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In this study, thermal and exergy performance analyses for an air conditioner split unit (ACSU) operating with R-
161 were analysed under different Iraq climatic conditions to change the recently worked refrigerants R-134a
and R-22. Thermal and exergy analyses were performed under indoor and outdoor environmental temperatures
that varied from 30 °C to 55 °C and 17 °C to 27 °C, respectively. An analysis through thermal and exergy was
performed to guide the thermodynamic improvement for the ACSU. A comprehensive parametric study was also
conducted to investigate the effects of indoor and outdoor temperatures on performance and exergy destruction
in each component of the ACSU. The exergy destruction and flow of the compressors, condenser, evaporator and
expansion device were calculated to obtain the exergy efficiencies of the ACSU. The Engineering Equation Solver
software program was used to develop the ACSU and obtain the thermodynamic refrigerant properties. The
improvement of the total exergy efficiencies of the ACSU working with R-161 was found to be 8.6% more than
that of the ACSU working with R-22 or R-134a. Results indicated that the average enhancement of coefficient of
performance with R161 was 7.3% more than that when R-134a or R-22 was used under the same operating

conditions.

1. Introduction

Thermal energy analysis is a good method when investigating any
thermodynamic process. This method can improve the process and is
the source for developing the exergy analysis. Moreover, this method
discovers the energy utilised and consumed in the thermodynamic
process. The exergy analysis, which provides an accurate observation of
the thermodynamic process, is also based on the first and second laws of
thermodynamics. Thermodynamic processes in an actual vapour com-
pression refrigeration system (AVCRS) occur when the heat is rejected
and absorbed in the condenser and evaporator with the surroundings.

The irreversibility in an AVCRS is due to the temperature difference
between a system and the indoor or outdoor environment. The in-
creases of irreversibility in the AVCRS cause a low coefficient of per-
formance (COP). A thermal and exergy analysis must be applied to
determine the maximum COP. This step must be conducted due to the
evolution heat transfer loss and exergy destruction for all thermo-
dynamic processes.

The AVCRS is mainly incorporated in air conditioning units, such as
an air conditioner split unit (ACSU). Most important specified factors in
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thermal systems are the amount of energy consumed, refrigerant type,
size and cost. In this study, the problem of selecting the ACSU’s effec-
tiveness with a suitable refrigerant can be solved by applying thermal
analysis and exergy evaluation because the COP varies with the change
in the refrigerants.

The strict enforcement of the Kyoto and Montreal protocols [1] has
prevented manufacturers from producing HFC refrigerants, such as R-
22 and R134a, due to their high global warming potential (GWPs) and
ozone depletion potential (ODP). Novel replacement refrigerants should
have good properties, such as inflammable, environmentally friendly
and high COP. The refrigerant industry is trying to replace HFCs by
finding new refrigerants that have low ODP and GWPs and en-
vironmentally friendly. The alternative refrigerant fluoroethane (R-
161) has ODP = 0 and GWP = 4 (Table 1). Yang et al. [2] discussed the
limitations of the flammable R-161. The results show that the low
flammability of R-161 can be satisfied by decreasing the working
temperature, which varied from 55 °C to —5 °C. The principles of ex-
ergy analysis can be found in references [3-7]. Many researchers, such
as [8,9], have reported studies using an exergy analytical method for an
AVCRS. The research undertaken for alterative refrigerants is
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Nomenclature

Symbols

CR Compression ratio (-)

h Enthalpy (kJ/kg)

m Flow rate of mass (kg/sec)
s Entropy (kJ/kg.K)

T Temperature (°C)

T, Dead state temperature (°C)
Toup Superheat temperature (°C)
Towp Subcooling temperature (°C)
Toutdoor ~ Outdoor temperature (°C)

Tindoor Indoor temperature (°C)

p Pressure (kPa)

P, Dead state pressure 101.352 kPa
Qevap Capacity (kW)

Qcond Heat reject in condenser (kW)
x Dryness friction (-)

w Work of compressor (kJ/kg)
w Power of compressor (kW)
Subscripts

evap evaporator

cond condenser

comp compressor

d destruction

exp expansion

gen generation

l Liquid

v Vapor

exp Experimental

Greek Symbols

v Exergy (kW)

Waest Exergy destruction

Wrotal Total exergy destruction (kW)

Weomp Exergy destruction in compressor (kW)
Weond Exergy destruction in condenser (kW)
Wevap Exergy destruction in evaporator (kW)
Wex Exergy destruction in expansion (kW)
Nexergy Exergy efficiency (%)

Abbreviations

ACSU Air Conditioner Split Unit

AVCS actual vapor compression refrigeration system
COoP Coefficient of performance

GWP Global warming potential

ODP Ozone depletion potential

TR Ton refrigeration

summarised in Table 2. Previous investigations (i.e. from 2005 to 2020
[10-20]) have utilised alternative refrigerants to R22 and R134a in air
conditioning systems, such as R290, R502, R407C, R404A, R422A,
R410A, R417A, R417B, R123, R417A, R422A, R422D, R424A, HFO-
1234yf and HFO-1234ze.

Literature about the use of R-161 in ACSUs is scarce. Several studies
have reported the use of the refrigerant mixtures with R-161 (Table 2).
However, an analysis of the thermal and exergy with only R-161 is yet
to be reported. The literature review has provided thermal and exergy
analyses of AVCRS working with different refrigerants. However, the
investigation has focused on room air conditioning without considering
the indoor and outdoor temperatures. Meanwhile, minimal considera-
tion has been given to the examination of the energy performance and
exergy efficiency of ACSUs working in many different climatic condi-
tions. In this research, the thermal and exergy analysis for an ACSU
using R-161, as an alternative to R-22 and R-134a, is achieved for
different indoor and outdoor environmental temperatures. The outdoor
temperatures taken for the Iraq climate depend on the locations with
minimum and maximum temperatures recorded in 2019 (Table 3 and
Fig. 1). Software EES is used to solve the equations of thermal and
exergy analysis of all system components.

2. Model description

The AVCRS has four mechanical components. These components
include the compressor, condenser, evaporator and expansion device
(Fig. 2a with Table 4 showing the ACSU specification). The refrigerants
are fluids that absorb heat during evaporation. These refrigerants

Table 1
Thermodynamic properties of the refrigerants R22, R134a and R-161 [21-23].

provide a cooling effect during the phase change from liquid to vapour.
The refrigerant selection depends on the operating pressure and tem-
perature. Fig. 2b shows a pressure-enthalpy (P-h) diagram for an
AVCRS. In the P-h diagram, process (1-2) is the isentropic compression
in the compressor. Processes (2-2 s), (2 s-3) and (3-4) are desu-
perheating, condensation and subcooling in the condenser, respec-
tively. Process (4-5) shows isenthalpic throttling in the expansion de-
vice. Finally, processes (5-6) and (6-1) are evaporation and
superheating in the evaporator, respectively. The following are as-
sumed for the thermal and exergy analyses:

. The state operation is steady.
. The kinetic and potential energies are neglected.
. Heat losses to or from the environmental are negligible.
. The compression process is irreversible.
. The isentropic efficiency is changed with the compression ratio
(CR).
. The throttling processes are taken as constant enthalpy.
7. The vapour leaving the evaporator is superheating
(T, = Te + 10 °C) [48].
8. The liquid leaving the condenser is subcooling (T4 = T. — 10 °C)
[48].
9. The evaporator and condenser temperature change with the indoor
and outdoor temperatures (T = Tindoor 15 °C and
Te = Toutdoor + 15 °C). The indoor and outdoor temperatures range
from 17 °C to 27 °C and 30 °C to 55 °C, respectively [44 49].
10. The pressure drop in all compounds of the system is ignored.

g h wWwN

o)}

Refrigerants ~ Chemical Name Molecular weight kg/kmol  Critical temperature °C  Critical pressure kPa  Boiling temperature °C ~ ODP GWP Per 100 year
R-22 Chlorodifluoromethane  86.47 96.15 4990.00 -40.81 0.055 1810

R-134a Tetrafluoroethane 102 101.06 4059.3 —26.07 0 1430

R-161 Fluoroethane 48.06 102.2 5090 —37.6 0 4




Thermal Science and Engineering Progress 19 (2020) 100595

(98pd 1x2u UO panunU0)

‘paseandul st armeladurs) duvydsoune ay ], ‘Ajoandadsar
‘%G'¥C PUB %1 Ly Aq pasueyua a1e J0ssaxdurod oy jo A319xs pue ramod ayJ,

D, 9% 01 D, 0Z woij armjeradurd) drraydsounie ur ISeaIdUl ue [z+]
IIM SISBIDUT ID1AJP uolsuedxa pue 10ssa1durod ay) ur uondnnsap A319xa ay, wa)sAs Suruonipuod ire Jds zed - 910T
*A[AT0dsaI ‘0407 pue 9%/°g1 01 [enba Aduamoiys [1+]
£319%0 pue JOD SPAIIYIR 324> uone1adya1 uoissardwod mnodea payIpour ay], uonedrdde 19zaa1g 0624/04Td 2IMXIA 6102
‘uonjeradiija1 uorssardurod modea
UM J[24> sunjuey druedio pajeidajur oy ur dueuriojrad pood e sey g09y
“wAIsAs ) (@)9zyETTY pue
ur pakonsap A319%a [€101 ) JO Y/ € A[orewrxordde s1 anyea SIYJ, "I9SUSpPUOD uoneradiija1 uorssardurod modea TASHTAT ‘@JSHTY ‘@ISHTYH BJOSTY ©99€Ty ‘BTSTH [ov]
oY} ur SULLMI0 MY T°'H8 03 s[enba walsAs o) ur pakosop A319%a 10} Y], PIM I[AD sunjuey druedio pajeidajug - ‘TTASD ‘81EDY ‘209 ‘®T09Y ‘T109Y “©009Y ‘0094 8102
‘e TY 10J 2AnIRUI)[Ee pood B pue AOusnYJe A319Xd YIIm JOD AI1010BJSIIES [6€]
® SI9ZpETTH %8E + JAPETTH %TT + BHETY %O0b SIMXIW JueIaSLyal 3y, wa3sAs uorssaidwod modep epETY epETH PUB 9ZyEZTY JAVETTH 8102
*A[oA1I9dSaI ‘o4t T T PUR 0/Z'S 03 PaseaIdul aq ued 3urjoodqns ypm
ASuamdiys A819%3 pue JOD Y3 1y} MOYS SI[NsaI Y, ‘uoneradriyar uoissaiduwod [8¢€]
amodea 8uIj00dqns NOYIIM PUB YIIM SI[OLD 0M] UsamIaq uosireduro) $19Z321j—-10]e19311Jo1 dTIsawWoq B009Y/062d IMXIA 8102
‘WISAS 9} Ul UONINNSIP A319%d
Y31y a3 Jo 9SNeddq BHECTY 03 ANRUID)[E 19)39q B 10U SI JALST 1Y JueISiyoy [£€]
3 GOT pue 86 ‘16 JO sadreyd ssewr ayy 10J JALEZTY I8 JOD [ewndo ayL, u)sAs uoneIaSLIyal dNSAWoq epETY JApeTTd £L102
‘suonIpuod Sunerado aures JY) ISpun epg -y JURIDSLIAI I97eM [9€]
M Jey] URY) UONINISIP ASI9Xd JOMO[ B SeY 9ZL,gg Ty Sulsn wasAs oy,  YIIm PI[Iyd uorssardurod modea pajood 11y epeTyd AZHET T 9102
*ATuo 009y 3uisn 924> 3y yIIm paredwod eQOOU/06ZY INIXIUI Y} YIIM [sel
3unjIom Je 19)19q a1e AduspJe A319%a pue uonONNSIP A319%Xa [€10) ‘dOD YL *S19Z991J-101e19811Ja1 dTIsawoq - B009Y/062d IMXIA S102
D, GG pue D, O Usamlaq Surduer sainjeroduia) J9SUIPUOD
oy} 18 v.£0SY Sursn £q %€'0—%8'0 Aq saroxdur A>uamiyys A319%s YL,
‘'VbObd PUB 20SY 924> [v€] sisA[eue
Jo asoy) uey) Juetadriyal 3unjiom V0SY Yl Ul 19YS1y ST Wd)sAS a3 Jo dOD YL uoneradiyar uorssardurod modea [enjpy - V.40SH PUB VH0bY ‘T0SYH 8002 reuuayy pue A319xq
‘apowr dH Y3 Jopun
1By} URY) JOMO] %GZ-%ST SI J0jeraSLyal oy jo Junouwre a81eyd [ewndo ayJ,
-a8ueyd Adonus aanedsu e s1 apour JojeIadLIjal 3 Je Jey)
pue ‘93ueyd Adonua aanisod e st apouwr JH Y3 Iopun Junjiom Jossaiduiod ayJ, s10je1adija1 pue sdumd jesH - epOPY PUe g2y OL0vYd ‘BpE€TY 8102 [£€]
‘224 JO Jey) URY) JOMO[ PUR [[WS ST 06ZY IJULIISLIaI JO JOD YL 91245 uorssaxdwod amodea prepuels z2d 0624 102 [z€]
2009 %0t PUB 06CH %09 JO SIMXIW 3Y) IM PaASIYdE ST JOD Po03 ¥ SIOJRIDZLIAI DNISWO( epe1-d ®009-d PUe 062-4 10T [1€]
‘¢ Jo ey ueyy
191939 ST (9% ssew Aq G¥/S/0S) 062U/0LTTU/eHETY IMXIW 33 JO dOD YL
"0624 Pue 0£ZTH ‘BYETY ‘V6THY ‘VOIHY ‘VIELY ‘TTY Jo asoy) ueyy 12y3ry 0624 Pue 0471y ‘BYETY SAIMIXTW
%0T°C St (ssew £q S¥/S/0S) 062Y/0LTTd/BLETY IMXIW 93U} JO dOD YL suonedsrjdde 3uruonipuod Iy ccd pue 062y ‘0421 ‘ebETY ‘V6Ibd ‘VOIVY ‘VIEYY  L10T [0€]
‘229 Jo 1o} yim paredwod 960 Aerewrxordde
S1 (G2/SL) 0624 PUe LZTd Y} Jo dOD Jo d3e1uadiad ayj Ul uoneLIeA Y],
ced L10T
JO 9S01) 03 Ie[IUUIS 218 INIXIW Y} jo Ayoeded pue (YL/MY 86°0) Tomod ], I2UONIPUOD ITe MOPUIM 7Ty 0 ssewl Aq GZ/S/) 062 PUe 04ZTH JO SIMXIA [62] sisATeue [eULIDY],
‘wRIsAs a1} Jo Jusuoduwod yoea jo A319Xa dANR[RI A}
U0 1295 ue sey armeradurd) Jeayradns fewndo 9yl Jo adueyd Auy ‘siaourered 6102
J9SUSpUOD 3} U0 spuadop 924> uoneradLyal oY) Ul uonnqinsip A319x9 ayJ, 9[04> uone1asial [edNLgNS - suedoid [8z]
"2009Y YIIM SUDIOM USYM €10C
%S0°SP ST (MY S20°0) 101eI931IJoI DTISIWOP B UT UONINIISIP A3I9Xa [€10] B, J101e19811j31 dTIseWO( epETY ©009Y [22]
*A[oAT109dSa1 949°E PUR 9488 ‘0%9ZT UIYIIM UOTIONIISIP A319Xa 1) 2dNpax 12102
‘sarnjerodurd) J9[UI pue JISUSPUOD ‘sseur J2[ul ‘Ajpureu ‘siojourered 221y Y], 9[24> uoneIaSLIaI SpeISEI0INY - sueng [92]
*10ss91dUI0d ) UI SINDJ0 UONINNSIP A819%0 YSTH "9z4SZ 1Y pue
BHETY UIIM paure)qo a1 SauaYJe A3I19Xa 1eal1n "A[pusLly A[[RIUSUIUOIIAUS urd)sAs uoneradLyal uorssardurod modep S102
SI 1 9sNedq By E] 0] dATIRUId)[E pood e ST JALEZT-OdH Jueiadiyey s1ojerodeas om]J, epeTyd 9z €7 1Y PUe JAREZTY [s2]
‘poyour wryirIoSe 6002
onauad e Sursn £q 9,01°£g 03 s[enbs wa1sAs o Jo Adusmiyys A319%a Iy, 91245 uoneradLyal pue romod pauIquIo) - - [¥2] sisATeue A31oxq
JueIaSijar
s1nsay uonedrddy paoserdey JueIadLIjol SANRUINY ‘7o poyjau [ednAeuy

A. Lateef Tarish, et al.

‘SYDAYV 10 spoylaul [ednIAJeUR dY3 JO ATewrumg
¢ 9lqelL



A. Lateef Tarish,

Results

Application

Replaced
refrigerant

Alternative refrigerant

Ref.

Table 2 (continued)
Analytical method

et al.

when working with R1234yf compared with an air conditioning system using

The exergy efficiency, exergy destruction and entropy generation are better
R-134a.

Air conditioning system

R134a

R1234yf

2016 [43]

The COP of the split air conditioning system is higher in the R290 working

Split air conditioning system

R22

R290, R407C and R410A

2014 [44]

refrigerant than those of R407C and R410A under high ambient temperatures.

The result shows that R1234yf, R1234ze and R1233zd are good alternatives for

R134a and R410A.

Air conditioning system

R410A and
R134a

R1234yf, R1234ze and R1233zd

2020 [45]

Thermal Science and Engineering Progress 19 (2020) 100595

Table 3
Maximum and minimum environmental temperatures of the Iraq climatic
conditions for the summer season of 2019 [46,47].

Climatic region Basrah  Nasiriyah Baghdad Rutbah Kirkuk Mosul

max 48 °C 44 °C 42°C 38 °C 40 °C 41°C
min 32°C 26 °C 25°C 22°C 25°C 26 °C

A Dar
, Erbil

As Sqiayméniiah

o 4Bayl
A \Samarra'
1

\

T

ﬁoﬂdﬂ\ser fan

expansion
device

L T ] suctiontine

cooling load

Room

Fig. 2a. Split air conditioning unit.

Table 4

Specification of ACSU.
No. Compounds Specification
1 Compressor Rotary
2 Condenser Air cooled finned coil
3 Expansion device Capillary tube
4 Evaporator Air cooled finned coil
5 Capacity 7.032 kW

2.1. Thermal analysis

In this reversible process, the system and surroundings are returned
to their first states at the end of the thermodynamic process. The re-
versible process can be achieved if the work and heat of the system are
not exchanged with the surroundings. All real processes, such as
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Fig. 2b. Pressure - enthalpy diagram.

AVCRS, are irreversible because heat is transferred across the com-
pressor, condenser, evaporator and pipe of the cycle [50]. After the
assumptions of the first law of thermodynamics are applied (Eq. [1]) in
the ACSU analysis, the expression is as follows:

2 2 . .
%:Zm(h+kET+gz)—Zr‘n(h+k%+gz)+Q+W.

out (1)
Compressor
The power of compressor equals: W = m(h, — hy) o)
The CR of compressor is equal to CR = PC"“d,
Pevap (23.)
The isontropic compreesor efficiency 7, = hys — h1,
h, — hy (2b)

The empirical efficiency is calculated as [51] : 7, = 1 — 0.05CR, (20)

where the enthalpy can be found as h; = function (P, and T;) and
hys = function (P. and hy).
Condenser

The rate of heat rejected in the condenser Q;, = m(h, — hy), 3)

where hy = function (P. and hy).
Expansion device

The throttling process is constant enthalpyh, = hs, ()
where hs = hy, and hy = function (P, and Tj,).

Evaporator
Qevap = (hs — hs), Qevap = m(hg — hs), 5)
where the capacity of the ACSU is Qevap = 7.032 kW [44], and hg = function
(P and hy).

COP

The COP is defined as the amount of cooling effect per unit work
provided, and it can be expressed as follows:

COP = Qeyap/W. 6

2.2. Exergy analysis

Exergy is the maximum available work that can be extracted from a
system when it undergoes a process from its initial state to the state in
equilibrium with its environment. Exergy is not a thermodynamic
property. The exergy value depends on the states of the system and its
environment. The power consumed by the AVCRS is always greater
than that in the equivalent reversible one, and the difference is called
exergy destruction or lost work. The exergy destruction is a part of the
input power that is not converted into energy due to the irreversible

Thermal Science and Engineering Progress 19 (2020) 100595

effect inside the ACSU. The exergy destruction can be obtained by
computing the rate of entropy generation (Sgen) [52]. The entropy
generation and the work for a steady flow process are expressed ac-
cording to the second law of thermodynamics [53]:

6. 29SS Qg
Sgen =@ ; T % ms E ms > 0, -

w
d S T,) . _
=SE-T+ D, (1 - —)Q + D tii(he — To. 8) —
dt i=0 Tl in

Z I'n(htot - To- S) - To- Sgen-
out (8)
Exergy is a measure of the potential of an ACSU to convert the work
as it undergoes a process from its original to a final state to ensure that
it achieves equilibrium with its surroundings. After the ACSU and sur-
roundings reach equilibrium, the ACSU will not change or be changed.
This condition is known as the system dead state, and it has an exergy of
zero. The dead state conditions for pressure P, = 101.325 kPa, tem-
perature T, = Toudoor and friction dryer x, = 0. The enthalpy and
entropy are as follows: h, and s, = function (refrigerant, T, and x,).
The exergy expressions for the points in the ACSU are as follows:

%% = ho — (Toso), (8a)
U =hy — (Tps) — %, (8b)
U, = hy — (Tosy) — %, (8¢c)
W = hy — (Tys3) — Y, (8d)
W, = hy — (Tosy) — %, (8e)
W5 = hs — (Tpss) — ¥, (8f)
¥ = he — (Tose) — Yo (88)

Compression processes 1 to 2: the rates of exergy destruction and
efficiency of the compressor are as follows [54]:

lIIdest,ccomp = (lyl - lpz) + W =mT, (SZ _Sl>’ 9

-
ndest,comp = % X 100%. (ga)

Condensation processes 2 to 4: the rates of exergy destruction and
efficiency of the condenser are as follows:

lI"dest,(:ond = (‘yz - \P4) = Tosgen,cond (1 0)
where the rate of entropy generation Sgen = m{(sz —s3) + Qeona_ .
outdoor
(10b)
Qcond(1 - Tz:qd)
= X 100%.
Taesteond = by — by — To(ss — 5] (10¢)

Expansion processes 4 to 5: the rates of exergy destruction and
efficiency of the throttling are as follows:

lIJdest:,exp = (¥ — W) = mTy(ss — s4), an
Wy
ndest,exp = _i % 100%. (11a)

Evaporation processes 5 to 6: the rates of exergy destruction and
efficiency of the evaporator are as follows:

lIIdest,evap = - %) = Tosgen,evap, (12)
: Qevap
S =(Ss—Ss)—[—,

een ’I}ndoor (1 221)
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To — Tind
Qevap ( indoor )

Tindoor

Ndest,evap = (hs — hg — To(ss — S6)

X 100%.
The total exergy destruction is as follows:
LIJdest,mtal = ‘Pdest,comp + LI]desl,mnd +“pdest,exp+\Pdest,evap

or'%est total = W — Phow

. T,
The flow exergy: ¥ow = Qevap [70 - 1].

indoor

The total efficiency: 7geg total

= 7'}niest,cnmp + 7')Aiest,(:ond + 7’]dest,exp + 77dest,evz\p'
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2.75 T

(12b)

(13)

(13a)

(13b)

—0—COPyg (present study) ® COPeyp 161

COPexp,134a

2.5F —~—COP34, (presentstudy) 4

Teona=55°C |

(14) -6 -4

A mathematical model was established for performing the thermal

and exergy analysis of the ACSU by using EES programming software.

Fig. 3 shows the flowchart for the EES solution procedure.

START

v

Input data: Capacity=2TR, Tingoor» Toutdoors
T T 115 “C, TS a9 €, Pevapa
Peona, Te=T—10 °C and T=T.+10 °C

L/
v

v

¥

Calculation: find the exergy

v

¥

Variation: parametric table

v

Variation: parametric table

— Indoor temperatures from 17 °C to 27 °C with a
fixed outdoor temperature of 30 °C
— Indoor temperatures from 17 °C to 27 °C with a
fixed outdoor temperature of 55 °C

—> Iterative refrigerants: R-22,

Calculation: find the enthalpy and entropy for all
points of cycle in Fig. 2-b

Calculation of the thermal energy: find the
compressor power and efficiency, CR,
refrigeration effect, mass flow rata, heat reject in
the condenser and COP by using Equations (1)—(6)

in Fig. 2-b by using Equations (8a)—(8g)

Calculation of the exergy destruction and
efficiency: find the compressor, condenser,
expansion, evaporator and total exergy by using
Equations (8)-(13)

— Outdoor temperatures from 30 °C to 55 °C with a
fixed indoor temperature of 17 °C
— Outdoor temperatures from 30 °C to 55 °C with a
fixed indoor temperature of 27 °C

-2 0 2 4 6 8 10 12
Evaporator temperature °C

Fig. 4. Validation of this study with the experimental data.

R-134a and R-161 <«
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Fig. 3. Flowchart of the EES solution procedure.

Plotting of the
temperatures from 30 °C to 55 °C with compressor
power, refrigeration effect, heat reject in the
condenser and COP

of the
temperatures from 17 °C to 27 °C with compressor
power, refrigeration effect, heat reject in the
condenser and COP

Plotting  of
temperatures from 30 °C to 55 °C with exergy
destruction and efficiency for the compressor,
condenser, expansion, evaporator and total exergy
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|
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!

thermal results: indoor

}
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Plotting of the exergy results: indoor temperatures
from 17 °C to 27 °C with exergy destruction and
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expansion, evaporator and total exergy

|
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3. Results and discussion
3.1. Validations

The effect of the condenser and evaporation temperature on the
COP for R161 and R-134a is validated using the experimental data of
AVCRS from Kalpesh et al. [55] to evaluate the accuracy of the results
of this research (Fig. 4). The operating conditions’ refrigeration capa-
city equals 2 TR, and the condenser temperature is 55 °C. The predic-
tion of the COP in this study is slightly higher than that of the experi-
ment results. The deviation between the compression results was
because of the assumed constant thermal properties. Overall, the results
for the present research have achieved good agreement with the ex-
perimental reading.

3.2. Effect of indoor and outdoor temperatures on the thermal performance
The COP, power of compressor and heat rejection in the condenser,
as functions of the outdoor temperature, are illustrated in Fig. 5a. Any

change in the outdoor temperature causes an increase in the condenser

Table 5
Thermal results of all compounds of the ACSU.
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Thermal results

Compound of ACSU Constant outdoor temperature = 45 °C

Indoor temperatures

Constant indoor temperature = 17 °C
Outdoor temperatures

R-134a 17 °C 19°C 21°C 23 °C 25°C 27 °C 30 °C 35°C 40 °C 45°C 50 °C 55°C
Compressor * 2.789 2.582 2.394 2.221 2.063 1.916 1.658 1.976 2.348 2.789 3.324 3.984
Condenser * 9.521 9.322 9.142 8.977 8.827 8.688 8.498 8.787 9.123 9.521 10 10.59
Evaporator ® 128.3 129.4 130.6 131.7 132.8 133.9 150.8 143.4 135.9 128.3 120.5 112.6
CR [-] 5.345 4.98 4.646 4.338 4.056 3.796 3.686 4.188 4.74 5.345 6.006 6.728
Mass flow © 0.0555 0.05502 0.05454 0.05407 0.05362 0.05317 0.04723 0.04966 0.0524 0.05552 0.0591 0.0632
COP [-] 2.553 2.758 2.975 3.206 3.452 3.716 4.295 3.604 3.034 2.553 2.143 1.788
R-22

Compressor * 2.628 2.455 2.294 2.144 2.004 1.872 1.627 1.917 2.248 2.628 3.071 3.596
Condenser * 10.44 10.21 10 9.804 9.62 9.447 9.153 9.524 9.948 10.44 11.01 11.69
Evaporator ® 142.6 143.3 144 144.7 145.4 146 162.6 156 149.4 142.6 135.6 128.5
CR [-] 4.57 4.288 4.028 3.788 3.565 3.358 3.255 3.657 4.095 4.57 5.084 5.641
Mass flow © 0.0499 0.0497 0.04946 0.04922 0.04899 0.04877 0.04381 0.04565 0.04768 0.04996 0.05252 0.0554
COP [-] 2.71 2.902 3.105 3.322 3.554 3.804 4.378 3.714 3.168 2.71 2.319 1.98
R-161

Compressor ? 2.583 2.411 2.252 2.104 1.966 1.837 1.604 1.889 2.212 2.583 3.014 3.523
Condenser * 9.371 9.205 9.053 8.911 8.779 8.656 8.471 8.734 9.031 9.371 9.763 10.22
Evaporator ® 265.5 266.9 268.3 269.7 271 272.4 301.8 289.9 277.8 265.5 253 240.3
CR [-] 4.648 4.359 4.092 3.845 3.616 3.404 3.299 3.711 4.16 4.648 5.178 5.753
Mass flow © 0.0268 0.02668 0.02654 0.02641 0.02628 0.02615 0.0236 0.02457 0.02564 0.02682 0.02815 0.0296
COP [-] 2.757 2.954 3.162 3.384 3.622 3.877 4.441 3.771 3.22 2.757 2.363 2.022

Where * = kW, ® = kJ/kg, ¢ = kg/s.
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temperatures due to T, = Toudoor + 15. The latent heat of condensa-
tion and COP decreased in all selective refrigerants at a constant indoor
temperature of 17 °C. R-134a had a low COP, whereas R-161 had a
slightly higher performance than R-22. This phenomenon is due to the
higher refrigeration effect of R-161 than the other, and the compressor
power is lower. The maximum outdoor temperature of the Iraqi climate
(Table 3) ranges from 35 °C to 45 °C. The use of R-161 provides a more
acceptable COP compared with those of R-22 or R-134a (Table 5). The
compressor power and heat rejected in the condenser were positively
affected with the increase in the outdoor temperatures at the indoor
temperature of 17 °C. Fig. 5b shows that a slight effect on the
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Fig. 8a. Outdoor temperature and condenser exergy destruction and efficiency;
the indoor temperatures are 17 °C for refrigerants R-134a and R-22 and 27 °C
for R-161.

compressor power and heat rejection was observed at the indoor tem-
perature of 27 °C due to the increase in the temperature of the eva-
porator from — 1 °C to 12 °C and the increase in the CR, thereby re-
ducing the required mass flow rate of refrigerants. The objective of a
condenser in an ACSU is to dissipate heat; therefore, a low COP is ob-
tained when the dissipated heat (11 kW for 134a, 10.5 kW for R-22 and
R-161) is high at the operating conditions of the outdoor and indoor
temperatures of 55 °C and 17 °C, respectively. Figs. 6a and 6b show the
variation of COP, power and heat rejected with the indoor temperature.
The COP increased from 4.2 to 6.5 at a constant outdoor temperature
and capacity of the ACSU with the increase in the indoor temperature
from 16 °C to 27 °C. Moreover, the power and heat rejected were re-
duced. Refrigerant R134a had the highest compressor power (3.1 kW at
an outdoor temperature of 55 °C) amongst all the selected refrigerants,
and R-161 and R22 had equal values (Fig. 6¢). The indoor temperature
in the air conditioned area was maintained between 22 °C and 24 °C for
a good refrigeration effect of the ACSU in the Iraq climatic conditions.
This temperature within the comfort zone of the Iraqi environments is
generally designated as the indoor design dry bulb temperature. The
outdoor temperatures within the range between the lower limit of 38 °C
and upper limit of 48 °C have been recorded in the summertime in a
number of Iraqi cities (Table 3). The result shows a maximum re-
frigeration effect (3.877 kJ/kg) in the ACSU when the system was
working with R-161.

3.3. Exergy efficiency and destruction

3.3.1. Compressor

The outdoor temperature affects the condenser temperatures, dis-
charge temperatures and CR and the power consumed by the com-
pressor. The stability point of the system changes with the increase in
the outdoor temperature. This effect on the exergy destruction of the
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Table 6
Exergy destruction for all compounds of ACSU.
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Exergy destruction (kW)

Compound of ACSU Constant outdoor temperature = 45 °C

Indoor temperatures

Constant indoor temperature = 17 °C
Outdoor temperatures

R-134a 17 °C 19°C 21°C 23°C 25°C 27 °C 30°C 35°C 40 °C 45 °C 50 °C 55°C
Compressor 0.6707 0.5802 0.503 0.4369 0.3801 0.331 0.2765 0.3739 0.5018 0.6707 0.8956 1.198
Condenser 0.4962 0.4787 0.4638 04,508 0.4394 0.4293 0.435 0.4467 0.469 0.496 0.531 0.5798
Expansion 0.4195 0.3836 0.3501 0.3187 0.2893 0.2619 0.1691 0.2343 0.3165 0.4195 0.5483 0.7096
Evaporator 0.4251 0.4192 0.4133 0.4076 0.402 0.3965 0.4051 0.4118 0.4184 0.4251 0.4318 0.4385
R-22
Compressor 0.5112 0.4503 0.3971 0.3505 0.3095 0.2735 0.2291 0.3017 0.394 0.5112 0.6611 0.8537
Condenser 0.569 0.5468 0.5271 0.5095 0.4937 0.4794 0.4755 0.5002 0.5308 0.569 0.6173 0.679
Expansion 0.3662 0.338 0.3114 0.2863 0.2627 0.2404 0.1559 0.2117 0.281 0.3662 0.4707 0.599
Evaporator 0.4258 0.4198 0.4139 0.4082 0.4026 0.3971 0.4057 0.4124 0.4191 0.4258 0.4325 0.4392
R-161
Compressor 0.5178 0.4553 0.4008 0.3533 0.3116 0.2749 0.2309 0.3047 0.3985 0.5178 0.6703 0.8663
Condenser 0.543 0.5234 0.5056 0.4897 0.4755 0.4627 0.4628 0.4842 0.5106 0.5436 0.5851 0.6378
Expansion 0.3433 0.3161 0.2904 0.2662 0.2435 0.222 0.1454 0.1982 0.2634 0.3433 0.4407 0.5591
Evaporator 0.4261 0.4202 0.4145 0.4089 0.4034 0.398 0.406 0.4127 0.4194 0.4261 0.4328 0.4395
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Fig. 8b. Indoor temperature and condenser exergy destruction and efficiency;
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for R-161.
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Fig. 9a. Outdoor temperature and expansion device exergy destruction and
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compressor is shown in Fig. 7a. A high exergy destruction (0.6707 kW)
occurs in the compressor working with R-134a (Fig. 7b) under an in-
door temperature of 16 °C to 27 °C because of the increase in suction
and discharge temperature. The exergy efficiency of the compressor
decreased to 70% for R-134a and approximately equalled 75% for R-
161 and R-22 with the increase in the outdoor temperature from 30 °C
to 55 °C. This result is due to the increase in the entropy generation and
degree of superheating of the vapour refrigerant outlet compressor. The
improvement in exergy efficiency of the compressor is approximately
22.3% because R-161 is replaced in the ACSU. The result shows that the

Tindoor (°C)

Fig. 9b. Indoor temperature and expansion device exergy destruction and ef-
ficiency; the outdoor temperatures are 30 °C for refrigerants R-134a and R-22
and 55 °C for R-161.
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Fig. 10a. Outdoor temperature and evaporator exergy destruction and effi-
ciency; the indoor temperatures are 17 °C for refrigerants R-134a and R-22 and
27 °C for R-161.

maximum exergy destruction occurred in the compressor amongst the
components of the ACSU, which is similar to that in reference [8].

3.3.2. Condenser

Fig. 8a demonstrates that the entropy generation within the con-
denser increased with the increase in the outdoor temperature, thereby
leading to increased destruction exergy and low condenser efficiency.
This result is due to the low mass flow rate of the refrigerant and the
increase in condensing temperature in all the refrigerants. Refrigerant
R-161 had the lowest exergy destruction amongst the selective re-
frigerants, and R-134a had the highest value (Table 6). Fig. 8b shows
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22 and 27 °C for R-161.

that the condenser exergy destruction in all refrigerants decreased with
the increase in the indoor temperature. This phenomenon was because
of the high temperature difference between the outdoor temperature
and the refrigerant in the condenser. The optimum condensing tem-
perature under the Iraq conditions is approximately 40 °C because this
value can provide good exergy efficiency. In the low outdoor tem-
perature, the exergy destruction in each refrigerant decreases. How-
ever, the exergy destruction increased in the low indoor temperature.
The results show that the exergy destruction is high in refrigerants R-22
(0.6173 kW), R-161 (0.585 kW) and R-134a (0.531 kW) when the
outdoor temperature increased to 50 °C. This result is attributed to the
great difference between the outdoor temperature and the refrigerant.
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The ACSU should be operated within the outdoor temperature of
30 °C-45 °C to obtain a good exergy destruction in the condenser.

3.3.3. Expansion device

The exergy destruction in the expansion device increased with the
increase in the outdoor temperature increased (Fig. 9a). The ACSU
working with R-134a had the highest exergy destruction, whereas R-
161 showed the lowest value (Table 6). The exergy efficiency decreased
with the increase in the outdoor temperature but increased when the
indoor temperature increased (Fig. 9b). This increase resulted in an
irreversibility and increase in the pressure difference between the inlet
and the outlet of the expansion device. In this study, the CR varied from
3.6 to 6.7, 3.2 to 5.6 and 3.2 to 5.7 for R-134a, R-22 and R-161, re-
spectively. The result shows the minimised exergy destruction occurred
in the expansion device, out of all the ACSU components, due to the
adiabatic expansion process. The R-161 showed a good performance
according to the energy and exergy destruction of the ACSU. The exergy
efficiency of R-161 increased from 8% to 11% with the increase in the
indoor temperature. The indoor temperature varied from 16 °C to 27 °C
(Fig. 9b).

3.3.4. Evaporator

Figs. 10a and 10b demonstrate that the outdoor temperature in-
creases with a constant indoor temperature of 17 °C or 27 °C. The effect
of exergy destruction is very small (between 0.38 kW and 0.42 kW) for
all refrigerants. This phenomenon is due to the constant evaporator
temperature along the evaporation process and the small effect of
dryness fraction at the evaporator inlet. The change of indoor tem-
perature has a 10% effect on the exergy efficiency. Exergy destruction
increases with the decrease in the temperature of the evaporator. This
phenomenon occurs because the heat transfer between the indoor space
and the refrigerant decreases with the decrease in the evaporator
temperature. Accordingly, the refrigerating effect and mass flow rate
decrease; thus, the exergy destruction increases. In the low outdoor
temperature, the exergy destruction for each refrigerant remains
roughly the same. The results show that the entropy generation is lower
in the evaporator than that in the condenser. This result is attributed to
the refrigerant that undergoes an almost isothermal heat addition
process during the phase change in the evaporator with a relatively
small temperature difference between the evaporator and the indoor
space.

3.4. Flow and total exergy

The variations of the outdoor temperature in the ACSU with flow
exergy, which showed no change in all refrigerants, are shown in
Fig. 11a. The change of the total exergy destruction is lowest for R-161
(2.1 kW), followed by R-22 and R-134a. The exergy flow in all working
refrigerants does not change with the indoor and outdoor temperatures
(Fig. 11b) because the capacity of the ACSU remains constant (2 TR).
The exergy flow is positive with the indoor and outdoor temperature
change. The results of the indoor and outdoor temperatures with total
exergy destruction could be explained by the temperature difference
between the inlet to the condenser temperature and the outlet from the
evaporator. The high condenser temperature and pressure resulted in a
great refrigerant mass flow rate and increased total exergy destruction.

4. Conclusions

The following effects were observed when refrigerants R-22 and R-
134a of the ACSU were replaced with the new R-161:

— The increase in the outdoor temperature reduced the COP of the
ACSU to 58.5% for R-134a, followed by 54.6% for R-22 and 54.5%
for R-161. When the indoor temperature was reduced from 27 °C to
17 °C, the COP decreased to 31.4% (R-134a), followed by 29% (R-
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22) and 28.1% (R-161).

— The increase in the outdoor temperature reduced the volumetric
efficiency. Accordingly, the mass flow rate delivered by the com-
pressor increased the compressor power to 3.98 kW (R-134a), fol-
lowed by 3.59 and 3.52 kW for R-22 and R-161, respectively.

The increased indoor temperature reduced the CR. Consequently,
the mass flow rate outlet from the compressor decreased to 0.53 kg/
s (R-134a), followed by 0.048 and 0.026 kg/s for R-22 and R-161,
respectively.

The exergy efficiencies of the condenser and compressor improved
by 7.3% and 9.1%, respectively.

The exergy efficiency of the ACSU was improved by 4.3%.

The exergy destruction in the compressor was reduced by 7.4%.
The exergy destruction in the condenser was increased by 9.2%.
The varying indoor temperatures had a slight effect on the exergy

flow for all tested refrigerants.

Exergy destruction strongly depended on the indoor and outdoor

temperatures.

— The ACSU with R-161 had the lowest exergy destruction and highest
exergy efficiency compared with other refrigerants. Therefore, this
refrigerant can be selected as an alternative to R-22 and R134a for
Iraq climatic conditions.
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