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To improve the performance of vapor compression refrigeration systems that use vertical
gravitational flash tank separators, the liquid separation efficiency of the vertical
gravitational flash tank separator requires to be approved. To approach this improvement,
the two-phase flow development and its behavior after the expansion device need to be
investigated and predicted. For thus, this paper presents a three-dimensional computational
investigation of the two-phase flow development of R134a after the expansion device in a
horizontal pipe. Computational Fluid Dynamic (CFD) was used to predict the two-phase
development and its behavior in the horizontal pipe. ANSYS 16.2 program was used to
generates the geometry of the three-dimensional horizontal pipe of 2 meters long and 25
mm inner diameter. The hexahedral mesh was generated and it is assessed to obtain the
optimum mesh size and number. Eulerian-Eulerian two-phase model was used with k-¢
turbulence model. R134a was used as a working fluid in the horizontal pipe utilizing four
different inlet diameters: 12, 12.5, 25, and 50.0 mm. Mass flux and vapor quality have been
changed from 288 to 447 kg/m?.s and from 10 to 20% respectively. Results were validated
against experimental results from the literature and revealed that the separation region
length is affected by the initial phase velocities, inlet vapor quality, and inlet tube diameter.
An empirical correlation to predict the expansion region length is proposed as a function

of Froude, Webber, and Lockhart-Martinelli numbers.

1. INTRODUCTION

Two-phase flow has been investigated in many studies due
to the importance of such flow that represented in many
applications [1-3]. Two-phase liquid-gas flow is involved in
air conditioning and refrigeration systems [4, 5]. Two-phase
flow pattern plays a significant role to distribute the refrigerant
in headers where effective refrigerant distribution improves
the heat transfer characteristic of the evaporators and
condensers [6, 7]. The two-phase flow is generated after the
expansion device, and investigated by many studies dealing
with a two-phase flow characteristic in a horizontal tube;
Awwad [8], Canicre et al. [9], Bhramara, et al. [10], Dalkilic
et al. [11], Ekambara et al. [12], Kondou et al. [13], Dasari et
al. [14], Chen et al. [15], Becker et al. [16], Bottin at al. [17],
Rana et al. [18], Duan et al. [19] Mahmood et al. [20].
However, few studies were reported for the adiabatic R134a
two-phase flow after the expansion device. Duan et al. [19]
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. Therefore,
two-phase flow patterns after the expansion valve, which is the
inlet to the flash tank and/or evaporator, have a significant
effect on the separation performance of the flash tank and
refrigerant distribution in the evaporator [21]. Mahmood et al.
[22] considered the two-phase flow behavior in the
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gravitational flash tank separator using water-vapor two-phase
flow. The results demonstrated that the liquid separation
efficiency can be affected by the inlet two-phase flow behavior.
Mahmood et al. [23] also reported that the inlet two-phase flow
direction can influence the two-phase flow behavior and
separation efficiency of a vertical separator. Tong [24] used a
numerical approach to predict the two-phase flow behavior of
water-oil flow in gravity separators. Saidj et al. [25] conducted
an experimental study to investigate the behavior of air-water
mixtures flowing through 90-degree bends. The results
revealed that the void fraction increased with the gas
superficial velocity and for the experimental condition, plug,
slug, and stratified flow patterns occurred in the horizontal
pipe while slug and churn flow patterns were presented in the
vertical part. In the present study, CFD simulations were
conducted to simulate the adiabatic R134a two-phase flow
after the expansion valve using four internal diameters for
horizontal tube (12.0, 12.5, 25.0, and 50.0 mm) and investigate
the effects of the liquid droplets size, mass flux and vapor
quality on the expansion length.

Bottin et al. [17] conducted an experimental study of
adiabatic two-phase flow in a horizontal tube. Mixture of
water and air have been used as working fluid. Flow pattern
maps were recorded using high speed video. The results
revealed that at certain distance which was defined as 20D
from the inlet of the tube, the flow was separated into two
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zones: the lower region with very low gas void fraction and
upper region with very high gas void fraction.

Zhao et al. [26] experiment the pressure effects on the
hydrodynamic characteristic of gas-liquid two-phase flows in
a T-junction micro channel. Nitrogen and de-ionized water are
used as a working fluid to operate under a pressure range from
0.1 to 5 MPa. The gas weber number varies from 1.37 x 107
to 3.46 under atmospheric pressure and from 1.70 x 107 to
70.32 at elevated pressures. The results revealed that the
operating pressure has significant effects on the two-phase
flow behaviour. Most of the previous studies show the
behaviour and flow pattern of the two-phase flow in a
horizontal tube at the developed region. However, the
expansion region length, which is located directly after the
expansion valve in an adiabatic two-phase flow has not been
considered yet. As it can be seen from the literature, many
studies have considered the two-phase flow; however, using
the R134a after expansion device still needs more
investigation. Thus, the aim of this study is to simulate the
adiabatic of R134a two-phase flow after the expansion valve
using a horizontal tube with different diameters and
investigate the liquid droplets size effects, mass flux and
vapour quality on the expansion length.

2. MODEL DEVELOPMENT

Figure 1 illustrates the geometry and flows passage of a
horizontal pipe connected with an expansion valve considered
for the present computational modeling. The geometry
consists of a horizontal pipeline with an internal diameter and
length of 50 mm and 2000 mm, respectively. Figure 1 presents
the region of the single-phase before the expansion valve and
the two-phase flow after the expansion valve. When the liquid
of R134a is supplied through the inlet as a single-phase flow,
the expansion process initiates a well-mixed two-phase flow
with a slip ratio of 1.0 directly after the expansion device [27,
28]. This initial expansion region occupies a short distance
directly after the expansion device [28]. Following that, the
fluid enters a non-stable developing stage where segregation
starts under the effect of gravity [5]. After a certain distance,
the flow starts maintaining a stable volume fraction for both
phases and enters the developed flow regime.

Expansion valve

Outlet
Liquid-Gas
«—

Two-phase flow Single-phase

Figure 1. Geometry and flow passage of a horizontal pipe

The computational control volume of the horizontal tube
under investigation was generated by design modular of
ANSYS as presented in Figure 2. The geometry was taken
built using an inside diameter is 25 mm and the length of the
circular tube is 2000 mm. To reduce the computational time,
the domain represents half of the physical experiment with the
symmetry along the vertical plane being exploited.
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Figure 2. Computational control volume for the horizontal
pipe

3. SIMULATION APPROACH

Eulerian-Eulerian two-phase model is the most complex of
the two-phase models; however, it is more accurate than other
models because it solves a set of n two-phase differential
equations for each phase [29], where the computational effort
depends strongly on the number of transport equations which
need to be solved. Eulerian-Eulerian two-phase models have
been used to simulate two-phase flows in different geometries:
Hwang and Pal [30], Roul and Sahoo [29], Delnoij et al. [31],
Rampure et al. [32] Gandhi et al. [33], Dasari and Goshika [34],
Walvekar et al. [35], Parvareh et al. [36] and Ekambara et al.
[13].

To present two-phase flow equations, q and p will be used
to describe liquid and gas phases respectively. The general
form of the two-phase governing model can be presented as
follows.

% (agpq) +V-(aqPqvq) = Ep=1(mpq — Map) + S, (1

Bowers [27], defined the volume fraction for the individual
phase as the volume occupied by that phase. So, the volume of
the phase q can be given by:

v, = f 2 dv, @)

n —
q=1% = 1.

3)

Accordingly, the volume fraction of the gas phase can be
given by:

9 _
Qt

7]

aq = v

(4)

According to the FLUENT program [37], the Conservation
of momentum can be written as:

%(aqpqvq) + V. (aqpqquq) =—a,Vp+V.7, +

#qPqg *+ Zp=1(Rpq + MpqVpg — MapVyp) + ®)
(B, + Fupeq + Fomyg)-
where, 7, is the q phase stress-strain tensor, given by:
= agptg(V.vg + V.vT o) + ag (Ag —2ug ) V.vgl. (6
Tq = aglg(V. Vg Vi) tag(Aqg —5Hq) Vvl (6)



In Eq. (6) above, 4, and p are the shear and bulk viscosity
of phase q, Rp,q is an interaction force between phases, is the
pressure shared by all phases and p is the interphase velocity
which can be defined as: v,; = v,; for my,> 0 and v,,= v,
for m,, <0, likewise, if mg,, > 0 then vy, = v,, and if my,<0
then v, = 0.4 [37, 38].

The momentum equation has to be closed with appropriate
expression for the inter-phase force R,,. This force depends
on the pressure, friction, and cohesion in addition to other
effects. This closure can be satisfied by: Rpq= —Rg, and
R;4=0. To achieve a correct solution, a simple iteration is
available which can be defined as:

Yp=1Rpq = Lp=1Kpq (vp - vq)’ (7

The lift force, shown in Eq. (5), acts on the second phase
particles, droplets or bubbles, under the velocity gradients. The
lift force becomes significant when the particle size is large,
however, the assumption, in the numerical model solution, that
the particle size is much smaller than the inter-particle spacing
may lead to the exclusion of the lift forces from Eq. (5).
Terzuoli et al. [39] defined the lift force acting on a secondary
phase p in a primary phase q as:

Fipe = —0.5pqaq(vq = v)(V. 7). (3)

Virtual mass force is another force that is included in the
momentum equation. It acts on the two-phase flow when the
secondary phase p accelerates relative to primary phase q [28].
Accordingly, the effect of virtual mass force will be significant
when the density of the second phase is much smaller than the
density of the primary phase. The virtual mass force can be
presented as follows:

dgv, dgv.
Fom = 0500y (‘47 =),

)

The derivative in Eq. (9) is the phase material derivative
which can be presented as [37]:

dq(@) _ a(®)
7 = _6t + (‘Uq.V)@, (10)
dp(®) _ a(9)

===+ (1. V)0 (11)

The modelling of turbulence in multiphase flow is
extremely complex compared to a single-phase [38, 40].
Kerdouss et al. [41] reported that the k- model is appropriate
for three-dimensional two-phase flow prediction because it
employs transport equations that can be solved for kg and &g
which are kinetic energy and the dissipation rate for phase g
respectively. Furthermore, the k-e¢ per each phase is also
appropriate when the turbulence transfer among the phases
plays a dominant role. Therefore, in the present study, k-e
turbulence model has been selected to simulate the two-phase
turbulent behaviour for each phase. The k-¢ is represented in
Equations 12 and 13 [37];

%(aqquQ) +V.(agpqUgkq) = V. (aq (,uq +
M) qu) + (aqGrq — @qPqeq) + Yp=1 Kpq(Coqkp —

Ok

(12)

He,
qukq) - Zgﬂqu(Up - Uq)'aq;q Vap +
He,
Zp=1 Kpq(Up = Ug). aq:q Vag ,
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)
a(“qpqeq) + V. (agpqUgkeg) = V. (aq (/‘q +

Htq &q
a—k) Veq) + o [Cl_gaqu,q = CoeqPqtq +

(13)
C3,S(Zg=1 qu(cp,qkp - Cq.pkq)) - Zg=1 qu(Up -
K, K,
U,)- aqf:q Va, + ¥5_1 Kpe(Up — U,y). a;;q Vaq].
where, Cp, ; and C,,, can be obtained from:

Cpq = 2, (14)

Cop = 2| 2% (15)

ap 1+7p 4]

4. BOUNDARY CONDITIONS

To simulate and solve the numerical equations, boundary
conditions need to be set. The symmetry boundary condition
is selected to reduce the computational effort to half; therefore,
reducing the computational time. The Symmetric plane is
chosen at the vertical diameter of the pipe. At the inlet of the
pipe, the velocity inlet is used to define the velocity of each
phase. A uniform velocity across the pipe cross-section is used
in all numerical simulations because the region after the
expansion valve is assumed a homogeneous region and there
is no slip velocity ratio between both phases. The stationary
no-slip boundary condition is imposed at the walls of the pipe
which can be presented as the equation below,

Uwarl = kwall =0. (16)

At the outlet of the pipe pressure outlet is selected as the
boundary condition. Figure 3 shows the schematic of boundary
conditions.

Wall (No slip boundary)

FITTTE N

T

X
Pressure
outlet

Uniform
velocity inlet

____________________________________________________

‘Wall (No slip boundary)

Figure 3. Schematic of boundary conditions

5. SIMULATION PROCEDURE

In the present numerical simulation study, the FLUENT
17.1 program was used. FLUENT provides different models
to predict the two-phase flow behaviors. A Eulerian-Eulerian
approach is one of the two-phase models. The Eulerian-
Eulerian approach is more reasonable than other numerical
approaches to predict the two-phase flow behavior after the
expansion valve because the flow is dense [28]. The Eulerian-
Eulerian approach also deals with the second phase directly
after expansion as a continuous phase because the flow is
homogenous and mixed very well [27]. Therefore, the
Eulerian-Eulerian model, pressure-based solver, and steady
time have been used to simulate three-dimensional adiabatic
two-phase flows. R134a has been used as a working fluid and
four diameters: 12mm, 12.5mm, 25mm, and 50mm have been
used in the numerical simulation. To present the CFD



simulation results for the two-phase flow in a horizontal tube,
three test lines were defined to capture the liquid volume
fraction distribution at 0.5, 1, and 1.5 mm from the top of the
tube at the upper section as shown in Figure 4. According to
the volume fraction definition, the two-phase flow becomes a
single-phase pure liquid when the liquid volume fraction is
equal to one. While, when the liquid volume fraction is equal
to zero, the two-phase flow becomes a pure single vapor phase.
Therefore, the volume fraction distribution along the pipe is
used to define the two-phase flow behavior and liquid
separation.

L=0.5mm
Upper section Ls=1.5mm

Centreline

[€
Lower section g v

Figure 4. Drawing to show three test lines: 0.5, 1and 1.5mm
from the top of the pipe which are colored by red, blue and
green respectively

6. GRID INDEPENDENT STUDY

In the present work, a grid-independent study has been
investigated. Five computational grids of 30600, 47740, 80558,
142000, and 224400 elements of mesh were used to identify
the optimum grid size for two-phase computational simulation.
To achieve the study of grid independence, boundary
conditions, (G288 kg/m?.s and x 10%), of one case study was
used in the grid-independent study simulation. The boundary
condition includes velocity inlet at the inlet of a horizontal
pipe and pressure outlet at the outlet of the pipe. ANSYS 16.2
was used to create the hexahedral mesh which has benefits
such as reducing the computational time and improvement in
the quality of the mesh by comparison with tetrahedron mesh
[41].

Figure 5(a) shows liquid volume fraction distribution along
the pipe at 1.5 mm from the top for the five different numbers
of meshes. It can be seen that there is no significant change in
the liquid volume fraction when the mesh number increased
beyond 142000. Figure 5(b) shows the minor difference
between 142000 and 224400 which is found to be within 0.4%
average difference. In addition, the liquid volume fraction
contours for 224400, 142000, and 30600 computational grids
are presented in Figure 6. In this figure, the red color
represents the liquid phase, while the blue color represents the
vapor phase. In Figure 6, the stratified flow with 142000 cells
is depicted very well, and the interface between the liquid and
vapor phases is captured in the developed region (1000 mm
from inlet), compared with a lower number of cells at the same
position. In addition, the range of the parameters for mesh
quality were considered to select the optimum mesh number.
The orthogonal quality ranges from 0 to 1, O represents low
mesh quality. The minimum orthogonal quality should always
be greater than or equal to 0.01 Mahmood [22]. The aspect
ratio is relevant to the wall function and should be small
enough to allow the solution to capture the flow details near
the wall. The skewness value, which is inversely related to
solution accuracy, should be small enough to minimize error
in the solution. For the meshes used in the present simulations,
the orthogonal quality was 0.9 with a minimum value of 0.07,
the aspect ratio was 3.56, and skewness value was 0.26. These
values indicate that according to the established criteria, good

mesh qualities were obtained and used in the present
simulations. Therefore, based on the liquid volume fraction
contour results and average difference with 224400, 142000
cells are selected as the appropriate number of cells to be used
in the simulations.

02 :
— 30600
- = 47740
S B0558
14200011
== 224400

Liquid volume fraction
- =
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0 200 400 600 800 1000
Distance from inlet along pipe (mm)

(a) Liquid volume fraction at top of the pipe (1.5 mm from
top) at 288 kg/m?2.s and 10% vapor quality

0.2

142000
|'==+224400

0.15

Liquid volume fraction
(=]

0.05

0 L -
0 200 400 600 800 1000
Distance from inlet along pipe (mm)

(b) Liquid volume fraction at top of the pipe (1.5 mm from
top) at 288 kg/m?2.s and 10% vapor quality

Figure 5. Liquid volume fraction at top of the pipe
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Figure 6. Liquid volume fraction at 288 kg/m?.s mass flux
and 10% at developed region (1000 mm from inlet)
7. VALIDATION OF CFD SIMULATION

Experimental data from Fei [29] was selected to validate the
numerical results. Figure 8 shows the experimental result at



12mm inlet diameter, 20% vapor quality, 265 kg/m*.s mass
flux, and 250-micron droplets diameter. In FLUENT 16.2, the
same geometry and boundary conditions had been used by Fei
and Hrnjak [29] were used just for validation purposes. In
addition, to better check and compare the results, three test
lines: 0.5, 1, and 1.5 mm from the top of the pipe have been
used for capturing the liquid volume fraction on the top. In
Figure 7, the expansion region length was experimentally
identified by Fei and Hrnjak [29], according to a significant
change in the number of droplets at the top. This occurred at
107.5mm from the inlet. In CFD simulation results, the liquid
volume fraction along the top of the pipe is assessed to identify
the significant separation. To ensure consistency, a 0.005
liquid volume fraction is considered at three top lines: 0.5, 1,
and 1.5mm from the top as shown in Figure 8.

Figure 7. Experimental data at 12 mm inlet tube diameter,
265 kg/m2.s, and 250 microns had been done by Fei and
Hrnjak [29]

——top 05
=e=rtop 1
o top 15

Liquid volume fraction

n "
0 50 100 150
Distance from inlet along pipe (mm)

200

Figure 8. CFD simulation prediction for 12mm inlet tube
diameter, 265 kg/m?.s and 250 microns

From the comparison of the CFD results with experimental
results in Figure 7, and Figure 8, the liquid volume fraction
along lines 1 and 1.5 from the top has an acceptable agreement
with the experimental result.

8. RESULTS AND DISCUSSION
8.1 Effect of the mass flux on the liquid volume fraction

To focus on the effect of mass flux on the two-phase flow
development and phase separation, the droplet size is fixed at
250-micron and vapor quality at 20% in a 50 mm inlet tube
diameter and 2 m in length. Figure 9 shows the effect of mass
flux on the phase separation at the 1.5 mm test line from the
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top of the pipe. The simulation results show that the expansion
length increased when the initial velocities increased because
of increased the momentum of liquid droplet. The CFD
predicts expansion region length for the 288kg/mZs,
335kg/m?.s and 447kg/m?.s; 348mm, 405mm, and 543mm
respectively.

0.1

288 kg/m’s
== 335 kg/m’s |

0.08 2
447 kg/m”s

0.06

0.04

Liquid volume fraction

0.02

0 200 400 600 800
Distance from inlet along pipe (mm)

1000

Figure 9. Liquid volume fraction along the tube at 50mm
inlet diameter, 20% vapor quality, and 250 pm droplets
diameter at the top (1.5mm from top)

8.2 Quality effect on the liquid volume fraction

In order to present the vapor quality effect on the liquid
volume fraction, all the other parameters were fixed, (288
kg/m?.s mass flux, 2 m long, 12.5 mm inlet diameter, and 250
micron droplet size). Figure 10 shows the relationship between
vapor quality and flow development at 1.5 mm from the top
along the tube length. The figure shows that the length of the
expansion region is affected by the vapor quality. When the
inlet vapor quality is increased, the liquid separation is delayed.
The CFD predicts the expansion length of the expansion
region for the three values of quality 10%, 15%, and 20%;
60.2mm, 78.39mm, and 95.19mm respectively.

0.2 -
—X10%
smemi X 15%
et X 20%

o =
— O

iquid volume fraction

I

200 400 600 800
Distance from inlet along pipe (mm)

1000

Figure 10. Liquid volume fraction along the tube at 12.5mm
inlet diameter, 288 kg/m2.s mass flux, and 250 pm droplets
diameter at the top of the pipe (1.5mm from top)

8.3 Inlet diameter effect on the liquid fraction

Four inlet tube diameters are tested: 12, 12.5, 25- and 50.0-
mm. Figure 11 shows the inlet diameter effect on the flow
development along the tube after expansion valve at 1.5 mm
from the top of the tube. To study the diameter’s change effect,
all other parameters were fixed at mass flux 288 kg/mZ.s, 20%



vapor quality, 250-micron droplet size, and 2 m pipe length.
The CFD results show that there is little influence of the inlet
diameter on the transition length between the expansion and
developing regions for the small pipe diameters. However, the
influence is significant when the diameter is 50.0 mm. Indeed,
the expansion region lengths for 12mm, 12.5mm, 25.0mm, and
50.0mm were predicted by CFD of 95.19mm, 98.79mm,
120mm and 348mm respectively from the inlet of the pipe.

0.1

— 12 mm
==125mm
0.08 e 2Smm o
£ 50 mm |
& 0.06} |
£
£
Zom
0.02
0 200 400 600 800 1000

Distance from inlet along pipe (mm)

Figure 11. Diameter effect on the flow development and
liquid separation at 20% vapor quality, 250 pm droplets
diameter, and 288 kg/m2.s mass flux at the top (1.5mm from

top)

8.4 Droplet diameter effect on the liquid volume fraction

Figure 12 shows the CFD results for the phase separation
when the liquid droplet diameter change. 50.0 mm inlet
diameter and 2 m long at constant mass flux, 447 kg/m?.s, and
20% wvapor quality were used as operating conditions to
investigate the liquid dimeter effect. The numerical results
revealed that smaller droplets diameter give longer expansion
lengths. The CFD predicted the expansion region length for
the; 250, 350, and 450 microns droplets; 543, 495, and 472
mm respectively from the inlet. This is consistent with the
physics as the lower inertia of the droplets allows the flow to
carry them for a longer distance before separation.

0.1

250 Micron
=+=+350 Micron
008F W\ e 450 Micron H
3
3
& 0.06
o
é 0.04
0.02
0 1 1 i )
0 200 400 600 800 1000

Distance from inlet along pipe (mm)

Figure 12. Liquid droplet diameter effect on the flow
development and liquid separation in 50 mm inlet diameter,
20% vapor quality, and 447 kg/m2.s mass flux at 1.5mm from
the top

8.5 Empirical correlation for the expansion region length

In a horizontal tube after an adiabatic sudden expansion,
homogenous, developing, and developed regions are

generated. In the developed region, the flow maintains its
characteristics along the tube [19]. Liquid droplets start to
move to the bottom of the pipe in a gas-liquid two-phase flow
due to gravity and reduction of liquid velocity, So, to present
the expansion region length, an empirical correlation to
characterize the separation length, where the liquid is
completely separated, three dimensionless numbers are used
to present a proposed correlation for the current study, as
shown in Eq. (17).

x = 27.9052X,, 02059 W 09558 fyr—0.0254 (17)
where, X, is Lockhart-Martinelli, this number presents vapor
and liquid phases force interaction in two-phase flow and can

be used to identify the two-phase flow pattern [41-43]. It can
be defined as follows [41]:

X = (Z_?)o.s (5_90.1 (%)0.9. (18)

Webber number (We) is the ratio between the inertia force
and surface tension force and defined as follows [3].

We = PeugD. (19)

o

Froude number (Fr) presents the ratio of inertia to gravity
forces and defined as follows;

Fr=—£ (20)

Figure 13 summaries the effect of the mass flux, tube
diameter, vapor quality, and droplets diameter on the
expansion region lengths. As can be seen, there is a positive
effect between the expansion region length and mass flux,
vapor quality, and tube diameter, but it is negative with the
droplet diameter. Therefore, the expansion region will not be
long when the droplet dimenter increased.

(A) (B)

600 100

’é‘ ’é 90
E 500 E

= o 80
B 0
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5] ) 0
— 400 -
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Mass flux (l»;g/m2 s) Vapour quality
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Tube diameter (mm) Droplet diameter (micron)

Figure 13. Expansion length behaviour with: (A) mass flux
variation at x20%, D 5cm and dm 250 micron, (B) vapour
quality variation at D1.25cm, G 288 kg/m2.s and dm 250

micron, (C) tube diameter variation at G 288kg/m2.s x20%,

dm 250 micron and (D) droplet diameter variation at G447

kg/m2.s D 5¢cm and x20%



9. CONCLUSIONS

An adiabatic two-phase liquid-gas flow has been
investigated numerically using computational fluid dynamic
(CFD). FLUENT 14.5 code has been used for predicting the
flow behavior after the expansion valve in a horizontal pipe.
The numerical results in terms of the two-phase separation are
presented and discussed. Prediction of the expansion region
length after the expansion valve and two-phase flow behavior
pattern was in good agreement with experimental data from
the literature.

Increasing the mass flux leads to a longer expansion region
due to higher initial velocity, as shown in Figures 9 and 10, the
expansion region length for 288 kg/m?.s,335 kg/m2.s and 447
kg/m2.s are 348 mm, 405 mm and 543 mm respectively. This
results from the gravity liquid separation from the two-phase
flow happening later.

Vapor quality at the inlet has a significant effect on the
expansion region. The length of the expansion region is longer
for higher quality, as there is a delay in liquid separation. The
expansion region length for 10%, 15%, and 20% are 60.2 mm,
78.39 mm, and 95.19 mm respectively.

Inlet diameters: 12 mm, 12.5 mm, and 25 mm have little
influence on the expansion region length. However, the
influence is significant on phase separation for the 50 mm
diameter. The expansion region lengths for the four diameters
are 95.19 mm, 98.79 mm, 120 mm, and 348 mm respectively.

At large droplet diameter, there is no significant effect on
the expansion region length, but there is a significant delay in
liquid separation when the droplet size is less than 250 microns.

An empirical correlation for the stratified flow as a function
of  Fr and Xtt was proposed ( Ex=
27.9052X,, 02059 ¢09558 F—0.0254) hased on the numerical
results for the refrigerant in the horizontal tube. It can be used
to identify the expansion region length which would be useful
to improve the two-phase flow distribution in headers and/or
evaporators. It will also be a start point for future work to
improve the two-phase flow distribution and development.
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NOMENCLATURE

D tube diameter, mm

dm liquid droplet diameter, micron
Ex expansion region length, mm

Fq the external body force, N

Flpig lift force, N

Fimg virtual mass force, N

G mass flux, kg.m™. s

g gravity, m/s?

Kpq inter-phase momentum coefficient
mpq mass transfer from phase q to phase p,

kgls
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mqp

Ot
Qq
Rpq
Sq

Uq, Ul
Vq
X

Greek symbols

o
oq
P1
Pg
Pt
Hg
H
Tq
Aq

mass transfer from phase p to phase q,
ka/s

total volume flow rate, m%/s

volume flow rate for phase, m%/s

the interaction force between phases, N
source term which can be specified as
constant

phase weighted velocities, m/s

the velocity of phase g, m/s

vapor quality

void fraction

the surface tension of phase. N.m!
liquid density, kg.m

gas density, kg.m

Liquid density, kg.m-

vapour dynamic viscosity, kg. m?.s?
Liquid dynamic viscosity, kg. m-t.s
stress-strain tensor of q phase, N.m
Shear of phase, N.m





