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ABSTRACT 

To optimize a vertical flash tank separator, the characteristics of the flow entering the separator are 
required to be known. A flash tank separator improves the performance of a refrigeration cycle by separating the 
liquid from liquid-gas flow and providing the evaporator with only liquid refrigerant. This technique improves 
the effective area and enhances the heat transfer coefficient in the evaporator. This paper investigates the influence 
of the inlet operating conditions to an expansion device, on the adiabatic two-phase flow development in a 
horizontal pipe downstream from the expansion device. This work also compares three dimensional numerical 
simulations and experimental observations for the two-phase flow development after the expansion device in the 
horizontal pipe. A general trend of the two-phase flow after the expansion device was gradually developed and 
the expansion length was identified at less than 200 mm from the inlet. The two-phase flow behaviour was 
recorded using a digital camera recording the flow behaviour at the upstream and downstream of the horizontal 
tube. The results revealed that an increase of the mass flow rate causes an increase in the void fraction and a 
reduction in the slip ratio in the developed region. The simulations underestimate the expansion length and the 
mean difference between the experimental data and the numerical results is 8 %. 

 
Keywords: Two-Phase Flow, CFD Simulation, Expansion Region, Flow Patterns, Adiabatic Expansion, 
Two-phase Flow Development, Stratified Two-Phase Flow 
 
INTRODUCTION 

Two-phase liquid-gas flow is involved in various processes including air conditioning systems 
refrigerators and the petroleum industry [1]. In refrigeration and air conditioning systems, two-phase flow patterns 
play a significant role in distributing refrigerant in headers and/or flash tanks where effective refrigerant 
distribution improves the heat transfer characteristic of the evaporators [2, 3]. Flow classifications and two-phase 
flow development at the inlet of a flash tank separator influence the performance of the separator which 
consequently improves the refrigerant effect of the evaporator. There are many publications dealing with two-
phase flow characteristic in a horizontal tube; Awwad, Xin [4], Canière, T'Joen [5], Bhramara, Rao [6], Dalkilic, 
Agra [7], Ekambara, Sanders [8], Kondou and Hrnjak [9], Dasari, Desamala [10],Chen, Xu [2], Becker, Kapitz 
[11], Bottin, Berlandis [12], Rana, Agrawal [13], Duan, Gong [14]. However, few studies were reported for two-
phase flow development after an expansion device. For instance, Duan, Gong [14] investigated the effect of the 
two-phase flow on the refrigerant distribution in the evaporator and/or in the flash tank separator of the vapour 
injection system. Duan, Gong [14] reported that in two-phase flows there are various flow patterns such as 
stratified, slug, annular and dispersed flows, for different fluid properties and flow conditions. Tong [15] used 
flow type descriptors such as slug and annular in a numerical approach to predict two-phase flow behaviour of 
water-oil flow in gravity separators. 
           Shoukri [16] conducted experimental work to clarify the effect of the inlet flow conditions and junction 
geometry on phase redistribution and pressure drop in T-junctions under steam-water two-phase stratified flow 
condition. The experiment covered both horizontal and vertical downward flows under inlet steam and water 
superficial velocity range from 1.5 to 5 m/s and 0.05 to 0.09 m/s respectively. The study showed that phase 
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redistribution in the junction depends on the inlet flow regime, inlet phase velocities, fluid densities, junction 
geometry and branch mass flow split ratio. 

Bowers [17] conducted experimental work to visualize the adiabatic two-phase flow developing in a 
horizontal tube after an expansion device in an R134a systems. The distance after the device was used to 
characterize phase separation. In the experiment, three tube diameters, (7.2mm, 8.7mm, and 15.3mm), were used 
with different ranges of mixture quality (1% to 30%) and range of mass flow rate (15 g/s to 40 g/s).  At vapour 
quality 5% and 30 g/s mass flow rate, the experimental results showed that at 180 mm from expansion device the 
two-phase flow pattern was stratified. Bottin, Berlandis [12] conducted an experimental study of adiabatic two-
phase flow in a horizontal pipe. Water and air were used as a two-phase working fluid. Flow pattern maps were 
recorded using High speed video. The results revealed that at a distance from the expansion device of 20 time the 
diameters of the pipe from the inlet of the pipe, the flow is separated into two zones: the lower region with very 
low gas void fraction and upper region with very high gas void fraction. Zhao, Chen [18] conducted an 
experimental study to evaluate the pressure effects on the hydrodynamic characteristic of gas-liquid two-phase 
flows in a T-junction micro channel. Nitrogen and de-ionized water were used as the working fluid to operate 
under a pressure range from 0.1 to 5 MPa. The gas weber number varied from 1.37 x 10-5 to 3.46 under 
atmospheric pressure and from 1.70 x 10-3 to 70.32 at elevated pressures. The results revealed that the operating 
pressure has significant effects on the two-phase flow behaviour.  

From the open literature, the behaviour and flow pattern of the two-phase flow in a horizontal pipe at the 
developed region were presented and investigated. However, the expansion region length which is located directly 
after the expansion device in an adiabatic two-phase flow was not considered in the most previous studies. Most 
of the existing studies focused on the dispersed flow in small tubes using the modern refrigerants.  

In the present study, numerical simulation and experimental investigations were conducted to investigate 
the two-phase flow development after the expansion device using water as the working fluid in a 25 mm inner 
diameter horizontal tube.  

 
MODEL DEVELOPMENT 

Figure 1 illustrates the geometry of a horizontal pipe connected to an expansion device considered for 
the present computational modelling. The pipe has an internal diameter and length of 25 mm and 2 m, respectively. 
Liquid is supplied through the inlet as a single-phase flow. The expansion process initiates a well-mixed two-
phase flow with slip ratio of 1 [17, 19]. This initial expansion region occupies a short distance directly after the 
expansion device [20]. The fluid then enters a non-stable developing stage where segregation starts under the 
effect of gravity [2]. After a certain distance, the flow starts maintaining stable volume fraction phases and enters 
the developed flow regime. 
 

 

 

 

 

 

 

 

EXPERIMENTAL APPARATUS 
               A schematic diagram of the facility used in the current study is presented in Figure 2 [29]. The 
experimental apparatus consists of the test section horizontal pipe, vacuum pump, condenser, heat exchanger and 
expansion device. Instrumentation, including video recording were used to measure the temperature, pressure and 
mass flow rate in the horizontal pipe. All the measurement transducers were connected to data acquisition. The 
test section horizontal pipe was 25 mm transparent acrylic tube. Simulation and trials of an experimental setup 
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Figure 1. Schematic of pipe flow 
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indicated that a length of 2 m would allow for steady flow conditions at the outlet of the test section for the range 
of operating conditions used.  The camera was used in two positions: directly after the expansion device and at 
1500 mm downstream from the inlet. Both positions have the same field of view, capturing 600 mm of the test 
section. Operating conditions covered the mass flow rate range from 2 g/s to 23.4 g/s with vapour quality in 
vicinity 5 %. 
 

 

 

 

 

 

 

 

 

 

 
ADIABATIC ENCLOSURE 

In order to obtain adiabatic operating conditions in the experiments, a cloth enclosure and heat gun were 
used to maintain the temperature of the walls of the test section at the water saturation temperature for the required 
operating pressure. The heat gun was a Hitachi model RH650V with LCD displaying the temperature and flow 
speed. By using the enclosure and the heat gun, the surfaces of the test sections were maintained relatively clear 
by preventing the condensation. In the horizontal tube experiments, the adiabatic enclosure was used at the 
upstream station while in the vertical flash tank separator experiments, the enclosure was used around the entire 
separator. Figure 3 presents the adiabatic enclosure arrangement in the experiments. The RTD sensors were used 
to measure the temperature around the walls of the test sections in both the horizontal pipe and vertical separator 
experiments. Because the laboratory temperature was lower than the saturation temperature by about 6 ℃ and it 
varied from day to day, the adiabatic enclosure was used. The temperature of the environment inside the enclosure 
was assumed to be same as the temperature of the surfaces of the test sections. The RTD sensors were located at 
different positions around the test sections and very close to the surfaces. As the saturation temperature depended 
on the required operating pressure, the saturation temperature range was varied with the operating condition but 
was between 20 and 23 ℃, and the adiabatic enclosure temperature was varied accordingly. 
 

 

 

 

 

 
ANALYSIS OF EXPERIMENTAL UNCERTAINTY 

In the experiments, the systematic uncertainty of the measured parameters was considered according to 
the manufacture data of the instruments. Mass flow rate, pressure and temperature were directly measured in the 
experiments. All the measurement instruments were calibrated before running the experiments, the calibration test 
report of the instruments was provided by the manufacturers. Table 1 shows the designated uncertainty of the 
instruments based on manufacturers data.  

Figure 2. Schematic diagram of the expansion device and horizontal pipe experimental apparatus regimes 

Figure 3. Adiabatic enclosure arrangement  
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The random errors arising in the experiments were identified by repeating the measurements several times to 
estimate the mean and the standard deviation (𝜎) of the measured quantities. Uncertainties arising from the random 
errors are defined as ∓2𝜎 values and combined with the systematic uncertainties on the basis that the errors are 
statistically independent 
 

CFD TWO-PHASE FLOW MODELLING 
              The CFD simulations were conducted by using ANSYS 17.1 FLUENT, which has three models options: 
Volume of fluid (VOF), Mixture model and Eulerian model. The most appropriate choice is influenced by the 
flow regime to be simulated, and four categories identified: gas-liquid or liquid-liquid flows, gas-solid flows, 
liquid-solid flows and three-phase flows [21]. In the gas-liquid flow regime, there are different flow patterns such 
as bubbly flow, droplet flow, slug flow, stratified wavy flow and stratified flow [22].  
Many numerical simulations of gas-liquid two-phase flow have used the Eulerian model in different geometries 
including sudden expansion [23] and flow in a horizontal tube [24] because it has proven to be more accurate than 
the VOF and Mixture models [23]. In the Eulerian approach, the liquid phase and vapour phase are both treated 
as separate continuous phases determined by the volume fraction for each phase [25,32]. The Eulerian two-phase 
model solves a set of two-phase differential equations for each phase, so it is the most complex of the two-phase 
models [23]. Consequently, the computational effort required for the solution of the Eulerian model is higher than 
that in the VOF and Mixture models because the number of transport equations that need to be solved in Eulerian 
model is higher than that in VOF and Mixture models [30].  
             In the present work, as the flow regime is gas-liquid two-phase flow and the phases under throttling 
process effect in the expansion device which provides an adiabatic mixed well two-phase flow then these phases 
are being separated, the Eulerian model was used. The standard k-ε turbulence model was used for each phase to 
represent the turbulence in the present work. The standard k-ε turbulent model was selected according to the 
turbulent model compatibility with the multiphase model chart that is provided by FLUENT [25] as shown in 
Table 2. 
 

 

Multiphase Models k-ε k-ω Reynolds stress LES 

Eulerian model Yes No Yes No 

VOF model Yes Yes Yes Yes 

Mixture model Yes Yes Yes No 

 

               The LES is the large eddy simulation turbulence model. In the present simulations, with little or no 
likelihood swirl flow, the Reynolds stress turbulence model was not used because it is typically only required to 
improve the simulation involving swirl flow by accounting for the effect of the streamline curvature and rapid 
change in strain rate in the rotational flow [25] . 
 

GOVERNING EQUATIONS 
The governing equations solved by FLUENT 17.1 can be written according to the laws of continuity and 

conservation of momentum. 
 

                              
డ

డ௧
൫𝛼௤𝜌௤൯ + ∇. ൫𝛼௤𝜌௤𝑣௤൯ = ∑ ൫𝑚௣௤ − 𝑚௤௣൯ + 𝑆௤ ௡

௣ୀଵ                                                         (1) 

Measured 
parameters 

Instrument type 
Operating 

range 
Uncertainty 

Pressure Wika 10-A 0- 100 kPa 0.5 kPa 

Temperature 
RTD (PT100) -50 - +200 ℃  0.1 ℃ 

Thermocouple (Type K) 0 - +200 ℃ 0.75 ℃ 
Mass flow rate Siemens max 3700 kg/h 0.2 g/s 

Table 2. the turbulence model compatibility with the multiphase model from FLUENT [25] 

Table 1. Manufactures' designated uncertainty of the measurement instruments 
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డ

డ௧
൫𝛼௤𝜌௤𝑣௤൯ + ∇. ൫𝛼௤𝜌௤𝑣௤𝑣௤൯ = −𝛼௤∇𝑝 + ∇. 𝜏௤ + 𝛼௤𝜌௤𝑔 + ∑ ൫𝑅௣௤ + 𝑚௣௤𝑣௣௤ −௡

௣ୀଵ

    𝑚௤௣𝑣௤௣൯ + ൫𝐹௤ + 𝐹௟௜௙௧,௤ + 𝐹௩௠,௤൯                                                                                                          (2)           

In addition to the volume fraction for the individual phase which can be presented as follows 

     𝑉௤ = ∫ 𝛼௤𝑑𝑉                                                                      (3) 

Where 

                                                                                 ∑ 𝛼௤ = 1௡
௤ୀଵ                                                                            (4)                                        

TURBULENT MODEL 
The modelling of turbulence in multiphase flow is extremely complex compared to single phase, [26]. 

Kerdouss, Bannari [27] reported that the k-ɛ model is appropriate for three-dimensional two-phase flow prediction 
because it employs transport equations that can be solved for kq and ɛq which are kinetic energy and the dissipation 
rate for phase q respectively.  A model using k-ɛ for each phase is also appropriate when the turbulence transfer 
among the phases plays a dominant role. In the present study, Standard k-ɛ turbulence model was applied. The k-
ɛ equations are [25],  

 
డ

డ௧
൫𝛼௤𝜌௤𝑘௤൯ + ∇. ൫𝛼௤𝜌௤𝑈௤𝑘௤൯ = ∇. ቀ𝛼௤ ቀ𝜇௤ +

ఓ೟,೜

ఙೖ
ቁ ∇𝑘௤ቁ + ൫𝛼௤𝐺௞,௤ − 𝛼௤𝜌௤𝜀௤൯ + ∑ 𝐾௣௤൫𝐶௣௤𝑘௣ − 𝐶௤௣𝑘௤൯ −ே

௣ୀଵ

∑ 𝐾௣௤൫𝑈௣ − 𝑈௤൯.
ఓ೟,೛

ఈ೜ఙ೜
∇𝛼௣ + ∑ 𝐾௣௤൫𝑈௣ − 𝑈௤൯.

ఓ೟,೛

ఈ೜ఙ೜
∇𝛼௤  

ே
௣ୀଵ

ே
௣ୀଵ                                                                          (5)         

                                                                                                   

డ

డ௧
൫𝛼௤𝜌௤𝜀௤൯ + ∇. ൫𝛼௤𝜌௤𝑈௤𝑘𝜀௤൯ = ∇. ቀ𝛼௤ ቀ𝜇௤ +

ఓ೟,೜

ఙೖ
ቁ ∇𝜀௤ቁ +

ఌ೜

௞೜
൤𝐶ଵ,ఌ𝛼௤𝐺௞,௤ − 𝐶ଶ,ఌ𝛼௤𝜌௤𝜀௤ +

𝐶ଷ,ఌ൫∑ 𝐾௣௤൫𝐶௣,௤𝑘௣ − 𝐶௤,௣𝑘௤൯ே
௣ୀଵ ൯ − ∑ 𝐾௣௤൫𝑈௣ − 𝑈௤൯.

ఓ೟,೛

ఈ೜ఙ೜
∇𝛼௣

ே
௣ୀଵ + ∑ 𝐾௣௤൫𝑈௣ − 𝑈௤൯.

ఓ೟,೜

ఈ೜ఙ೜
∇𝛼௤

ே
௣ୀଵ ൨              (6)            

                                                                                                                                      

COMPUTATIONAL DOMAIN 
               The domain of the horizontal tube under investigation is presented in Figure 4. The geometry was taken 
from the experimental configuration. In order to reduce the computational time, the domain represents half of the 
physical experiment with the symmetry applied along the vertical plane. 

 

 

 

 

 

 

 

BOUNDARY CONDITIONS 
         Water was used as the working fluid. At the inlet, the liquid droplet size is selected according to the 
expansion device design which has 400 holes with 0.3 mm diameter, so the liquid droplet diameter is selected to 
be 300 µm. On the assumption that homogeneous flow is formed directly after the expansion device, the velocity 
at the inlet of the horizontal tube can be calculated based on the homogeneous void fraction [28]. The liquid 
velocity was calculated from 

𝑢௟ =
௠೗

.

ఘ೗஺൫ଵିఈ೒൯
                                                                            (7) 

Figure 4. Computational domain of the horizontal tube 
geometry 



Journal of Thermal Engineering, Research Article, Vol. 7, No. 1, pp. 307-323, January, 2021 
 

312 
 

Where the A is the total cross section area of the horizontal pipe, ρl is the liquid density, 𝑚̇𝑙 is the  liquid mas flow 
rate and αg is the gas void fraction which can be calculated from;  

                                                                     𝛼௚ = ቂ1 + ቀ
ଵି௫

௫
ቁ ቀ

ఘ೒

ఘ೗
ቁቃ

ିଵ

                                                                        (8) 

            Similarly, the gas velocity at the inlet was calculated from; 

                                                                        𝑢௚ =
௠೒

.

ఘ೒஺ ఈ೒
                                                                              (9) 

Where the ρg is the gas density, 𝑚̇𝑔 is the gas mass flow rate. 
            The inlet boundary condition was specified as uniform velocity distribution for each phase at the inlet of 
the horizontal tube. A pressure outlet was used for the outlet boundary condition. The no slip wall was applied for 
the wall boundary. Six cases were simulated for the same domain of the horizontal tube, each case corresponding 
to a particular mass flow rate that was used in the experiments [31]. Table 3 presents the boundary conditions 
which were used in the simulation in each case. 

 

Boundary Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

Inlet (inlet 
velocity, m/s) 

𝑢௟ = 0.33 

𝑢௚ = 0.33 

𝑢௟ = 0.89 

𝑢௚ = 0.89 

𝑢௟ = 1.37 

𝑢௚ = 1.37 

𝑢௟ = 1.52 

𝑢௚ = 1.52 

𝑢௟ = 1.91 

𝑢௚ = 1.91 

𝑢௟ = 2.1 

𝑢௚ = 2.1 

Outlet 
(pressure 

outlet, kPa) 
2.06 2.09 2.26 2.31 2.34 2.52 

Wall No slip No slip No slip No slip No slip No slip 

 

MESH INDEPENDENCE STUDY 
           Five computational grids of 7000, 16232, 45000, 199356 and 298566 elements distributed within the 
domain were used to investigate appropriate grid size for computational simulation of the horizontal pipe case. 
The inflation method was used to generate a fine mesh near the walls. Figure 5 illustrates the mesh with mesh 
inflation near the wall of the horizontal tube. The operating condition case 6 presented in Table 3 was used in the 
simulations for the different element number meshes. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Horizontal tube mesh with inflation near the wall for the 199356 elements mesh case 

Table 3. Boundary conditions 

Figure 6. Assessment of grid independence for the horizontal tube showing variation of 
the expansion length with the number of mesh element for operating condition case 6 
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             As can be seen from the Figure 6, based on the calculation of expansion length, the simulations using the 
two highest number of mesh elements achieved convergence approximately the same length. The number of mesh 
elements selected for the primary simulations of the horizontal tube of the present work was 199356. Figure 7 
shows the liquid volume fraction distribution in the horizontal pipe at 1600 mm from inlet of the tube for different 
mesh densities. The red area represents the liquid film at the bottom of the pipe and the transitional colors between 
the red and blue represents the interface between the phases. The figure illustrates the significant effect of the 
different element numbers on the resolution of the interface of two-phase flow. As can be seen there is no 
significant change in the liquid volume fraction and the smoothing of interface between the liquid and vapour 
when the mesh number increased beyond 199356.  

 

 

 

 

 

 

 

 

 

 

 

 

 

RESULTS 
Experimental Results 
          Figure 8 shows a frame from video depicting the two-phase region, directly after the expansion device. This 
is from the experiment with 𝑚̇ = 13.1 ± 0.2 g/s with vapour quality of 5.4 %. This is consistent with description 
by Hrnjak [3], who reported that the liquid and vapour move together at a certain velocity directly after the 
expansion device where both phases are uniformly mixed  (slip ratio is equal to one).  Then, as the flow continues 
downstream, due to the effect of viscous and gravity forces, the phases are separated from each other  resulting a 
reduction in liquid velocity  [3]. When a significant amount of separation occurs, a distinctive feature is the liquid 
layer development at the bottom of the tube. The separation region is regarded as starting at the point where the 
liquid first appears in a continuous layer at the bottom of the tube. Downstream of this region, the flow is described 
as a stratified flow as the liquid has largely accumulated at the bottom while the vapour is moving on the top. 
Figure 9 illustrates a stratified flow pattern from the present experiments. 
 

 

 

 

 

 

 

Figure 7. Assessment of grid independence showing liquid volume fraction contours for different element 
numbers in a horizontal pipe at 1600 mm from the inlet of the pipe for operating condition case 6 

Figure 8. Homogenous flow (mixed flow) region of two-phase flow directly after the expansion device 
(flow direction from left to right) 
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             As a result of the effect of shear forces from the interaction between phases and the tube wall and the no 
slip condition of the wall, the slip ratio grows [3]. In all operating conditions, liquid droplets are observed moving 
on the wall of the tube immediately after the expansion device, then they start to move towards the bottom of the 
tube as a result of liquid velocity reduction and the gravity effect.  This adds to the droplets which fall out of 
suspended in the gas flow. Figure 10 presents the observed liquid droplet movement from the top to bottom of the 
pipe for liquid accumulating on the wall. A circle with an arrow highlights the liquid drop and its direction. 
According to observation in Figure 10, a sketch for liquid droplet trajectory is produced as shown in Figure 11 to 
illustrate the path of the liquid droplet during the movement from the top to the bottom of the pipe. Liquid droplets 
merging is observed in all the operating conditions. Figure 12 presents sequential frames illustrating liquid droplet 
merging at locations between 275 mm and 300 mm from the inlet for 𝑚̇  = 10.2 g/s and x = 5.4 %. Images in 
Figure 13 and Figure 14 present the experimental observation of the two-phase flow directly after the expansion 
device and further downstream near the exit of the tube respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Stratified flow at 1600 mm from the inlet,  𝑚̇ =10.2 g/s and x=5.4%  (flow direction from left to right) 

Figure 10. Sequential frames to illustrate liquid droplet movement from top to bottom of the pipe 
between 150 mm and 300 mm from the inlet (𝑚̇ =13.1 g/s and x=5.4 %, flow direction from left to right) 
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Figure 11. Sketch for droplet trajectory during the movement from the 
top to the bottom of the pipe 

Figure 12. Sequential frames to illustrate the observed liquid droplets merging between 275 mm and 
300 mm from the inlet, 𝑚̇ =10.2 g/s and x = 5.4 %, flow direction from left to right 
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Figure 13. Images of two-phase flow at different mass flow rate directly after the expansion device at the 
upstream end of the pipe. Images extend from 0 mm to 300 mm from the inlet, flow direction from left to right 

Figure 14. Images of two-phase flow at different mass flow rate at the downstream end of the pipe. 
Images extend from 1500 mm to 1800 mm from the inlet, flow direction from left to right 
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 Expansion length at the bottom 
             A criteria for definition the expansion length at the bottom has been used by Hrnjak [3], Fei [20] and 
Bowers [17]; the criteria is the clear formation of a liquid film at the bottom of the pipe.  In this study, the liquid 
film formation is observed at the bottom of the pipe for all the operating conditions. Figure 15 illustrates 
identification of the start of the liquid film from one of the operating conditions. 

 

 

 

 

 

 

          Figure 16 presents the expansion length according to the liquid formation at the bottom of the pipe. The 
location of the detectable start of the liquid film at the bottom of the pipe also changes with time. Hence there are 
uncertainties in the application of the expansion length criteria. Error bars denote the estimated experimental 
uncertainty in defining the distance from the experimental data. The mass velocity has a significant effect on the 
expansion length. The expansion length increases as a result of higher initial velocity. 

 

 

 

 

 

 

 

 

 
 

CFD Simulation Results 
Two-phase flow development on the bottom of the pipe 
          In order to show the simulated two-phase flow development after the expansion device, contours of the 
liquid volume fraction were plotted along the axial vertical plane from the inlet of the tube as illustrated in Figure 
17 for the case of 𝑚̇ = 23.4 g/s. The red area represents the liquid film at the bottom of the pipe and the transitional 
colors between the red and blue represents the interface between the phases. volume fraction distribution on three 
cross-section planes at distances of 5 cm, 10 cm and 20 cm from the inlet are also shown in Figure 16 When the 
volume fraction of the liquid is equal to 1, the two-phase flow is completely single phase in liquid state and when 
the two-phase flow becomes completely single phase vapour, the liquid volume fraction is equal to zero.  
         The cross-section contours on the plane at 20 cm Figure 16 (d) illustrate the flow in the fully developed 
region as the liquid height remains the same at stations further downstream and there is no significant change after 
this plane. The differences in the liquid volume fraction distribution between the planes at 5 cm, 10 cm, and 20 
cm Figure 16 (b), (c), and (d) also demonstrates that the flow is developing within this region. Contours of the 
simulated liquid volume fraction at the different operating conditions are presented in Figure 18.     

Figure 15. Images showing liquid film formation at the bottom of the pipe at 
locations from 0 mm to 300 mm from the inlet, 𝑚̇ = 8.1 g/s and x = 5.5 % 

Figure 16. Length of the expansion region from the inlet of tube 
based on the liquid formation at the bottom of the pipe 
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          To compare the simulated results for the length of the developing region with the data from experiments, a 
method is needed for quantifying the simulated position where the initiation of liquid film development occurs. 
Liquid volume fraction results are shown in Figure 19 for 𝑚̇ = 5.1 g/s.  In order to specify the location of the start 
of the liquid film, Figure 20 presents contour lines, and a zoomed-in view showing the starting point of the liquid 
layer formation is presented in Figure 21. 

 

 

 

 

 

 

 

 

 

Figure 17. Liquid volume fraction (LVF) for 𝑚̇  = 23.4 g/s (a) LVF along the axial vertical plane; (b) LVF at 5 cm 
from the inlet; (c) LVF at 10 cm from the inlet; and (d) LVF at 20 cm from the inlet 

Figure 18. Liquid volume fraction along the axial vertical plane at the different operating conditions 

Figure 19. Contours of liquid volume fraction showing liquid formation at the 
bottom of the pipe on the axial vertical plane for 𝑚̇ = 5.1 g/s 
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            The simulated expansion length at the bottom of the pipe Exb is defined as the distance from the inlet to 
the location where the LVF = 0.95 on the lower-most wall of the pipe. For the case of 𝑚̇  = 5.1 g/s illustrated in 
Figure 20, Exb = 82.7 mm. A value for the LVF of 0.95 was chosen in preference to the value of 1.00 because a 
value of unity might be approached asymptotically in some simulations, potentially leading to unrealistically long 
expansion length values. The quantity ∆Exb shown on Figure 20 is defined as the distance between LVF contours 
of 0.90 and 0.95 and is presented as an indicator of the uncertainty associated with defining the expansion length 
in the simulations.  
           The experimental data and simulations are compared in Figure 22. The simulations underestimate the 
expansion length and the mean difference between the experimental data and the numerical results is 8 %. The 
uncertainty in defining the expansion length from the simulations vary from ∆Exb = 0.9 mm in the lowest mass 
flow rate case up to ∆Exb = 2.1 mm in the highest mass flow rate case. Therefore, this uncertainty is very small 
relative to those associated with the data from the experiments. 

 

 

 

 

 

 

 

 

Figure 20. Contours line of liquid volume fraction showing liquid 
formation at the bottom of the pipe on the axial vertical plane for 𝑚̇  = 5.1 

Figure 21. Zoomed-in view of contours line of liquid volume fraction showing liquid 
formation at the bottom of the pipe on the axial vertical plane for 𝑚̇  = 5.1 g/s 

Figure 22. Comparison between the experimental data and numerical simulation for the 
expansion length at the bottom of the pipe 
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Liquid height in developed region 
          In order to determine the liquid height according to the liquid volume fraction definition and compare it 
with the experimental data, transverse vertical plane at 1665 mm from the inlet is defined in the CFD simulations. 
Figure 23 illustrates the liquid volume fraction distribution at this location and includes the liquid height definition 
which is illustrated by the distance between the two vertical lines. The liquid height is defined by the zone in 
which the liquid volume fraction is greater than 0.95, an approach consistent with that adopted for the expansion 
region. The simulated liquid volume fraction in the fully developed region for the different operating conditions 
is shown in Figure 24. It is seen that the mass flow rate has a significant effect on the liquid height. The 
experimental results are also included in Figure 25 and it is observed that the experiments and numerical 
simulations have same trend, although the difference between the experimental and numerical results is about 8 
%. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Liquid height identification on the central vertical plane of the pipe at 1665 mm 
from the inlet, according to the liquid volume fraction definition for 𝑚̇ =13.1 g/s 

Figure 24. Liquid volume fraction on the vertical planes perpendicular to the flow 
direction at 1665 mm from the inlet for the different operation conditions 
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 CONCLUSION 
           In this study, the two-phase flow development after an expansion device has been investigated and 
experimentally observed. An experimental apparatus was designed and built to provide operating conditions for 
the two-phase flow development after the expansion device. The CFD was used to simulate and assess the two-
phase flow. The results obtained in this study may provide real data base for the water two-phase flow and CFD 
simulations. The main results can be summarized as follows.      

1- The two-phase flow develops gradually after the expansion device. The expansion length was less than 200 
mm for all conditions tested. 

2- Increase the mass flow rate has a direct, and significant effect on the expansion length. 

3- An increase of the mass flow rate causes an increase in the void fraction and a reduction in the slip ratio in the 
developed region. 

4- A fully developed stratified flow pattern was observed in all the experiments within the pipe length. 

5- Comparison of the experimental data and simulations indicate, the simulations underestimate the expansion 
length and fully developed liquid film height by about 8 %. 

7- The distance to the fully developed region was identified from the CFD simulation result. Therefore, the 
required length of the inlet pipe of the vertical flash tank separator can be selected.     
 

NOMENCLATURE 
A Area, m2 
CFD Computational fluid dynamic 
𝐷 Tube diameter, mm 
𝑑𝑚 Droplet diameter, micron 
𝐸𝑥 Expansion region length, mm 
𝐹௤ External body force, N 
𝐹௟௜௙௧,௤ Lift force, N 
𝐹௩௠,௤ Virtual mass force, N 
𝐺 Mass flux, kg/m2.s 
𝑔 Gravity, m/s2 
𝐾௣௤ Inter-phase momentum coefficient. 
LVF Liquid volume fraction 
𝑚௣௤ Mass transfer from phase p to phase q, kg/s 
𝑚௤௣ Mass transfer from phase q to phase p, kg/s 
Qt Total volume flow rate, m3/s 
Qq Volume flow rate for phase q, m3/s 
𝑅௣௤ Interaction force between phases, N 
𝑆௤  Source term which can be specified as constant or user defined mass source for each phase 

Figure 25. Comparison between the experimental data and numerical simulations for 
the liquid height on the central vertical plane of the pipe at 1665 mm from the inlet 
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𝑈௤, 𝑈௟ Phase weighted velocities, m/s 
ug Local vapour velocity, m/s 
ul Local liquid velocity, m/s 
𝑣௤  Velocity of phase q, m/s 
𝑥 Vapour quality 
 
Greek symbols 
 𝛼           Phase volume fraction. 
 𝜇௚           Vapour dynamic viscosity, kg/m.s 
 𝜇௟           Liquid dynamic viscosity, kg/m.s 
 𝜌௚           Vapour density, kg/m3 
𝜌௟           Liquid density, kg/m3 
𝜏௤           Stress-strain tensor of q phase 
𝜆௤           Shear of phase q, N/m2 
𝜎௤           Surface tension of phase q, kg/s2 
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