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Abstract

is decreased in low temperature evaporator.

The performance of a dual evaporator cycle using ejector is compared with a conventional cycle employing pres-
sure reducing valve. In both the systems, high temperature evaporator is considered as a flooded evaporator, thus

a separator is employed after the high temperature evaporator. However, low temperature evaporator is a kind

of conventional dry evaporator. The comparison of both systems, i.e, conventional and ejector assisted, is done

for the same cooling capacities and same dryness fraction at the exit of high temperature evaporator with R134a,
R152a, and R1234yf refrigerants. The effects of varying the states of refrigerant at the exit of flooded evaporator,

and temperatures of both the evaporators and the condenser are analyzed using Engineering Equation Solver. It

is found that the compressor work is reduced in both the cycles with the rise in low temperature evaporator tempera-
ture; however, a little variation is observed in the total cooling effect. The cooling effect in high temperature evapora-
tor is increased with the increase in dryness fraction at the exit of the high temperature flooded evaporator, but it

Keywords Dual evaporator, VCRC, Ejector, Pressure reducing valve, COP

1 Introduction

A refrigerating or air conditioning system working on the
most commercialized vapor compression system requires
a considerable amount of high grade energy for its opera-
tion. The demand of these energy guzzlers has also been
multiplying day by day. Therefore, researchers have been
putting efforts in reducing the energy consumption of
these vapor compression cooling systems. Robinson and
Groll [1] explained that the throttling device was respon-
sible for a considerable fraction of total irreversibility

*Correspondence:

Vaibhav Jain

vaibhavursaathi@gmail.com

! National Institute of Technology Kurukshetra, Thanesar, India
2 UJET, Kurukshetra University, Thanesar, India

3 Maharaja Agrasen Institute of Technology, Delhi, India

@ Springer

while working with carbon dioxide as refrigerant. They
found that the throttling contribution to total irrevers-
ibility could be reduced by 35% with the use of a turbine
of even 60% isentropic efficiency. The options to reduce
the throttling losses have been explored intensively for
many years. The ejector has been examined as a viable
substitute of conventional pressure reducing valve in
the compression cooling systems. An ejector is a sim-
ple, static component wherein a high-pressure fluid is
expanded reversibly at constant entropy unlike the irre-
versible isenthalpic expansion in the conventional expan-
sion devices. Moreover, the ejector retrieves a fraction of
the lost expansion work in its diffuser, thus has a poten-
tial to improve the performance.

In 1990, Kornhauser [2] for the very first time analyzed
numerically the application of an ejector as a throttling
device in a vapor compression system. He recorded 21%
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enhancement in COP with the proposed system over a
standard vapor compression system using R12 refrigerant
at 30 'C and — 15 ‘C condenser and evaporator tempera-
tures respectively. However, Kornhauser and Harrel [3]
could obtain only 3.9 to 7.6% rise in the COP while con-
ducting experiments with R134a. Sarkar [4] numerically
studied the ejector vapor compression system (EVCS)
using constant pressure ejector model for propane,
ammonia, and isobutene natural refrigerants. He studied
the effects on COP and optimum area ratio of ejector at
different evaporator and condenser temperatures. Sarkar
[5] analyzed the same system and refrigerants in another
study, but using constant area mixing model. He con-
cluded that the constant area model provided better per-
formance. Bilir and Ersoy [6] executed a similar study on
EVCS using constant area model with R134a and addi-
tionally considered the effect of secondary flow pressure
drop. They concluded that EVCS performed better than a
standard VCS even in off-design working situations. Dis-
awas and Wongwises [7] also carried out a similar analy-
sis but with flooded evaporator. The literature shows that
the ejector in place of the conventional expansion devices
in single evaporator vapor compression systems has the
potential; however, the configuration of dual evaporator
cycle with ejector still needs to be examined thoroughly.

In a single refrigerator-freezer unit, cooling in the food
compartment is made by air circulation from the freezer
section and is thus responsible for the non-uniformity
of temperature in the food section. Secondly, the freezer
temperature lesser than the dew point causes humidity of
air in circulation to reduce and it causes fruits and vege-
tables to lose its freshness in less time. A dual evaporator
refrigeration system can maintain the required tempera-
ture, air flow rate and humidity in the refrigerator and
freezer section independently. The energy saving is also
possible with dual evaporator system as the food section
refrigeration requires higher evaporator temperature
than the freezer section.

Hadi et al. [8] designed a condenser outlet split (COS)
configuration using independent ejector vapor com-
pression systems for both the evaporators. They used
two compressors to handle the output of two evapora-
tors at different pressures. The improvement of 48.07%
in COP was obtained with the modified cycle using
R290. Cui Li et al. [9] replaced pressure reducing valve
after the high pressure evaporator with a variable area
ratio ejector in their COS dual evaporator cycle. The
pressure recovery and reduced compression ratio due
to the use of ejector improved the system performance.
Sarkar [10] compared two configurations of dual evapo-
rator cycle with transcritical CO,. Lawrence and Elbel
[11] also analyzed two configurations; first COS con-
figuration with ejector and second ejector outlet split
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(EOS) configuration. They performed experiments
with different motive nozzle geometries using R134a.
Later they [12] executed experiments on EOS configu-
ration using R1234yf and R134a. Latra et al. [13] also
examined the performance of COS cycle with ejector
for R134a and R1234yf. Unal and Yilmaz [14] analyzed
COS cycle with ejector for a bus air conditioning sys-
tem. The effect of sub-cooling and the temperatures
of condenser and evaporators were highlighted while
working with R134a. Joen et al. [15] compared the sys-
tem in single and dual evaporator modes using R600a.
Gao et al. [16] numerically compared COS ejector cycle
with a modified cycle having one flooded evaporator
and one dry evaporator connected with ejector and
separator.

Presently, R134a having global warming potential
(GWP) of 1450, is being used extensively mainly in air
conditioning industries, but as per the various treaties,
this refrigerant is to be discontinued in a phase man-
ner [17]. Researchers have been proposing R1234yf as a
substitute of R134a in the existing systems with minor
modifications. The refrigerant R1234yf has zero ODP
and quite negligible, though not zero GWP. Minor and
Spatz [18] examined R1234yf in place of R134a in a port-
able air-conditioning set up and found that without any
notable changes, the COP with R1234yf is only 4-8%
lower than R134a. Similar observations have also been
conveyed by Zilio et al. [17], Jarall [19] and Navarro-Esbri
et al. [20]. The present work includes the comparison
analysis of R1234yf with R134a in the ejector assisted
dual evaporator system.

The proposed configuration of dual evaporator ejec-
tor cooling system had been analyzed by Elakdhar et al.
[21] but for the same given cooling capacity in both the
evaporators. However, the present work calculates cool-
ing capacity of the evaporators for fixed condenser, evap-
orator, and condenser temperatures. It also analyzes the
effect of dryness fraction at the exit of flooded evapo-
rator. Further an eco-friendly refrigerant R1234yf has
been considered in the present analysis and compared
with a similar configuration using conventional expan-
sion devices. A quantitative performance comparison
has been obtained for R134a, R152a, and R1234yf. The
targeted system is a cold storage system in India. Here
the climate conditions can vary the condenser tempera-
ture in the range of 36 to 44 “C depending on the location
and month of the year. For a variety of Potato storage, the
required temperature may be from 2 to 15 C and it can
be achieved with the range of evaporator temperature
considered in the present analysis. The constant pressure
mixing approach has been adopted for the modeling of
ejector. Unit mass flow rate condition of the refrigerant is
considered in the present work. The novelty of the system
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lies in its configuration, the input parameters and the
refrigerant analyzed.

2 System explanation

Figure 1 depicts an ejector assisted dual evaporator cycle
(EA-DEC) and Fig. 2 presents the corresponding P-h
diagram. The condensed refrigerant at state 3 is expanded
to state 4 in a conventional expansion valve-1 and there-
after receives heat in the evaporator-1. The evaporator-1
is a kind of flooded evaporator, so the refrigerant leaves
evaporator-1 in mixed phase corresponding to the state
point 5. Thereafter, a separator is employed to get the
liquid and the vapor part at constant pressure. The lig-
uid refrigerant at state 7 is expanded to state 8 in the
expansion valve-2 and the process 8 to 9 happens in the
evaporator-2 which is a dry evaporator. On the other
side, the vapor refrigerant exiting the separator at state
6 is expanded to state point 10 in the primary nozzle of
ejector and creates pressure lower than the pressure of
evaporator-2.

Consequently, the ejector sucks the vapor refrigerant
exiting from the evaporator-2 at state 9. At constant pres-
sure corresponding to state 10, mixing of these two fluids
takes place. The diffusor of ejector increases the pres-
sure of mixed refrigerant corresponding to state 1 and
then compressor increases the pressure further up-to the
condenser pressure. The latent heat is taken away by the
condenser and the cycle works. The saturated refrigerant

Condenser

Separator

Evaporator 1

EV2
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in vapor and liquid phase exiting from the separator are
known as primary and secondary refrigerant respectively.

Figure 3 is a schematic diagram of a conventional multi
expansion dual evaporator cycle (ME-DEC) and Fig. 4
is the corresponding P-h chart. The only difference in
this configuration is the use of a pressure reducing valve
instead of ejector after the separator. The pressure reduc-
ing valve drops pressure of the vapor refrigerant exit-
ing from the separator to the pressure of evaporator-2,
hence the total refrigerant is supplied to the compressor
at the evaporator-2 pressure. Rest of the cycle is same as
EA-DEC.

3 Methodology
Following simplifications have been considered to in the
study:

1. The refrigerant exists at saturated vapor state and sat-
urated liquid state at the outlets of evaporator-2 and
condenser respectively.

2. Liquid and vapor leave the separator at saturated
states corresponding to the pressure in separator.

3. The velocity at the inlet of primary nozzle and the
outlet of diffuser is negligible.

4. Pressure of secondary fluid at the primary nozzle
outlet is same as the pressure of primary fluid.

5. The motive nozzle, suction and mixing section, and
diffuser have a fixed efficiency.

—__ ¥

10pne

5 6
A —
[ ] __ L

Compressor

Ejector

A

9

Evaporator 2

Fig. 1 EA-DEC configuration
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Fig.4 P-h diagram of ME-DEC

6. Pressure drop in condenser, separator, evaporator,
and the connecting conduits is neglected.

7. There is no heat loss in the system.

8. Any friction loss in the constant area section is ignored.

Thermodynamic modelling includes mass, energy, and
entropy balance in the condenser and evaporator of the
system. The equations employed for the ejector being
complex are only explained as under.

3.1 Ejector

3.1.1 Primary refrigerant flow in the motive nozzle

The velocity of primary fluid at nozzle exit (i) is cal-
culated using equation as under:

U10pne = \/2 * npn(h6 - thpne,is) (1)

The isentropic efficiency of nozzle v, is stated as
below:

hg — thpne

()

Npn =
h6 - thpne,is

The actual enthalpy at the outlet of primary nozzle is
determined using efficiency as under:

thpne =hg — Npn * (he — thpne,is) (3)

The Mach number at the outlet of primary nozzle, i.e.,
state point 10pne is calculated taking ideal gas behavior

v

as provided by El-Dessouky et al. [22] Pridasawas [23]
and Sun and Eames [24].

MlOpne = -1 (4)

2% mpn | (5 (7)
(5)

y—1 Py

Area of primary nozzle exit is calculated by the equa-
tion as under
ip
Al0pne = ——— (5)
P10pne * Ul0pne
where 71, is the mass flow rate of vapor or motive refrig-
erant and is calculated by

Ty = X5 * 1 (6)

3.1.2 Secondary refrigerant flow in the secondary nozzle
Similarly, for the secondary refrigerant flow in the imagi-
nary secondary nozzle, the velocity at the nozzle outlet is
obtained by

U10sne = \/2 * (hg — thsne,is) (7)

The pressure at the exit of secondary nozzle is consid-
ered to be same as it is at the outlet of primary nozzle.
This pressure is also named as back pressure. It is assumed
initially and then iterated to the correct one in the code
written in Engineering Equation Solver (EES) [25].
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Likewise, the Mach number of secondary fluid at the
secondary nozzle outlet (under ideal gas) is calculated
using equation given in [23]:

2 Py (y—%)
i) e

y—1

Miosne =

Area of secondary nozzle outlet is calculated using
equation as under
s
A10sne = —— (9)
P10sne * U10sne
where 715 is the mass flow rate of vapor or secondary
refrigerant and calculated as

g = (1 — x5) * m (10)

3.1.3 Mixing of primary and secondary fluid before shock
Momentum balance of the ideal mixing process is made
to find velocity of the mixed fluid

U10pne + I * U10sne
1+p

uoi = (11)
The ratio of mass flow rates of secondary fluid to pri-
mary fluid is the entrainment ratio . (ER) of ejector.
s

W=
mp

(12)

The entrainment ratio gets fixed due to the pre-defined
dryness fraction at state 5 and mass flow rate (71) of the
total refrigerant as unit, i.e., 1.0 kg/s; therefore, the ejec-
tor has been designed for a fixed ER.

Total area of mixing section is calculated as:
a = a10pnet+a10sne (13)

The actual velocity of the mixed fluid is determined
using mixing efficiency ny, as provided by Yu et al. [26]

Ui0a = +/Nm * U10i

The enthalpy h;, of the mixed fluid is obtained by doing
the energy balance

(14)

_ he +phy (U10a)?

1
1+p 2 (15)

10

My = P10 * Ul0a * 4 (16)

where 71, is the new calculated mass flow rate that is
compared with the assumed mass flow rate and iterated
till the desired back pressure is achieved.
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The critical Mach numbers of primary and secondary
fluids at the respective nozzle exits are found using the
equations as in [22]

MlOpne2 (V +1)

M = 17
Hoprec MlOpneZ(y -1 +2 17)
Migsne* (v + 1)
MlOsne,c - s;’le Y (18)
Miosne“(y — 1) +2

The critical Mach number at state 10 in terms of the
critical Mach numbers of primary and secondary fluids at
their nozzle exits is obtained as under [26].

Miopne,c + I * Miosne,cn/ Te2/Te1

VA + WA+ p ok (Tez/Ter))
(19)

The Mach number of mixed fluid is obtained using the
relation with critical Mach number

2Mig,c>
Mo = \/ —
(y+1 —Mioc"(y—1

Mio,e = A/Nm * |:

(20)

3.1.4 Consideration of normal shock wave

The normal shock alters the flow to subsonic; subse-
quently increases the pressure of fluid. The Mach number
and the pressure of fluid after the shock at point 11 are
found using below equations [26]:

Mio® +2/(y — 1)

M = 3 (21)
M
2y * yi"l —1
E_ 1+V*M102 (22)
PlO 1+ Y * M112
3.1.5 Fluid flow in the diffuser
2]
P - 1M 1|7
pil: [(Y )211 + (23)
11

The velocity of fluid leaving the ejector is ignored and
in this way the enthalpy at ejector exit is obtained [25]:

hi1is — hio
Nd

h; =hyjo + (24)

Using diffuser efficiency 14, actual enthalpy of the fluid
is obtained by
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_ hiis —hyo

= 25
Nd T (25)

Pressure lift ratio is the ratio of the ejector exit pressure
(p1y) to the secondary fluid inlet pressure (po).

P1
PLR = —— (26)
Py
The COP of cycle is found as under.
COP = — Q (27)
comp

4 Model validation

Sarkar [27] has considered almost similar cycle but with
additional separator after the ejector with CO, refriger-
ant. The liquid part separated by the second separator
was expanded and supplied to the evaporator-2 and the
saturated vapor was supplied to the compressor.

In the present configuration, there is no need of the
second separator as the refrigerant after coming out of
the ejector exists in vapor phase only. In the proposed
configuration, ejector employed is of single phase ejector
which is same as in the generator based refrigeration sys-
tem of Chen et al. [28]. The present code has been modi-
fied for refrigerant R123 and the operating conditions as
considered by Chen et. al. [28]. Figure 5 shows that the
results are in good agreement.

Figure 6 shows flow chart of the model made in EES.

To provide more confidence in the results, the EA-
DEC is altered to a single evaporator ejector refrigera-
tion system and validated with Huashan Li et al. [29]
for the refrigerant R1234yf at the evaporator tempera-
ture of 5 °C and condenser temperature of 40 °C, while
varying the secondary pressure drop (SNDP) from 0

—®— J. Chen et.al
0.24
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to 50 kPa. The efficiency of nozzles, mixing, and dif-
fuser sections of the ejector are kept same as in [29].
The COP obtained is in agreement with [29] as shown
in Table 1.

5 Results and discussion

The EA-DEC is numerically analyzed in Engineering
Equation Solver (EES) for the fluids R134a, R152a, and
R1234yf at the designed conditions as shown in Table 2.
The various efficiencies of ejector are taken from the
reference [28].

The yielded properties and various mass flow rates of
EA-DEC at various state points as obtained using the
model for R152a are shown in Table 3.

The important performance parameters provided by
the model at the designed conditions are mentioned in
Table 4. The temperatures of evaporator-1, evaporator-2
and condenser, dryness fraction after evaporator-1, and
the total mass flow rate of refrigerant are kept same in
both the cycles, i.e., EA-DEC and ME-DEC for the true
comparison. Being fixed dryness fraction and unit total
mass flow rate of the refrigerant, the liquid mass flow rate
towards evaporator-2 also got fixed. Consequently, same
cooling capacity is obtained in both the evaporators of
both the systems. In case of EA-DEC, the entrainment
ratio also gets fixed due to fixed primary and secondary
mass flow rates of the refrigerant. Therefore, the com-
parison of both the cycles truly advocates the advan-
tages of ejector in dual evaporator cycle. Table 4 clearly
shows that for the same cooling capacity at same operat-
ing temperatures, compressor work required in EA-DEC
is lesser than that of ME-DEC. The COP of EA-DEC is
16.78%, 17.84%, and 18.83% higher than that of ME-
DEC with R134a, R152a, and R1234yf respectively. Fur-
ther, it is found that the COP obtained with R152a is the

Present Analysis

0.23

0.22

. 0.21
0.2

0.19

0.18

84 86 88

Fig. 5 Validation of the ejector model with Chen et al. [28]

90 92 94 96

T, (°C)
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;

Calculate-Ps, Ps, Po, h3, hs, ho, s3, 55 &

!

Guess P, [« A
A
Primary Nozzle-Calculate U10pne, thpnC,iSs Hpn, thpnc, P10pne, MlOpnCs A10pne & fnp ..g
Secondary Nozzle- Calculate U10sne, thsne,is, thsnea P10sne, MlOsne: aA10pne & ms g
Mixing section before shock- Calculate ujo;, 1, , Ui0a, hio, 71y, Miopnec, Miosne,c, Miog, ?v
M 10 <
No
p1o *ui0.* a=1 >
Calculate — My, P11 Py, h;,mg &
PLR
Calculate - Qconda h4: Qela th QeZ &
End
Fig.6 Flow diagram
Table 1 Validation with Huashan Li et al. [29] Table 2 Designed conditions
S.No. SNDP(AP) Present Model Huashan Li Error Input parameters Values
kPa copP etal. [29] (%)
cop Condenser temperature (T, in °C) 40
Evaporator-1 temperature (T, in °C) 10
1 0 5.752 5.791 673 )
Evaporator-2 temperature (T, in °C) -6
2 5 5889 5.884 085 , ‘ :
Primary nozzle efficiency (npn in %) 95
3 10 5918 5.902 270 _ i i
Diffuser efficiency (ngin %) 95
4 15 5.925 5.905 340
Mixing section efficiency (nm in %) 95
5 20 5920 5.889 .530 .
Dryness fraction after evaporator-1 (xs) 0.7
6 25 5.902 5.881 .360
Total mass flow rate of the refrigerant (kg/s) 1.0
7 30 5.889 5.868 .360
8 35 5.866 5.855 .190
9 40 5.842 5819 .390
10 45 5816 5792 410
1M 50 5.788 5763 430

5.1 Effects of condenser temperature variation

5.1.1 Compressor work with the condenser temperature
variation

Figure 7 depicts that the compressor work requirement

enhances with the uplift in condenser temperature. The

trend is obvious as the rise in condenser temperature

highest and R1234yf is the lowest. The compressor work
and cooling capacity with R152 are 45% and 76% higher
respectively than that of R1234yf.
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Table 3 Thermodynamic properties at various state points for

R152a

State point  T(°C) P(kPa) m(kg/s) h(kl/kg) s (kJ/kg-K)
1 4.925 285.2 1 511.2 2.131
2 53.64 910.3 1 550.3 2131
3 40 9103 1 2717 1.242
4 10 3733 1 2717 1.254
5 10 373.3 1 4245 1.793
6 10 3733 0.7 5133 2.107
7 10 373.3 03 217.3 1.062
8 -6 2119 03 2173 1.065
9 -6 2119 03 502.4 2133
1 Opne —17.08 1366 0.7 4824 2107
1040 —1708 1366 03 489 2133
10 —1708 1366 1 488.5 2131
Il -1036 1792 1 511.2 2.131

Table 4 Performance parameters at the designed conditions
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improves pressure ratio of compressor and thus com-
pressor work.

Figure 7 shows that for the considered range of con-
denser temperature, the compressor work is higher in
ME-DEC in comparison to EA-DEC for all the three
refrigerants. At condenser temperature 44 °C, the com-
pressor work is higher by 26.58%, 24.08%, and 27.26%
for the fluids R152a, R134a, and R1234yf respectively.
However, the percentage increase in compressor work
in EA-DEC is higher than ME-DEC and it is 16.71%
and 21.1% in ME-DEC and EA-DEC respectively with
R152a for the condenser temperature variation from
36 °C to 44 °C. Similarly, it is 16.09% and 20.3% for
R134a and 15.55% and 19.8% R1234yf.

5.1.2 Cooling effect with the condenser temperature
variation

The enthalpy at state point 4 is determined to augment

with the rise in condenser temperature; however, as

Parameters R152a R134a R1234yf  the dryness fraction at state 5 is fixed as mentioned in
Table 1; therefore, the enthalpy difference between state
" 043 043 043 4 and 5 is decreased and thus the cooling capacity in the
PLR 1:346 1:345 1327 evaporator-1 is reduced as shown in Fig. 8. The mass
Wea (75) 39.02 24.76 1985 flow rate of refrigerant in evaporator-2 depends on the
WME (ki) 2022 3178 267 dryness fraction at state 5, which is fixed, thus the cool-
Qew (k/s) 1527 o068 6867 ing effect in evaporator-2 is not a function of condenser
Qo (/) 85.55 3444 44.12 temperature for the considered configuration. Both
Q e torat (KI/5) 2383 145.1 1128 the systems have been compared for the same cooling
COP4 6.106 5.862 5682 capacity. Total cooling capacity is decreased by 6.18%,
COPye 4744 4567 4394 7.94%, and 9.86% for the working fluids R152a, R134a,
and R1234yf respectively at 44 °C.
——o—R152a,EA ——R134a,EA —A&—R1234yf,EA
55 R152a,ME —¥—=R134a,ME —0—R1234yf,ME
W [ ‘ '
S0 |
g 45
N
g 35
S
= 30
25
o S, J—
15 T T T T T T T

36 37 38 39

Fig. 7 Compressor work with condenser temperature

40 41 42 43 44

T.(°C)
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| | | | | | | |
160 # : i i i - 85
140 80
7120 k ;(5) Q
= 100 TS
A . i . y 65 2
f===S==ssH
20 45
O ? T T T ? ? T ? 40
36 37 38 39 40 41 42 43 44
T.(°C)
Fig. 8 Cooling capacity with condenser temperature
———R152a,EA ——R134a,EA —A—R1234yf,EA
; R152a,ME —¥%—R134a,ME —8—R1234yf,ME
6.5
6
555
s
4.5
4
35 \
36 37 38 39 40 41 42 43 44
T. (°O)

Fig. 9 COP with condenser temperature

5.1.3 Coefficient of performance with the condenser
temperature variation

The rise in condenser temperature enhances compressor

work and reduces cooling capacity in both the systems as

discussed.

Figure 9 shows that the rate of decrease of COP is more
in EA-DEC than ME-DEC for all the refrigerants but still
the COP in EA-DEC is higher even at high condenser
temperatures. The COP improvement is decreased
by 22.52%, 23.48%, and 24.77% for R152a, R134a, and
R1234yf respectively with the rise in condenser tempera-
ture from 36 °C to 44 °C in EA-DEC.

5.2 Effects of evaporator-1 temperature variation
5.2.1 Compressor work with the evaporator-1 temperature
variation

The enthalpy of saturated vapor gets slightly increased
for the refrigerants with the increase in saturation
temperature. Therefore, the enthalpy after pressure
reducing valve is a bit higher which in turn increased
the degree of superheat before the compression pro-
cess in case of ME-DEC. For the same pressure ratio,
the compressor work is actually increased, though
negligible, for R152a, R134a and R1234yf as shown in
Fig. 10. On the other side, the pressure of motive fluid
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Fig. 10 Compressor work with evaporator-1 temperature

is enhanced with the rise in evaporator-1 tempera-
ture, which in turn increased the pressure at the exit
of ejector. Therefore, the pressure ratio of compressor
is decreased and thus it reduced the compressor work
in EA-DEC. The compressor work is reduced by 8.63%,
8.08%, and 8.56% with R152a, R134a, and R1234yf
respectively while changing the evaporator-1 tempera-
ture from 7 °C to 14 °C.

5.2.2 Cooling effect with the evaporator-1 temperature
variation

The enthalpy at state 5 is found to increase at high satu-

ration temperatures for the fixed dryness fraction x,

which in turn increased the enthalpy difference (/1,-4;)

and thus cooling effect in the evaporator-1. However,
the cooling effect in evaporator-2 is decreased, because
the enthalpy at state 8 is more after expansion from
high pressure of separator. It enthalpy difference (/14-/1,)
is thus decreased and so the cooling capacity as shown
in Fig. 11.

The cooling effect in evaporator-1 is increased by
4.54%, 6.35%, and 8.87% with the rise in evaporator-1
temperature from 7 °C to 14 °C for R152a, R1344a, and
R1234yf respectively. Further, it is decreased by 4.21%,
5.19%, and 6.11% in evaporator-2 with R152a, R134a,
and R1234yf respectively for the considered tempera-
ture range. Overall, there is a little increase in the total
cooling capacity.
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Fig. 11 Cooling effect with evaporator-1 temperature
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5.2.3 Coefficient of performance with the evaporator-1
temperature variation

The total cooling capacity is increased a bit and the
compressor work is almost constant in case of ME-DEC
as the evaporator-1 temperature is raised; therefore, the
COP is found to increase slightly. However, the varia-
tion in COP is less than 3.5% as shown in Fig. 12. The
compressor work in case of EA-DEC is reduced with
the rise in evaporator-1 temperature and cooling effect
is also increased marginally, thus COP increases con-
siderably. Figure 12 shows that the COP of EA-DEC
cycle is increased by 10.9%, 10.87%, and 12.42% with
the change in evaporator-1 temperature from 7 °C to
14 °C for R152a, R134a, and R1234yf respectively.

—e—R152a,EA
R152a,ME

—m—R134a,EA
—#—R134a,ME

5.3 Effects of evaporator-2 temperature variation
5.3.1 Compressor work with the evaporator-2 temperature
variation
The pressure ratio of compressor decreases in ME-DEC
as the suction needs to take place at high pressure with
the rise in evaporator-2 temperature; therefore, the com-
pressor work is decreased as shown in Fig. 13. However,
the pressure at the outlet of ejector is increased due to
the increase in secondary fluid, i.e., evaporator-2 pres-
sure in EA-DEC. It decreased the pressure ratio and thus
the compressor work. The compressor work is reduced
by 12.18%, 12.56%, and 11.69% with R152a, R134a, and
R1234yf respectively in EA-DEC and it is 18.08%, 18.05%,
and 17.93% with R152a, R134a, and R1234yf respectively
in ME-DEC.
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Fig. 13 Compressor work with evaporator-2 temperature
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5.3.2 Cooling effect with the evaporator-2 temperature
variation

The cooling effect in evaporator-1 is independent of evap-
orator-2 temperature; therefore, it is same as it is at the
designed conditions. However, there is a bit increase in
the cooling effect of evaporator-2 with the rise in its tem-
perature as the enthalpy of saturated liquid is decreased
at higher temperature, which in turn decreased the spe-
cific enthalpy difference. Fundamentally total refrigera-
tion effect is decreased, but in real, the effect is very little
as shown in Fig. 14.

5.3.3 Coefficient of performance with the evaporator-2
temperature variation

The total cooling effect remains almost constant and

the compressor work decreases; therefore, COP of both

Page 13 of 16

the systems is enhanced with the rise in evaporator-2
temperature.

Figure 15 shows that the COP of EA-DEC cycle is
increased by 14.58%, 15.38%, and 14.65% with the rise
in evaporator-2 temperature from—10 °C to — 3 °C for
R152a, R134a, and R1234yf respectively. It is 22.81%,
23.11% and 23.36% for R152a, R134a, and R1234yf
respectively in ME-DEC.

5.4 Effects of dryness fraction (x;) variation
5.4.1 Compressor work with the dryness fraction (xs)
variation

There is no effect of dryness fraction at state 5, i.e., x; on
compressor work as the mass flow rate and inlet and out-
let conditions for the compressor are independent to this
variable in case of ME-DEC. However, in EA-DEC, the
primary fluid flow rate is increased with the increase in
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Fig. 14 Cooling capacity with evaporator-2 temperature
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Fig. 15 COP with evaporator-2 temperature



Sachdeva et al. Int. J. Air-Cond. Ref. (2023) 31:20

——R152a,EA
R152a,ME

——R134a,EA
—*—R134a,ME

Page 14 of 16

—4—R1234yfEA
—0—R1234yf ME

>0 1 T ]

| | |

*F ‘

—

|
— _ 1
o jf
3

W eomp (KJ/S)

0.56 0.58 0.6
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x5 and thus it increased the exit pressure of ejector. The
increase in suction pressure lowered the pressure ratio of
compressor which in turn reduced the work of EA-DEC.
Figure 16 shows that the compressor work of EA-DEC is
decreased by 6.02%, 5.92%, and 5.83% with the increase
in dryness fraction from 0.56 to 0.70 for R152a, R134a,
and R1234yf respectively.

5.4.2 Cooling capacity with the dryness fraction (xs)
variation

The primary fluid mass flow rate in evaporator-1 is
found to increase but it is decreased in evaporator-2
with the rise in dryness fraction at state 5. Also the spe-
cific enthalpy difference of the working fluid flowing
in evaporator-1 is increased with this change in x;. Fig-
ure 17 depicts that the cooling effect in evaporator-1 is
increased by 37.19%, 41.73%, and 47.26% but in evapora-
tor-2 it is decreased by 31.83%, 31.82%, and 31.81% with
the increase in dryness fraction. However, total cooling
capacity of the systems increases marginally.

0.62

0.64 0.66 0.68 0.7

5.4.3 Coefficient of performance with the dryness fraction
(x5) variation

There is a bit increase in the total cooling effect, and the

compressor work is almost constant in case of ME-DEC;

therefore, the COP change is negligible. It is less than

3.5% for the dryness fraction range at state 5 from 0.56 to

0.7 as shown in Fig. 18.

The compressor work in case of EA-DEC is decreased
and cooling capacity is increased, thus the COP is
enhanced with the rise in dryness fraction. Figure 18
shows that the COP of EA-DEC cycle is increased by
7.06%, 7.28%, and 7.55% with the dryness fraction from
0.56 to 0.70 for R152a, R134a, and R1234yf respectively.

6 Conclusions

Numerical investigation of an ejector assisted dual evap-
orator cycle (EA-DEC) has been compared with a simi-
lar dual evaporator cycle employing a pressure reducing
valve (ME-DEC). The analysis has been executed for

——R152a,¢l —m—R134a,el —A—R1234yfel
R152a,e2 —%—R134a,e2 —0—R1234yfe2
155 | — 140
135 7= — 120
- ‘ 100 =
= 95 ™ <
&£ 78 3
= 75 (]
C 60
35 40

0.56 0.58 0.6

Fig. 17 Cooling capacity with the dryness fraction at state 5
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Fig. 18 COP with the dryness fraction at state 5

R152a, R134a, and R1234yf refrigerants. Some of the
important conclusions are mentioned as under:

1. The compressor work required for ME-DEC is
much higher than that for EA-DEC for the complete
range of condenser temperature, though the rate of
increase of compressor work with condenser temper-
ature is higher for EA-DEC with all the three refrig-
erants. For the refrigerant R1234yf, the compressor
work is higher by 27.26% in ME-DEC than EA-DEC
at 44 °C, even though the average percentage value
of the increase in compressor work is 15.55% in ME-
DEC but 19.8% in EA-DEC.

2. The rate of decrease of COP is more in EA-DEC than
ME-DEC for all the refrigerants but still the COP is
higher in EA-DEC even at high condenser tempera-
ture. The COP improvement is decreased by 24.77%
and 21.98% with the rise in condenser temperature
from 36 °C to 44 °C in EA-DEC and ME-DEC respec-
tively for the refrigerant R1234yf.

3. The cooling effect in high temperature evaporator
is increased, but it is decreased in low temperature
evaporator with the rise in high temperature evapo-
rator temperature. The cooling capacity increase is
6.35% and 8.87% in evaporator-1 but the decrease
is 5.19% and 6.11% in evaporator-2 with R134a and
R1234yf respectively for the rise in evaporator-1 tem-
perature from 7 °C to 14 °C, thus overall there is a
little increase in cooling effect of the systems.

4. The compressor work reduction is 12.56% and
11.69% in EA-DEC but 18.05% and 17.93% in ME-
DEC with R134a and R1234yf respectively with the
decrease in low temperature evaporator temperature
from — 3 °C to — 10 °C. The compressor work is much
lower than that required in ME-DEC; however, the

rate of decrease in compressor work is comparatively
lower in EA-DEC.

5. The compressor work of EA-DEC is found to
decrease by 6.02%, 5.92%, and 5.83% with the
increase in dryness fraction at the exit of the high
temperature flooded evaporator from 0.56 to 0.70 for
R152a, R134a, and R1234yf respectively, but there is
no change in the compressor work of ME-DEC. The
cooling capacity of high temperature evaporator is
increased, but that of low temperature evaporator is
decreased and overall total cooling capacity of the
systems is increased marginally.

7 Nomenclature

EA-DEC Ejector assisted dual evaporator cycle
ME-DEC Multiple expansion dual evaporator cycle
x Dryness fraction

h Enthalpy (k]/s)

T Temperature (C)

P Pressure (kPa)

1 Mass flow rate (kg/s)

a Area (m?)

u Velocity (m/s)

M Mach Number

0O . Cooling capacity rate (kJ/s)

W Work (k]/s)

COP Coefficient of performance

SNDP Secondary fluid pressure drop

7.1 Symbols

n Efficiency

pw Entrainment ratio
p Density (kg/m?)
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7.2 Subscript

b Back

e Evaporator

el Evaporator-1

e2 Evaporator-2

p, Primary nozzle’

s, Secondary nozzle
comp Compressor

EA Ejector assisted

ME Multiple expansion
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