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Three-dimensional (3-D) gas-liquid–solid flow and mixing behaviors in microchannels were simulated by coupled vol-
ume of fluid and discrete phase method and simulations were validated against observations. The detachment time and
length of gas slug are shortened in liquid–solid flow, compared with those in liquid flow due to higher superficial viscos-
ity of liquid–solid mixture, which will move the bubble formation toward the dripping regime. Solid particles mainly dis-
tribute in liquid slug and particle flow shows obvious periodicity. With the increase of contact angle of the inner wall,
gas slug (0–50�), stratified (77–120�), and liquid drop (160�) flows are observed. The residence time distributions of
solid and liquid phases are similar because particles behave as tracers. The backmixing of solid and liquid phases in
liquid drop flow is the weakest among the three flow patterns, and the backmixing of gas phase in slug flow is weaker
than that in both stratified and liquid drop flows. The results can provide a theoretical basis for the design of micro-
reactors. VC 2013 American Institute of Chemical Engineers AIChE J, 59: 1934–1951, 2013
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Introduction

According to the standard of the First International Con-
ference on Microchannels and Minichannels, the characteris-
tic scale of micro- and minichannels ranges from 10 3 1026

m to 3,000 3 1026 m. The surface area of microscale sys-
tems can reach 10,000–50,000 m2/m3, which is much higher
than that of macroscale systems (usually less than 1,000 m2/m3).1

For this reason, microscale systems can enhance mass and
heat-transfer processes compared to macroscle systems.2,3

Microchannel systems are encoutered in many important
industrial applications such as microchannel heat exchangers,
microreactors and other microdevices.4 These microscale
equipments have several advantages such as easiness to
scale-up, operation at constant temperature and safe process.
Hence, microchannels can be widely applied in chemical,
pharmacy, biology, medicine and electronics industries.5

With the development of computational science, compu-
tational fluid dynamics (CFD) becomes a powerful tool for
studying the flow, mass and heat transfer in multiphase
systems. Compared to experimental study, CFD simulation
is more economical and flexible. Hence, it is also widely

used in the study of flow, mass and heat transfer in
microchannels.

A few researchers focused on the studies of gas-liquid and
liquid-liquid two-phase flows in microchannels. Liu et al.6

divided gas-liquid flow in microchannels into five different
flow regimes, bubble, bubble-slug, slug (Taylor), churn and
annular flows. A high-speed camera was widely used for
flow pattern observations in microchannels.7 Flow regime
transforms with flow parameters, such as superficial gas or
liquid velocity,8,9 and some dimensionless groups, such as
Webber number (We) and Reynolds number (Re) were
employed to characterize the flow regimes.10,11 However, a
well-accepted flow regime map has not been founded due to
the complexities of the scale and structure of microchannels
and fluids used. Flow patterns are closely related to the for-
mation mechanisms of bubble and droplet, which can be dis-
tinguished by the capillary number of continuous phase.12,13

From the observation of the flow pattern map, it can be

found that slug flow occupies the majority area of the map

and it is the most important one.14 A few researchers

focused on the study of slug flow in microchannels with

both numerical and experimental methods. Qian and Lawal15

simulated slug flow in gas-liquid microchannels with a T-

junction, and the effects of operation conditions and liquid

properties on the length of gas slug were studied. They

found that the slug length was the function of the channel
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width, void fraction (Re), capillary number (Ca). Unfortu-

nately, the thin liquid film between the slug and the wall was

not captured because of the coarse mesh. According to the liq-

uid film thickness equation proposed by Bretherton,16 Gupta

et al.17 refined the mesh in the region near the wall of micro-

channel and successfully captured the liquid film. Asadolahi

et al.18 simulated the hydrodynamics and heat transfer in a

unit cell in Taylor flow with the method of dynamic meshes.

For fully developed flow, simulation with dynamic mesh could

save considerable computational source. Kumar et al.19 and

Kashid et al.20 simulated the hydrodynamics of slug flow in

curved and Y-shape microchannels, respectively. It was found

that liquid and/or gas slug length depended on the geometry

condition of the inlet, operating condition and the wettability

of the inner wall of the microchannel. Two-dimensional (2-D)

and 3-D simulations for bubble generation in microchannels

were compared by Goel and Buwa, and the results showed

that 2-D solution was not grid independence because the Lap-

lace pressure between the interfaces of bubble could not be

simulated correctly.21 Taha and Cui22,23 simulated the circula-

tion of vortex in liquid slug and found that the vortex became

smaller with the incensement of Ca number.
Garstecki et al.24 experimentally investigated the generation

process of Taylor bubble and liquid slug and divided the pro-

cess into four stages, (1) the tip of the discontinuous phase

entered the main channel, (2) the growing droplet and bubble

spanned the whole cross section of the main channel, (3) the

droplet and bubble elongated in the downstream direction and

the neck connecting it to the inlet thinned, and (4) the neck

broke, the disconnected droplet and bubble flowed downstream

and the tip of the discontinuous phase recoiled back toward

the inlet. Based on the experimental results, an equation to cal-

culate the length of immiscible slug was proposed, and the

length of immiscible slug depended on the ratio of Qc (flow

rate of continuous phase) to Qd (flow rate of discontinous

phase) and geometry of microchannels. Sobieszuk et al.25

measured the length of Taylor bubble in microchannels with a

Y-junction, the experimental results agreed well with the cal-

culation values with Qian and Lawal’s15 equations. The veloc-

ity filed around the discontinuous phase during the formation

of a slug or drop was measured by an effective tool of micro-

particle image velocimetry (l-PIV).26,27 Optical testing tech-

nology was also applied in microfluidics measurements. c-ray

computed tomography (CT) was used to study gas and liquid

holdup distributions in microchannels,28 and NMR microimag-

ing was applied to explore flow characteristics in complicated

shaped channels.29 Additionally, the study of two immiscible

phase flow in microchannels was extended to three-phase.

Wang et al.30 investigated gas-liquid-liquid flow in microchan-

nels with two T-junctions, size laws and the distributions of

the bubbles and droplets were investigated.
Mass transfer of gas-liquid flow in microchannels is an im-

portant issue in the processes of reaction, mixing, absorption
and extraction. Numerical simulations on the characteristics of

mass transfer of gas-liquid flow in microchannels have been

carried out recently and the results showed that the efficiency

of mass transfer in microchannels could be improved one- to

two-orders of magnitude compared with macrosystem.31–34

Abiev and Lavrestov35 experimentally compared the perform-

ance of mass transfer from solid wall to the liquid bulk

between gas-liquid flow and homogeneous flow and found that

mass flow was intensified by Taylor circulations. Heat transfer

of gas-liquid flow in microchannels was also investigated, it

was found that the ratio of the Nusselt number to that of flow

of pure liquid was always greater than 1.0 and ranged from

1.9 to 3.3.36 In Mehdizadeh’s work,37 the ratio could even

reach 6.1, i.e., heat transfer of gas-liquid flow was enhanced

obviously compared with pure liquid flow in microchannels.

He et al.38 compared heat transfer of wet slug and dry slug

flow in microchannels, and heat-transfer enhancement was

obtained mainly due to the presence of the thin liquid film.
Gas-liquid and liquid-liquid two-phase flows in micro-

channels have been applied in engineering. For gas-liquid

flow, it was widely encountered in fuel cells. Gas phase was

treated as continuous phase, while liquid phase which was

treated as discontinuous phase entered into the microchan-

nels from the side walls. The VOF numerical method was

used to simulate the situation that water which was gener-

ated from electrode reaction in the fuel cell entered into the

main channel from porous diffusion layer. The investigations

showed that the size, structure and material of microchannels

could be properly chosen to avoid flooding in the fuel

cells.39–41 For liquid-liquid flow in microchannels, it was

mainly applied in the preparation of emulsion droplet in micro-

mixers. Micromixers show advantages such as high efficiency,

safety and flexibility to control in many fields, e.g., chemistry,

biology, materials and chemical engineering.42,43 Applications

of micromixers in multiphase flow and mixing process have

significant meaning in developing microchemical technology.

Kobayshi et al.44,45 simulated the generation process of emul-

sion droplet in vertical microchannels. Meanwhile, influence of

microchannels’ size on this process was analyzed by investi-

gating the pressure drop and size of the droplet.
For the study of multiphase flow with solid particles in

microchannels, it focused mainly on the gas–solid or liquid–
solid flow. Ookawara et al.46 simulated the particle concen-
tration distribution in curved microchannels for gas–solid
flow. The simulation results showed that the particles of
smaller size concentrated near the inner wall, while the big-
ger particles mainly distributed near the outer wall. Thus, the
separation of particles with different sizes could be achieved
by microseparators. A single-particle transport condition in a
ratchet-like microchannel was simulated by Cisne et al.47 A
dimensionless group named Stokes number (St) was defined,
which meant the ratio between the time of response of the
particle to the action of the fluid and the characteristic flow
time. The value of St of particle decides whether the particle
will flow with streamlines as a tracer or not. Particles trans-
port in microchannels under electric or magnetic field was
also investigated,48,49 and the electric or magnetic field force
is the dominant force which influences the transport of
charged or magnetic particles. In these researches, Newton’s
second law was employed to conduct force analysis for par-
ticles. The velocity and motion trajectory of particles can be
solved by the integration of Newton’s second law.

s mentioned previously, gas-liquid and liquid-liquid two-
phase flows in microchannels have been intensively studied in
recent years, including flow, heat and mass transfer. Mean-
while, flows of particles in liquid or gas phase in microchannels
were also simulated based on Eulerian or Lagrangian method.

In recent years, gas-liquid–solid at microscale has been
applied in chemical synthesis in a microreactor, and solid
particles play a role of granular catalyst in three-phase. Cata-
lyst was fed into the microreactor in the form of slurry.50,51

Gas-liquid–solid microreactors were used in fluorination,
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chlorination, hydrogenation, sulfonation, and photooxidation,
etc.52–55 Meanwhile, gas-liquid–solid flow can be applied in
the preparation of micron particles.56 For example, Wang
et al.57 synthesized CaCO3 particle in nanoscale by CO2 and
Ca(OH)2 solution in a membrane dispersion minireactor.
Ufer et al.58 investigated the flow pattern of catalyst support
material particles in a liquid-liquid capillary microreactor. It
was found that the hydrophilicity or hydrophobicity of the
particles would determine its flow characteristics. Xie59 stud-
ied the effects of fine particles on gas-liquid mass transfer in
microchannels, and the enhancement of mass transfer
changed with holdup and categories of particles.

Gas-liquid–solid flow in microchannels shows a board
application prospect. Compared with microreactors involv-
ing a coated catalyst, gas-liquid–solid contact model owes
its convenience to use different kinds of catalysts in a
flexible and efficient way by avoiding the catalyst re-
moval.60 However, its flow and mixing behaviors have not
been investigated systematically. What’s more, the rules
obtained from macroscale systems for gas-liquid–solid
flow61–63 cannot be extended to microscale systems. The
characteristic dimension of microscale systems is at
micron level, and some certain forces which can be
neglected at macroscale have a great influence on the flow
in microscale systems. In microscale systems, forces
which are in proportion to characteristic dimensions, such
as gravitational force, inertia force and buoyancy do not
play important roles. Reversely, viscous force and surface
tension, which are in inverse proportion to characteristic
dimension, exerts an obvious effect on flow characteristics
in microchannels. Hence, there is a big difference between
macroscale and microscale systems for three-phase flow. It
is a key step to understand the gas-liquid–solid flow, espe-
cially the flow and mixing characteristics of solid particles
in microchannels in order to provide a theoretical basis
for designing microreactors with high efficiency. Hence,
the effects of solid particles on hydrodynamics of gas and
liquid slug flows and phase mixing characteristics were
especially studied in this article.

This article is organized as follows. First numerical simu-
lations were compared with experimental results to validate
the simulations. Then the effects of operation conditions and
wettability of inner walls on flow patterns were investigated.
Third, the difference between gas-liquid and gas-liquid–solid
flows at the same operation conditions was numerically
researched, and the effects of solid particle properties on
gas-slug behaviors were analyzed. Flow characteristics of
solid particles in slug flow were discussed in detail. Finally,
the residence time distributions (RTDs) of solid particles,
liquid and gas phases in three flow patterns were compared
by varying contact angles of microchannel inner walls.

Numerical Methods

Numerical simulations of gas-liquid–solid flow in micro-
channels were executed on the software platform of Fluent
software (version 6.3) using coupled volume of fluid
(VOF), and discrete phase method (DPM), where VOF was
used to capture the interface between gas and liquid phases
and DPM was employed to track particle path-line. It
should be noted that the interaction between continuous
and discrete phases is two-way coupling, i.e., the discrete
phase can also influence the flow behavior of continuous
phase.

VOF method 64

Hydrodynamics of continuous media can be described by
continuity and momentum equations. For a Newtonian fluid,
these equations are written as follows

@q
@t

1r � q~uð Þ50 (1)

@ q~uð Þ
@t

1r � q~u~uð Þ52rp1r � l r~u1 r~uð ÞT
h in o

1~Fs1~Fd

(2)

where ~Fs is the surface tension force, and ~Fd is the reacting
force from discrete phase. On the righthand side of Eq. 2,
the gravity force term does not exist, as the gravity force
was neglected in the simulations. Thus, it can be explained
as follows.

The Eo number (see Eq. 3) represents the relative signifi-
cance between the gravity force and surface tension.65 If
Eo< 0.84, gravity force can be neglected.4 For all cases in
this work, Eo< 0.1 (ql+s 5 998.2 kg/m3, qg 5 1.225 kg/m3,
and dh 5 5 3 1024 m in this article). Hence, gravity force
was not considered here

Eo5
dh

2g qlþs2qg

� �
r

(3)

The interface between different phases is obtained by
solving an advection equation64

@aq

@t
1~uq � raq50 (4)

In Eq. 4, aq denotes the volume fraction of the qth phase.
Eq. 4 does not solve the primary phase, and the volume frac-
tion of primary phase was calculated by the following
constraints

X2

q51

aq51 (5)

A “single-fluid” phase which is shared by all phases was
used in Eqs. 1 and 2. The bulk properties in Eqs. 1 and 2, such
as density and viscosity, were determined from the volume-
fraction weighted average of the properties of the two fluids

qð~x; tÞ5að~x; tÞqlþs1½12að~x; tÞ�qg (6)

lð~x; tÞ5að~x; tÞllþs1½12að~x; tÞ�lg (7)

The surface tension force term in Eq. 2 was considered by
applying the continuum surface force (CSF) model proposed
by Brackbill et al.66 In this model, the surface tension force
was considered to be constant along the surface, and only
the forces normal to the interface were considered. The sur-
face tension force at the bubble-liquid interface was
expressed as a volume force in the momentum equation
using the divergence theorem. This volume force for gas and
liquid phases is given by

Fs5r
qjra1

0:5 qg1qlþs

� � (8)
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where j is the curvature and n̂ is the surface normal,
which are given as

k5r � n̂; n̂5
~n

j~nj ;~n5raq; (9)

When a cell is adjacent to the wall, then the surface nor-
mal is

n̂5n̂wcos h1t̂wsin h

where n̂w and t̂w are the unit vectors normal and tangential
to the wall, respectively. h is the contact angle.

DPM method 67

The trajectory of solid particles was calculated by integrat-
ing the force balance on the solid particle, which is written
in the form of Newton’s second law in a Lagrangian refer-
ence frame

d~up

dt
5
X

~Fext (10)

where ~up represents the velocity vector of solid particles,
and ~Fext represents all external force vectors exerted on the
solid particle.
~Fext mainly includes drag force. The Saffman, Basset,

Magnus and added forces were negligible in comparison
with the fluidic drag force49

~FD5
18llþs

qpdp
2

CDRe p

24
~ulþs2~up

� �
(11)

where qp denotes the solid particle density (qp 5 1050 kg/m3

in this article), and dp denotes the diameter of solid particles
(dp 5 8 3 1026 m in this article). CD is drag coefficient, and
Rep is the Reynolds number of solid particles

Re p5
qdpj~up2~ulþs j

llþs

(12)

For micron solid particles, the drag coefficient CD can be
calculated by Stokes’ law because Rep is far smaller than 1.0
here

CD5
24

Re p
(13)

However, the buoyant force and Brownian motion were
neglected when conducting force analysis for solid particles.
In the calculations, the density of solid particles near equaled
to that of liquid phase for simplicity; in such a manner, the
particle weight was almost compensated by the buoyancy
force exerted on the particle. The vector sum of buoyancy
and gravity force (acceleration term, force/unit particle mass)
can be written as

~Fg1b5ðqp-qlþsÞ~g (14)

where ~Fg1b represents the vector sum of buoyancy and grav-
ity forces.

Based on Eqs. 11 and 14, the ratio of j~Fg1bj to j~FDj is of
the order of 1026. Thus, both buoyancy and gravity forces
were neglected in simulations. Brownian force influences the
motion of solid particles obviously when the particle diame-
ter is sufficiently small. Davison and Sharp68 used a Peclet
number defined as the ratio between up and Brownian diffu-

sion coefficient (DBrownian) to estimate the importance of
Brownian motion

Pe5
rpup

DBrownian
(15)

DBrownian was calculated by the correlation proposed by
Einstein.69 The value of Pe calculated by Eq. 15 is of the
order of 107. In Davison and Sharp’s68 work, Pe 5 460, and
Brownian motion was neglected in their analysis. In this arti-
cle, Pe is much higher than that in the literature. Thus, the
influence of Brownian motion was neglected for all cases.

In the DPM method, the holdup of solid particles (ep) was
assumed to be sufficiently low that the effect of solid par-
ticles on the fluidic continuity equation and the inertia and
stress terms in the momentum equation could be neglected,
and only the reacting force from discrete phase was consid-
ered. In fact, the assumption can be accepted when the vol-
ume fraction of the discrete phase less than from 10 to
12%.70 The two-way coupling was realized by the reacting
force term in the momentum equation which represents the
counter drag force exerted by solid particles.

Boundary conditions and numerical strategies

In simulations, the computational domain was usually
smaller than the whole channel in order to save computational
cost.46,71 However, the length of inlet channels should be suf-
ficiently long to ensure fully developed flow. This length can
be determined by the correlation given by Dombrowski et al.72

Le

dh
50:379exp 20:148Reð Þ10:055Re 10:26 (16)

This relationship was employed to determine the entrance
length Le of the inlet channels, where dh is the hydraulic diam-
eter of the channel (dh 5 5 3 1024 m in this article). The
Reynolds number in the inlet channel should be calculated
based on the superficial velocity of single phase (vl+s and vg).
In the case that vl+s 5 0.17 m/s, the corresponding Re 5 85
and Le 5 2.5 3 1023 m. The length of the main channel was
designed as 7.5 3 1023 m to ensure the flow regimes could
be observed from the simulation results (Figure 1).

At the inlets, the velocity inlet was employed as the bound-
ary condition, while at the outlet outflow was used as the
boundary condition. The outflow boundary conditions were
used to model flow exits where the details of the flow velocity
and pressure were not known.70 The computational domain is
a part of the whole channel. Hence, the employing of outflow
boundary condition is suitable for the simulation. The wetting
properties of the inner wall were considered as a factor in the
simulations. No-slip condition existed at the boundaries of the
inner walls. However, the three-phase contact lines at the inner
walls were moving. In order to avoid the stress singularities at
the contact points, a Navier slip condition was often used.73 In
most applications, this slip length was expected to be much
smaller than the mesh size used in the numerical computa-
tions.74 In this work, the available computational resources did
not allow the mesh size to be refined in such a way that the
true slip length was captured correctly. Therefore, no explicit
slip length was imposed. However, it should be noted that the
algorithm itself introduced an implicit slip length on the order
of the grid spacing.74,75

The computational domain was set filled with liquid ini-
tially (Figure 1), while solid particles distributed randomly
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in the whole computational domain at a certain ep. Solid par-
ticles were injected into the channel with liquid, at the con-
ditions that vl1s 5 0.17 m/s, ep 5 0.3%, and dp 5 8 3 1026

m. The number of particles entering the computational do-
main per time step (Dt 5 5 3 1026 s) was 2.38

(Np;Dt5
vl1s�Dt�dh

2�ep

1
6p�dp

3=
). In order to make the number of particles

entering the computational domain to be a integer, particles
were set to enter the computational domain from the liquid–
solid suspensions inlet every 100 time steps. That is, 238
particles would enter the computational domain every 5 3

1024 s, e.g., at 5 3 1024 s (100th time step), 1 3 1023 s
(200th time step), 1.5 3 1023 s (300th time step), and so on.
Specifically, liquid–solid suspensions would move forward
8.5 3 1025 m every 5 3 1024 s (0.17 m/s 3 (5 3 1024 s)),
and 238 particles would appear in the (5 3 1024) 3 (5 3

1024) 3 (8.5 3 1025) m3 domain close to the liquid–solid sus-
pensions inlet randomly every 5 3 1024 s (100 time steps).

Uncoupling arithmetic method was used to separate and to
solve model equations. Pressure-velocity coupling was the
pressure-implicit with splitting of operators (PISO) method.
Pressure interpolation method was pressure staggering option
(PRESTO), and momentum discretization method was
QUICK model.

A courant number (Co) was used for the calculation of the
volume fraction, which is defined as

Co5
Dt

Dx=u
(17)

where Dx is the grid size, Dt is the time step, and u is the
flow velocity.

In the VOF method, a maximum Co is usually set as
0.25.17,76 The time step for continuous phase was set as 5 3

1026 s to ensure the value of Co number was smaller than
0.25. However, the time step for solid particles was set as
5 3 1027 s, for the reason that the diameter of particles
was far smaller than the characteristic length of the channels
(5 3 1024 m).77,78

Studies of mesh size and grid independence

The effect of mesh size on the simulation results was
examined by simulating the gas slug flow in liquid–solid sys-
tems. vg was 0.85 m/s, vl1s was 0.17 m/s, and ep was 0.3%.
The grid size reduced approximately in equal proportion,
and the reduction factor was equal to 0.5. Specially, the grid

sizes were 5 3 1025 m, 2.5 3 1025 m and 1.25 3 1025 m,
respectively, and the corresponding numbers of grid points
were 4.4 3 104, 2 3 105, and 1 3 106, respectively.

It should be noted that in order to capture the liquid film
between the gas phase and the inner wall, the mesh near the
inner wall was refined, as shown in Figure 2. The thickness
of the liquid film was estimated by the correlation given by
Bretherton16

d50:67Ca2=3dh (18)

where d is the thickness of the liquid film, Ca is defined as79

Ca5
llþs vlþs1vg

� �
r

(19)

At least five elements were needed across the refined area
in order to capture the liquid film successfully.17 In this
case, the thickness of the liquid film was estimated to be 2
3 1025 m. Therefore, a grid size of 4 3 1026 m near the
wall was set to try to capture the liquid film. Although Eq.
18 was proposed to calculate the thickness of the liquid film
in gas-liquid flow, if liquid film could be captured, it could
prove this refined meshing method to be reasonable.

Figure 1. The initial condition in the computational domain of gas-liquid–solid flow in microchannel.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 2. The cross section of the 2.5 3 1025 m mesh.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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In order to check whether these meshes can capture the
liquid film or not, the wettability of the inner walls was set
as completely hydrophilic, i.e., h was 0�. The simulation
results at different meshes are shown in Figure 3 and
Table 1.

The detachment time (td) and the length of the first gas
slug (LG) were chosen as the inspection factors in the study
of grid independence. As can be seen in Table 1, the two
inspection factors scarcely change when the grid size is
smaller than 2.5 3 1025 m. It can be concluded that when
the grid size is smaller than 2.5 3 1025 m, the solution is
grid independent. In order to save the computational time
and to ensure that the solution is grid independent, the mesh
with grid size 2.5 3 1025 m was chosen in the simulations.
In Cherlo’s71 work, the geometry size of the computational
domain was (5 3 1024) 3 (5.9 3 1024) 3 (2 3 1022) m3,
and the total number of grid points was 157,696. In this arti-
cle, the total number of gird points is 200,480 and the geom-
etry size of the computational domain is (5 3 1024) 3 (5 3

1024) 3 (1.05 3 1022) m3. The grid size is comparable to
the one in Cherlo’s work.71 Besides, there exists an obvious
liquid film between the gas slug and the inner wall in Figure
3, which proves that the liquid film was captured success-
fully with this meshing method.

Results and Discussion

Experimental validation

A set of visual experimental device was built to examine
simulation results. The T-junction microchannel (custom-
made, Wenchang Chip, P.R. China), was fabricated on a
polymethyl methacrylate (PMMA) chip whose size was (5.9
3 1022 m) 3 (2.8 3 1022 m) 3 (3 3 1023 m) (length 3

width 3 thickness) by precision milling, and consists of a
main channel with overall length of 4 3 1022 m, and a side
channel with the length of 1 3 1022 m. The cross area of
the channels is a square, whose side length is 5 3 1024 m.
Three holes (U1 3 1023 m), which were located at the
points corresponding to the channels’ ends, were punched on
another PMMA chip with the same size as inlets and outlet
of the microchannel. After these machining processes, the
two PMMA chips were sealed together to assemble a micro-
channel by adhesive bonding technology. Figures 4 and 5
show the microchannel and its schematic map.

As shown in Figure 5, both gas and liquid–solid mixture
were injected from 1 3 1024 m3 syringes by syringe pumps
(PHD 22/2000, Harvard Apparatus, USA), and the syringes
were connected to the inlets of the microchannel by Teflon

Table 1. td and LG at Different Meshes (vg 5 0.85m/s,

vl1s 5 0.17m/s, r 5 0.0728N/m, ep 5 0.3% and h 5 0�)

Mesh size,1025 m 5 2.5 1.25
td, 1023 s 8.10 5.710 5.69
LG, 1023 m 5.031 3.566 3.631

Figure 4. The microchannel and its schematic map.

(a) microchannel, (b) schematic map of

microchannel, and (c) cross section. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 3. The liquid film at 2.5 3 1025 m mesh
(vg 5 0.85 m/s, vl1s 5 0.17 m/s, r 5 0.0728N/
m, ep 5 0.3% and h 5 0�).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]
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tubes with inner diameter (ID) of 2 3 1023 m. The flow
rates were controlled accurately by the control panels on the
syringe pumps. Gas and liquid–solid mixtures were fed into
the microchannel and began interacting with each other since
the T-junction. Finally, they would spew into a beaker after
exiting the microchannel. For this experiment, the micro-
channel was placed flatly on the objective table of an
inverted microscope (Nikon Ti-S, Japan), which was
equipped with a high-speed camera (Redlake Motion Pro Y-
5, USA). The maximum shutter speed of the camera is
1/1,000,000 s. In this work, the frame rate was 1,000 fps.
The flow snapshots at the T-junction convergence were cap-
tured simultaneously by the high-speed camera. Pictures
were analyzed in postprocessing to quantify the size and the
detachment time of the slugs. It should be noted that the
detachment time of experiment was calculated by this
method td5 toverall

Ns
, where toverall is the time between two snap-

shots shown the same flow status that the gas slug just broke
up, and Ns is the number of gas slugs formed during this
time.

In experiments, flow rates of gas and liquid–solid mixture
corresponding to vg and vl1s (0.85 m/s and 0.17 m/s) were
set as 2.125 3 1027 m3/s and 4.25 3 1028 m3/s, respec-
tively. The superficial velocity of particles can be calculated
by the product of vl1s and ep. In this case, it is 5.1 3 1024

m/s. As mentioned previously, the microchannel was fabri-
cated by milling method. Thus, the inner walls were not as
smooth as the polished interface of PMMA due to the mill-
ing process. In order to ensure formation of slug flow, 0.35
wt % sodium dodecyl sulfate (SDS) was added to liquid–
solid mixture. The surface tension of gas-0.35% SDS solution
of liquid–solid mixture is 0.036 N/m. In addition, the fluid and
particles properties are summarized in Tables 2 and 3,

respectively. It should be noted that the particles were dis-
persed in deionized water with holdup (ep) of 0.3%, and the
experiments were conducted at room temperature and atmos-
pheric pressure. The contact angle of the inner wall is hardly
to measure and differs with the one of the polished PMMA
surface due to difference of roughness. Thus, h in simulations
was represented by the contact angle of air-0.35% SDS solu-
tion and liquid–solid mixture-milling surface, as shown in Fig-
ure 6. Contact angle h was measured by a contact angel meter
(OCA20, Dataphysics Co., Germany), and the value was
40�6 10�.

Simulation and experimental results corresponding to the
process of a gas slug formation were compared, which can
be seen in Figure 7 and Table 4. It should be noted that the
simulation time (ts) corresponding to Figures 7 b1, b2, b3
and b4 are 8.3 3 1023 s, 9.3 3 1023 s, 10.3 3 1023 s and
11.3 3 1023 s, respectively. From Figure 7 and Table 4, it
can be seen that the experimental and simulation results
show reasonable agreement. However, compared with exper-
imental results, the gas slug tail loses its sphericity in Fig-
ures 7b and c. One reason is due to the difference between
the set value and true value of the contact angle of the inner
wall. Based on the effect of h on slug flow pattern (will be
shown in Figure 10), it can be supposed that the set value is
higher than the true value. Another reason is due to the cal-
culation of the curvature at the slug interface with VOF
method. As can be seen in Eqs. 6 and 7, the physical proper-
ties (q and l) were averaged by the volume fraction. How-
ever, the volume fraction (a) is a step function, and the
physical properties are not smooth across the interface.
Meanwhile, with VOF method, the surface tension was
implemented as a body force using the CSF model (Eq. 8).
The density which is unsmooth in cells across the interface

Table 2. Fluid Properties in Experiments and Simulations

q, kg/m3 l, Pa�s
Air 1.225 1.7931025

Liquid-solid suspension 998.2 1.00331023

Table 3. Physical Properties of Solid Particles

Materials
Particle diameter

(dp), 1026m
Density

(qp), kg/m3 Sphericity, u

Polystyrene 7.92860.049 1050 �0.99

Figure 5. The schematic map of experiment procedure.

(1) Syringe pumps, (2) T-junction microchannel, (3) beaker, (4) high-speed camera, (5) microscope, and (6) PC. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com]
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to calculate the surface tension source term in Eq. 8 will
skew this force toward the higher density region.74 The
unsmooth density will lead to the deflection of surface ten-
sion, particularly when there exists a big density difference
between two phases. As well-known, the interface is tangen-
tial to the direction of surface tension. In this case, the den-
sity difference is about equal to 1,000 kg/m3 (qwater-qair).
Hence, the gas slug tail in simulations is flatter than that in
experiments.

Flow patterns at different operation conditions
and wettability of inner walls

As well-known, flow patterns will change with operation
conditions. In this article, both vl1s and vg ranged from 0.17
to 0.85 m/s, Three different flow patterns were obtained,
bubbly, transition and slug flows. Figure 8 shows the simula-
tion results of gas-liquid–solid flow pattern map at different
operation conditions (ep 5 0.3%, r 5 0.0728N/m, and
h 5 0�). It should be noted that for transition flow, the gas
slug almost blocks the whole channel too; however, the slug
head is obviously narrower than the slug tail, which differs
from slug flow. As can be seen in Figure 8, bubble flow
transits into slug flow from the top left corner to the bottom
right corner of the flow pattern map. Xie59 experimentally
investigated the transition of gas-liquid flow patterns in
microchannels with dh 5 5.09 3 1024 m and ep 5 0.2%
(CuO particle, dp 5 7.016 3 1026 m), it was found that the
range of bubble and transition flows was wider in liquid–
solid mixture than that in liquid. From Figure 8, it can be
seen that both the areas of bubble and slug flows further
expands compared with Xie’s work. One reason is that the
ep in simulations is higher than that in Xie’s work.59 It
should be noted that for bubbly and transition flows, the en-
trance length of liquid inlet was elongated to ensure fully
developed flow based on Eq.16.

As can be seen in Figure 8, slug flow occupies the major
area of the flow pattern map in microscale systems. How-
ever, in macrosystems, studies about gas-liquid–solid flow
were mainly focused on bubbly regime, and slugging regime
was very narrow and usually tried to be avoided in macro
fluidization system due to its low stability.80 Thus, the flow
rules of macroscale systems cannot be extended to micro-
scale systems.

Microchannels can be made of materials with different
wettability. Flows in microchannels with different materials
of wettability were simulated. The variation range of h is

Table 4. Comparisons of Data between Experiments and

Simulations (vg 5 0.85m/s, vl1s 5 0.17m/s, r 5 0.036N/m,

ep 5 0.3% and h 5 0�)

Experiments simulations relative error

LG, 1023m 3.70 4.05 9.46%
td, 1023s 3.167 3.445 8.78%

Figure 6. The location of h measured in experiments.

Figure 7. Comparisons between experimental and sim-
ulation results (vg 5 0.85 m/s, vl1s 5 0.17 m/s,
r 5 0.036N/m, ep 5 0.3% and h 5 0�).

(a) Experiments, and (b) simulations. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 8. Simulation results of gas-liquid–solid flow
pattern map at different operation conditions
in microchannels (ep 5 0.3%, r 5 0.0728N/m
and h 5 0�).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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0–160�. Simulation results of flow regimes are shown in
Table 5.

Transition of flow patterns is found with variation of con-
tact angle. Slug flow transforms into stratified flow when
contact angle reaches to 77�, as shown in Figure 9a. If the
inner wall is very hydrophobic (h 5 160�), the liquid cannot
spread out on the inner wall, and the gas phase turns into
continuous phase and liquid exists in the form of liquid
drops, as shown in Figure 9b.

Slug flow was observed in cases that h 5 0�, 10�, 30 and
50�. However, the gas slug length and the detachment time
are different, as can be seen in Figure 10. The gas slug
length first decreases and then increases with the increase of
h. This phenomenon is consistent with Qian and Lawal’s15

2-D simulation and could be explained as follows. The film
which exists between the gas phase and the inner wall thins
if the inner wall becomes less hydrophilic. Thus, the resist-
ance effect of the bubble head exerting on liquid phase
becomes stronger, which will result in a larger Laplace pres-
sure difference across the bubble interface and a shorter slug
formation process. However, when the inner wall becomes
further less hydrophilic, it will be favor promoting the break-

age of phases into bubbles or drops,4 which will lead to
elongate the gas slug formation process and generate gas
slugs of larger length.

As mentioned previously, the wettability of the inner walls
will exert a great influence on the flow patterns in microscale
systems. However, in macroscale systems, the wall wettabil-
ity is not a critical factor on flow regimes because bubbly
flow is the common flow pattern in macroscale systems and
bubbles are scarcely impacted by the inner walls. Only the
wettability of the nozzle wall influences the bubble behaviors
obviously. Gerlach et al.75 investigated the influence of the
contact angle of the nozzle wall on bubble behaviors, and it
was found that the flow pattern kept bubbly flow when the
contact angle changed from 0 to 110�.

Table 5. Flow Patterns at Different Values of Contact Angle

h of Microchannel Materials (vg 5 0.85m/s, vl1s 5 0.17m/s,

r 5 0.0728N/m, and ep 5 0.3%)

h, � Flow patterns

0 slug
10 slug
30 slug
50 slug
77 stratified
120 stratified
160 liquid drop

Figure 9. Stratified flow and liquid drop flow (vg 5 0.85 m/s, vl1s 5 0.17 m/s, r 5 0.0728N/m and ep 5 0.3%).

(a) stratified flow (h 5 77�); (b) liquid drop flow (h 5 160�). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 10. Effect of h on slug flow (vg 5 0.85 m/s,
vl+s 5 0.17 m/s, r 5 0.0728N/m and
ep 5 0.3%).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]
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Effects of particles on gas slug behaviors

As can be seen in Figure 8, slug flow featuring periodicity
occupies the majority area of flow-regime map and it is the
most important one of flow patterns. The effects of particles
on slug flow behaviors are numerically investigated.

First, the difference between two-phase flow and three-
phase flow was compared, as shown in Table 6. vg and vl1s

were 0.85 m/s and 0.17 m/s, respectively. ep in the liquid–
solid mixture was 0.3%.

From Table 6, it can be seen that the slug length in pure
liquid is longer than that in liquid–solid mixture. Meanwhile,
the detachment time of slug bubble in pure liquid is shorter
than that in liquid–solid mixture. The change of liquid prop-
erties due to the existence of solid particles leads to the data
difference. In the presence of solid particles, it can be sup-
posed that particles change only homogeneous properties,
such as viscosity.81,82 The viscosity of the solid–liquid mix-
ture shows a climbing trend compared with pure liquid. Qian
and Lawal15 investigated the influence of liquid viscosity on
Taylor flow in microchannels, and it was found that the slug
length decreased with the incensement of liquid viscosity in
a microchannel with a 0.5 mm inner diameter. In essence,
the dimensionless capillary number (Ca5

uclc

r , where lc is
the viscosity of continuous phase, and uc is the velocity of
continuous phase), which represents the relative significance
between viscous force and surface tension, was usually
employed to describe the mechanism of bubble formation in
T-junction microchannels. It was found that the formation
mechanism transformed from squeezing (slug flow) to transi-

tion, and then to dripping (bubbly flow) with the increase of
the value of Ca.83,84 From the definition of Ca, it can be
seen its value is proportional to viscosity. However, the exis-
tence of particles will increase the superficial viscosity of the
liquid. The volume of gas slug is usually bigger than that of
the bubble in the same microchannel. Thus, when particles
are added to the liquid, the formation mechanism will trans-
form gradually from squeezing toward dripping. That is,
both the detachment time and length of gas slug will
decrease.

Based on the definition that Ca5
uclc

r , the value of Ca in
pure liquid is equal to 2.33 3 1023. Hence, the mechanism
of bubble formation is squeezing (1024<Ca< 5.8 3 1023,
squeezing regime83). Thus, the dominant factor in the pro-
cess of bubble generation is the Laplace pressure difference
across the interface, as shown in the schematic of Figure
11.24,83 The Laplace pressure is defined as the follows

Table 6. Data Comparisons between Slug Flow in Liquid

and in Liquid-Solid Suspensions (vg 5 0.85m/s, vl1s 5 0.17m/

s, r 5 0.0728N/m, ep 5 0.3% and h 5 0�)

Pure liquid Particulate suspensions

td, 1023s 5.875 5.710
LG, 1023m 4.053 3.556

Figure 12. Effect of particle diameter on td and LG

(vg 5 0.85 m/s, vl+s 5 0.17 m/s, r 5 0.0728N/
m and h 5 0�).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 11. The evolution of Laplace pressure difference inside and outside slug interface (vg 5 0.85 m/s, vl1s 5 0.17
m/s, r 5 0.0728N/m, ep 5 0.3% and h 5 0�).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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DPL5
2r
r

(20)

where r is the local radius of curvature at the bubble
interface.

In the schematic of Figure 11 pl is the pressure in the liq-
uid phase, and pg is the pressure in the gas phase. The differ-
ence between them (pg-pl) was employed to estimate the
Laplace pressure difference (DpL) across the slug interface.
It should be noted that the plane shown in the schematic of
Figure 11 is the axial surface of the computational domain.
Figure 11 shows the evolution of the DpL across slug inter-
face. When a slug blocks the main channel, it begins to elon-
gate and grows downstream. The neck of the bubble thins
and DpL increases. The peak of the pressure difference curve
represents the detachment of the slug. When one slug
detaches, the following slug commences generation.

Furthermore, it can be seen that pressure difference curve
of slug flow in liquid–solid mixture shows a distinction with
the one in pure liquid. The peak of the square curve appears
earlier than that of the rhombic curve, which represents that
the gas slug generation period in liquid–solid mixture is
shorter than the one in pure liquid.

Slug flow in gas-liquid–solid system with various values of
particle diameter (dp) were simulated. It should be noted that
the total number of particles was kept the same. It is found
that both td and LG first decrease slightly, and this downtrend
is more obvious with the increase of dp, which can be seen in
Figure 12. There is only a 0.17 3 1023 s decrement of td
when dp increases to 16 3 1026 m from 8 3 1026 m. How-
ever, when dp further increases to 20 3 1026 m from 16 3

1026 m, the decrement of td reaches 0.29 3 1023 s (td 5 5.71
3 1023 s, dp 5 8 3 1026 m; td 5 5.61 3 1023 s, dp 5 12 3

1026 m; td 5 5.54 3 1023 s, dp 5 16 3 1026 m; td 5 5.25 3

1023 s, dp 5 20 3 1026 m). Besides, the decrement of LG is
only 6.5 3 1025 m when dp increases to 16 3 1026 m from
8 3 1026 m, and this decrement grows drastically to 0.235 3

1023 m when dp further increases to 20 3 1026 m
(LG 5 3.556 3 1023 m, dp 5 8 3 1026 m; LG 5 3.53 3 1023

m, dp 5 12 3 1026 m; LG 5 3.491 3 1023 m, dp 5 16 3

1026 m; LG 5 3.26 3 1023 m, dp 5 20 3 1026 m).
Effects of the solid holdup (ep) were also investigated. ep

ranged from 0.3 to 8%, and dp was kept as 8 3 1026 m.

Figure 13 shows the simulation results and the variation rule
of td and LG with eP. Similarly, both td and LG decrease with
ep. Quantificationally, td corresponding to the solid holdups
of 0.3%, 1%, 2%, 4 and 8% are 5.71 3 1023 s, 5.6 3 1023

s, 5.3 3 1023 s, 5.225 3 1023 s, and 4.95 3 1023 s, respec-
tively. Meanwhile, LG corresponding to these different solid
holdups are 3.556 3 1023 m, 3.504 3 1023 m, 3.125 3

1023 m, 3.073 3 1023 m and 3.033 3 1023 m, respectively.
As known, ep is proportional to the cube of dp, thus, this
down trend seems not to be stronger when ep gets higher,
compared with that when dp becomes larger.

In fact, the increase of dp will also leads to the increase of
ep if the total number of particles is kept the same. As men-
tioned previously, particles would change the homogeneous
properties of liquid–solid mixture, such as viscosity. Tsu-
chiya et al.81 presented a correlation to forecast the effective
viscosity of liquid–solid mixture as follows

ls

ll

5exp
Kep

12 ep=epc

� �
" #

(21)

K5
3:121:4tanh 0:32 100utð Þ½ �

/
(22)

epc5 1:320:1tanh 0:5 102100utð Þ½ �f gep0 (23)

where ls is the effective viscosity of the liquid–solid mix-
ture, / is the particle sphericity, ut is the particle terminal
velocity in liquid phase, epc is the critical solid holdup, and
ep0 is the solid holdup at the incipient fluidization state.
From Eqs. 21–23, it can be found that ls is always higher
than ll, and increases exponentially with ep, i.e., the effects
of solid holdup on the effective viscosity becomes stronger
with the increase of ep. Based on Eqs. 21–23, and the defini-
tion that Ca5

uclc

r , Ca ranges from 2.33 3 1023 to 2.92 3

1023 (0� ep� 8%). The mechanism of bubble formation still
locates in squeezing regime when ep 5 8%.83 However, as
mentioned previously, the increase of superficial viscosity
will move the mechanism of bubble formation toward drip-
ping regime, which leads to the decrease of both td and LG.

Particles’ behaviors of slug flow in gas-liquid–solid
system at microscale

The particle distribution along the axial direction during
the formation of a gas slug was investigated. This process
can be divided by four stages, as can be seen in the snap-
shots of Figure 14 (a) the gas slug enters the main channel,
(b) the slug blocks almost the whole cross section of the
main channel, (c) the slug elongates downstream direction
and the neck thins, and (d) the neck breaks and the following
slug begins to generate. In order to make the snapshots more
compact, the inlet zones of liquid–solid suspensions were not
shown in the snapshots. The mixing domain was divided
into 10 segments uniformly along the axial direction, as
shown in the snapshot (d) in Figure 14. The number of solid
particles (Np) in each segment was counted. From the analy-
sis of the snapshots and the curves in Figure 14, it can be
seen that particles mainly concentrate in liquid area between
two adjacent gas slugs and transport downstream with liquid
slugs. For the curve of 28.25 3 1023 s (•) in Figure 14, two
peaks appear in segments 1 and 7, respectively. Liquid occu-
pies majority part of the two segments.

Meanwhile, particles distributions along radial direction in
both gas and liquid slugs were investigated. Two segments

Figure 13. Effect of solid holdup on td and LG (vg 5 0.85
m/s, vl+s 5 0.17 m/s, r 5 0.0728N/m and
h 5 0�).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]
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of length corresponding to the gas and liquid slugs (at
t 5 25.5 3 1023 s) were employed as samples to analyze
particles distribution along radial direction. The segments
were divided into 10 parts uniformly along radial direction
as shown in the schematic of Figure 15. In the same way, Np

in each part was counted. Figure 15 shows the simulation
results of particles distribution along radial direction in gas
and liquid slugs. The curve with symbol of solid lozenge
represents liquid slug and the solid square one represents gas
slug. For gas slug, two peaks appear at the two walls. In
fact, solid particles are mainly distributed in the liquid films
between the gas slug and the inner wall. The area of the liq-
uid film becomes smaller from the wall to the center of the
channel along radial direction. Hence, the numbers of par-

ticles in parts 1 and 10 are much larger than the values in
other parts.

Compared with Eulerian multiphase model, DPM method
holds its advantage to track the trajectory of each particle. A
particle whose residence time is corresponding to the strong-
est peak in Figure 17 was tracked, and its trajectory near the
T-junction is shown in Figure 16. It should be noted other
particles are not in shown in these snapshots of Figure 16.
The interval between each snapshot in Figure 16 is 0.75 3

1023 s. As can be seen clearly in Figure 16, the particle is
blocked by the formed gas slug and moves downstream very
slowly (Figures 16 a–d). Once the gas slug detaches, this
particle enters the liquid slug (Figure 16e), and transports
downstream quickly with the liquid slug (Figures 16f–g).

Figure 14. Particles distribution along axial direction during the formation of a gas slug (vg 5 0.85 m/s, vl1s 5 0.17
m/s, r 5 0.0728N/m, ep 5 0.3% and h 5 0�).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 15. Particles distribution along radial direction in liquid or gas slug at t 5 25.5 3 1023 s (vg 5 0.85 m/s,
vl1s 5 0.17 m/s, r 5 0.0728N/m, ep 5 0.3% and h 5 0�).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Besides, it can be inferred that the velocity of this particle in
the mixing zone is much bigger than that in the inlet zone of
liquid–solid suspensions. Because in the inlet zone of liquid–
solid suspensions, particles move to the T-junction at the
speed of about vl1s. However, in the mixing zone, particles
transport downstream with liquid slug. The velocity of the
liquid slug is about equal to the sum of vg and vl1s, and is
much bigger than vl1s.

Mixing behaviors of gas-liquid–solid flow in
microchannels

The dimensionless variance of residence time (r2
h) is the

classic parameter to describe the backmixing degree. It is
defined as follows

r2
h5

r2
t

�t2
(24)

�t5

ð1
0

tE tÞdtð (25)

r2
t 5

ð1
0

t2E tÞdt-�t2
�

(26)

The value of r2
h ranges from 0 to 1. r2

h of plug flow reac-
tor (PFR) is 0, meaning that backmixing does not exist. r2

h
of continuous stirred-tank reactor (CSTR) is 1, indicating
that backmixing degree attains its maximum. Generally, the
degree of mixing becomes weaker with the decrement of r2

h.

Figure 16. A particle’s trajectory near the T-junction (vg 5 0.85 m/s, vl1s 5 0.17 m/s, r 5 0.0728N/m, ep 5 0.3% and
h 5 0�).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 17. Simulation results of RTD of particles and liquid phase in slug flow (vg 5 0.85 m/s, vl1s 5 0.17 m/s,
r 5 0.0728N/m, ep 5 0.3% and h 5 0�).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Table 7 shows �t and r2
h of particles in different flow patterns.

The integral value in Eqs. 24–26 was calculated by variable
step-size compound Simpson formula. In fact, the impulse is
exactly the group of particles injected at the 100th time step (5
3 1024 s). To facilitate the narrative, this group of particles is
named as “injection-1”. In slug and liquid drop flows, about
10% of the particles contained in “injection-1” still resides in
the microchannel at t 5 50 ms (10,000 time steps). If this part
of particles are considered, the trail of RTD curve will be very
long and the accuracy of the numerical integral in Eqs. 24–26
will be influenced seriously. Therefore, this part of particles
were treated as ineffective ones and ignored. Unfortunately, in
stratified flow, more than a third of particles contained in
“injection-1” still resides in the microchannel. Hence, �t and r2

h
of particles in stratified flow were not obtained. Cisne et al.47

gave the definition of Stokes number (St)

St5
qpdp

2up

18ulþsD
(27)

where D is the characteristic dimension of the microchannel. St
shows the ratio tR/tF, between the time of response of the parti-
cle to the action of the fluid tR5

qpdp
2

18l , and the characteristic
flow time tF5up=D. When St limits to 0, particles respond
quickly to flow changes, and behave as “tracers”, following the
streamlines of the flow. The critical value of St number is 0.18,
i.e., if the St number is smaller than 0.18, particles behave as
tracers. In this case, the St is of the order of O (1023). Thus, the
mixing behaviors of particles can also represent the RTD of liq-
uid phase. Analyses in more details were done as follows.
Table 7 shows the dimensionless variance of residence time and
average residence time of particles and liquid phase in different

flow patterns. Detailed analysis of mixing behaviors is as
follows.

Figure 17 shows the RTD of particles and liquid phase
obtained from the simulation results. However, the RTD
curve is similar to a damping vibration curve, as shown in
Figure 17. As mentioned in the analysis of particles distribu-
tion along axial direction, particles mainly concentrate in liq-
uid slug. Therefore, particles are separated into different
major parts by gas slug. One part will transport downstream,
the other parts will be blocked in the T-junction area and
transport downstream with the following liquid slug, which
leads to the difference of residence time. The flow snapshots
corresponding to the first four peaks are also shown in Fig-
ure 17. It is found that a liquid slug is exiting the computa-
tional domain in each snapshot, and the interval between
each impulse just equals to the period of a gas slug forma-
tion process. The flow characteristics of particles show a per-
iodic rule in both temporal and spatial scales, which are
dominated by the gas slug length and the formation time of
a gas slug.

Figure 18 shows RTD of particles and liquid phase in liq-
uid drop flow. Similarly to the RTD curve of slug flow, the
RTD curve of liquid drop flow consists of different peaks.
With the same method, the flow snapshots corresponding to
the first four impulses in the RTD curve are shown in Figure
18. It is also found that a liquid drop is exiting the computa-
tional domain in each snapshot, the gas inlet zones were not
shown in order to make snapshots more compact. From this
phenomenon, it can be inferred that particles mainly distrib-
ute in liquid drops. However, compared with RTD curve,
three difference points should be pointed out. First, the
impulses are not as strong as slug flow. It can be explained
as follows. In liquid drop flow, liquid turns into discontinu-
ous phase and will be squeezed into drops by gas phase.
During the squeezing process, a few particles will penetrate
into gas phase, as can be seen in Figure 18. Second, from
Table 7, it is found that r2

h;slug > r2
h;liquiddrop. That is, the

backmixing degree of liquid drop flow is weaker than that of
slug flow. It is for that the gas phase turns into continuous
phase in liquid drop flow, and the blocking effect of gas slug

Table 7. r2
h and �t of Particles and Liquid Phase in Different

Flow Patterns (vg 5 0.85m/s, vl1s 5 0.17m/s, r 5 0.0728N/m

and ep 5 0.3%)

Slug liquid drop stratified

r2
h 0.145 0.053 —

�t,1023s 24.99 29.82 —

Figure 18. RTD curve of particles and liquid phase in liquid drop flow (vg 5 0.85 m/s, vl1s 5 0.17 m/s, r 5 0.0728N/m,
ep 5 0.3% and h 5 160�).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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does not exist. Third, �tslug < �tliquiddrop, which can be reasoned
as follows, once a liquid slug or drop is formed, its velocity
is approximately equal to the sum of vl1S and vg, thus, it is
much higher than vl1s. In liquid drop flow, the area where a
liquid drop is formed located in the downstream of the loca-
tion where a liquid slug is formed in slug flow. Hence, par-
ticles reside in the computational domain longer compared
with slug flow.

Figure 19 shows the particles RTD curve of stratified
flow. Compared with slug flow and liquid drop flow, no
obvious impulse exists on the curve. In stratified flow, no
liquid drop or slug is formed and particles mainly distribute

in the upper liquid, which can be seen in Figure 9a.
Although �t and r2

h of particles and liquid in stratified flow
were not obtained, it can be inferred that the backmixing is
more serious compared with the other two flow patterns,
which can be attributed to that liquid phase cannot be sepa-
rated by gas phase. Meanwhile, as can be expected, �t is
much bigger than that of slug and liquid drop flow. The rea-
son is that velocity of the upper liquid is smaller than that of
liquid drop or slug.

For a macro gas-liquid–solid circulating fluidized bed,
there existed generally only one peak on the liquid phase
RTD curve,85 differing from any one mentioned previously.
In bubbly regime at macroscale, the ratio of bubble diameter
to bed or column diameter is far smaller than that at micro-
scale, and gas phase will not exert any blocking or squeezing
effect on liquid phase. Hence, RTD curve with two or more
peaks does not appear in bubbly regime at macroscale. In
addition, r2

h of liquid phase in the macro gas-liquid–solid cir-
culating fluidized bed (including the riser and the downer)
ranged from 0.1 to 0.4.85 Basically, the liquid backmixing of
liquid drop flow and slug flow weakens compared with bub-
bly flow at macroscale.

The RTD of gas phase in the three different flow patterns
were compared. The viscosity of gas is far smaller than that
of liquid phase. Thus, based on Eq. 27, solid particles with
dp of 1 3 1026 m) are employed as tracers during simula-
tions. As can be seen in Figure 20 and Table 8, backmixing
degree of gas phase in liquid drop flow and stratified flow is
more evident compared to slug flow. Because in slug flow,
the gas phase is the discontinuous phase, the separation of
gas slugs by the liquid slugs reduces axial gas mixing.17,23

Only in slug flow, gas phase exists in the form of discontinu-
ous phase and occupies the whole cross section of the micro-
channel. Thus, the velocity of gas slug equals about to
vg 1 vl1s. Therefore, the average residence time of slug flow
is smaller compared with liquid drop and stratified flows.

Furthermore, the influence of gas-liquid ratio (vg/vl1s) on
mixing behaviors of slug flow was investigated, as shown in
Figure 21. This ratio decreased from 5:1 to 1:1 with equal

Figure 19. RTD curve of particles and liquid phase
in stratified flow. (vg 5 0.85 m/s, vl1s 5 0.17
m/s, r 5 0.0728N/m, ep 5 0.3% and h 5 77�).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Table 8. r2
h and �t of Gas Phase in Different Flow Patterns

(vg 5 0.85m/s, vl1s 5 0.17m/s, r 5 0.0728N/m and ep 5 0.3%).

Slug liquid drop stratified

r2
h 0.062 0.184 0.303

�t,1023s 12.197 16.595 17.054

Figure 20. RTD of gas phase in three flow patterns in microchannels (vg 5 0.85 m/s, vl1s 5 0.17 m/s, r 5 0.0728N/m
and ep 5 0.3%).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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difference. Specifically, vl1s was kept as 0.17 m/s, and vg

was 0.85 m/s, 0.68 m/s, 0.51 m/s, 0.34 m/s and 0.17 m/s,
respectively. From Figure 21, it can be seen that r2

h;s and l first
decreases when vg/vl1s decreases from 5:1 to 3:1. In other
words, the backmxing degree becomes weaker. It can be
explained as follows. When the vg/vl1s decreases, the liquid
slug will be elongated and the gas slug will be shortened
due to the increase of liquid holdup. Thus, the number of
particles in each liquid slug is more, which will lead to the
narrowing of RTD curve and the decrease of r2

h;s and l. How-
ever, when vg/vl1s further decreases to 2:1, and then to 1:1,
reaches a relative stable value. It is because that when vg/
vl1s decreases to 3:1, the liquid slug is long enough to con-
tain almost all of particles injected at the same time. There-
fore, the RTD curve of particles is very close to that of PFR
and the value of r2

h;s and l is close to 0. Hence, r2
h;s and l does

not decrease with the decrement of vg/vl1s any more. How-
ever, the influence of gas liquid ratio on r2

h;g is not so strong.
r2

h;g goes down gradually with the decrease of vg/vl1s. The
particle tracers are included in one gas slug, and the shorten-
ing of gas slug will weaken the backmixing of the gas
phase.

Concluding Remarks

In this article, flow and mixing characteristics of gas-liq-
uid–solid system in microchannels were first simulated by
employing CFD-VOFADPM method. Experimental and sim-
ulation results were compared and reasonable agreements
were obtained. Compared with slug flow in pure liquid, both
td and LG decrease, which can be attributed to the addition
of solid particles. The period length of particles’ flow is
equal to that of a gas slug formation. By increasing the con-
tact angle of microchannel walls, slug flow (0–50�), stratified
flow (77–120�) and liquid drop flow (160�) are obtained suc-
cessively. RTD curves of solid particles in slug and liquid
drop flows are similar to a damping vibration curve due to
the existence of segmented liquid slug or drop. Among the
three flow patterns, the backmixing of solid and liquid phase
reaches its weakest degree in liquid drop flow. RTD of gas
phase in slug flow is obviously narrower than stratified and
liquid drop flows due to the weak axial back mixing of the

gas phase in slug flow. These flow and mixing rules provide
a basis for the possible applications in process industries and
further study on such microdevices.

The interaction of fluid and wall was simulated by varying
the static contact angle. It is equivalent to assume that the
gas-liquid–solid wall is always in equilibrium at the inner
region of contact line, resulting in the inaccuracy of surface
tension at bubble interface. The formulation of nonequili-
brium, which corresponds to dynamic contact angle, and the
application of slip boundary conditions are the future work.
In addition, in order to get more detailed behavior of gas-liq-
uid–solid flow in microchannels, the effects of particles on
the local velocity and pressure fields should be analyzed in
the future.
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