decreased along the direction near to wall.
Hence, the observed rate of mixing between fluids
is higher in squeezing regimes in two-phase micro-
fluidic flow.

Effect of flow rates on bubble length

The bubble/droplet length is an important pa-
rameter in slug flow characterization and is crucial
for determination of mass transfer in the microfluid-
ic devices**447 The bubble lengths are a function
of channel diameter, gas/ liquid flow rates, and their
physical properties. Some previous investigators
had studied bubble length and proposed correlations
which are listed in Table 3.

In the present investigation, the effect of in-
creasing gas velocity on bubble length is studied at
a fixed liquid velocity of 0.05 m s™'. The simulated
results are plotted and compared with available cor-
relations of Qian and Lawal'’, van Steijn et al.*,
Pohorecki and Kula*, Sobieszuk et al.** and Kawa-
hara et al.'* as shown in Fig. 4. It is clearly evident
from the figure that the bubble length increases
with increase in gas velocity at a fixed liquid veloc-
ity, and this trend continues to the boundaries of the
slug flow regime. On further increase in gas veloci-
ty, the channel becomes entirely filled with the gas
phase. In addition, the trend obtained is similar to
that predicted by previous correlations Eq. (7-10).
The correlations proposed by Pohorecki and Kula*®
and Kawahara et al.'*> matched with simulated data
very closely. The result indicates that bubble lengths
are primarily a function of channel diameter and ra-
tio of gas to liquid flow rates. Further, at low value
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Fig. 2 — Slug formation in squeezing regime at U,=0.025m s'and U= 0.025m s at Ca = 6.965-10"
as shown by velocity vectors (air: red velocity vectors, water: blue velocity vectors)
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Fig. 3 — Slug formation in shearing regime at U, = 0.2 m s and U= 0.2 m s at Ca = 5.5722-107 as
shown by velocity vectors (air: red velocity vectors; water: blue velocity vectors)
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Fig. 4 — Variation of bubble length with increasing gas velocity at fixed liquid velocity U,= 0.05 m s
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Table 3 — Correlation of bubble length proposed in literature

Authors

Correlation of bubble length

Experimental conditions

Qian and Lawal"’

H

where, Re = PUnd ,Ca= H U
o

“y
van Steijn et al.*

S =a ta,—*
dH UI

where o, and a, are dimensionless parameters

(¢, = a,= 1.5).

Pohorecki and Kula*® L

Sobieszuk et al.*’ L L
ZE 21360 (1-g, ) e

H

—£=222

H

Kawahara et al.? L (Ug JO'“

1

2’7g _ 1.63782’107 (1 —¢, )"-05 Re0075 (00687

Numerical investigation with T-junction microchannel
with d = 0.25, 0.5, 0.75, 1, 2 and 3 mm using air and
water.

Square T-junction microchannel of d; = 800 um using
ethanol and air as working fluids.

Different Y- shaped microreactors (PDMS: polydimeth-
yloxosilane 150 pm 150 um, and glass 400 pm dia)
using ethanol-nitrogen system.

Y-junction straight microchannels with &, = 0.15, 0.29
and 0.4 mm using four different liquids.

Horizontal rectangular T-junction microchannel
(d,,= 0.235 mm) with distilled water, ethanol, and
HFE7200 as liquid phase and nitrogen as gas phase.

of capillary number, the bubble sizes are uniform
along the length of the channel; however, increasing
liquid velocity induced non-uniformity in the bub-
ble sizes in the channel. In the present study, the
non-uniformity was observed near Ca~1.5-107.
Therefore, more controlled and uniformly sized
bubbles can be generated in the squeezing regime

(Fig. 5)

Two-phase frictional pressure drop in slug
flow regime

An extensive knowledge of flow regimes, pres-
sure drop and void fraction is required in design,
development and control of the microfluidic devic-
es. In the adiabatic two-phase horizontal flow, the
total pressure drop considerably depends on fric-
tional pressure drop. In recent times, separated flow
model has been employed more frequently to model
two-phase frictional pressure drop in microfluidic
devices. In separated flow models, it is assumed
that each phase flows separately with different ve-
locity and with their actual properties in its section
of the channel. The frictional pressure gradient can

be calculated using the two-phase frictional multi-
plier, ¢,2, and the Martinelli parameter, X2, as fol-

lows:
d d
(2) (&) g
! !
where
C 1
¢12 =1+ } + ? (6)

and

el o

where (dp/dz), and (dp/dz)g are frictional pressure
drop gradients when liquid and gas are assumed to
flow in the channels alone, respectively. On the
right-hand side of Eq. 6, “I” represents liquid-only
pressure drop, “1/X*” represents gas-only pressure
drop, and “C/X” represents interaction between lig-
uid phase and gas phase. The parameter “C” rep-
resents the interactional effect of the two-phase
flow, which is a function of gas-liquid system and

I T T I N N -
I I TN N I |

Fig. 5 — Non-uniformity in bubble length during flow in channel of the squeezing and shearing regime (a) at U,=01m s and

U=01ms"and (b) Ug=0l2ms’andUl=0A2ms’
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Table 4 — Correlations available in literature for C- and &’ parameter according to various authors

Separated flow model,

Author(s) C-parameter and @?

Remarks

Lockhart and
Martinelli®

Miiller-Steinhagen

Millier-Ste (dP/dz), =M (1-x)" + B’

where, M = A+(B—A)x

Mishima and Hibiki®'  For rectangular channel

C=21(1-¢ ")

For circular channel
C= 21(1 _ o 031%dc )
Lee and Lee™ C = AA"Y Re;
. 2

where, lpzj—ﬂ’ and 1 =4
o pod

Zhang et al>* C= 21(1 - 6—0.674/Lo)

0.5
where, Lo = S /dy
g(pl — P, )

Hwang and Kim* C=0.227Re)** X " Lo "%

Saisorn and
Wongwises®

¢’ =1+6.627/ X"

Kawahara et al."! C =1.38B0""Re]*We "

Saisorn and C=7599- 1073170'63111)0'005Re;70'008
Wongwises’
Li and Wu® C=11.9B0"* for Bo<1.5

C =109(BoRe*)**® for 1.5<Bo<l11

Kim and Mudawar®’ For the laminar-laminar gas liquid flow

0.48
C=3.5-10"Rel™Su’> [p']

g

C =5, for laminar-laminar gas liquid flow d, = 1.49-25.83 mm, adiabatic, water, oils, hydrocarbons

Developed using 9300 data points collected from literature

d, = 1.05-4.08 mm, adiabatic, air-water

d, = 0.78-6.67 mm, adiabatic, air-water

Developed using 2201 data points collected from literature

d, = 0.244, 0.430, 0.792 mm, adiabatic

d, = 0.53 mm, air-water

d, = 0.235 mm with distilled water, ethanol, and HFE7200 as
liquid phase and nitrogen as gas phase
d, = 0.53,0.22 and 0.15 mm, air-water

Developed using 769 data points collected from literature

Developed using 7115 data points collected from literature

flow conditions. Several investigators have pro-
posed different correlations by modifying C- and @*
parameters. Some of these correlations are listed in
Table 4.

Also, Kruetzer et al.*® proposed frictional pres-
sure drop model by modifying friction factor (7, ).

1/3
16 +0.17d(ReJ ®)

S =Rl "1 Ca

However, the shortcoming of this equation is
that it needs information about slug length (/). The
determination of slug length requires the use of so-
phisticated technologies such as high speed camera,
lenses, and careful examination. Moreover, the slug
lengths may vary with flow conditions and are
non-uniform in shearing flow regime. In such cases,

the application of the above model, which requires
slug length to predict two-phase frictional pressure
drop of entire channel, will be quite a puzzling task.
In this regard, prediction of the frictional pressure
drop in microfluidic system is better with separated
flow model, which requires information regarding
physical properties and flow rates of the fluids only.

Evaluation of existing correlations of two-phase
frictional pressure drop for slug flow

The previous investigations for prediction of
the two-phase frictional pressure drop in microflu-
idic devices have largely been experimental and no
attempts have been made so far to study this prob-
lem by numerical simulation. In the present study,
the two-phase frictional pressure drop associated
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Fig. 6 — Static pressure behaviour along the flow domain of

channel in fully developed slug flow (at U,= 0.05
m s and U,= 0.05 m s™)

with slug flow regime in adiabatic T-junction square
microchannel by numerical simulation has been in-
vestigated. Upon the completion of each simulation,
the static pressure is recorded at two different loca-
tions, fixed along channel length for the measure-
ment of frictional pressure drop. The difference in
the static pressure between two locations is divided
by distance between points to find frictional pres-
sure drop?.

(d_Pj :(A_pj _ Py Py
dz ), \AZ ), x,-x
The static pressure behaviour along the flow

domain of channel in fully developed slug flow is
illustrated in Fig. 6. A sharp rise in static pressure is

)

Frictional pressure drop (Pa m)
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Fig. 7 — Variation of the two-phase frictional pressure drop
with increasing gas velocity at fixed liquid velocity

observed at the T-junction due to interaction be-
tween two fluids. Also, pressure is higher at gas-lig-
uid interface than the pressure of both neighbour
phases. The two-phase frictional pressure drop data
as a function of gas liquid flow rates in the micro-
channel is plotted in Fig. 7. The two-phase friction-
al pressure drop data obtained in this simulation is
found to increase with increasing fluid velocities
similar in many other studies®. The simulated
data are also compared with the data obtained with
the available correlation of Lockhart and Marti-
nelli*®, Mishima and Hibiki*>, Zhang et al.>,
Miiller-Steinhagen and Heck®!, Lee and Lee¥,
Hwang and Kim®, Saisorn and Wongwises®’, Li
and Wu*, Kawahara et al."", Kim and Mudawar®’.

Table 5 — Mean absolute error (MAE) of numerical data with existing literature correlations

Authors Mean Absolute Error

Maximum deviation from Minimum deviation from

(MAE) % correlation, % correlation, %

Lockhart and Martinelli® 26.20 46.16 4.43

Mishima and Hibiki* 30.23 -8.80 —-53.70
Zhang et al.** 30.41 -8.81 -53.72
Lee and Lee™ 27.41 7.34 —53.80
Miiller-Steinhagen and Heck®! 34.50 6.78 —67.51
Saisorn and Wongwises® 80.25 110.89 43.98
Hwang and Kim* 23.02 —-0.80 -38.2
Li and Wu*® 24.48 4435 3.62

Kawahara et al." 55.0 100.52 32.82
Saisorn and Wongwises’ 62.63 82.74 21.008
Kim and Mudawar®’ 10.62 53.50 -16.61
New correlation 10.51 22.50 —-15.38
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Fig. 8 represents the comparisons of simulated data
with other existing correlations plotted within +30
%. The mean absolute errors (MAE) between simu-
lated data and existing correlations in literature are
calculated and presented in Table 5. The mean abso-
lute error is defined as:

‘dp / dZ/,PRED —dp/ dZ/,S]M‘
dp/ de,SIM

MAEz%Z 1100 % (10)

where N is the number of data points.

The correlations of Lockhart and Martinelli®,
Saisorn and Wongwises®?, Li and Wu*, Kawahara
et al.'', Kim and Mudawar®’ over-predicted most of
the simulated data, while the correlations of Mishi-
ma and Hibiki*>, Zhang et al**, Lee and Lee¥,
Miiller-Steinhagen and Heck®', Hwang and Kim®
under-predicted most of the simulated data, as
shown in Table 5. The trends of frictional pressure
drop obtained from correlations of Mishima and Hi-
biki*?, Zhang et al’* and Lee and Lee* are similar
as shown in Fig. 8 (b—d). Most of the evaluated cor-
relations are found inconsistent with the simulated
results for slug flow regime. The simulated results
display reasonable agreement with Kim and Mu-
dawar’s’” correlation, followed by correlations of
Hwang and Kim* and Li and Wu* as shown in Fig.
8 (a, g, h, and k). The reason for reasonable agree-
ment of these correlations can be expected as these
authors have incorporated the contribution of the
interfacial forces in terms of some dimensionless
numbers in their expression of the C-parameter.
However, maximum and minimum deviations ob-
served between simulated and predicted data using
these correlations are very high and beyond the
range of +30 % as shown in the Table 5.

New correlation for frictional pressure drop
for the slug flow

The attempt is made to develop separated flow
model exclusively for slug flow regime incorporat-
ing fluid properties such as surface tension and vis-
cosity in terms of dimensionless numbers in the
C-parameter to capture frictional pressure drop pro-
file precisely. In order to fit the entire simulated
data of slug flow regime, a new correlation is devel-
oped on the basis of separated flow model by mod-
ifying C-parameter proposed in Kawahara et al."
The new correlation is as follows:

C _ 1 . 1 B070405R610.05 We;O.lZ (1 1)

The proposed correlation predicts entire simu-
lated data of the present investigation in the slug
flow regime within MAE of 10 %. The maximum
and minimum deviation of errors between data ob-
tained from simulation and proposed correlation is

+22.5 % and —15.4 %, respectively as given in Ta-
ble 5 and Fig. 9. Both maximum and minimum de-
viations of errors are observed at flow conditions
close to boundary region of slug flow regime. Fur-
thermore, the present correlation allowed capturing
the trends of variation in liquid properties much
more efficiently than other correlations.

Effect of surface tension and viscosity
on slug flow hydrodynamics

A number of simulations with varying liquid
properties in microchannel are performed. The in-
fluence of variations in liquid viscosity and surface
tension on the hydrodynamics of slug flow in adia-
batic T-junction square microchannel is investigat-
ed. The increasing liquid viscosity resulted in the
increase in capillary number and favoured the bub-
ble formation via shearing regime (Fig. 10). At low-
er surface tension, the bubble formation followed
shearing regime, while, at higher values of surface
tension, bubbles are formed via squeezing regime,
as illustrated in Fig. 11. The stratified flow is ob-
served as surface tension approached zero. The bub-
bles formed are more uniformly sized at higher sur-
face tension in comparison to lower surface tension
value. Since the shearing flow regime has lower
mixing as compared to squeezing regime, mixing is
decreased in fluids with low surface tension and
high viscosity. Furthermore, the two-phase friction-
al pressure drop varied linearly with increase in lig-
uid viscosity, as shown in Fig. 12a. However, two-
phase frictional pressure drop slightly varied with
increasing the surface tension (Fig. 12b). A sharp
fall in two-phase frictional pressure drop is ob-
served as flow regimes deviate from slug flow to
stratified flow. The trends of two-phase frictional
pressure drop by varying liquid properties are also
compared using a newly developed correlation (Fig.
12), which is able to capture data trends very effi-
ciently, except at lower surface tension close to
ZEro.

Hence, the present correlation can be used for
prediction of frictional pressure drop in gas liquid
two-phase slug flow regime in square and other
geometric shaped microfluidic devices. Further-
more, the present correlation can be applied for pre-
diction of frictional pressure drop in slug flow with
non-uniform slug lengths.

Conclusions

The gas liquid two-phase slug flows in adiabat-
ic T-junction square microchannel (d,,= 1 mm) have
been investigated using volume of fluid (VOF)
technique with ANSYS FLUENT software. The
bubble dynamics and two-phase frictional pressure
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Fig. 10 — Effect of liquid viscosity on the dynamics of bubble formation for slug flow in
adiabatic T-shaped square microchannel a) u, = 0.00025 kg m™ s'; b) u, = 0.006
kg m™ s7!; at U,=01m s and U= 0.1 ms™ (Red: gas phase; Blue: liquid phase)
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Fig. 11 — Effect of surface tension on the dynamics of bubble formation for slug flow in
adiabatic T-shaped square microchannel a) ¢ = 0.02 Nm™'; b) 6 = 0.18 N m™'; at
Ug =0.1ms"and U= 0.1 m s (Red: gas phase; Blue: liquid phase)

drop were studied. At low capillary number (low
liquid velocity), bubbles formed in accordance with
the squeezing regime; while at high capillary num-
ber (high liquid velocity) the formation of bubbles
followed the shearing regime. From the numerical
studies, it is observed that mixing is higher in
squeezing regime as compared to shearing regime.
Further, the bubble length is found as a function of
diameter and ratio of gas to liquid flow rates, and
displayed a similar trend as predicted by the cor-
relations of Qian and Lawal'’, van Steijn et al*,
Pohorecki and Kula®, Sobieszuk ef al.** and Kawa-
hara et al.'*> The two-phase frictional pressure drop
for slug flow regimes has been investigated and
evaluated with existing separated flow models re-
ported in literature. Most of the evaluated correla-
tions were found to be inconsistent with the simu-
lated data for slug flow regime. However, cor-

relations of Kim and Mudawar®’, Hwang and Kim™
and Li and Wu* are in good agreement with simu-
lated data. In order to fit the entire two-phase fric-
tional pressure drop data for the slug flow regime of
the present investigation, a new correlation has been
developed on the basis of separated flow model by
modifying C-parameter of Kawahara et al.'' The
newly developed correlation predicted simulated
two-phase frictional pressure drop data of slug flow
region satisfactorily with MAE of 10 %. Addition-
ally, simulations were also performed to investigate
the effect of fluid properties on slug flow hydrody-
namics. The higher liquid viscosity and lower sur-
face tension value resulted in bubble formation via
shearing regime. The two-phase frictional pressure
drop varied linearly with increase in liquid viscosi-
ty, while it was affected slightly with increase in
surface tension, except at values close to zero. In
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addition, this study indicates that VOF method is an
efficient tool for realizing and analysing slug flow
in microfluidic devices.
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Nomenclatures

_ d?
Bo - Bond number M
o
U
Ca - Capillary number (ﬂ?j
Re — Reynolds number (pUdj
u
pody,
Su — Suratman number >
u

2
We — Weber number (p v d]
o

— parameter in separated flow model

diameter of channel, m
— pressure, Pa

length, m
velocity, m s

mass quality
— Martinelli parameter

N > = o> 20
[

— distance, m

Greek letters

o — volume fraction
& — holdup

o  — surface tension
i — viscosity

p  — density

¢

two-phase frictional multiplier

Subscript and superscript

b  — bubble

f  — frictional

g —gas

go — gas only (total flow is assumed for gas only)

1 - liquid

lo - liquid only (total flow is assumed for liquid only)
H - hydraulic

s — slug

TP - two-phase
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