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ABSTRACT 
Thisworkinvestigates the two-phase flow around two-dimensional heated body in magnification channel of dimensions (0.1×0.03 

× 0.7 m) magnifiedfrom circular ductwith two phases. Experimental studies are conducted in a channel with water-air flow at 

different discharges of water andair at constant heat power. The experiments aimed to visualize thephenomenaof two phase flow 

with heated circular cylinder for different water andair discharges. The bubble size distribution within a two-dimension CFD code 

based on two phase flow model is studied.In this study sets of the experimental data are obtained and visualized by a video camera 

for differentair discharges (5.83, 8.33 and 16.67 l/min)and different water discharges (2, 4, 6 and 10 l/min). The numerical 

simulationsare conducted by usingANSYS/Fluent CFD software to investigate theturbulentunsteadytwo dimensional flowsat 

differentvelocities ofwater and air with smooth enlargement. The results showed that flow becomes irregular andunsteadywhen 

air discharge increases with increasewater discharge, thedeveloperof vortices around the circular cylinder surface thenobserved a 

disperse region and strong vortex shedding.This is resulted from what found in the rectangular channel which is "the cylinder 

existence"  which  effects on  pressure difference across thechannel inlet and outlet. The highest number of bubbles has been found 
 in the mixing region 

 

KEYWORDS:  Two-Phase Flow,Heated Cylinder, Rectangular Channel, Unsteady Turbulent Flow. 
 

INTRODUCTION 
 
There are two-phase flows found in many applications in thermal engineering such as combustion and 

pneumatic conveying of coal powder, collection and separation of dusts, fluidized bed, disposal of nuclear 
waste, etc. Chen et al. [1]. There are lots of flow regimes can be represented by multiphase flows, with one 
phase being agas and the other phase isliquid. The flow regimes in vertical pipes are dependent on the void 
fraction of the gaseous phase, which varies with increasing void fraction from bubbly flow to slug flow, annular 
flow and finally to droplet flow at highest void fractions. In the bubbly and slug flowsregimes,observed a 
spectrum of different bubble sizes.An increase in the gas volume fraction leads to a broader bubble size 
distribution due tocoalescence of bubblesand breakupwhile dispersed bubbly flows with low gas volume fraction 
are mostly mono-dispersed. The interfacial area is mainly necessary and important for the transfer of mass, 
momentum or heat between thedispersed and thecontinuous phase; then, the interfacial area cannot be simply 
modelled under the assumptions of just the void fraction and a mean diameter. However, the forces acting on the 
bubbles may depend on their individual size. Among the forces leading to lateral migration of the bubbles, i.e. 
acting in perpendicular direction with respect to the main drag force, theforce of bubble lift was found to change 
the sign when the bubble size varies Eckhard et al. [2]. 

Hetsroni et al. [3] performed experiments aim at  studying  the flow regimes and heat transfer in air–water 
flow in inclined tubes of inner diameter of 49.2 and 25 mm. By using high-speed video technique and 
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conductive tomographythe flow regimes could beconducted. Disturbance waves of coefficients forms were 
observedunder the conditions studied. The thermal patterns on the heated wall and local heat transfer 
coefficients were obtained by infrared thermography.The analysis of the behavior of the heat transfer 
coefficients, together with flow visualization and conductive tomography showed that dryout took place in the 
open annular flow regimes with motionless or slowly moving droplets. Shedd and Newell [4] presented 
experimental liquid film thickness profiles in adiabatic, air–water flow through clear tubes with microgrooves at 
three different helix angles. The results coincide with asymmetrical measurements of temperature and heat 
transfer coefficients noticed by previous investigators. Noticessuch as increased wall wetting for a given flow 
condition, decreasingthe grooves influence with increasingvelocity of gas, and a rotational redistribution of the 
liquid film by helical grooves though without indication of a swirling behavior. Asano et al. [5] used a neutron 
radiographyvisualized method gas–liquid two-phase flows in simulated heat exchangers, the gas–liquid two-
phase flow characteristics in a plate heat exchanger with a single channel placed in a vertical plane. Air–water 
adiabatic two-phase flows and chlorofluorocarbon boiling two-phase flows were visualized, and two-
dimensional void fraction distributions were measured from visualized images via some image processing 
techniques. So, the phase distributions in heat exchangers were strongly affected by theinlet conditions and 
configuration.Thestagnation of liquid at the test section inlet caused unsymmetrical phase distribution when the 
incoming flow was a gas–liquid two-phase flow. Lee et al. [6] study fabricated thermal microsystem, integrated 
with temperature andpressure micro-sensors to convective boiling under uniform heat flux boundary condition. 
The pressure andtemperature distribution along the microchannel was correspondingly measured. The principle 
frequencies of the temperature and pressure fluctuation were the same values at interface region of the liquid-
vapor and this dominant frequencies increase with input power.The specific and qualitative conceptions of the 
developing flow patterns have been coincided with the quantitativepressure andtemperature measurements. Kim 
and Sin [7] studied experimentally the air and water flow distribution for a header–flat tube geometry simulating 
a parallel flow heat exchanger. The effects of tube protrusion depth, tube outlet direction as well as mass flux, 
and quality were investigated. The flow at theinlet header was identified as annular. Thedistribution of water 
flow was affected by the tube protrusion depthfor the downward flow configuration. The effect ofqualityor mass 
flux was qualitatively the same as that of the protrusion depth. Increase of the qualityor mass flux forces the 
water to rear part of the header. For theconfiguration of upward flow, however, most the water flows through 
rear part of the header. Michael [8] focused on a mechanistic modeling concept for local phenomena governing 
two- and multi-phase flows and heat transfer presentinga computational multiphase fluid dynamics model of 
two-phase flow including local constitutive models applicable to two-phase flows in heated channels. In other 
words,theoverall model can capture various local flow and heat transfer phenomena and the onset of temperature 
excursion (CHF) in low quality forced convection boilin. Krepper et al. [9] concerned the model of a 
polydispersed bubble population in the frame of an ensemble averaged two-phase flow formulation. They 
studied the ability of the moment density approach to represent bubble population size distribution within a 
multidimensional CFD code based on the two-fluid model. The different two methods describing the 
polydispersion were presented: (i) amethod of population balance considering several velocity fields of the 
gaseous phase and (ii)amethod of moment density, developed at IRSN, to model the bubble size distribution 
function. The first methodwas done and implemented in the CFD code ANSYS/CFX. Air-water bubbly flows in 
a vertical pipe with obstacle of the TOPFLOW experiments series performed at FZD were then used as 
simulations test cases, whereas the second method was implemented in the Neptune-CFD code. Zhou et al. [10] 
discussed theparticle dispersions and vortex structures in flows around a circular cylinder by lattice Boltzmann 
method LBM, with non-equilibrium extrapolation method NEM dealing with the computational boundaries. The 
effect of the Reynolds number on the evolution of the vortex structures was investigated. It was found that both 
the Stokes number and theReynolds number produce significant influences on the particle distribution. The 
small particles St=0.01 follow the fluid motion very well and can disperse into the core regions of the vortex 
structures. The particles at intermediate Stokes numbers St=0.1 up to 1concentrate on the boundaries of the 
vortices, and the large particles St=10 also assemble in the outer regions of the vortices under the influence of 
the vortex structures.According to Laith and Riyadh [11], theydiscussed the two-phase flow phenomena around 
multi- shape obstacles in a rectangular enlarging channel without heating.All sets of the experimental data were 
obtained by using a pressure transducer for different water discharges (20, 25, 35 and 45 l/min) and different air 
discharges (10, 20, 30 and 40 l/min).Consequently, the results indicatedthat the pressure sensors at the inlet and 
outlet of the test section are record pressures that fluctuating as a function of time due to two-phase effect. 

Formulation of local is presented by the present paper, two-dimensional models of two-phase flow and heat 
transferwith anenlarging channel and the existence of a heated circular cylinder. So, it is conducted to study the 
effects of a range of water/air discharge in the unsteady state on flow behavior withenlargement from the 
circular duct to the rectangular duct in the presence of a circular cylinder with uniform heat flux. 
 
 
 



201 .,et al Humam Kareem Jalghaf             18 

The Experimental Work  and Physical Model
Figure 1clarifies a photograph and

ofthe test section,piping system (1.25 in), 
enlargement connecting parts, thermocouples, thermometer
section consists ofcircular cylinder with constant heat power (506 W)inside rectangular channel
cross sectional area (10 cm ×3cm) 
around the circular cylinder and records this behavior.
allowing optical access through the test section. The 
diameter and (3 cm) length and its center 
figure 2.The three thermocouples (k
accuracy in the experimental work, calibrations of the rig measuring devices are
forair discharges are (5.83, 8.33 and 16.67 l/min)and for 

 

 

 
Fig. 1: The experimental rig  

Mathematical and Numerical Modelling
In the currentstudy, it have been applied 

for two-phase flow characteristics in
ductin2-D unsteadycase. Air-waterflowis
numerical results with experimental 
usingGAMBIT and FLUENT (ANSYS 
for at the inlet condition and void fraction and the geometrical values of the system used in the analysis are 
putted as the same variables in the experimental
domainis (100cm) including (70c
enlargement part. Thediameter ofair pipe is (1.27 cm) and diameter of
Figure 2.The length  of enlargement connecting part 
change the shapefrom circular to rectangular
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Physical Model: 
andschematicof the experimental rigand measurementdevises

piping system (1.25 in), water tank, valves, water pump, gages, aircompressor
enlargement connecting parts, thermocouples, thermometer,digital video camera recorder 

circular cylinder with constant heat power (506 W)inside rectangular channel
 and length of (70 cm) is used to show the behavior of the two phase 

and records this behavior.Besides, three large Perspex windows of the channel 
allowing optical access through the test section. The circular cylinder made of stainless steel 

its center is located at (11.5 cm) from the entrance of the test section
k-type) are located at inlet,outlet of the test section and in the tank

accuracy in the experimental work, calibrations of the rig measuring devices are done.The experi
air discharges are (5.83, 8.33 and 16.67 l/min)and for water discharges are (2, 4, 6 and 10 l/min)

Numerical Modelling: 
it have been applied the computational fluid dynamics software for the numerical 

in a channel contain a heated circular cylinder with expansion
flowis selected to present the gas-liquid two-phase flow

numerical results with experimental data. The analysisconstruction and the numerical domain 
(ANSYS 15.0) codes.Variables of two-phase flow such as 
void fraction and the geometrical values of the system used in the analysis are 

the experimental part. Total test rig length in the experiments
0cm) for the test section containing cylinder, and 

diameter ofair pipe is (1.27 cm) and diameter of water pipe is (3
enlargement connecting part contain of (0.05 m) circular pipe, (0.15 m) diverge

from circular to rectangularone and (0.1 m) rectangular duct. 
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rigand measurementdevises.The rigconsists 
compressor, rotameter, two 

,digital video camera recorder andfittings. The test 
circular cylinder with constant heat power (506 W)inside rectangular channel. The rectangular 

show the behavior of the two phase flow 
Perspex windows of the channel 

made of stainless steel used with (3 cm) 
of the test section as shown in 

and in the tank. For more 
The experimental values 

water discharges are (2, 4, 6 and 10 l/min). 

 

 

 

the computational fluid dynamics software for the numerical study 
with expansion from the liquid 
phase flowin order to compare 

and the numerical domain are performed 
phase flow such as water and airvelocities 

void fraction and the geometrical values of the system used in the analysis are 
experimentsand numerical 

, and (30cm) for the inlet 
ater pipe is (3.175cm) as shown in 

of (0.05 m) circular pipe, (0.15 m) diverge-link to 
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Fig. 2: The test section dimensions  

Thestructure of model geometry 
Quad/Pavemesh. The mesh results are
figure3-after mesh and before import the case
grid give  a total and precise solution to 
mixing region in the enlargement connecting part

 

 
Fig. 3: 2D model geometry structure mesh

 
The boundary conditions are: the pressure outlet 

Fluent,the flow behavior is stimulated by
Function has been selected for calculation b
Therelaxation factors,maximum number of iteration and
convergence for solutionat the required accuracy.

 
Table 1: Experimental testes. 

Cases Air/water flow (l/min)

case1 5.83/2 
case2 8.33/2 
case3 16.67/2 
case4 5.83/4 
case5 8.33/4 
case6 16.67/4 

 
The conservation of mass, momentum

are describedthe thermo-hydrodynamics of two
Incompressible flowassumed of the
The governing equations for the incompressible working fluids
are [12]: 

- The equation  of continuity for the mixture is:
 

�

��
���� � � ∙ ���
��� � 0  

August) 12(10. Applied Sciences Advances in Natural and /6201

model geometry is meshed by the GAMBIT preprocessor software 
The mesh results are the model contained 14978 nodes and 14522elements

after mesh and before import the case into the processor ANSYS/Fluent for calculation. This refinement 
precise solution to visual the complex flow field around the heated circular 

mixing region in the enlargement connecting part.  

2D model geometry structure mesh 

the pressure outlet , shownin (Table 1),and the velocity inlet for the air
the flow behavior is stimulated by the Mixture model.The turbulent (k-ε) model with Standard Wall 

Function has been selected for calculation because of the high flow rates of air and water in the channel
maximum number of iteration and time stepare selected with suitable 

at the required accuracy. 

Air/water flow (l/min) 
Air/water velocity 
(m/sec) 

Cases 
Air/water flow 
(l/min) 

0.77/0.05 case7 5.83/6 
1.1/0.05 case8 8.33/6 
2.2/0.05 case9 16.67/6 
0.77/0.1 case10 5.83/10 
1.1/0.1 case11 8.33/10 
2.2/0.1 case12 16.67/10 

momentum and energyequations together with an additional advection equation
hydrodynamics of two-phase flow to determine theinterface of

Incompressible flowassumed of the two-phase to be since the pressure drop is small along the axis orientation. 
e incompressible working fluids of the Mixture formulations on mu

continuity for the mixture is: 
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preprocessor software with the 

elementsfor 2D -as shown in 
Fluent for calculation. This refinement 

heated circular cylinder and 

 

the velocity inlet for the air. In 
) model with Standard Wall 

and water in the channel. 
suitable values to give 

flow Air/water velocity 
(m/sec) 
0.77/0.15 
1.1/0.15 
2.2/0.15 
0.77/0.25 
1.1/0.25 
2.2/0.25 

together with an additional advection equation 
interface of gas-liquid. 

along the axis orientation. 
formulations on multiphase flows 

     (1) 
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Where  
��is the mass-averaged velocity: 
 


�� �
∑ ��������
�
���

��
             (2) 

 
and  �� is the mixture density: 
 

�� � ∑ ����
�
���              (3) 

 
��is the volume fraction of phase k . 
 
- Theequation of momentum can be obtained by summing the individual momentum equations for all 

phasesof the mixture: 
 

�

��
���
��� � � ∙ ���
��
��� = −∇ + ∇ ∙ !"��∇
�� + ∇
��# �$ + ��%� + &� + 

∇ ∙ '∑ ����
�(),�
����� +             (4) 
 
where n is the number of phases&�, is a body force, and  "� is the viscosity of the mixture: 
 

"� = ∑ ��"�����              (5) 
 


�(),�  is the drift velocity for secondary phase k : 
 


�(),� = 
�� − 
��              (6) 
 
The volume fraction equation for secondary phase p can be obtainedfrom the continuity equation for 

secondary phase p: 
 

�
�� '�,�,+ + ∇ ∙ '�,�,
��+ = −∇ ∙ '�,�,
�(),,+ + ∑ '-. /, − -. ,/+�/��              (7) 

 
 The relative velocity is  the velocity of a secondary phase (p) relative to the velocity of the primary phase 

(q): 
 

�,/ = 
�, − 
�/              (8) 

 
The mass fraction for any phase (k) is defined as:  

 
0� = ����

��
              (9) 

 
The drift velocity and the relative velocity (
�/,) are connected by:  

 

�(),, = 
�,/ − ∑ 0�
�/�����            (10) 

 
ANSYS/FLUENT’s mixture model use of an algebraic slip formulation. The basic assumption of the 

algebraic slip mixture model is to prescribe an algebraic relation fora local equilibriumand the relative velocity 
between the phases should be reached over a short spatial length scale. Therelative velocity form given by:  


�,/ = 12'�23��+
45678    �2

��           (11) 

where  :, is the particle relaxation time: 

:, = �2(2;
�<=>

           (12) 

d  is the diameter of the bubbles of secondary phase p , ��  is theacceleration of secondary-phase particle’s. 
The default drag function  ?()@A : 

?()@A = B1 + 0.15 FGH.I<J    FG ≤ 1000
   0.0183 FG          FG > 1000

O           (13) 

the acceleration  ��  is of the form:  
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�� � %� − �
�� ∙ ∇�
�� − �����
��            (14) 

The so-called drift flux model is simplest algebraic slip formulation, in which the acceleration of the 
particle is given by centrifugal force and/or a gravity and the particulate relaxation time is modified to take into 
account the presence of other particles.  

The relative velocityin turbulent flows should contain a diffusion term due to the dispersion for the 
dispersed phaseappearing in the momentum equation. ANSYS FLUENT adds this dispersion to the relative 
velocity:  


�,/ = '�23��+(2;
�<=>45678

�� − ηP
QP

R∇�2
�2

− ∇�>
�>

S           (15) 

where T�  is a Prandtl/Schmidt number set equal to 0.75 and η�  is thediffusivity of turbulent. This 
diffusivity is calculated -equation (16)- from the continuous-dispersed fluctuating velocity correlation. 

η� = U=
�;
V R WX

�YWX
S Z1 + U[ξW

\]3� \⁄
                        (16) 

ξW = _���2>_
`\ a�⁄            (17) 

  WhereU[ = 1.8 − 1.35 0bc\d,0bcd = ���2>∙���2
_���2>__���2_   and  ef  is the time ratio betweenthe particle relaxation 

timeand the time scale of the energetic turbulent eddies affected by the crossing-trajectories effect.  
 

Results: 
The experimental results are represented for different water and air discharges as visualizations of the 

circular cylinder in gas-liquid flow and as temperature graphs. 
 
4-1Air and Water DischargesEffect: 

Figures (4-a, b, c & d) give photographs for thebehavior of two phase flow around the heated cylinder for 
air discharges (qa=5.83, 8.33 and 16.67 l/min)and water discharges (qw=2, 4, 6 and 10 l/min) arrangedfrom top 
to bottom respectively.A very few number (amount) of bubbles is noticed and has large size at low water 
discharge. The flow behavior appears that it is near to slug region when the discharge is low. This is due to the 
low water discharge. In addition,the size and number of bubbles increases when increasing the air discharge and 
the bubble cavities develops to cloud cavitation’s especially at high air discharge. This is due toturbulence in the 
flow because of the high velocity of water at high water discharge.The flow becomes unstable around the heated 
cylinderand it appears that the vortices behind and beside the cylinder becomes more strong. Also, flow 
becomes unsteady when water discharge increases with increase air discharge, vortices developed around the 
cylinder surface and most bubbles transformed to cloudy flow, thenobserved a disperse region and strong vortex 
shedding. This is due to the cylinder existence in the rectangular channel which effect on pressure difference 
across thechannel inlet and outlet. The highest number of bubbles has been found in the mixing region.  

  

 

 

 
(a) 

 

 

 
(b) 
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(c) 

 

 

 
  (d) 

Fig. 4: Photographs for the two phase flow behaviorfor water discharges (a=2, b=4, c=6 and d=10 l/min) and air 
discharges (qa=5.83, 8.33 and 16.67 l/min) from top to bottom respectively. 

 
4-2Effect of Temperature: 

Figures 5 represents the effect of air and water discharges with constant heat power on exit temperature. When air 
and water discharges increases, the exit temperature decreases due to increasing in heat transfer. 

The numerical results as contours and center line pressure distributions are represented for the same flow rates 
cases in the experimental part. Thetwo dimensional inlet air or water velocities are calculated from the three 
dimensional experimental inlet area from the air or water discharge.  
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Fig. 5: Effect of air and water discharges on exit temperature.  
 
4-3Volume Fraction: 

Figures (6) describe volume fraction contours for the cases (case1, 4, 5, 6, 7, 8, 9, 10 and 11 respectively) at 
different time steps. The differences between the experimental photos and numerical results are due to two reasons; the 
first is due the created model is a two dimensional model whereas in the real case it is a three dimensional model so 
the amount of water introduced into the bed is different for the same superficial velocity. And the second is that the 
photos are taken roughly from the experimental movies for each case and the differences may be less for another 
photofor the same case. A slug to disperse regions flow pattern is achieved. In addition, it shows that with the 
decreases of the gas flow rate andwith the increase in water phase, volume fraction of the water increased and volume 
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fraction of the gas decreased. So, stratified air
to the smoothly enlarging cross-section. The phase distribution pattern 
changes of magnitude of velocities of the fluid and 
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, stratified air-water mixture enters the singularity section and begins to decelerate due 
section. The phase distribution pattern markedly changes 

changes of magnitude of velocities of the fluid and the difference in density between the dispersed phase and the fluid.
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water mixture enters the singularity section and begins to decelerate due 
changes across the cylinderdue to 

density between the dispersed phase and the fluid. 

7)(  

8)(  

1)(  

4)(  

5)(  

6)(  
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Fig. 6: Volume fraction (water) contours for cases (
 
4-4Static Pressure: 

Figures (7) represent center line (x=0.05 m) of the static pressure distributions of the mixture along the test 
rig (1 m) for selected unsteady cases at different time steps. It shows how the pressures are fluctuating 
channel and the fluctuation increases with time due to the effects of mixing, two
existence and density difference.Region that the line does notpassing through it(i.e. empty at position (z) =0.115 
m) is the circular cylinder area, as well as at the beginning (z = 

 

case1)(  

August) 12(10. Applied Sciences Advances in Natural and /6201

fraction (water) contours for cases (1, 4, 5, 6, 7, 8, 9, 10 and 11) respectively.

Figures (7) represent center line (x=0.05 m) of the static pressure distributions of the mixture along the test 
unsteady cases at different time steps. It shows how the pressures are fluctuating 

channel and the fluctuation increases with time due to the effects of mixing, two-phase flow, circular cylinder 
existence and density difference.Region that the line does notpassing through it(i.e. empty at position (z) =0.115 

cylinder area, as well as at the beginning (z = -0.3 to z=-0.28 cm) there is no mixing. 

(case2)  
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respectively. 

Figures (7) represent center line (x=0.05 m) of the static pressure distributions of the mixture along the test 
unsteady cases at different time steps. It shows how the pressures are fluctuating along the 

phase flow, circular cylinder 
existence and density difference.Region that the line does notpassing through it(i.e. empty at position (z) =0.115 

0.28 cm) there is no mixing.  

9)(  

10)(  

11)(  
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Fig. 7: Static pressure distribution of the mixture

steps. 
 
Conclusion and Future Work: 

1- By increasing air andwater discharges, the flow becomes highly unsteady,
strong vortex shedding,vortices developed around the 
when air discharge increases, which generate more
obstacle existence in the rectangular channel which effect on pressure difference across the

2- Theexistence effect of a circular cylinder is clear in generating vortices,dividing the two
and finally enhance mixing.  

3- In experiments, the prediction on the bubble sizedoes not describe the size observed
because of the difference in the numerical 

4- Bubbles move more slow 
than the tail velocity. This show that the dispersed bubbles in the liqu
bubble. 

5- The bubbles diameter is considered constant and
6- When air and water discharges increases, the exit temperature decreases due to increasing in heat 

transfer. 
7- For further work, high heat flux can be applied to reach boiling point.
 

Nomenclature: 
Mass fraction(-) 

d  Diameter of the particles         
Body force                               

? Drag function  (-) 
Gravity acceleration      
Mass flow rate                    (kg/m

n Number of phases                    

case3)(  

case5)(  

(case10)  
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of the mixturealong the test rig for selected unsteady cases

By increasing air andwater discharges, the flow becomes highly unsteady,observed
vortices developed around the circular cylinder surface. Alsohigh turbulence appears 

when air discharge increases, which generate morewavesand bubbles. This is because of
rectangular channel which effect on pressure difference across the

a circular cylinder is clear in generating vortices,dividing the two

prediction on the bubble sizedoes not describe the size observed
the difference in the numerical visualand vaporbubble boundary definition.   

 than the liquid in slug flow. The average velocity of the bubbles is 
that the dispersed bubbles in the liquid flow will be caught up by the arriving 

iameter is considered constant andneglected a coalescence between the bubbles. 
When air and water discharges increases, the exit temperature decreases due to increasing in heat 

urther work, high heat flux can be applied to reach boiling point. 

Diameter of the particles         (m) 
                               (N) 

acceleration              (m/s2) 
Mass flow rate                    (kg/m3.s) 

                    (-) 

case7)(  

case12)(  
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unsteady cases at different time 

observed disperse region and 
circular cylinder surface. Alsohigh turbulence appears 

because of the effect of the 
rectangular channel which effect on pressure difference across theductoutlet and inlet. 

a circular cylinder is clear in generating vortices,dividing the two-phase flow, 

prediction on the bubble sizedoes not describe the size observedcorrectly. This is 

than the liquid in slug flow. The average velocity of the bubbles is slower 
will be caught up by the arriving 

coalescence between the bubbles.  
When air and water discharges increases, the exit temperature decreases due to increasing in heat 
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Q Heat power                             (W) 
q  Discharge                             (l/min) 
t Time                                      (sec) 
  

Greek Symbols 
��  Volume fraction of phase k    (-) 

�� 
Secondary-phase                 (m/s2) 
particle’s acceleration 

η
�
 

 
Turbulent diffusivity(N/m2.s) 

��  Mixture density                  (kg/m3) 
T� 

 
Prandtl/Schmidt number(-) 

:, Particle relaxation time(sec) 


�� Mass-averaged velocity          (-) 


�(),� 
Drift velocity for secondary phase k (velocity of an 

algebraic slip component relative to the mixture)                                   
(-) 

"� Viscosity of the mixture    (N/m2.s) 

  
Subscripts 
a Air 
k

,p 
Secondary phase 

m Mixture 
w Water 
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