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The aim of this study is to develop a thermodynamic model for designing the primary
nozzle (P-N) of a phase change ejector utilized in the Air - Water Heat Pump (AWHP)
cycle. This expansion device is proposed to replace the conventional expansion devices
with high irreversibilities losses in order to enhance the overall cycle efficiency. This
simulation study is modelled using MATLAB software with REFPROP database used
to obtain R134a thermodynamic properties. A comparison analysis of AWHP using
valve, turbine or ejector as expansion devices is conducted. The ejector results is then
used in the P-N design simulation. In addition, a sensitivity analysis to investigate the
effects of varying R134a velocity at the P-N inlet on the design parameters is performed.
The results show that ejector cycle has achieved higher COPh and second law efficiency
by 3.25 and 6.6% respectively. In addition, the exergy evaluation demonstrates that
using the ejector reduces the total exergy destruction by 51.7 and 48.5% compared to
valve and turbine cycles respectively. The results also show that 20.7 J of exergy is
destroyed in the ejector, of which 15.9 J of this destruction occurs in the P-N. The
sensitivity analysis show that the P-N has a converging-diverging configuration with an
inlet diameter ranging between 4.9-3.2 mm, while the throat diameter is between 3.11-
2.7 mm and the outlet diameter is almost constant at 7mm. In addition, at the throat
section, R134a reaches supersonic speed and highest mass flux and maintain the
supersonic speed at the nozzle exit.

1. Introduction

conventional vapour compression heat pump
system (VCHP) [1, 2]. It 1is therefore

Globally, the demand on energy supply and
the associated environmental consequences are
of major concerns. Many research have focused
on developing new energy-saving technologies.
A major sector of global energy production is
consumed by domestic and industrial heating
application and hence efforts have been made to
improve the energy efficiency of heating
systems. It is reported that expansion process is
associated with significant irreversibility losses
which in turn degrade the performance of the
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recommended to use low irreversible expansion
devices such as heat exchanger [3], expander
turbine [4], and phase change ejector [5].
Ejectors play vital roles in many industrial
applications and show remarkable benefits in
vapour compression refrigeration and heat
pump cycles [6, 7]. Using the phase change
ejector as an expansion device has shown
significant enhancement in the coefficient of
performance (COP) of the VCHP. It can draw
the vapour refrigerant from the evaporator with
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no mechanical work required which
consequently enhances the COP of this cycle
[8]. Further advantages of using the phase
change ejector include reducing evaporator size,
higher expansion work recovery, low cost and
low maintenance since it has no moving part [9].

The phase change ejector consists mainly of
primary nozzle (P-N), secondary nozzle (S-N),
mixing chamber (mix), constant area chamber
and diffuser section (diff.) [10] as illustrated in
Figure 1. Two thermal fluids (primary and
secondary streams) will mix and exchange
momentum in the ejector [11]. When the
primary stream is liquid then the ejector is called
two-phase ejector (2PHEJ) [12], alternatively, it
is called steam injector when the motive stream
is gas [13]. The primary fluid enters the ejector
from the P-N inlet section where it expands
isentropically to a pressure lower than the
evaporator pressure at the mixing chamber
section. This pressure drop entrains the vapour
refrigerant to the mixing chamber with no
consumption of compressor work. The most
important part of the 2PHEJ is the primary
nozzle where the expansion process of the
refrigerant take place.

Although the ejector has a simple structure,
the complexity of the thermodynamic process
occurring on the refrigerant inside the ejector
including flow speed change from subsonic to
supersonic and phase change process require
thorough investigation with particular attention
to ejector design parameters [14]. The ejector
design configuration and working boundary
conditions, in particular the P-N configuration,
including the diameters and refrigerant flow
characteristics have a major effect on the ejector
performance and consequentially the HP cycle,
[15].

Numbers of simulation and experimental
researches have studied the design and
performance of the ejector as an expansion
device in HP systems. Many working fluids
have been investigated such as CO2, R410A,
R600a and R134a in both supercritical and
subcritical cycles. An experimental study on
VCHP with ejector is carried out to investigate
the expansion of R134a without flux induction
[15]. The experiment is conducted for a P-N
pressure range between 7.7-16.8 bar and 30 °C

of subcooled degree. The main results from this
study show that more P-N mass flow can be
obtained at higher pressure and by subcooling
the refrigerant at the P-N inlet section. Another
experimental study investigated the ejector
performance under different working conditions
including P-N position relative to the mixing
chamber section, P-N pressure between 8.8-14.9
bar and R134a subcooled degree of 0.2-5 °C
[16]. The results show that the optimum position
for the P-N is 38 mm from the mixing chamber.
Both P-N inlet and outlet pressure have minimal
effect on the entrainment ratio (below 10%). In
contrast, subcooled degrees have increased the
entrainment ratio by 66%. A comparison
performance between the P-N converging
nozzle and the converging-diverging nozzle is
conducted experimentally [17]. This study
concluded that higher primary nozzle mass flow
and lower critical pressure at the throttling
section are achieved in the converging nozzle.
While higher entrainment ratio and lower throat
diameter are achieved from the converging-
diverging P-N configuration.

To better understand the flow parameter
through the chocking condition in the P-N of the
two-phase ejector, an experimental study is
conducted with no induction of R134a flow
[18]. The results show that the effect of the slip
ratio of vapour to liquid phase ranged between
13-23% on the compression ratio. While the
impact on the throat diameters of the nozzle is
33-39%. Other studies have experimentally
investigated the exergy analysis across the
ejector to figure out the exergy efficiency and
irreversibilities across each ejector section [19].
Compared with conventional VCC, the study
supported that refrigeration cycle equipped with
an ejector has lower irreversibility values by
5.9-12.6% and higher exergy efficiency by 6.7-
14.2%. The effect of various geometrical factors
on the performance of a phase change ejector
using R290 is investigated experimentally [20].
The results show that the pressure lift ratio is
dependent on the throat diameter and NXP
(nozzle exit position) while the ejector length
has minimal impact on the ejector performance.
Numbers of published simulation studies in the
literature have also investigated the design and
performance of the phase change ejector. A one
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dimensional (1D) thermodynamic model is
proposed for designing the P-N of a two-phase
ejector used in the CO2 transcritical heat pump
cycle [10]. CO2 Ideal and non-ideal models
have been proposed for comparison purposes.
The results show that the P-N has a converging-
diverging configuration and a shock wave has
been detected at the diverging part of the P-N.
The findings also support good agreement in the
results between the two models regarding the
refrigerant supersonic flow properties including
Mach number, speed of sound and other design
relations like velocity area relation. Another
simulation comparison study found that only 4.4
watts of energy were destructed in the CO2 heat
pump ejector cycle compared to 9.4 and 13.4
watts were destructed in turbine expander and
expansion valve cycles respectively under the
same working conditions [21]. Using the same
working fluid of CO2, another comparison
study found that the ejector cycle has lower
exergy destruction compared to turbine and
expansion valve cycles by 59% and 71%
respectively [22].

More simulation studies have been
proposed for designing and investigating the
phase change ejector. A study has modelled
thermodynamically the two-phase ejector of the
5-kW refrigeration cycle in terms of the main
ejector configuration sections including P-N
throat and outlet diameters [23]. In this study,
more geometrical aspects have been involved
such as secondary nozzle and mixing chamber
diameters to investigate the cycle performance
under various working conditions. The
nominated refrigerants used in this study are
R1234yf, R1234ze (E), and R134a. The results
show that the P-N throat diameter is increased
as condensation temperature increases. In
addition, P-N outlet diameter is highly
dependent on the evaporation temperature and
the working boundary conditions.

Additional applications for the ejector have
been proposed recently for the two-phase ejector
such as water condensation through the
expansion process. A numerical investigation
using a 2D CFD model is performed to
investigate the condensation of pure H2O in one
case study and a mixture of H20 and CO2 gas
in another scenario [24]. The condensation

process takes place through the expansion
process in a two-phase ejector under various
working conditions. The main result revealed
that reducing the inlet ejector pressure causes
lower steam entrainment ratio, mixture velocity
and exit temperature. In addition, it has been
noticed that in the mixture case, higher inlet
pressure is required due to the higher mixture
density. Another research have designed a
simple thermodynamic model to simulate the
ejector performance in refrigeration or power
generation cycles using R141b as the working
fluid [25]. An empirical mathematical
correlation has been proposed to predict the
primary nozzle entrainment and compression
ratios across the nozzle which achieved an
accuracy of 8.4% and 6.3% respectively
compared to experimental results adopted from
the literature. = Another one—dimensional
simulation model is developed [26]. The model
was validated under steady working conditions
with experimental results and benchmarked
with a 2D CFD model under variable working
conditions for further calibration. The results
show that the model shows good prediction of
flow momentum and mass flow rate for various
working conditions.

Further application of the two-phase ejector
has been extended to include more
thermodynamic cycles. The performance of the
ejector condenser in a gas power plant has been
investigated [27]. The main task of the ejector in
this application is to entrain and condense the
vapour in the flow of exhaust gases. The ejector
geometry and the presence of CO2 in the
exhaust flow gases are also involved in the
analysis of this study. The CFD simulation
results show that the condensation process is
intensive in the suction nozzle and the presence
of CO; has reduced the rate of condensation.
Another 3D CFD model is developed to study
the condensation of water and steam with
existing non-condensable gases in the two-
phase ejector [28]. The presence of these gases
reduces the condensation heat transfer by
preventing the direct contact between the water
and steam which can cause damage to the
equipment. The results reveal that increasing the
steam inlet pressure improves the heat transfer
coefficient. However, when the mass fraction of
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the non-condensable gases increased by 1-10%,
a lower heat transfer coefficient between water
and steam has been recorded.

In current study, a one-dimensional
thermodynamic model is developed to
investigate the expansion process in the P-N of
a two-phase ejector in a heat pump cycle. This
HP cycle is combined with an Organic Rankine
cycle (ORC) for heating applications is adopted
from previous work [29]. R134a thermophysical
properties in steady-state mode is calculated and
the outcome is used as a boundary condition for
designing  the  ejector P-N.  Others
thermophysical properties such as density,
quality, internal energy, mass flux and
supersonic flow characteristics including Mach
number and speed of sound are evaluated during
the expansion process. Moreover, the main

Mixing  Constant area
section

Primary nozzle chamber.

state % /
R

geometrical design parameters are obtained
including the P-N contour and the main P-N
diameters. The results are validated with
experimental studies available in the literature.

2. Thermodynamic concepts, assumptions,
boundary conditions and mathematical
model.

The proposed heat pump cycle is assumed
to be mechanically powered by the ORC cycle
which is thermally driven by a gas burner. This
combined system is designed to provide hot
water for heating applications [30]. The
assumptions and working conditions in this
study are adopted to meet the design
requirement of this combined system.

Diffuser section

R134a flow to
__ | » the separator

\

state 6

““Secondary nozzle

Figure 1. Schematic of an Ejector [10].

The evaluation focuses on the Air-to-Water
Ejector Heat Pump cycle (AWEHP) which is
designed to pump ambient thermal energy to
heat tap water as shown in Figure 2. The
saturated liquid refrigerant enters the ejector
from the condenser exit and expands through the
P-N as shown in State 3-4 PH and TS diagrams
in Figure 3. This expansion will create a vacuum
pressure zone at the P-N exit (State 5), which
will entrain the vapour refrigerant from the
evaporator exit (State 9) to the mixing chamber
without consuming mechanical energy. The two
fluids are mixed and exchange momentum in the
mixing chamber and a further increase in the
pressure is achieved at the ejector exit (State 6)
as shown in Figure 3. MATLAB software is

used to develop the mathematical mode. The
thermophysical properties of R134a are
acquired from the REFPROP database [31].

2.1 Assumption and boundary conditions

The main assumptions adopted in the

modelling procedure are:

1. Constant pressure mixing approach is
adopted which is preferable for the
entrainment process of the secondary
stream [6].

2. Rl134a as a saturated liquid enters the
ejector P-N at a constant pressure of
815.42 kPa and a temperature of 32 °C.
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R134a enters the P-N at low velocity
ranged between 0.1-0.5 m/s.

The isentropic efficiency for the P-N
ejector and compressor are 85% and
80% respectively, which are adopted
from the literature [32].

Pinch point temperature of 3 °C between
the refrigerant and the ambient air
stream is assumed at the evaporator. The
lowest ambient air temperature is set to
5.5 °C, hence, the evaporation

Water out <

Condenser

]

temperature and pressure are set as 2.5
°C and 320.26 kPa, respectively.

R134a is superheated by 3 °C at the
compressor inlet to avoid the saturated
mixture zone.

The pressure drop across entire HP
ejector cycle can be neglected due to its
minimal values compared with other
conventional cycles. This assumption is
validated experimentally [33].

Water in

Compressor

Expansion valve X

Evaporator

[o]

Ejector

& Ambient air out

Ambient air in

Figure 2. Air to water Ejector Heat pump cycle
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Figure 3. PH and TS diagrams for Air to water Ejector Heat pump cycle
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2.2 Mathematical model

The mathematical equations used in this
study are adopted from the following references
[10,21-22].

The coefficient of performance for the HP
ejector cycle is calculated as follow:

2—h3

h
COP, =252 (1)

This equation is also applied on the valve and
turbine HP cycles taking in consideration the
corresponding difference in enthalpy states
across condenser and compressor for each cycle.

The second law efficiency equation is:

second law ef ficiency = C01Ph (2)

1-("8/r,)
The exergy destruction for the expansion
devices is calculated as follow:
The general form of exergy destruction is:
I =Ty XMpy34q X AS 3)
Exergy destruction for ejector:
Iejector =2XIp-n+Is-n + Inix. + Idiff. “4)
While;
Ip_n = Tomy(Sy — S3) (5)
Where To is the reference temperature, mp is
the primary mass flow across the P-N.
The energy formula for 1-D steady state
adiabatic flow is:

2 2
hy —hy === (6)
Where u and h are the refrigerant velocity and
enthalpy at a specific state respectively.
By assuming variable inlet velocity at P-N
inlet,

Uy = \Juz +2(hs — hy) (7

The speed of sound is calculated form the
following equation:

_ /C_v AP
c= & X5, (8)

The equation of Mach number is below:
Mach = % )
The two main converging-diverging nozzle

design equations are listed below:
2 = -2 (1 - Mach?) (10)
v (k+1)

a__1 [(L) (1 +%Mach2)]m (11)

; Mach “\k+1

3. Results and discussion
3.1 Steady state results

Table 1 shows the calculated steady state
results of pressure, temperature, enthalpy and
entropy for R134a at different states across the
ejector HP cycle which has been demonstrated
graphically in the TS and PH diagrams (Figure
2).

Table 2 shows efficiency performance
comparison for the Air - Water Heat Pump cycle
(AWHP) using three expansion devices namely,
conventional valve, turbine expander and two-
phase ejector. The results show that ejector
cycle has achieved higher COPy, and second law
efficiency compared to turbine expander and
valve cycles by 3.25 and 6.6% respectively.

3.2 Exergy analysis for Air - Water Heat Pump
cycle using different expansion devices

Figure 4 compares the amount of exergy
destroyed in the main components of Air -
Water Heat Pump cycles namely, compressor,
condenser, evaporator and expansion device. In
the compressor, the exergy destroyed is around
40 J for HP turbine and valve cycles, while in
the HP ejector cycle, the compressor has
destroyed only around 20 J. In the condenser
and evaporator, the amount of exergy
destruction for HP valve and turbine cycles are
similar and equal to 18.6 and 17.3 J respectively.
While for HP ejector cycle, only around 10 J of
exergy is destroyed in the condenser and
evaporator. Meanwhile, the total exergy
destroyed during the expansion process is higher
in the valve and turbine cycles with values of
50.83 and 42.83 J respectively. In contrast, the
two-phase ejector has the lowest exergy
destruction of 20.7 J. Overall, using the ejector
in the HP cycle reduces the total exergy
destructed by 51.7 and 48.5% compared to
expansion valve and turbine HP cycle
respectively.
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Table 1: Thermophysical properties of R134a at different states across the entire HP ejector cycle

States  Pressure in kPa  Temperature in °C Enthalpy in kJ/kg  Entropy in kJ/kg.K
1 339.13 7.27 403.73 1.734
2 815.426 42.016 426.19 1.7474
3 815.426 32 244.62 1.144
4 290.2635 -0.2402 242.16 1.15
5 290.2635 -0.2402 398.358 1.72
6 339.1363 4.1243 311.92 1.41
7 339.1363 4.1243 314.03 1.411
8 320.2635 2.5 314.03 1.413
9 320.2635 2.5 400.05 1.725

Table 2: Comparison between the COPh and the exergy efficiency for HP with three expansion devices

Parameters HP Expansion HP Turbine HP Ejector cycle
valve cycle expander cycle

COPy, 7.5989 7.8454 8.1005

Second law efficiency 73.4974 75.8816 78.3495

60

T
I Ejector HP cycle
N valve HP cycle
L/ [CJturbin HP cycle

a
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Figure 4. Exergy destruction across different components of the AWHP using three expansion devices

3.3 Effects of expansion process across the P-N
on R134a thermophysical properties and flow
characteristics.

Figure 5 illustrates the effects of R134a
expansion across the P-N on the refrigerant
quality. As shown in the Figure, R134a entered
the P-N as almost fully saturated liquid
(X=0.12). It then changes into a two-phase flow
during the expansion process. The overall
refrigerant phase changes take place when the
pressure ranged between 290.2-396.3 kPa. At
the P-N exit, R134a leaves with a quality of
21.5%.

The exergy destruction and the entropy change
of R134a across the P-N during the expansion
process are displayed in Figure 6. The results
show that as the refrigerant expands from 800-
300 kPa, the exergy destruction increases.
However, only around 0.0159 kJ of exergy is
destroyed. This can be explained by the low
entropy generated during the expansion process
(As = 0.0097 k] /kg. K). Hence, this design has
achieved nearly isentropic expansion of the
refrigerant.
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Figure 5. R134a quality during the expansion process in the P-N.
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Figure 6. Exergy destruction and entropy change during the expansion process.

The results also show that the main exergy
destruction in the two-phase ejector take place
in the P-N section (15.9 out 0f20.7 J (Figure 4)).

Figure 7 explains the effects of the
expansion process on the internal energy and the
specific volume of R134a. Through the
converging part, these thermodynamic
properties maintain constant values up to the
throat section. At this point, the internal energy
record the highest value of 241.5 kJ/kg then
declines through the diverging part up to the exit
section. While the specific volume of R134a

increases from the lowest value at a throttling
pressure of 751.77 kPa to reach the maximum at
the nozzle exit. Both properties behaviour
confirms the typical expansion process of gases
inside a converging-diverging nozzle.

In Figure 8, R134a density has shown no
significant change at the converging part of the
nozzle which proves that the flow is
incompressible. While at the diverging part of
the P-N, the density declines to indicate that
R134a flows in a compressible manner.
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Figure 8. R134a density variation during the expansion process.

3.4 Sensitivity analysis for varying the
refrigerant velocity at the P-N inlet.

In this section, the impacts of varying
R134a velocity at the inlet of the P-N on the
design parameters and the refrigerant
thermophysical properties are investigated and
discussed.

Figure 9 shows the 3D contour of the P-N at
different R134a inlet velocities. As shown, the
mathematical model has predicted the shape of
the P-N as a converging-diverging nozzle in all
selected velocities. It also demonstrates the P-N
inlet diameter significantly depends on the
refrigerant inlet velocity which has less impact
on the throat and exit diameters of the P-N.

Figure 10 shows the P-N diameter
correlation with the pressure at different R134a
inlet velocities (Us). The refrigerant expands
from a pressure value of 810 to 290 kPa. As the
initial refrigerant velocity increased from 0.1 -
0.5 m/s, the inlet diameter decreased from 4.9-
3.2 mm. While the throat diameters decreased
from 3.11-2.7 mm. In contrast, the outlet
diameter minimally changed from 7.0-6.94 mm.
Figure 11 shows the behaviour of mass flux
during the expansion process in the P-N for
different R134a inlet velocities. As the pressure
declines to throttling pressure, the mass flux
increases significantly to reach its maximum
values of 725.4 kg/m>.S for inlet velocity of 0.1
m/s and up to 917.2 kg/m>.S at a velocity of 0.5
m/s. After the refrigerant passes the P-N throat
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area, the mass flux declines significantly to
reach its lowest values (between 142.8-146.2
kg/m>.S) at the P-N outlet.

Figure 12 shows the velocity of R134a
during the expansion process for different inlet
velocity. As the refrigerant passes through the
primary nozzle, its velocity significantly
increases to reach its highest value at the P-N
outlet. In addition, the R134a velocity at the
nozzle exit is nearly equal (approximately 2.3
m/s) despite the various refrigerant inlet
velocities.

Figure 13 shows the relation between the
refrigerant Mach number and nozzle pressure at
different R134a inlet velocities. The results
show that for all selected velocities, the Mach
number increased significantly from subsonic
speed (M<1) at the converging part of the nozzle
to reach a supersonic speed at the throat section.
In addition, increasing the refrigerant inlet
velocity produces higher Mach numbers at the
P-N throat pressure. At the exit section, the
refrigerant leaves the nozzle with a velocity
higher than the speed of sound with minimal
impact of the R134a inlet velocity.

Figure 14 shows the area velocity

. dA, . .
correlation (E) in terms of Mach number in the
supersonic speed domain of the converging-

PN diameter in mm
PN diameter in mm

06

PN diameter in mm 40

PN pressureinkPa PN diameter in mm

R134a inlet velocity of
0.1 m/s

0

R134a inlet velocity of
0.3 m/s

. . . dA .
diverging nozzle. It is known that - relation

governs the configuration of the converging-
diverging nozzle during the expansion process.

dA e . .
WhenE < 0, it indicates the flow is subsonic,

. dA .
while i 0 means sonic speed flow and for
dA

av
) dA .
that as the Mach number increases, the -, n the

> 0, the flow is supersonic. The result shows

diverging part of the P-N section has a positive
value which indicates that the diverging section
has secure supersonic speed at the P-N exit.

The variations in the R134a inlet velocity have

. . dA . .
minimal impact on the -, at throat section while
the ratio increases toward the nozzle exit with a

. . . dA
slight difference in the o values 0 49.5-53.4 at

inlet velocity of 0.1-05 m/s, respectively.
Figure 15 demonstrate the relation between

. A
the nozzle area ratio ( = ) and the Mach number.

The area ratio represents the local area at each
Mach number over the throttling area section.
The results present only the diverging part of the
nozzle. At the throat section when Mach number
is maximum, the area ratios are unity for all
selected refrigerant inlet velocities. After that
the area ratio increases to reach its maximum
values at the P-N exit.
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s o ~ -
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PN pressure in kPa
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Figure 9. 3D domain of primary nozzle
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Figure 10. Sensitivity analysis of P-N diameters with R134a inlet velocities
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Figure 11. Sensitivity analysis of P-N mass flux with R134a inlet velocities
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Figure 12. Sensitivity analysis R134a velocities during the expansion process
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Figure 14. Sensitivity analysis of area velocity relation and Mach number for different R134a inlet velocities
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Figure 15. Sensitivity analysis of area ratio and Mach number for different R134a inlet velocities
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4. Validation of current work with the
experimental studies

To the best of the author's knowledge, there
is lack of experimental studies that adopts
similar boundary conditions and working
assumptions used in the current study. These
boundary conditions satisfy the design
requirement for the combined HP-ORC system
[30]. Hence the results of current study are
compared and validated against experimental
studies by K. Ameur and Z. Aidoun [16] and K.
Ameur, Z. et al [17] which adopt similar
thermodynamic concepts and use the same
working fluid (R134a). In these experimental
studies, the condenser pressure at the P-N inlet
ranged between 880-1490 kPa compared to the
current study which has a constant value of
815.4 kPa. In addition, the nozzle exit position
(NXP), nozzle length and the divergence and
convergence angles are not considered in the
current study. Furthermore, the refrigerant is
subcooled by 0.2-5 °C in these studies. The
ejector outlet pressure of 340 kPa was in close
agreement with the experimental results (370-
470 kPa). The nozzle used in the experimental
studies has inlet, throat and exit diameters of 10,
1.39 and 4 mm, respectively. In the current
study, these parameters varied according to the
refrigerate inlet velocity. For instant, at
refrigerant velocity of 0.1 m/s, the P-N inlet,
throat and exit diameters are 4.92, 3.1 and 7 mm
respectively. Only the inlet and throat diameters
decreases when the velocity increased to 0.5 m/s
(3.3 mm inlet and 2.8 mm throat diameters). In
addition to the above mentioned reasons, the
differences between the current simulation
study and the experimental studies can be
attributed to the limitation of 1D analysis.

5. Conclusions

A one-dimensional thermodynamic model
is developed to design the primary nozzle of an
ejector in the AWHP cycle. MATLAB software
is used and the thermophysical properties of the
refrigerant are acquired from the REFPROP
software. The results show the two-phase
ejector used as an expansion device has
improved the cycle COPh and the second law
efficiency by 3.25 and 6.6% compared to

conventional valve and turbine expander HP
cycle respectively. In addition, the exergy
destroyed during the expansion process is 50.83,
42.83 and 20.7 J for valve, turbine and ejector
cycles correspondingly. The overall exergy
destruction in the ejector HP cycle is around
50% lower than HP cycle with the other
expansion devices. In addition, most of the
exergy destroyed during the expansion process
in the ejector device occurs in the P-N
accounting for around 73%. Moreover, R134a
undergoes a phase change during the expansion
process and leave the P-N with a quality of
21.5%. The sensitively analysis of changing
R134a inlet velocity between 0.1-0.5 m/s show
that the P-N inlet diameter ranged between 3.2-
4.9 mm and the throat diameter decreased as the
inlet velocity increased with a value of 3.11-2.7
mm while the outlet diameter remains constant
at around 7mm. The refrigerant mass flux and
Mach number peaked at the throat section.
Moreover, during the expansion of R134a in the
P-N, only 0.0097 kJ/kgK of entropy is
generated, which indicates the P-N design has
achieved high isentropic efficiency. In addition,
refrigerant density values indicate that the flow

. . . dA . . :
is compressible. The ratio -, in the diverging

part of the P-N have achieved positive values
which indicate the refrigerant exit the nozzle
with supersonic speed (M >1).

The current study provide a primary approach
for designing the P-N of a phase change ejector.
However, further investigations to involve more
design parameters such as NXP, nozzle length
and angles of convergence and divergence are
required. Also, due to the limitation of the 1D
model, future work to include 2D modelling
using CFD software as well as experimental
work is recommended.
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