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Abstract. A conventional refrigeration cycle uses expansion device between the condenser and the evaporator
which has losses during the expansion process. A refrigeration cycle with ejector is a promising modification to
improve the performance of conventional refrigeration cycle. The ejector is used to recover some of the
available work so that the compressor suction pressure increases. To investigate the enhancement a model with
R134a refrigerant was developed. To solve the set of equations and simulate the cycle performance a subroutine
was written on engineering equation solver (EES) environment. At specific conditions, the refrigerant properties
are obtained from EES. At the design conditions the ejector refrigeration cycle achieved 5.141 COP compared
to 4.609 COP of the conventional refrigeration cycle. This means that ejector refrigeration cycle offers better
COP with 10.35% improvement compared to conventional refrigeration cycle. Parametric analysis of ejector
refrigeration cycle indicated that COP was influenced significantly by evaporator and condenser temperatures,
entrainment ratio and diffuser efficiency.

Nomenclature process and during this expansion process the
A area (m2) resulted kinetic energy gain is lost by friction into the
h enthalpy (kJ/kg) refrigerant in the form of heat. Hence, the isenthalpic
m mass flow rate (kg/s) expansion process forms large amount of vapor at the
p pressure (kPa) end of the expansion compared to isentropic
p density (m3/kg) expansion. Consequently, a reduction of
n efficiency refrigeration load in the cycle is observed. The use of
s entropy (kJ/kg.K) two-phase ejector has become a promising cycle
® entrainment ratio modification recently [1]. The potential kinetic

energy is recovered by the ejector during the
Subscripts expansion process. The ejector also reduces the
d diffuser compressor work by increasing the compressor inlet
mc mixing chamber pressure higher than that of the evaporator pressure
n nozzle which leads to a coefficient of performance (COP)
sn suction nozzle improvement. There are two types of ejectors
s isentropic process exit according to the position of the nozzle. These are
1,2,3....9 state points constant pressure and constant area mixing ejectors.

It was found that the performance of constant area
mixing ejector is lower than the constant pressure
mixing ejector [2].

There have been many attempts to study the use
of ejector on performance enhancement of
refrigeration cycle with different assumptions and
ejector design. For instance, the COP of a
refrigeration cycle with an ejector expansion device

1 Introduction

In a conventional vapor compression refrigeration
cycle, the pressure drop from the condenser to the
evaporator is done by throttling. Throttling process is
always associated with loss and it is one of the
thermodynamic losses. Throttling is an isenthalpic
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using RI12 refrigerant was investigated by
Kornhauser [3]. To represent the ejector process
constant mixing pressure model was used and found
21% COP improvement over the conventional
refrigeration cycle (CRC) under standard conditions.
With R134a refrigerant, Disawas and Wongwises [4]
experimentally investigated the performance of
refrigeration cycle with ejector where there was no
upstream expansion valve of the evaporator so that
the evaporator was flooded with the refrigerant. At
low heat sink temperature the test showed COP
improvement over CRC. Using R134a and constant
area ¢jector, Bilir and Ersoy [5] showed that COP
increases as the difference between condenser and
evaporator temperatures increases. Chen et al. [6]
proposed an ejector model to predict the ejector
performance at critical and sub-critical operation
modes.

The performance of a refrigeration cycle also
depends on the type of working fluid. As suggested
by Takeuchi et al.[7], Rl134a gives better
performance compared to R404A, R407 and R410
using ejector as an expansion device in a refrigeration
cycle.

Though there have been many attempts, detailed
study and analysis is still needed on ejector
refrigeration  cycle performance improvement
compared to conventional refrigeration cycle. Thus, a
refrigeration cycle with constant pressure-mixing
zone ejector is analyzed and simulated using a model.
Different operating conditions are considered and the
cycle performance with R134a refrigerant is
compared to the conventional R134a refrigeration
cycle. In addition, parametric analysis is done to
select the influential parameter/s.

2 Ejector refrigeration cycle modeling

Figure 1 (a) shows schematic representation
of the ejector refrigeration cycle (ERC). It
consists of evaporator, ejector, separator,
throttling device, compressor, and condenser
constituting two loops. The refrigeration
loop and the power loop supply cooling
effect and the driving force, respectively.
First the primary (motive) fluid is
accelerated in a convergent—divergent
nozzle until its velocity reaches supersonic.
The primary fluid entrains the secondary
evaporated fluid from the evaporator, and
the two fluids mix in the mixing chamber. In
the diffuser, at the expense of the kinetic
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energy of the mixed fluid its pressure is
increased to the separator pressure as shown
in Figure 1 (b).

(@ (b)
Figure 1. (a) Ejector refrigeration system; (b) p-4 diagram

Assumptions

e pressure drop in the evaporator and condenser
are assumed to be negligible,

e cxpansion efficiencies of the motive and suction
streams are constant,

o refrigerant kinetic energies at the ejector inlet
and exit are negligible, and

e shock wave loss effect is considered in the
ejector diffuser efficiency.

To represent the process of the cycle, each

component has been modeled using first principle.

2.1 Nozzle Model and Analysis

The primary nozzle exit enthalpy is determined from
its isentropic relationship and given as

hy =hy —1,(hy = ) (1)

Velocity of the motive fluid and cross-sectional
area at the nozzle exit are given by,

2(h3 - h4) @)
__ 3)
(I+w)pV,

The entrainment ratio, a):ml 0 / riz3 where i1y

and r; are entrained and the primary fluid mass flow
rates, respectively.

The suction chamber enthalpy at the nozzle exit is
determined from its isentropic relationship and given
as

Mo = hy =1, (hy = Iy, ) (4)

Velocity of the secondary fluid and the cross
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sectional area at the suction nozzle exit are,

V,o =20k —hy,) (&)

A,=—L (6)
I+ o)pi
For a unit total mass flow rate in the ejector
diffuser, the primary and the entrained mass flow
rates in terms of the entrainment ratio of the ejector
are given as

m, =w/(+ ) and m,, =1/(1+ &

(7

2.2 Mixing chamber analysis

At the ejector mixing chamber, the mixing process is
done at a constant pressure. Applying the momentum
and energy conservations on the mixing chamber
would result relations for its exit velocity and
enthalpy.

A LR R O

4 + 10-
(1+w) (1+w)

1 v, )
hy=——0,+—)+
(1+w) 2 (1+w)

74 2 V:
(hIO + %) - _;(9)

2.3 Diffuser analysis

Similarly applying the conservation of energy and
isentropic relation gives the following equations for

the diffuser.
2

V.
h, = hq +% (10)
hs, = hs +1,(hs — hs) (n

where 7, 1s the diffuser efficiency and /g, represents
the enthalpy obtained at state 6 under isentropic
process through the diffuser.

The pressure and the quality of the refrigerant at the
ejector exit are determined using Egs. (12) and (13).

Ps = P(hg,,55) (12)
Yo = (13)
1+w

2.4 Compressor model analysis

For a given isentropic compression process, the
actual enthalpy at the exit of the compressor becomes

by =h+ M mh (14)
Ucomp
where #co, refers to the isentropic efficiency of the
compression process which is given by Eq. (15) [8].
=0.874-0.0135(p, / p,) (15)

77 comp

The rate of compressor work input is expressed by

W, =i, (b~ h) (16)

comp

The refrigeration capacity, Qevap is calculated as

Qevap = ms (h9 - hS) (17)

The coefficient of performance of the ejector
refrigeration cycle is defined as

corP=90,,,/M.,, (18)

2.5 Simulation input

In order to simulate the performance of the ejector
refrigeration cycle a subroutine was written in EES
environment. This software has most of the
refrigerant properties including R134a. Furthermore,
for simulation purpose typical data given in Table 1 is
used as a design conditions which was taken from

[9].

Table 1. Input design conditions.

Parameters Temperature Pressure
0 (bar)

Compressor exit 80 7.7
Condenser exit 30 7.7
Evaporator -5 1.64

Parameters Specifications
Ejector area ratio 14
Ejector diffuser efficiency 0.85
Nozzle efficiency 0.90
Mixing chamber efficiency 0.85
Entrainment ratio 0.53
Refrigerant R 134a

Primary mass flow rate
Secondary mass flow rate

0.005773 kg/s
0.01089 kg/s

3 Results and discussion

Maintaining other parameters, COP of ERC was
investigated for various evaporator temperatures
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ranging from -15°C to 0°C. As shown in Figure 2
COP improves as the evaporator temperature
increases. This is because as the evaporator
temperature increases, the pressure difference
between the nozzle exit and the evaporator (pe-p4)
increases. This resulted an increases in the secondary
flow rate and hence, COP and cooling capacity of the
system also increased. However, the temperature of
the evaporator is determined by the space to be
cooled. The CRC was simulated for the same
condenser and evaporator conditions. As shown in
the same Figure 2, for a given evaporator temperature
the COP of ERC is higher than the COP of CRC. At
the design conditions the ERC achieved 5.141 COP
compared to 4.609 COP of the CRC which is 10.35%
improvement compared to CRC.
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Figure 2. Variation of COP with respect to evaporator
temperature

Similarly maintaining other parameters constant,
the condenser exit temperature was varied from 25 to
50°C to study its effect on COP of the cycle. As
shown in Figure 3 COP decreased with increasing
condenser temperature. This is because as the
condenser exit temperature increases, the enthalpy of
refrigerant at the inlet to the evaporator increases.
Meanwhile, the evaporator exit enthalpy remains
constant and hence causing low refrigeration effect
and low COP. On the other hand, to reject the heat to
the surroundings the temperature of the condenser
should not be below the surroundings temperature
that will limit the minimum temperature.
Furthermore, the COP of ERC is higher than COP of
CRC at a given condenser exit temperature.
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Figure 3. Variation of COP with respect to condenser
temperature

Figure 4 shows COP with respect to entrainment
ratio. It indicates that COP increases with increase in
entrainment ratio. This is because as the entrainment
ratio increases, more refrigerant is entrained by the
primary fluid from the evaporator. Consequently, the
mass flow rate in the evaporator increases which in
turn increases the cooling capacity and the coefficient

of performance.
4
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Figure 4. Variation of COP with respect to entrainment
ratio

The effect of diffuser efficiency on the COP was
investigated. Figure 5 indicates the higher the diffuser
efficiency, the smaller the work of compression.
Since better efficiency has boosted the compressor
inlet pressure, less compression work is needed by
the compressor for a given overall compression ratio.
As a result, the COP increases as the diffuser
efficiency increases as shown in Figure 5.
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Figure 5. Variation of COP and compressor work with
respect to diffuser efficiency

4 Conclusions

Refrigeration cycle with ejector was modeled. In
order to simulate the performance of the cycle a
subroutine was developed in EES environment. It
was simulated for a given design conditions based on
the data taken from literature. At the design
conditions the ejector refrigeration cycle achieved
5.141 COP compared to 4.609 COP of the
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