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Abstract. The present stuc describes a numerical approach for determining
both the motive nozzlanc constant-area diameters of an ejector as an expans
device, based on ttepoling capacity c a split-type air-conditioner using R290
as refrigerantPrevious studie have shown that replacement of HCFC R22 with
HC290 (propane)in the air conditionercan improve the coefficient of
performance (COP)he purpose of replacirthe capillary tube with an ejector
as an expansion device a split-type air conditioner using HC290 is to het
improve the COP. In developing the model, cons@wmataws of mass
momentum and energy equations were applied to paxthof the ejector. Th
numerical results showhat the motive nozzle diameter remains constant (1.03
mm) under varyingcondenser temperatis, whereas the diameter of the
constant-area decreasethe condenser temperature increases. It was alsal fo
that improvement athe COP can reach 32.90%a condenser temperature of 55
°C. From the resultsnentionedabove, it can be concluded that the use of an
ejector can further improve the COP of a -type air conditioner using HC290
as working fluid.

Keywords: COP improvementejector; expansion device; propane; splipe air
conditioner.

1 Introduction

Split-type air conditioners are widely used in residéndad commercie
buildings. It is a welknown fact that air conditions (AC) consumea very
high amount ofenergy to maintain indoor air temperatuAir-conditioning
systems usapproximately 5% of thetotal energy consumption of a buildi
[1]. As a result, a small improvemein the performance of the system v
generate a significant impact on energy ses. There are several ways
improving the performance othe vapor compression refrigeration cy:
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(VCRC). The use of a heat exchanger for subcoofing superheating is a
conventional method. Recently, several researdfears applied an inverter and
control method to regulate the motor rotation @& tompressor according to the
cooling load in the cooled compartment [2-3]. Usargejector as an expansion
device is one of the alternative ways of improvingfrigeration cycle
performance.

A typical vapor compression refrigeration cycle sisge capillary tube, a
thermostatic expansion valve and other throttliegickes to reduce refrigerant
pressure from condenser to evaporator. Theorsticttle pressure drop in
conventional expansion devices is considered amhakic process (constant
enthalpy). An isenthalpic process causes a declieage evaporator cooling
capacity because of energy loss in the throttlirmag@ssTo recover this energy
loss, isentropy (constant entropy) is required hie expansion process. An
ejector can be used to generate isentropic condifiothe throttling process. A
refrigeration system that uses an ejector as amresipn device, is usually
named an ejector-expansion refrigeration cycle (EER].

The efficiency of an AC is defined as the ratialté refrigeration effect on the
evaporator to the power consumed by the compressar,it is expressed as
coefficient of performance (COP) or energy efficgnratio (EER) [5].
Although COP and EER have similar definitions, C@ffers from EER with
respect to the units used in the numerator andd#r@minator. COP is
dimensionless, whereas EER usually uses Btu/hhtorefrigeration effect and
kW for power consumed by the compressor.

The experiment conducted by Devotta [6] showed th@P90 as a drop-in
substitute for HCFC22 in a window air conditionacreases the coefficient of
performance by 9.7%. Zhou and Zhang [7] investidjdbe effect of the length
and coil diameter of the capillary tube on the perfance of a split-type AC
using HCFC22 and HC290. They found that the mases ftate of the
refrigerant tended to increase slightly as the d@imeter of the capillary tube
increased. They also found that the energy effigieratio (EER) of HC290
could be up to 8.5% higher than that of HCFC22.

For further COP improvement (CQP) of a split-type AC using HC290 as a
drop-in substitute for HCFC22, an ejector as anasswn device can be
applied. A number of advantages of an ejector asxpansion device have been
demonstrated by several researchers. Karhousewvd8]the first to perform a
thermodynamics analysis of the vapor compressifsigegation cycle using an
ejector as an expansion device. He proposed a iommdional model in his
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study. He found that the C@Pwas up to 21% over the standard cycle. Eit,
al. [9], Li and Groll [10] and Denggt al.[11] developed a mathematical model
and found that the CQR was between 6-14%, 7-18% and 22%, respectively,
over the standard vapor compression refrigeratigolec using CQ@ as
refrigerant. Takeuchgit al.[12] reported an increase in CQPof 45-64% for a
vehicle refrigeration system. Disawas and WongwigEy and Elbel and
Hrnjak [14] carried out experimental investigatimman ejector as an expansion
device using R134a and G@espectively, and reported an increment in the
COP over the standard cycle. Nehgti,al. [15] presented a numerical analysis
to determine the effect of the geometry of ejectorsystem performance using
twenty synthetic refrigerants. They found that (B@R,, over the standard
cycle is 22%. A numerical approach using a natwfaigerant in the EERC was
performed by Sarkar [16], who reported that the imam COR,, for
isobutene, propane and ammonia is 21.6%, 17.9%4 &i886 respectively. Bilir
and Ersoy [17] performed a computational analysistt®e performance
improvement of the ejector expansion cycle over stedard cycle. ltheir
computational analysis they proposed a method aind that of Kornhauser
[8]. They found that using an R134a refrigerang @OP improvement of the
expansion cycle over the standard cycle is about th022.34%.

Based on a survey of the literature, we have namndoany study on the EERC
that investigated the determination of the diansetéthe motive nozzle and the
constant-area based on the cooling capacity aditheonditioner. The objective
of the present study is to obtain the diametershef motive nozzle and the
constant-area of the ejector in relation to COPrawgment in the split-type air
conditioner using R290 (propane) as working fluid.

2 System Description and Thermodynamics Modeling

2.1  An Ejector as an Expansion Device

The idea of a two-phase ejector as an expansidoa@/not new. In 1931, Gay
patented the use of an ejector to minimize thrajtliosses in the expansion
device in a vapor compression refrigeration cy®IERC). In 1966, Kempeket
al. [18] modified Gay’s patent by using a pump and atéeto increase the
pressure and temperature of the liquid stream bef@nters the motive nozzle.
In 1972, Newton [19-20] proposed two patents tormmp the previous patent
by Kemper.

Figure 1 depicts a schematic diagram of the stahcdgele and an ejector as an
expansion device. A capillary tube or expansioveras used as an expansion
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device in the standard cycle, whereas an ejectosadl as an expansion device
in the EERC.

Condenser Condenser
3 2b
— Compressor
Ejector
. Compressor
Capillary tube
Separator
.
See Fig. 2 (a
ee Fig. 2 () Capillary tube
Evaporator Evaporator
11 8 8 7
(a) Standard cycle (b) Ejector-expansion cycle

Figure 1 Schematic diagram of the vapor compression refaign cycle: (a)
standard cycle; (b) EERC.

Figure 2(a) illustrates the refrigerant flow, pragsand velocity profile inside
the ejector. Figure 2(b) shows a Ph diagram of dtsedard cycle and the
EERC. The isenthalpic throttling process takeselaom point 3 to 11, while
the isentropic throttling process takes place frmoint 3 to 4. Refrigerant flow
in the Ph diagram of the standard cycle is poir&i8,3, 11 and 8. There are two
flows in the EERC: primary flow and secondary flohhe primary flow is
circulated by a compressor through the condengestoe and separator (point
1, 2, 3, 4, 10, 5 and 1), whereas the secondavwy dicculates in the capillary
tube, evaporator, ejector and separator (point,8,7, 10, 5 and 6). The
primary and secondary flows mix at the constan&ared diffuser (point 10 and
5). The sudden change in pressure and velocityeofdfrigerant from point 9 to
10 is attributed to normal shock, induced downsirasf the constant area
mixing section. This shock causes a compressicecieind thus results in a
sudden drop in the refrigerant flow speed [21]. sh®wn in Figure 2(b), the
pressure at point 1 is higher than that of theisugbressure in the standard
cycle (point 8). This means that the compressokvedrthe ejector expansion
cycle is lower than that of the standard cyBlased on Figure 2(bdhe COP of
the standard refrigeration cycle is calculated as,

_Q __m(h-h)
COR d — comp™ . com| 1
B chomp m] mcom[( Ia b Q) m] ( )
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Figure 2 (a) Pressure and velocity profile in the ejectbd); Ph diagram of the
EERC and standard cycle.

since M, =M., Eq. (1) becomes,

_(hb—hy
COR, = Vi
PStd (hzb _ I]g) comg (2)

wherecomp is the isentropic efficiency of the compressorjohhs calculated
by an empirical relation in Bruniet al.[22] as,
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”comp =0.874- 0.013459= (3)

suct

Furthermore, the COP of the EERC is,

_Q . _ (k-
CcO I?Ej chomp |]‘7comp mcompdm m] comy (4)

The COP improvement of the EERC over the standgcte can be calculated
by,

(COFR, - CORy)
COPR, =
COPR

std

(5)

The EERC is characterized using two parameterseitfr@inment ratiocf) and
pressure lifting ratioR;). The definitions of the two parameters are:

w="* ©)
m,
P.
Riﬁ — ;f ,out :% (7)
e,out 8

Both quantities should be as high as possible taimloptimum COR,,. A high
ejector pressure lifting ratio decreases the cosgiwe ratio of the compressor.
Increasing the mass entrainment ratio will redixeecompressor mass flow rate
for a given cooling capacity.

2.2 Thermodynamics Modeling and Calculation Algorithm

In developing the thermodynamic model, the governaguations that are
applied to each part of the ejector are: conseymadf mass, momentum and
energy in Egs. (8), (9) and (10), respectively.

2.AUa=>.04u8a 8)
Pa+> mu=Ra+> my 9
Ymh+)=3 mp+D) (10)

To apply the equations above in the calculatioeasfh part of the ejector, the
following assumptions were made:
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There is no heat transfer except in the evapoeatdrcondenser.

Properties and velocities are constant over thesscrsection (one-
dimensional).

The refrigerant condition is in thermodynamic quegiiilibrium.

There is no pressure drop along the evaporatocandenser.

There is no wall friction.

The refrigerant conditions at the outlet of theparator and condenser are
saturated.

Deviation from adiabatic reversible processes &mhesection of the ejector
is calculated by efficiencies.

ourw NR

~

Based on the manipulation of Egs. (8)-(10) andrrigfg to studies performed
by Nehdi,et al. [15] and Sarkar [16], the thermodynamics modefingduces
Egs. (11)-(20), as shown in the flowchart depidtedrigure 3. This flowchart
was used to determine the diameter of the motiazladd,) and the constant-
area of the ejector {gJ. Using flowchart (Figure 3) and properties of the
refrigerant, several parameters, such as the demeft the motive nozzle and
the constant-are®;x, COR; and COR,,, can be calculated.

3 Results and Discussion

To calculate the diameters of the motive nozzle thedconstant-area, the mass
flow rate of the standard refrigeration cycle mbstknown. The value of the
mass flow rate represents the cooling capacityhef dir conditioner. In the
present study, a split-type air conditioner with 290 (propane) as working
fluid, a cooling capacity of 2.4 kW and a mass fiate of 27.48 kg/h, was used
to calculate the diameters of the motive nozzle thedconstant-area. This data
was taken based on the experimental results of 2nduzhang [7]. To start the
iteration using the flowchart in Figure 3, the \eduof nozzle and diffuser
efficiencies was chosen as 0.9 and 0.8, respeg{28].

3.1 Effect of Condenser Temperature on Geometric Paramers

In the application, a split-type AC can be inst@lla geographical areas with
moderate or high outdoor air temperatures. For riggson, the motive nozzle
and constant-area diameters of the ejector mudebigned according to these
conditions. The dimension of each section of tleetey is crucial in improving
the COP. The diameter of the motive nozzle is dated by using Eq. (13),
while the diameter of the constant-area is iterétgdhe flowchart depicted in
Figure 3. The iteration results are shown in Figuré shows that the diameter
of the motive nozzle is constant, at 1.03 mm, ekeep condenser temperature
of 55°C (0.98 mm). The diameters of the motive nozzleedaon the numerical
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Figure 3 Flow chart of the calculation algorithm of motivezzle and constant-
area diameters.
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results is similar to those used in the experinnér@aiwongsa and Wongwises
[24]. They tested three different motive nozzlenaéers (0.8, 0.9 and 1.0 mm),
using R134a. The motive nozzle with a diameter .6f hm yielded a higher
mass flow rate in the condenser than the otherleszavhile the smallest
diameter (0.8 mm) yielded a lower mass flow ratéhim condenser, producing
the highest COR,. There is a slight difference between the numk&pgaroach
and the experimental data. This distinction is edusmong other things, by
differences in the working fluid and cooling capggci

Figure 4 shows that the constant-area diameterdses with an increase in
condenser temperature. For example, when the déaroéthe constant-area is
2.14, 2.12 and 2.01 mm, the condenser temperatred5, 50, and 5%,
respectively. The main geometric parameter of @&ctef is area ratio (AR),
which is defined as the ratio between the crosteset area of the constant-
area to the motive nozzle;{/as). Figure 4 shows that the area ratio decreases as
the condenser temperature increases. With sineksulis in the present study,
Sarkar [20] reported that the ejector AR decreasétl an increase in the
condenser temperature. However, his numerical mtidatot investigate either
the motive nozzle or the constant-area, which hasn@e pronounced
decrement. The experimental study by Disawas andgwises [13] and Elbel
and Hrnjak [14] only investigated the effect of thezzle diameter on the
system. The numerical results of the present sty that the decrement of
the area ratio of the ejector is more influencedthsy constant-area diameter
than the motive nozzle diameter, as shown in Figure

2.40
il 2.14 212
& * Nl
— 200 T
IS
E
S 1.60 4.42 — Constant-area -%
@ el —e— Motive nozzle ;
-E 4.32\\\ ---+--- Area Ratio g
e N e -
1.20 1 o 4.24
1.03 1.03 1.03 0.98
0.80 :
% 40 45 50 55 60

Condenser temperature {C)

Figure 4 Variation of motive nozzle and constant-area di@msetand area ratio
of ejector versus condenser temperatugs=(5°C, n, = 0.9 andhq = 0.8).
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3.2  Effect of CondenserTemperature on COP Improvement

It is well known that th&COP of astandard refrigeration cycliecreases as 1
condenser temperatuiacreases, as shown Figure 5. The effect ofCOF
reduction due to conden: temperature increment is greatertire standat
cycle than in the EER@s a resul the COR,,, of theEERC is better for highe
condenser temperatureSor example, as shown iFigure 5, the COR, is
23.46% at T= 50°C and becomes 31.97% ¢, = 55°C. This means that the
was a reduction ipower consumption (energy savs) of the splittype AC
due to the use of ajectoras an expansion device.

8.00 35
700 4 32.90 T+ 30
- 25
6.00 + 20 _
a S
O 5.00 T 15 =
© g
10 o~
4.00 + o
L 5 (@)
+ 4,94
3.00 L o
2.00 t } 1 } -5
35 40 45 50 55 60

Condenser temperature {C)

Figure 5 Variation of COP and COP improvement versus corgk
temperature (= 5°C, n, = 0.9 andyy = 0.8).

Figure 5 shows that th€OF,, increases relatively significantiyt condense
temperatures above 4C. Indeed, the improvement in the COP can r
31.97% at a condenser temperature ¢°C. These results indicate that thee
of an ejector aan expansion devi is effective for geographical areas thate
high outdoor aitemperaturs.

3.3  Effect of CondenserTemperature on R

Theoretically, the R value should be as high as possible in ordeolair
maximum COR,,. Howeve, the condition of (1é).xs = 1 must bdulfilled for
a realistic flow.As depicted in the Ph diagram Figure Zb), the compressc
work decreases when Ricreases, due to the enthalpy differenc,-h;) being
reduced. R is calculated b'Eqg. (7), and Rin the present study is constaing,
551.12 kPaThe iteration results obtained for variou; and T with different
condenser temperaturageshown in Table 1.
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Table 1 Variation R and E versus the condenser temperature, where B
°C, nn= 0.9 andh4=0.8.

T.(°C) 35 40 45 50 55
Ps (kPa) 573.18 582.34 59519  608.29 623.53
Ts (°C) 6.34 6.89 7.64 8.40 9.27

o

g

=

[72}

(2}

g

o | P=1534.3 kPa T.=45°C

2 2b

Wmmp

Weomp EERC standard cycle

G;: 6 Ts=7.65°C 1
- | / /Ta= 5°C ]

E = 7 ,,,,,, 1/1(()\4 ®
I, 4 9

- \

T,=4.69°C Specific enthalpy (h)

Figure 6 Ph diagram of the EERC (¥ 5°C, T, = 45°C, n, = 0.9 andyy = 0.8).

Figure 6 shows details of the EERC with=T45 °C, T = 5°C in a Ph diagram.
The temperature and pressure data were obtainedtebgtion using the
flowchart in Figure 3 and the data from Table 1détailed drawing of the
EERC in a Ph diagram is scarce in the literature.

4 Conclusions

It is a known fact that HC290 as drop-in substifoteHCFC22 can increase the
COP, and our numerical results have shown thatcephtent of the capillary
tube with an ejector as an expansion device in-gge air conditioners using
HC290 as a working fluid can further improve the EQhe improvement in
the COP showed a significant increase with an asein condenser
temperature. This indicates that the use of arnt@jes an expansion device in
split-type air conditioners is recommended for gapbical areas with high
outdoor air temperatures. The results of this stldg show that the decrement
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of the area ratio of the ejector is more influenbgdhe constant-area diameter
than by the motive nozzle diameter.
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Nomenclature Subscripts

a cross-sectional area fn c condenser
AR area ratio comp compressor
COP coefficient of performance disc discharge of
d diameter (m) compressor
h specific enthalpy (kJ/kg) dif diffuser

m mass flow rate of fluid (kg/s) e evaporator

P pressure (kPa) ej ejector

Pitt pressure lift ratio [ inlet

Q cooling capacity (kJ/kg) imp improvement
s specific entropy (kJ/kg.K) n nozzle

u fluid velocity (m/s) 0 outlet

W compressor work (kJ/kg) std standard

Nd diffuser efficiency suct suction of

Mn nozzle efficiency compressor
p fluid density (kg/m)

® entrainment ratio

X vapor quality
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