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Multiphase flows have received increasing attention over the past decades. This paper describes the
research carried out in Thermo-Energy Engineering Institute of Southeast University in recent years,
focusing on several common issues associated with multiphase flows in industry, such as: boiling of fall-
ing film and complex structure of gas–liquid flow under large difference in temperature, free surface
flows involving liquid jets and drop formation, mixing behaviors of gas–liquid–solid three-phase flow,
and fluidization characteristics of cylindrical particles. Numerical methods ranging from empirical to
CFD models were developed for predictions, and experimental works were essentially conducted for val-
idation and modification. For all cases, simulated results were validated with experiments and good
agreements were obtained. Based on the combined modeling and experimental approach, fundamental
understanding of multiphase processes in a specific circumstance is achieved under conditions relevant
to the actual industrial-scale, such as transport phenomena, flow patterns, fluid dynamics and interac-
tions between phases.

� 2010 Published by Elsevier Ltd.
1. Introduction

Multiphase flows, i.e. flows involving more than one of the
phases of matter-gas, liquid or solid, can be found in many indus-
trial processes (Brennen, 2005). Research carried out in Thermo-
Energy Engineering Institute (TEEI) of Southeast University in re-
cent years has largely focused on the relevant topics in the field
of multiphase flow, from fundamental study to applied investiga-
tions. As a general approach in the research on multiphase flows,
numerical study on the detailed behavior of those flows and the
phenomena that they manifest was adopted extensively in TEEI,
to circumvent the difficulties inherent in the implementation of
experimental investigations and reduce the cost in operation.
Essentially, experiments were carried out for validation and mod-
ification. Up to now, robust mathematical models have already
been established for the solution of force interaction between the
dispersed (solid, liquid or gaseous) particles, both visible and invis-
ible, using approaches ranging from discrete element model (DEM)
(Tsuji et al., 1993; Yuan, 2000; Dhanunjay, 2003) to direct simula-
tion Monte-Carlo (DSMC) method (Tsuji et al., 1998; Le and Has-
san, 2007; Zou et al., 2008). Based on the Euler–Lagrange and
Euler–Euler approaches, a series of research related to multiphase
flow was carried out, including granular flows: particle-laden
fluid–solid flow, cylindrical particles fluidization and ultra-fine
Elsevier Ltd.
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particles removal, and multi-fluid flows: free surface flows and
mixing behavior of multi-fluid flows. Moreover, studies of some
advanced mathematical models are engaged for the solution of
multiphase flows, such as lattice-Boltzmann model (LBM), large
eddy simulation (LES) and multi-rigid dynamics model for simula-
tion of non-spherical particles flows.

The objective of this paper is to give a brief summary of the re-
search on multiphase flows carried out in TEEI in recent years,
mainly including: boiling of the falling film and complex structure
of gas–liquid flow under larger difference in temperature, free sur-
face flows involving liquid jets and drop formation, mixing behav-
ior of gas–liquid–solid three-phase flow, and fluidization behavior
of cylindrical particles. Preliminary results extracted from the re-
search are reviewed.
2. Boiling of falling film and complex structure of gas–liquid
flow under larger difference in temperature

The falling film technique has been widely used in industrial
sectors, among which the most important case is its application
in the quenching chamber of Texaco gasifier. In the quenching
chamber, water issuing out from the upper cooling ring falls along
the inside wall and forms a thin film, which flows co-currently
with the synthesis gas and molten slag produced in coal gasifier.
Mass and heat are then transferred continuously and severely
among the gas–liquid–solid phases under the large difference in
temperature, as shown in Fig. 1. When the syngas with tempera-
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Fig. 1. Heat and mass transfer process in the downcomer.
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Fig. 2. Comparison of predicted and experimental results on axial temperature
distribution.
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ture generally higher than 1000 K is transported, the falling film in-
side the pipe is of great importance in avoiding wall burnout. How-
ever, the peculiar physical parameters thereof, such as fairly high
temperature and high pressure always render the experimental
explorations very difficult. Fortunately, with the great progresses
in the computer technology, growing attention has been paid to
numerical simulation study (Hiroki et al., 2008). Nevertheless,
few relevant publications and reports are available currently to
be referenced (Hughes and Bott, 1998; Tryggvason et al., 2005).
In this section, a more fundamental study is carried out to under-
stand the mechanisms governing the boiling process of falling film
and the complex structure of gas–liquid flow, using a combined
modeling and experimental approach.

2.1. Mathematical formulation

A two-dimensional model was developed to describe the multi-
phase flow. The mathematical model developed was the powerful
technique of volume of fluid (VOF) (Liovic et al., 2002) integrated
by the species transferred model (Marco, 1995). The governing
equations satisfy the conservation laws of mass, momentum, en-
ergy and species. The continuity equation is given as:

@aq

@t
þr � ðaqmqÞ ¼

Sq

qq
; q ¼ 1;2 ð1Þ

where a is volume fraction of phase, v is the velocity vector, S is the
mass source term. Subscript q denotes the qth phase.

Properties such as density and viscosity appearing in transport
equations are determined by the volume fraction of each phase in a
control volume. The VOF model solves throughout the domain the
single momentum equation as:

@

@t
ðqmÞ þ r � ðqmmÞ ¼ �rpþ qg þr � ½lðrm þrmTÞ� þ F ð2Þ

where q is the mixture density, and F is the momentum source
term. The resulting velocity field is shared among the phases.

Cases are solved with species transported in the gas phase only.
The species conservation equation is:

@

@t
ðqVYÞ þ r � ðqVmYÞ ¼ �rJ þ Se ð3Þ

where Y and qV represent the mass fraction and density of the water
vapor, respectively. Se is the mass source originating from the evap-
oration. J is diffusion flux of water vapor and can be modeled as:

J ¼ � qVDþ lt

Sct

� �
rY ð4Þ

where D is vapor diffusion coefficient, Sct is turbulent Smith num-
ber, and lt is turbulent viscosity.
The energy equation is:

@

@t
ðqEÞ þ r � ½mðqEþ pÞ� ¼ r � ðkeffrTÞ þ Q ð5Þ

Q is the energy source term accounting for the heat transfer via
radiation, which is calculated by the Rossland model (Siegel and
Howell, 1992); E and T denote the mass-averaged energy and tem-
perature, respectively; keff is the effective thermal conductivity.

2.2. Experimental approach

A new type of coal–water–slurry (CWS) entrained-flow gasifier
on a laboratory scale, consisting of the gasification section and the
scrubbing–cooling chamber, was set up to validate the numerical
results. In the measurement stage, the output signals of the ther-
mocouples were converted into digital signals by ADAM data
acquisition modules and transferred to a computer for analysis.
Additionally, the monitor and control generated system (MCGS)
configuration module was utilized in parallel to measure the tem-
perature in real-time.

2.3. Results and discussion

Good agreement between the numerical and experimental re-
sults with respects to the axial temperature distribution in the pipe
is shown in Fig. 2. To the point about 0.3 m below the inlet, the
temperature has decreased to around 300 K. Good-quantity mate-
rial of the upper region of the pipe is thus essential to resist the
high temperature. From Fig. 2, it can be seen that there is a remark-
able difference in shape of the two curves (experiment versus sim-
ulation) for locations below 20 cm from inlet. Analyses were done
as follows. The water vapor resulting from phase change yields an
increase in radiative capacity of the gas medium and hence en-
hances the radiative heat transfer in the vertical pipe. Conse-
quently, gas temperature decreases more in experiments.
However, this time-dependent behavior of radiative capacity was
not considered for the simplified model. Accordingly, the temper-
ature in simulations is higher than in experiments.

Fig. 3 shows the gas–liquid structure as a term of the volume
fraction distribution of the syngas in the vertical pipe under the
conditions both with and without phase change. In the case of
‘‘without phase change”, the surface of the falling film is fairly
smooth and continuous, whereas in the case of phase change
occurring, the stability and continuity of the film are destroyed se-
verely. Moreover, from Fig. 3(b–e), it can be found that higher gas
inlet temperature is accompanied by more obvious film instability
and discontinuity. The length of the continuous film decreases as



Fig. 3. Gas–liquid structure in the vertical pipe at various conditions.

Z. Peng et al. / International Journal of Multiphase Flow 36 (2010) 119–126 121
the gas inlet temperature increases. For cases at T = 1500 K and
T = 1700 K, the phenomenon of serious dry-out occurs with the
wall exposed to the high-temperature syngas, which is tremen-
dously detrimental to the gasification process. Simultaneously,
the entrained droplets produced in the falling film disruption lead
to the reduction of liquid flow rate along the wall, which instead
accelerates the falling film rupture, as presented in Fig. 3(c–e).

3. Free surface flows in liquid–liquid systems

Free surface flows are types of fluid flows in which at least a
portion of the surface bounding the domain of interest changes
its shape as time elapses or a parameter is varied. Two common
types of free surface flows are those involving liquid jets and drop
formation. Such flows have been widely studied for more than a
century due to their great importance in industrial processes, such
as microencapsulation, inkjet printing, mixing and emulsion for-
mation, fiber spinning and heat and mass transfer applications.
Much of the earlier literature has been reviewed by Shi et al.
(1994), Richards et al. (1993, 1994, 1995), and more recently by
Milosevic and Longmire (2002), Doshi (2003) and Carsten et al.
(2004). However, most of these studies were focused on the gas–li-
quid system. Due to the difference in physicochemical properties
of the ambient fluid, such as dynamic viscosity, interfacial tension
coefficient, weight, etc., there is quite a difference between drop
formation in gas–liquid and liquid–liquid systems (Zhang and Bas-
aran, 1995; Zhang and Stone, 1997; Zhang, 1999a; Doshi, 2003).
Study of drop formation in liquid–liquid system is still largely lack-
ing (Doshi, 2003). The main objective of this section is to develop a
general understanding of two-liquid drop formation, using both
numerical and experimental approaches.

3.1. Mathematical formulation

The classic VOF/CSF (Hirt and Nichols, 1981; Brackbill et al.,
1992) transient model based on the Eulerian volume tracking ap-
proach is utilized uniformly for free interface tracking. For the jet
flow under high Reynolds numbers, initial simulations revealed
that the Reynolds averaging turbulence approach overly damped
the fine scales of atomization, showing only the larger waves and
surface fluctuations without eventual jet disruption (Peng et al.,
2008). Instead, the VOF/CSF coupled with LES method was estab-
lished for simulation of drop formation at high Reynolds numbers.

Governing equations of 2-D VOF-LES comprise the continuity
and momentum equations and the volume fraction equation. In
particular, the subgrid scale model proposed by Smagorinsky
(1963) was applied to account for the large scale momentum flux
caused by the action of the small or unresolved scales. The surface
tension was dealt with the continuum surface force (CSF) model.
Moreover, the piecewise linear interface calculation (PLIC) scheme
(Youngs, 1982) was utilized for interpolation near the interface.
The transient Navier–Strokes system was solved by using a fi-
nite-difference formulation on an Eulerian mesh.

3.2. Experimental approach

Experimental facility consisted essentially of a fine-capillary
spray nozzle through which the liquid used to form drops was
delivered at a constant volumetric flowrate by means of a booster
bump. The inner diameter of the spray nozzle that was directed
upwards, was 0.12 mm and the outer diameter was 0.3 mm. A
steady, non-pulsating flow of the continuous phase was generated
using a centrifugal pump, and finally entered a vertical transparent
glass-pipe having a sufficiently large inner radius as compared
with the nozzle radius so that the wall effects could be neglected
(Zhang, 1999a,b). The continuum entered the pipe horizontally,
about 300 mm below the spray nozzle tip in order to provide the
steady laminar-flow of the external carrier fluid around the spay
nozzle. The No. 25 transformer oil was selected as the carrier fluid.
Usually, it appears transparent without any suspended matter, and
has a viscosity and density of 0.179 kg (m s)�1 and 895 kg m�3,
respectively. The interfacial tension coefficient between No. 25
oil and water was measured to be 0.062 N m�1 at room condition.

3.3. Results and discussion

Fig. 4 shows the bubbling regime of drop formation at low Rey-
nolds number. In this regime, single drop forms, grows, and de-
taches from the nozzle at regular intervals. Drop formation is
determined mainly by the balance mechanism of major forces:



Fig. 4. Bubbling regime of drop formation when vc,in = 0.27 m s�1 and Re = 66.

Fig. 5. Laminar jetting regime of drop formation at vc,in = 0.27 m s�1and Re = 966.
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inertia, buoyancy, interfacial tension and viscosity (Scheele and
Meister, 1968; Chen et al., 2001). This regime of drop formation
was studied for the longest time, and currently, great progress
has been made both theoretically and experimentally (Doshi,
2003). Fig. 4 shows the numerical results based on the laminar
VOF/CSF model. Good agreement is achieved in comparison to
the experimental results.

Fig. 5 illustrates the laminar jetting regime of drop formation.
While the Reynolds number of the injection liquid exceeds a criti-
cal value, a jet streams from the nozzle, being laminar in flow. To a
certain length, the jet breaks up into individual drop which flows
upwards in line. Hereafter, the jet stability dynamics determine
the mechanism and the size of the drops (Clift et al., 1978; Richards
et al., 1994). For this regime, since the Reynolds number is rela-
tively lower, the laminar VOF/CSF method neglecting the turbu-
lence effects was still used. Good agreement was obtained
between the predicted results and experimental observations.
From Fig. 5, it can also be seen that the jet disrupts dynamically
with length fluctuating with time in variable amplitudes. Similar
results have been reported by Richards et al. (1994) and Carsten
et al. (2004).

Fig. 6 shows the turbulent jetting regime of drop formation. In
this regime, the jet becomes fully turbulent and eventually dis-
rupts intensely into a large number of smaller drops. Both the
modeling and the experiment illustrate the above phenomenon.
In this case, the relative velocity between phases is so large that
the shear stress plays a predominant role. Moreover, the radial
and axial momentum in the jet is changed dramatically, which
yields a sharp rise in the radial velocity (Liu and Reitz, 1993). Con-
sequently, the jet disrupts intensely into a large number of smaller
drops owing to the complicated factors mentioned above. As yet,
there are very few publications focusing on this regime of drop for-
mation in liquid–liquid systems. Discrepancies between the
numerical and experimental results are primarily attributed to
the 2-D model established, in which the eddy generation term is
not comprised in the governing equations.

4. Mixing behavior of gas–liquid–solid three-phase flow

The system of gas–liquid–solid three-phase flow is commonly
encountered in industrial fields. In the entrained-flow in Texaco
gasifier stated in Section 2, coal–water–slurry or pulverized coal
is gasified at high temperature and high pressure. Due to the sub-
sequent severe heat and mass transfer with the falling film along
the inside wall of the pipe, the syngas temperature declines steeply
and the molten slag is solidified. In the cistern, heat is transferred
severely again between phases. Finally, the scrubbed colder-syngas
flows out of the cistern and the solidified slag subsides to the
bottom.



Fig. 6. Turbulent jetting regime of drop formation at vc,in = 0.27 m s�1and
Re = 4825.
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Fig. 8. Simulation results of gas–liquid two-phase flow field when Usf = 1.0 m s�1.
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The scrubbing process is of great importance because the reac-
tor performance determines the number and size of needed sepa-
ration units before and after the reactor and, hence dictates the
economics of the whole process. It is thus essential to quantify var-
ious measures of the scrubbing performance, such as complicated
structure of the multiphase flow, particle concentration distribu-
tion, particle flow tendency, etc., as a function of the design and
operating parameters.

4.1. Mathematical formulation

The CFD-VOF method coupled with discrete particle model
(DPM), more advanced in comparison with that proposed by
Li et al. (1999), was developed for simulation. The sampled par-
ticles were discretely treated in a Lagrangian manner and
tracked throughout the domain, and the continuum was simu-
lated by the classic Euler–Euler method, in specific the VOF
model. The RNG j–e model was used to consider the turbulent
quantities.

The motion of a particle in the liquid or gas phase was solved
by Newton’s second law of motion. As discussed in Wu et al.
(2008), the spin-lift and Basset history forces were ignored.
The modified Nanbu method (Tsuji et al., 1998; Zou et al.,
2008) was improved to modify the collision probability, guaran-
teeing no more than one collision for each particle during a
physical time step.
4.2. Results and discussion

Fig. 7 shows the numerical results of the mass-weighted ratio n
of particles along the height of scrubbing–cooling chamber, com-
pared with the experimental-data given by He (2005). Qualita-
tively, it can be seen that the numerical predictions agree well
with the experimental results. However, there is a marked discrep-
ancy in the observed results. Firstly, it can be attributed to the data
acquisition approach in the experiments. In the work of He (2005),
due to the limitation of measurement techniques the data obtained
in experiments uniformly represents the mass-weighted ratio of
particles in the liquid phase rather than in the gas–liquid mixture.
Hence, the value is proportionally higher than that predicted by
the numerical method. Secondly, the sampled particles were
tracked and resolved in simulation to represent the solid phase
flow (Tsuji et al., 1998; Zou et al., 2008). Due to the limitation of
computational capabilities, the total number of particles involved
in this simulation was fewer than in the actual experiments, and
although the initial size distribution of the feeding particles was



Fig. 9. Simulation results of spatial distribution of solid particles when Usf = 1.0 m s�1.
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adjusted to be equivalent to that in experiments, inaccuracy could
not be avoided.

Fig. 8 illustrates a time sequence of fluids flow in the cylindrical
vessel after the syngas is injected into the cistern at a superficial
velocity Usf = 1.0 m s�1. The red denotes the volume fraction distri-
bution of the gas phase. It can be seen that the gas disrupts rapidly
after entering the cistern, which was also reported by Liovic et al.
(2002). The dispersed droplets are entrained by bubbles, splashing
over the quiescent free surface. Coalescence and breakup of bub-
bles and droplets occur frequently below the surface due to the in-
tense momentum exchange between phases. Moreover, no bubbles
or droplets consistently move in single well-defined trajectories in
the chamber, appearing fairly chaotic.

Fig. 9 shows the corresponding instantaneous spatial distribu-
tion of solid particles in different size in the chamber. Bigger par-
ticles are accumulated at the bottom, whereas small particles
concentrate either around the outlet of the cooling tube or near
the surface of the external liquid. Some of the fine particles es-
cape from the cistern together with the dispersed bubbles and
droplets.

5. Fluidization behavior of cylindrical particles in gas–solid flow

Nowadays, the fluidized straw combustion has been accepted as
a promising technique due to its technical merits including high
combustion efficiency, wide combustion adaptability, easy tem-
perature control and low emission of pollutants (Cui and John,
2006). In the past two decades, the technology of fluidized straws
direct combustion has developed rapidly. However, a comprehen-
sive understanding of the mechanisms in the cylindrical-particle-
laden two-phase flows is still lacking (Zak, 2001; Lin et al., 2003).
In the few numerical studies, moreover, the solid-phase is gener-
ally treated simply as a spherical particle. Such a simplification
can lead to large errors when predicting the cylindrical-particle
motion. In this paper, a three-dimensional rigid dynamics model
is developed to investigate the fluidization behavior of the cylindri-
cal particles in gas–solid flow, including fluid dynamics, rigid
dynamics and rigid collision dynamics.

5.1. Mathematical formulation

The kinetics of body is introduced for analyses. Fluid drag force
acting on part i of a cylindrical particle is:

F fi ¼ CDAcqf juf � uijðuf � uiÞ=2 ð6Þ

where, CD is the drag coefficient; Ac is the cross-section area of the
part; qf is the fluid density; uf is the fluid velocity; ui is the particle
part velocity, ui = u0 + (I �x) � ri, u0 is the velocity on the centroid
of the cylindrical particle.

The drag coefficient CD in traditional calculations that was
always used for spherical particles will result in large errors for
simulation of the cylindrical particles motion. A new calculation
model of CD, based on the work of Hottovy and Sylvester (1979)
and Tran-Cong et al. (2004) was introduced. In order to avoid the
numerical singularity in kinetic calculation, the Euler parameters,
k0–3, are introduced with the following relationship:

k2
0 þ k2

1 þ k2
2 þ k2

3 ¼ 1 ð7Þ

and can be calculated as:

k0 ¼ cos
h
2

� �
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wþu
2

� �
; k1 ¼ sin

h
2

� �
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w�u
2

� �
k2

¼ sin
h
2

� �
sin

w�u
2

� �
; k3 ¼ cos

h
2

� �
sin

wþu
2

� �
ð8Þ

where w, h, u are Euler angles, i.e., procession angle, nutation angle
and rotation angle, respectively, which uniquely describe the poly-
morphism of the cylindrical particle in the bed.

The collision probability in the DSMC method given by Tsuji
et al. (1998) was modified. The post-collision translational velocity
and rotational velocity of the cylindrical particles were calculated
based on the law of momentum conservation, details of which
could be found in Cai et al. (2008).



Fig. 11. Experiment snapshots of cylindrical particles fluidization with multi-slenderness: Dt = 0.2 s; Usf = 4.5 m s�1; W = 0.27 kg s�1; k = 6, 8, 10.
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5.2. Experimental approach

The visual experimental system included fluidized bed, air pro-
viding source and high-speed digital photographing system. The flu-
idized bed was made of a glass pipe with square cross-section, and
consisted of upside, middle part and nether part, totally 1.64 m in
height. The cubic room for wind distribution was located just under
the riser. The uniform size of the holes on the perforated plate was
1 mm in diameter and the overall porosity of the plate was 0.3. A fil-
ter was used to cover the grid plate to increase the bed resistance and
distribute air evenly. The high-resolution digital camera (Nikon
5000, Japan) with ultra-high speed continuous shooting mode (100
frames per second) was employed to attain data.

5.3. Results and discussion

The orientation distribution of the cylindrical particles is de-
fined as the number ratio of the particles whose attitude angles be-
long to a certain range to that flowing in the entire bed (Folgar and
Tucker, 1984; Bernstein and Shapiro, 1994; Lin et al., 2006). Orien-
tation distribution is one of the most important parameters that
characterize the fluidization behaviors of cylindrical particles. In
this paper, the nutation angle h, which ranges from 0 to p/2, is di-
vided into 6 parts evenly, and the two limits of h = 0 and h = p/2
correspond to the cases when the cylindrical particle is located ver-
tically and horizontally in the bed, respectively. Fig. 10 shows the
simulated results using the established model and the experimen-
tal results under the same conditions. As shown in Fig. 10, it can be
found that the simulated results, in which most of the cylindrical
particles move with small nutation angles in the riser, agree well
with the experimental results.

Slenderness of the cylindrical particle refers to the ratio of parti-
cle length to particle diameter. Fig. 11 shows the experimental snap-
shots of flow patterns of the cylindrical particles with different
slendernesses. It can be seen that the cylindrical particles with
small-slenderness firstly reach the outlet of fluidized bed from the
nearby regions of wall, where the particle concentration is accord-
ingly higher than that in the radial centre region. Additionally, there
is an evident phenomenon of particle floc during the fluidization.
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