CHAPTER 2

Literature Review

This chapter attempts a comprehensive survey of reported studics related to CO:
refrigeration systems and its development. Focus is on introduction of major cycle components
and reported modifications in cycle configurations seeking performance improvement including,

INternal heat  exchanger, ¢jector, work recovery expander, dedicated sub-cooler, flooded

¢vaporator and twin-staging, cascading. The state of art of CO: refrigeration in supermarket
application is discussed and the research gap areas are identified.

The literature review covers more than hundred research papers published between 1993

and 2018 in various reputed journals such as International Journals of Refrigeration, Applied

Thermal Engineering, Energy Conversion and Management, Applied Energy, Energy,

Intemational Journal of Heat and Mass Transfer, ASHRAE transactions, HVAC&R Research,

and conference proceedings namely IR, ASHRAE, Atmosphere and IRAC for last 20 years.

2.1 CO; trans-critical refrigeration system background
CO: was introduced as refrigerant in 1870s, but due to lack of adequate technology, the
Coefficient of performance (COP) was low. Subsequent development of synthetic refrigerants

With high COP like CFCs in 1930 and HCFCs in 1940s led to almost disappearance of CO-

based systems. In 1992. Lorentzen revived CO, as a refrigerant through a trans-critical

i ished by th
Wlomotive i conditioning (Lorentzen 1994). The work was highly accomplished by the

rig d ft. d to many developments in

ref Cration research community as well as industry an thereafter, led to man

Wi i fficient COz2 systems
'de range of applications Researchers aré trying to design new and more €

b )
y ble"dmg old concepts with state of the art technology-
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A typical vapor compression trans-critical COz2 cycle is shown in Fig. 2.1. Evaporation
(4-1) takes place at sub critical pressure like other conventional vapor compression systems and
heat rejection may take place at supercritical pressure (2-3) when the ambient is high, owing to
its low critical temperature of 31.3°C. Thus, in high ambient operation, the cycle operates partly

subcritical (Jlow pressure side) and partly supercritical (high pressure side).
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Fig. 2.1 Typical Ideal Trans-critical CO2 Refrigeration Cycle
In supercritical heat rejection, no saturation point exists, consequently, the gas cooler
Pressure jg independent of the refrigerant temperature at the gas cooler exist (state 3). Pettersen
(1994) reported that the gas cooler pressure s an influencing parameter due to the s-shape of the
Sotherm in supercritical region. Since the throttling valve inlet condition determines the specific
refrigeration effect, it is necessary to control the high side pressure for optimal operations.
Furthe, there is additional challenge for tropical regions to operate trans-critical CO2 based
Systemg under tight control of pressure t0 obtain effective heat rejection in the gas coolers.
Cvera] authors |ike Kauf (1999), Sarkar et al. (2004), Cabello et al., (2008), Yang et al., (2015),

Sarkar and Joshi (2016), Gullo et al. (2016b), Hazarika et al., (2018) and Shao et al., (2018) had
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eported importance and methodology of achieving optimization of cycle performance with
respect to gas cooler pressure.

2.2 Major components of CO; refrigeration cycle

The major components of the system are compressor, gas cooler, expansion device and

evaporator. Due to trans-critical operation as well as unique properties of COz2, design of system

an e .
d the components are ditlerent compared to conventional vapor systems. The components are

also subjected to high pressure, which necessitates a special attention for material selection and

design. The compatibility of components 10 each other as well as maintenance and safety

as . C . .
surance are other critical issues to note in the COz system.

221 C ompressor

Forsterling et al. (2002) reported experimental investigation of trans-critical CO2

compressor for mobile A/C systems. The compressor as well as the whole refrigeration system

for mobile air conditioning demands for compact design. Thus, two different compressor

designs, pressure controlled reciprocating type and pressure & path-controlled swash plate type

Were tested, and it was concluded that the latter is more efficient. Kim et al. (2004) conducted a

COmparative study for several compressor designs including scroll, two stage twin rotary and

tWo-cylinder reciprocating compressor for CO2 compression and reported scroll compressor to

be better, They also reported that due t0 high density of CO», the compressors design is compact
COmpared to other refrigerants. Minetto et al. (2005) reported that the ratio of compressor’s

displacement volume is one of the most prominent factors affecting the COP and recommended

timization of the cycle performance, when the

the
use of varying swept volume compressor for op

(2006) investigated Voorhees modified

ambi
nt temperature is varying. Lambers and Kohler
$SOrs are based on the “multi-effect”

Co
2 .
COmpressors using indicator diagram- Voorhees compre
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principle or ¢ o AR
ple or economizer principle. It was reported that by mapping with indicator diagram, the

requipd . e . . . 5
ed compressor capacity may be estimated for a desired application. Rigola et al. (2006)

compared perfi
C ¢ o & . 2ed 1 N e M A .
performance of a semi-hermetic and a hermetic CO2 compressor against conventional

R134
a compress Al investi . - .
pressor. In all investigated cases, performance of CO> semi hermetic compressor was

found bette .
etter. Jover et al. (2007) investigated CO2 compressors for light commercial applications.

They i
lnlrod < > el M : ] M
uced a new design for reciprocating compressor with reduced compressor volume.

Neto .
and Barbosa (2009) investigated phase change and volumetric flow behavior and mixing of

CO-a
2and ‘L . - . . e
synthetic lubricant oil in compressor. The motivation of the study 1s from observed high

mutu s NP . . . .
al solubility of CO- and lubricating oil used in compressor and possible property change of

Oil as w v .
ell as refrigerant due to the same. They utilized two commonly used synthetic lubricants,

nam
ely, polyolester 1SO 68 and an alkylbenzene ISO 32 and these were tested at temperatures

285
,298, 308, 328 and 348 K. The experimental results obtained were used 0 predict refrigerant

Solubility ; .. . .
bility in oil, its liquid density and barotropic behavior with reasonable accuracy. Lee and

La
M (2013) reported a comparative study of various generalized modelling approaches for scroll

o
Mpressors. The constant polytropic efficiency approach (CPE) was found to be better for

a o
PProximating the performance of the scroll CO2 compressors. Kurtulus et al. (2014) proposed

nt oil-free CO2 compress

h converts reciprocating to rotary

and te .
sted a novel positive-displaceme or. The oil-free compressor uses

the S :
anderson rocker arm motion mechanism (S-RAM), whic
mot; . - .

tion. They reported overall isentropic efficiency of maximum 75.66% and minimum of

or. Zhang €t al. (2016) reported investigation on a single

e displacement. They reported that

54.550
70 for the tested oil free compress

and a two stage CO2 compressors developed with sam
rms of isentropic and volumetric

Sing| .
gle stage CO, compressor depicted better performance 1N te
s the performance of both single

effic;
le _ .
Ny at lower pressure ratios while at higher pressure ratio
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stage and d
ou > ¢ » oo . R . .
ble stage compressors were similar. Further, the superheat was found to have no

Slgnlﬁca IRy - . .
nt effect on the performance of either type of compressors. Wang et al. (2018)

investigated stress def : .
g stress deformations of a COz scroll compressor using commercial software. They

reported th:
a or the ¢ : .
t under the combined load of pressure as well as temperature, the maximum stress

and defo i .
rmation was observed in the center of the gear head.

2 N -
2.2.2 Gas Cooler

Pettersen et al. (1998) investigated compact heat exchangers for CO2 A/C systems. They

reported highe -
ed higher overall efliciency for micro-channel-based heat exchangers. Problems like

refri ’era et . . ~
gerant distribution in evaporator manifolds and heat transfer tubes were found to be less

signify . ~ -
Icant. Park and Hmjak (2004) studied the effect of gas cooler size on system performance.

The
r . : .
Y reported that about 80% of the total gas cooler capacity was covered in the first pass or the

inlet .
Part of the gas cooler. As a result, while the first tube 15 Very hot and participates in

Con\/e : . . . .

ctive heat loss to ambient air, the rest have much lower contribution, reducing effective

conve - . . . -
ction. Aimed at establishing a database for designers, Hwang et al. (2005) investigated fin

and
tbe type gas cooler for two different ambient conditions (29.4°C & 35°C). They also

re
Ported that gas cooler capacity was higher at ambient temperature of 29.4°C than at 35°C. Park

ossible heat conduction between the tubes

and Hmi .
mjak (2007) investigated the adverse eftect of p

y cutting some fins, when the conduction

8as cooler and concluded that it could be reduced b
is Sion; . .
'8nificantly high. They also demonstrated up t0 3.9% improvement in gas cooler capacity by

2009) investigated air cooled finned tube

Cuttip
8 some of the fins strategically. G€ and Cropper (

angements Were tested and they reported

Co,

8as coolers. In their work three different circuit arr

tha o o
! the performance can be improved by increasing the qumber of circuit. But In their work

nsidered. Sarkar et al. (2010b) reported

effEC
to
£ fan power and system performance were not €O

19



experi et o . .
perimental investigations on water cooled gas cooler for simultancous heating and cooling

application . o N N | .
pplication in Indian climatic conditions. They reported that the system COP increases with

inCre i . ] . N . . . .
ase in mass flow rate of water in coaxial gas coolers. However, this work is limited to a

Sin ) N . . . .
gle set of environmental conditions. Gupta and Dasgupta (2010) reported simulation based

perfi .o . .. ) . .
ormance evaluation of air cooled finned tube gas coolers in Indian context. They carried out

Sim [ - - . . . .
ulations to see the sensitivity of the gas cooler pertormance against the variation in operating

tem . .
perature, pressure, air velocity and various other physical design parameters. Fronk and

d theoretical work on compact micro channel

Gari
mella (2010) reported both experimental an

Water cooled CQ» gas cooler. They also addressed optimization of the model. Yu et al. (2012)

de -~ ..
veloped a tube in tube heat exchanger model applicable for supercritical CO2 and water. In

lhei 5 ] ) )
'work, effect of inlet pressure on variation of heat (ransfer rate was found to be prominent.

Sanche; . . .
Achez et al. (201 2) investigated coaxial gas cooler using finite element modeling, taking water

mating the CO2 heat convection coefficient

as cool . .
ant. In their study several correlations for estl

hay :
© been studied 1o aid selection of the best fits and influence of the various parameters on gas

perimemal study to investigate the

C00|e

F thermal effectiveness. Yu et al. (2014) conducted €X

pe od
rlomance and heat transfer process in tube in tube counter flow heat exchanger. They report

eudo critical region due to

that ¢,
¢ local heat transfer rate of heat exchanger peaks near the ps

fastic rige of specific heat. Zhang et al. (2015) investigated mixed convection heat transfer in
“UPercrit : i ts of
Percriticg) CO, flowing vertically upwards in a helically coiled tube. The coupling effects 0
¢ ; i investigated
bquan(:y force, centrifugal force, and variations in the phys:cal properties were in g
pbutions along the circumference.

o d |
eterm: . .
Mine the temperature and heat transfer coefficient distr
timization of finned tube gas

Gy
Pta

ind Dasgupta (2014) reported simulation and performance op .
and proposed some design

o . [ndian context
for trans-critical CO, refrigeration system 11 Indian con
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guidelines for ambicent temperature within range 30°C to 55°C. Ge et al. (2015) studied both

lum - . : . s
ped and distributed models for an air-cooled CO2 gas cooler. The effect ol coil sizes and pipe

arrang e . . . . . . .
gements on system performance was cevaluated. To maintain a fixed cooling capacity at

various ambje . . . :
us ambient conditions, necessary conditions for a larger size gas cooler was suggested.

M ini . . . . ~
arcinichen et al. (2016) presented investigation focusing on reducing the volume of CO: gas

cool i o e e : .
er leading 10 reduction in charge of refrigerant in circuil. They reported up to maximum of

14% rodietinm i . . o _ ]
° reduction in charge of refrigerant in casce of adoption of proposed optimized design of gas

Coo . . . . -
ler. Rossetti et al. (2018) reported numerical investigation on CO- finned tube gas cooler

us' 1 . . o~ ~ . . . .
g equivalence modelling. They reported three dimensional effects of the air maldistribution

on th i
9 € temperature, heat transfer coeflicient and cooling power:
S 22 3

<3 Expansion valve/Capillary tube

7

The basic device for ¢xpansion in a CO> refrigeration system is a manual or electronic

ex . . .-
Pansion valves. Capillary tubes are also well suited for small capacity applications. Casson et

al, . . :
(2003) proposed expansion system with differential valve, liquid receiver and a thermostatic
V LX B4 - .
alve, Their simulation results highlighted self-adjusting capability even at temperature variation
of ) _ :
the secondary fluid. One of the early paper investigating capillary tubes for expansion process

y Madsen et al. (2005). Various lengths and

CO: based refrigeration system was b

di .

AMmeters of capillary tubes were tested. They reported that capillary tubes were advantageous

v es not
N the €Vvaporation temperature is constant and that the gas cooler outlet temperature does

al investigation on

dey; .
Viate much from design condition. Huang et al. (2007) presented experiment

of downstream line of safety valve and

®Xpang;
Nsig Yy :
N valve. They recommended avoiding oversiz€

in downstream line. Agarwal and

in )

Sta“atlon f ; . .. electricity
8 of device to eliminate static €

h

ped to evaluate performance of

att
Aeharya (2008) presented a steady state model develo
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capillary tubes for simultancous i i ’
ultancous heating and cooling system. The system performance was

be marginally improved with a capillary tube at higher gas cooler exist temperature.

c'ln soalengots - . . .
¢ for selection of optimum capillary wbe size was also reported. Wang ct al. (2012)

develo
cd b 5C > . . . . .
ped a separated flow model of coiled adiabatic capillary tubes. The results helped

formulat;
Ula[m y N .. . . . « e
g modified friction factor for better and reasonable predictions. Assessment of

commo
n C 2]t . - . . . L.
orrelations for calculating mass flow rate through capillary tubes in trans-critical

Cycles v . . . .
vas done by Cecchinato et al. (2009). They replaced the expansion valve with capillary

tubes for hi
0 . . . .
r high pressure application, 10 optimally respond to changes In gas cooler heat sink

lempe L. )
Perature. Capillary tubes of various diameters were experimentally investigated under wide
gn. Da Silva et al. (2009)

fange of . :
Finlet pressures and temperatures 10 obtain a more reliable desi

through adiabatic capillary tubes. They

Publish
e . i . ..
d a study on expansion of trans-critical CO2
inVes :

Uigated the effect of operating conditions and the tube geometry on the CO2 mass flow rate.

early similar to the subcritical capillary tube

The
Y concluded that the trans-critical COz2 flow is

itical point. Da Silva et al. (2011) also

flow.
S, e y . .. -
xcept for the regions in the vicinity of the cr
repo - .. : .
ned investigation on diabatic capillary tubes for (rans-critical refrigeration cycle. They

ry on the COs heat and mass flow

Studieq
the effect of operating conditions and the tube geomet

rate was presented and validated

l‘a[es F
) u - -

rther, a mathematical model for predicting mass flow
mental and computed values of

Apa;

82Inst experimental data, and a good agreement between experi
Mass flow rates was claimed with error margin pelow 10%. In addition, the model could estimate
the Suction line outlet temperature within +3°C accuracy- They also concluded that, the heat
exchanger dimensions and its position played 2 dominant role on the heat flux. Trinchieri et al.,
014) i"VeStigated three capillary tubes of various lengths tO optimize the dimensions of tube
arge optimization, it

fo
jate re frigerant ch

e “0oling | : i ropr
g load. They also claimed that with approP
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was pos ?
sible to opti il
ima e ccam e 1
p lly utilize capillary tubes as expansion device even for a large range of

operating conditi
onditions. Back ¢t : . .
s. Back et al. (2013) investigated control method of gas cooler pressure using

electroni
IC expansi ralve B .
pansion valve (EEV) and outdoor tan speed. Hou ct al. (2014a) investigated mass

flow
rate char: isti
acteristics of supereritics ' | i
i .supc.rt.nlu.al CO-> flowing through an electronic cxpansion valve

(EEV). Th
y reported that it is possible for the systems 10 have both choked and non-choked

flow d
ue 1o the i
L ln > . - .
fluence of outlet pressure of EEV on the mass flow rate. In the same year

another syyq
b o e e
y by Hou et al. (2014b) was reported highlighting influcnce of EEV opening on the
System -
performance. . ) .
ance. They reported that EEV opening has profound eftect on the discharge from

the ¢
ompressor
and subsequently on gas cooler outlet pressurc. Song et al. (2017) reported

trans-critical refrigeration system. They

INVestigar:

r Stigation on adaptability of a capillary in 2 CO:

€ported ( .

o ¢d COP of system with capillary to lic in range from 82% to 98% in relative to system with

o ) (onsequemly, they suggested to adopt capillary in CO2 refrigeration system which is
Pler in construction, low cost and non-controller in comparison 1o EEV. The eftect of inlet

Presg
ure as
well as temperature, outlet pressure. EEV flow area as well as geometry on the CO:

Liu et al. (2018). They concluded that

OWw ra .
te characteristics in EEV was investigated by

is significant and cannot be neglected.

the ;
influen
ce of
¢ of needle degree on the CO- mass flow rate
mass flow rate through

The
Y alSQ d
eveloped mathematical relation t0 accurately predict the CO2

t&. E‘

2001), Elbel and Hrnjak (2004) ete. took early

Man
Y researchers like Kim and Bullard (
y conducted analytical study

Initigy;
Ve
fo © focus on evaporator for COa trans-critical system. The
T difg ) :
erent design of evaporators. Kim and Bullard (2001) developed 2 detailed finite volume
obile air conditioning system and

Moq
el fo
ra .
multi-slab micro-channel evaporator for a CO2m
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validated the 0
¢ model for a two-slab prototype cvaporator to study air side phenomena such as the

effects of ¢ N o
condensate and inclination angle. Kim et al. (2004) reported that the overall size

required for ( .
o \ micro-ch: ‘ o ‘
r CO> micro-channel evaporator with louvered fins is less than that of an R134a

CVapOm[ol_ g R ) ) . ' '
. To avoid maldistribution of the two-phase flow In micro-channel of the evaporator,

Elbel -
and Hmjak (2004) proposed a flash gas by pass system. Cho and Kim (2007)

experime . . ) o
ntally investigated in tube evaporation heal wransfer characteristics and reported that the

average he :
ge heat transfer coefficient improvement for micro fin tube was better compared to the

Smoot . . § ‘
h tube. Onaka et al. (2010) investigated dimethyl ether and CO» mixture as refrigerant for

-C . ) .
ritical cycle. They reported that in tube cvaporation heat wransfer coeflicient decreased

With . _ N
ncrease in COa volume fraction. Jin et al. (2011) developed and validated finite volume

frigerant side

mOde - . .
Effects of selecting various re

| for - :
the CO2 mobile air conditioning system.
heay
transf; - ;
nsfer and pressure drop models on the performance of evaporators were discussed. Fang

Clal, N .
(2013) reviewed and analyzed 34 existing correlations (heat transfer coeflicient) using 2956

“XPerimental data points and reported discrepancy in the existing correlations. Patino et al.
(2014) gig comparative analysis of a COz evaporator model using two approaches, one of them
umiZi"g Classical empirical correlations approach and other using flow patter mapping
APproach They reported that flow pattern mapping approach to be better. yamasaki et al. (2017)

rator. They reported that for ultra-

CXperj
me 1 1 . .

Ntally investigated CO: dry ice behavior in an €vapo
essary to prevent down-stream

tem .
Perature application, adoption of swirl promoters is nec

blo
Ckage of e channel.
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23CO
) refrigerati
igeration system performance enhancement

231 Inter
nternal heat exchanger (1HX)

IIIL (,("" (&4 . (i h, s v Nl ~ l ( N ‘ )d
p [

llL.Ln‘(l) 3) .
ge

HUmbCr ..
of investigati
1gations subseque
subsequently have been reported on CO- refrigeration cycle with [HX

which j
iInclude b
oth theoretical as i T
retical as well as cxpcnmenlal study. The key parameters investigated
e

include Je
:ngth of IHX. eflecti .
X. effectiveness of THX and effect of IHX on overall cycle efficiency. IHX

8uara
nlees S
uperheate
t-‘(i V' I > (™ M .
apor at the compressor inlet. Further, In sub-critical mode of operation

sures th
at refriger: . TS
gerant enters in liquid state o the expansion valve. Two prominent and

C()mpe .
ting eff
ects are associate A .
associated with introduction of an IHX in the cycle, which critically aftects

the cycle e

fesuling inplorformancc. Firstly, it enhances proportion of liquid at the inlet of evaporator,

SUperheat ) lh‘"Crease in specific cooling capacity. Secondly, it contributes towards increasing

inCreaSe ] ¢ I‘OW-pressurc side, which lcads to higher compressor discharge temperature and

COmpressor ‘Specmc power consumption. However, with increase in suction temperature at
Inlet, the refrigerant mass flow rate in the circuit reduces as reported by Domanski et

al, (l
(1994) g
. OC
we et al., (2001) experimentally investigated CO2 refrigeration cycle with IHX

for mopj. .-

basic c;:ea'::londitioning application. They reported up t0 25% improvement in COP over the

analmca“y ' e effect of IHX length on the performance of COa refrigeration cycle was
investigated by Rozhentsev and Wang, (2001). Liu et al- (2005) experimentally

n air conditioning system. They reported that

inve .
Stigat
ed a
CO: automotive direct expansio
e and high side pressure.

syste
M COP g i
is highly sensitive to [ubricant property refrigerant charg

ffect of electronic €Xp
m of 9.1% and 11.9%

Cho etal,
ansion valve (EEV)and

» (200 ,
7) experimentally investigated the €

On th
e
performance of IHX cycle: They reported 2 maximu
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hn roveme . . B . ‘ . ‘
provement in COP and refrigeration cflect, respectively. Cabello et al., (2008) presented

rcSUI[S fr CX | . . . ~ . . .
om an experimental evaluation ot a single stage CO2 refrigeration cycle equipped with

IHX f
r warm climate. They reported that under-estimation of the optimal gas cooler pressure

[ends lo a | |
reduce the energy efliciency at considerably higher rate compared to over-estimation of

gas CO : -5 ~ .o . . .
oler pressure. An experimental investigation of trans-critical COz2 spilt-system with IHX

for re ide H .
sidential air conditioning was reported by Apred and Maiorino (2008). The authors reported

iNCrease in (- | |
case in COP due to IHX. Aprea and Maiorino (2009) also compared the performance of the

Smne . . }
system with sub-critical R134a refrigeration system. They reported that development of

robust . ‘
control system for the gas cooler heat rejection pressure are necessary for success of large

SCale <n; ‘ ‘ | | |
© SPilt systems, Rigola ct al., (2010) extensively studied the eflect of adoption of IHX in the

basic -

c . , .

C0: eycle using an experimentally validated numerical model. They reported improvement

in perf; . .
Performance of cycle with IHX and that the extent of improvement tends to increase with

incre - o . e :

aS¢ in ambient temperature.  An cxpcrimemal investigation of CO- residential air

Conditjop; e
dmOnmg system with IHX was reported by Tao et al., (2010a). In their investigation, the

effec . . » i
tof inlet conditions at gas cooler side and the evaporator setting were found to be the main

n COP within the range of

f"ﬂuencing Parameters. They reported up 10 6% improvement i
"Vestigation, In another study by Tao et al., (2010b), exergetic analysis Was reported based o
experimemal data. They observed about 30.7% of the total exergy loss in gas cooler, which is
maximum among components, while, the minimum Wwas 39, occuring in IHX. Sanchez €t al,

ters on the compressor superheat.

(20]0

) : |
expenmema“y investigated effect of operating parame
increase in discharge pressure

€y 1 - .
cPorted that the extent of superheat tends to increase with
, (201 1) expe

ted the

a rimentally investiga

nd g
€Cre .
aSe in evaporator temperature. Torrella et al.

e performance of CO2

Fof i re on the
“Vaporator temperature as well as ambient temperatu
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trans-critj .
ical refrigerati . )
geration cycle having THX. They reported that the energy cfliciency of th
e

cycle with IH
X tends to rise with rise i
ds 1o rise with rise in ambient temperature. A maximum of 12% rise in COP

was re
corded fo .
ram » » apee o
bient temperature 34°C at cvaporator temperature of -15°C. Aprea et al

(20]3)
presented an expen
n experiment based comparative study of exergetic performance of R134a

system vy
saCO- syste re i
» system. The system performance with R 134a was reported better for the range

lent tempe .
ra » aetiere of e of .
perature investigated (20°C to 45 (). Further, 1t was reported that irrespective of

the fly;
uid, IHX ;i
’ is able to : e .
able to augment the exergetic efficiency of the system. De Carvalho et al.

(
em equipped with IHX.

2015) ; :
- ) investigated a two-stage variable capacity CO- refrigeration syst
€y s .
Satisfa:oggemfd that for a wide range of compressor speed, a cycle without IHX operates
reporteq :: with a single combination of refrigerant charge and expansion restriction. It was also
(2016) . at the cycle with IHX performs better only at lower compressor speed. Singh et al.,
ported that a system with IHX has lower mass flow rate and perform better, especially

(2017)

presented a simulation based study

% high ambje
nt temperature. ltuna-Yudonago €l al.,

r variable boundary conditions for

on the
ehav' . .
iour of IHX in a COa refrigeration cycle unde

at, the transient period is much

both
Steady
sta .
high te and transient state operations. They reported th
i
er Whe
n ; ) . .
the inlet temperature is lower and that the transient period 1S ‘nversely proportional

10 the
th .
€rmal effectiveness of the IHX.

232
Eector expansion
An e
¢ . epe : : 1
Jector-expansion device can effect significant reduction 1N expansion losses of the

2014 a&b). L ported experimental

aQCt
rans_c ..
y ritical cycle (Ahammed et al.,  and Groll (2006) r€
y to
e , »
. Valuate ejector as an expansion device in trans-critical cycle. They constructed 2
athe
Matic
al model to investigate the effect of €Jecor design parameters on the sysiel

al Control Unit (ECU). They

Pe
()rma
Nce . .
for application in U.S. Military Environment
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concluded that . )
system with cjector has about 1% higher COP and 9.5% higher cooling capacit
: ity

over the basi
asic trans-critical svs
ritical system. Drescher et al. (2007) experimentally investigated CO: trans

critical g
Syslcn] usi .
sing ¢jec e v A . e
g cjector as expansion device. They reported reduction in operating pressure

and im
pl'O\'Canl . .
n pe aNee : . .
performance. Liu and Groll (2008) designed and constructed a controllable

ejCCIOr
€xpansio i
n dCV M & < 3 ‘ . el . .
ice for a trans-critical CO:2 experimental air conditioning system. They

report
ed ()pl'
imum value of di: . . .
lue of diameter for the ¢jector mouve nozzle throat and the mixing section

The
y also ¢
LO“CIud > . . - -
ed that the suction nozzle cfficiency depends on the suction nozzle inlet

Pressur,
¢ and cjec
to b e T iy e . . .
) r throat arca. The possibility of overcoming throttling losses by introducing

ejector in
the basic cve
asic cycle was explored by Elbel and Hmjak, (2008). Their prototype ejector

Could
recover
up t . . . -
p 0 14.5% of the throttling 10ss¢s- An experimental study on trans-critical CO2

(2009). The authors claimed

bas
ed two
phase eje . .
e ejector system was reported by Masafumi et al.

that th
¢ perfo .
rmance of the cycle is significantly influenced by its operating temperature and

re. Funh
er, they reported substantial improvement in COP over the basic cycle using

pic Homogenous Equilibrium (IHE) two-

ejeC[o
r. In th
e .
same year, an investigation on an Isentro
a et al. in 2009. They

phaSe
Supersonj .
sonic flow of CO through ejector Was reported by NakagaW

ed ¢ . .

oth hat the decompression phenomenon and the THE solution in nozzle were 2 function of
inlet te

Mmperature and divergence angle of the diffuser: Nakagawa et al. (2011) investigated

performance of system equipped with

the ef
fect of miy:
IHx mixing length of the two-phase gjector on the
. The
Y reported that mixing length plays @ vital role on system performance. COP

hrough the optimized mixing length.

imp
r()ve
Ment
over conventional system Was demonstrated t

It
alSO
0
bserved that, improper sizing of mixing length can even lowe

r the COP. Lee €t al.

s expansion device. They reported

(2()1
1) i
nVe . .
stigated air conditioning system using ejector 2

1 S 0/0
n attempt towards

enhan
cement in performance of the system. Liu et al- (2012) reported 2
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enhan
cement of
of the Y
performance )
ance of the syste i
! m equipped with i i
variable frequen
Cy compressor

I(- Lchl T
Q . J i ats 1
1 3 1 i
hd g

’ l . i Q - M
1

exit a .
nd mix;j
IXIng secti
g section entry 1S
is about 3 umes ixi
. s the mixing sectio I
) n diameter Banasiak
. siak et al. (2012)

n & xi"‘r » v l . N . . ~ M 4
d nu b .

1 d' OnL‘(l.l|| » R TRPTY ~
1 L']s‘i("l‘l i I » y

Obtaj
ined a
nd the ¢j
¢jector efticienc .
efficiency was found to be dependent on the mixer length and th
e

4+ aS “/()ll
as on Ih(‘ (l- 1 N » > l) 0,
lt]ub > >reenc i i Vv

Syste
m W'
ith a
conventional ex .
ional expansion valve was reported. Lucas and Kochler (2012)

inve .
Sllgal
ed tra :
ns-critical C :
0> cycle using ejector as an expansion device. They studied system

perf;
orm
ance
at various i
us lnle Tt . e .
{ conditions of ¢jector fora range of evaporator and gas cooler outlet

with an ejector efficiency of 22%.

lem
Perature
S
and reported 17% improvement in COP
0> and R134a in

AWrence anq

Wo-phase eje::lbel (2014) reported a comparative study of performance of C

ejectors i Co. or cycle for automotive air conditioning applications. They concluded that,

Teason for the ;.Cyde are more eftective than in R134a cycle. They also discussed the possible
ifference in ejector performances petween the two refrigerants. Lee et al. (2014)

jo greater than 0.76 and

im
pr()v'
1sed th
C same .
system using ejector having an entrainment rat
trol strategy for ejector

fepo
Ited
€nhan
cement in perform
ance. They also suggested a con

8eratig
N system. Li

. Liu et al. (2016) examined simultaneous heating and cooling performance
wed that the cycle could be operated

0
an g4
Jector expans;i
lo ., "
n CO, trans-critical system: They sho

%
uency according to

timg
lly b
Y adjusti
justing the ejector internal geometry and the compressor freq

ing
(2017) rep ntal investigation

001.
and
. mperatures. Zheng and Deng orted experime
NS-critical CO, ej . _ _ ' .
2 gjector expansion refrigeration system equ1pped with two stage
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¢vaporatj
tion. Ad i
. option of tw P
0 stage evaporato 1
g2 r lead to improve i
ement in COP as well i
as cooling

lll CﬂbC ’ i 1 I I« [ c
. l ()t vad l'lb]C ¢ i

change i
g¢1n cooli
00 )
ling load of the evaporators

2.3.3 W()rk recos

ery expander

l he (:()n » ..
C(.p[ )l Inco - M ~ .
l d O '\ A J e
0 X

Wwas
Proposed by Lorent
qntzen (1994). Therealte
(1994). Thereafier, many researchers have investigated the expander

tech
nolog
y both th :
eoretically ¢ el .
ly and upcnmcnlally. reviews on the same can be found in literature

er can be recovered and

(Zhang ¢ 4,
a, 2016). Work from expand

2013: Si
ilizeg 013; Singh and Dasgupt
Zed eithe
rby cou ] ] 1
pling with the compressor drive shaft using a suitable mechanical linkage or

by
8€nerat;
llng e] ..
cetricit .
y out of expander work, which then may be indirectly used to compensate

for
e
Power demand of the cycle

He
Quack
(1999) i . .
9) introduced a free piston expander which had full pressure expansion

ation
and the
y termed 1 3 ;
secong g ed it as first-generation expander. The design was further improved to
€neration f;
on free pi . .
piston expanders incorporating a cylinder connected with double rocker

arm .
(Nick] ¢ o
' tage expansion together with

pander with three S

, 2002). A third-generation €X
n the year 2005, system was

, (2003). |
| between the second

One "
tage
COmpreSS|On was .
presented by Nick! et al.
and third

her
Modifie
d by i .
y incorporating a liquid-vapor separator vesse

Slage
the COP of the system

of ex
panSio .
TOgress; n (Nickl et al., 2005). With improvement in cycle,
vely im
proved. Baek et al. (2005) investigated 3 piston-cylinder work producing
vement in system performance by using expander

®Xpang;
nslon
. dev'
Ice and demonstrated 10% impro
e. Riha et al. (2006

n
) investigated
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safe operation. Peng et al. (2006) tested and validated the design of a slider-based free piston
expander, in which the slider was utilized to control the expander inlet and outlet flow. The
experimental studies showed that the isentropic efficiency of the expander could reach up to
62%. Further investigation showed that the design lacked robustness, which resulted in serious
vibration problem at higher frequencies. Fukuta et al. (2006a) reported experimental
investigation on a scroll type work recovery expander. They developed expander using scroll

compressor for a water heater. It was reported that leakage reduces the volumetric efficiency of

Such systems and a maximum of 55% system efficiency was achieved. In the same year, Fukuta

€t al. (2006b) reported design of a vane type work recovery expander to drive a secondary vane

'YPe compressor. An intercooler between a first-stage compressor and a second-stage compressor

Was also provided which reduced the second-stage compressor work. Operating characteristics of

the Combined expander and compressor unit was determined. Zeng et al. (2007) tested a rolling

Piston expander and reported that the P-V curve agrees with experimental results and they also

“Mphasized the importance of expansion ratio as it affects systems performance. Yang et al.

(2008), developed and investigated a vane type expander for the trans-critical cycle. They found

'hat the leakage through the seal arc was about 41% of the total leakage and that the other
leakages were mainly associated with the end surface gaps and the vanes. They also measured
Yolumetric efficiency of the expander at various speeds and concluded that the same increases
With increase in rpm. Fukuta et al. (2008) reported CO2 trans-critical expansion process through
YaNe expander including detailed investigation on inflection points using single piston expander
“dUipped wig, glass windows. The inflection point is that where the expansion process enters
"W-phase region. They concluded that it takes relatively long time for inflection or there is delay

" ow initial expansion temperature. The

ash qupi . . rl
during trans-critical expansion process fo
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performance of the vane expander and expansion process was investigated further by Fukuta et

al. (2009). The authors reported that the prototype of vane expander had large leakage loss and

the performance could be improved by supplying a vane back pressure. Yang et al. (2009a)

introduced springs in the vane slots to ensure tighter contact between the vane and the cylinder
wall. They also introduced seal arc to reduce the leakage from the inlet port to the outlet port.
The new design lead to increase in volumetric and isentropic efficiencies, however, introduced

more vibration. Later, Yang et al. (2009b) investigated the vane dynamics to understand the vane

movement and the contact conditions between vane tip and the cylinder wall. They concluded

that the centrifugal force was much lower than the gas force and that the same had little influence

on the vane movement in the slots. They identified that the impact of the charging gas on the

vanes nearer the suction port was responsible for the loss of contact between vanes and surface

of cylinder wall, which in turn necessitated further investigation of the suction port design. To

Overcome vane movement problem, Jia et al. (2011) introduced high pressure gas at the bottom

of the vane slots as support. This neutralized impact of the charging gas, also the adverse effects

of vibration and friction losses were avoided, which was prominent in the spring loaded design.

Tian e 4, (2012) reported a leakage test conducted on rolling piston expander and concluded

that the lubricant film thickness plays an important role in estimating the leakage. They included

four classic leakage models for study and concluded that the laminar leakage model is the one

MOost suitable for present application. Fukuta et al. (2013) investigated expansion process in
so monitored heat transfer coefficients within

detail by utilizing a high-speed camera. They al

in two phase region. A black-out phenomenon

€X . 2l
Pansion chamber with a range 2-7 kW m ’K

i i i, (201
s 'eported near the critical point during expansion process. Subiantoro and Ooi, (2013)
Pfesemed an economic analysis in favor of adoption of work recovery expander In a basic vapor
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compression cycle. They reported that expanders are suitable for CO2 based cycles and have a
relatively short payback period. Local electricity tarift and isentropic efliciency of work recovery
expander are reported to be the two most prominent factors affecting the payback period. In the

year 2014, a small capacity device with reciprocating piston type expander was examined by

Fukuta et al., (2014). The authors concluded that the supply and discharge of refrigerant by

reciprocating motion of the piston and the expander can be driven and operated with a small flow

rate. Hou et al. (2014c¢) designed and tested a micro-turbo expander having refrigeration capacity

of IS kW. Their study showed that replacing the throttle valve with an expander can decrease the

exergy loss and improve the COP. Liu et al., (2017) investigated six different two-stage CO2

lrans-critical refrigeration configurations equipped with work recovery expander. Configuration

With two-stage expander and intercooling was reported to be better in terms of performance and

¢quipment selection.

2.3.4 Dedicated sub-cooling

Installing a separate dedicated sub cooler, which provides sub-cooling of the high

'*mperature CO, coming out from the gas cooler of the basic COs cycle is also a prominent

Modification, Schoenfield et al. (2012) investigated CO2 irans-critical refrigeration system with

thermoelectric sub-cooler. They claimed substantial improvement in refrigeration capacity and

Overall cycle COP. Sarkar (2013) analytically investigated CO2 trans-critical refrigeration system

. : o
®quipped with thermo-electric sub-cooler. He reported 25.6% improvement in COP and 15.4%

eduction in operating gas cooler pressure. Llopis et al., (2015a) theoretically investigated

i i . rted
*doption of dedicated mechanical sub-cooler in a CO> refrigeration system. They reporte

improvement in cooling capacity. In the next

"eximum of 20, improvement in COP and 28.8%

evaluated the performance of CO> refrigeration cycle

ye .
o, Llopis et al, (2016) experimentally
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wi : . - . .
ith and without mechanical sub-cooler and confirmed the improvement in both COP and

ooling capacity. Bush et al., (2017) reported transient behaviour of CO:> refrigeration system

with dedicated mechanical sub-cooler through analytical study. Llopis et al, (2018) has

presented comprehensive review on sub-cooling technologies applied especially to the CO>

refrigeration system,

2.3.5 Flooded evaporator

The concept of flooded evaporator essentially ensures optimal use of heat transfer area

and has been explored by many researchers o improve the evaporator performance. Aganda et

al., (2000) observed that conventional evaporators do not permit optimal use of heat transfer area

and a part of evaporator is always dominated by single phase vapour flow. The situation

i .
Mproves when a flooded evaporator is used, it ensures wet region throughout the flow passage

leading to substantial increase in heat transfer. This also enables the system t0 be operated at a

higher evaporation temperature. Precise control of refrigerant mass flow through the evaporator

i , - -
% also possible without using expensive electronic expansion valves (EEV) in flooded

“Vaporator configuration. However, a flooded system needs an additional pump or a two-phase
€jector 1o recirculate the refrigerant. A trans-critical CO2 system with flooded multi-evaporator
And ejector system was investigated by Minetto €t al. (2014). Performance of this system was
“OMmpared with dry-expansion evaporator systems and substantial energy savings and smoother
Operation were claimed. Karampour and Sawalha (2018) presented elucidated study of practical
including adoption of liquid

im .
Plememat.on of various techniques t0 flood the CO2 evaporators,

.
J%etor, pump and 1HX.
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2.3.6 Dwin-staging

Twin-staging is commonly cmployed in refrigeration systems when there is a large

difference between evaporating and condensing temperatures. Although employing twin-staging

Increases the initial cost over single-stage systems, it alleviates a few practical problems and can

Save on total compressor work. In twin-stage compression, the refrigerant flows in series through

l - . . a -
WO or more compressors. Intermediate pressure 1S an important and critical parameter which

affects the performance of a twin-stage system. The performance of CO- systems is enhanced

considerably by adopting twin-staging as the pressure difference across the CO2 compressor is

large. Common variants of twin-stage cycles are two-stage compression inter-cooling cycle (IC),

Wo-stage flagh gas bypass cycle (FGB), wo-stage tlash inter-cooling cycle with flash gas

r :
Moval (FGI) and two-stage paralle] compression cycle (PC)-

Elbel ang Hrnjak (2004) compared conventional direct expansion (DX) system with flash gas

bypass (FGB) system experimentally. They reported improvement in both cooling capacity and

Cop by 9% and 7% respectively using a FGB system. Hwang et al. (2004) also investigated

Performance of CO» cycles with a two-stage compressor. Total four different cycle options were

. : with an
tested, these are: a basic cycle, a cycle with a suction line heat exchanger, a cycle wi

'Ntercooler, and 4 two-stage split cycle. It was reported that the two-stage spilt cycle, the cycle

ger shows 35%, 22% and 18%

With o
h Ntercooler and the cycle with suction line heat exchan
t 7.2°C evaporator temperature.

im .
Provemen respectively in COP, over the basic CO2 cycle a

i ing a parallel
Be (2004) reported a promising modification in CO2 system by incorporating 2 P

pressure vessel up to the gas

com i jate
Pressor for handling the vapour generated at the intermed
ental investigation, he observed improvement

r »
Pressure. Based on theoretical and experim
An experimental study on two stage trans-

N the .
Cycle COP over a wide range of operation-

35



critical CO- syste . o
0> system was reported by Cavallint et al. (2005). Experiments were conducted for

VﬂriouS as ¢ > . .
gas cooler outlet pressures, while keeping a few variables fixed like evaporator pressure,

¢vaporato "o :
r outlet superheating and gas cooler outlet temperature. For typical air conditioning

applicati . . . : :
on dependence of the system performance on investigated parameters was reported. Cho

¢t al. (2 vect: . . -
(2009) investigated the performance of a two-stage trans-critical CO> system with gas

injec(i(m . . .
. Improvement in performance of the two-stage system 1S reported due to gas injection

and lnl .
er- . . :
r-cooling. But at the same time, mass flow rate in the gas cooler Increases. Hence,

authorg . . .
Ors emphasized that in a gas injection cycle, optimum control by EEV is required. Sarkar

and . T .
Agrawal (2010a) presented a theoretical study and discussed optimization of parallel
com . . . .

Pression cycle. They reported that the parallel compression technique is more effective at

3% in cycle performance.

low
er e .
¢ rovement of up to 47

v L) . -
aporator temperature and claimed 1mp
Wan .
8 et al. (2011) investigated a cycle with two gas coolers and another cycle with an
inler . .
Cooler. They reported that performance of intercooler 18 better than that with double gas

“00ler model for the tested conditions. A two-stage compression COz cycle with high back
Pressure wag investigated by Qi et al. (2011). The high back pressure was useful to have better
brication and to lower the oil flow rate. It was concluded that fora two-stage compressor, there
®Xists an Optimum compression ratio for each suction pressure. Fabrication of a multipurpose test
"8 system was reported by Chesi et al (2012). 1t was equipped with two double stage
compressors, a multi tube-in-tube heat exchanger as gas cooler, an evaporator and a few EEVs.
The Motive was to evaluate the performance of IHX equipped with a passive load management
-stage compression, economizer,

Syste
m, ; :
Several layouts were investigated, that include mult

y also attempted t0 address some of the vital

ash v
a .
. POr by-pass and parallel compression- The
sign, correct choice of

lSsue‘
Sre . ; onent de
lated to overall plant design strategy including comP
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measuring |
g Instruments : :
ts and thermal management system. A trans-critical CO2 system using a

configuration of par:
of parallel compression with flash tank was investigated by Chesi et al., (2014)

They i
1solated 1}
¢ ar: MPre . . .
¢ parameters that influenced system performance in an actual cycle and

idenliﬁed
the conditions reautl . .
nditions required for a typical commercial refrigeration application. The CO»

refrigerat;
tion syst e feos -
ystem was tested sub critically and it was reported that if the heat exchanger was

desi
gned as .
d c > (> .
ondenser and operated as a gas-cooler, the energy performance of the

n subcritical and supercritical conditions (Sanchez

re[‘rige .
ratio . .
n plant could improve under certai

¢t al, 2014). Fa;
). Fazelpour and Morosuk, (2014) reported an exergo—economic analysis of CO2

lrans .
~Critical ¢ ac .
ycle. Based on their study, us¢ of economizer was suggested to be beneficial for

Wa : .
b ™ climatic operations. However, Sharma et al., (2014a) reported that the performance of CO2
00s
e ter system with parallel compressor was comparatively lower than that of R404A direct
Xpans;i
inp hsion system at higher ambient temperature. Eritschi et al. (2016) fabricated 2 fully
st

fumented test rig to compare the conventional carbon dioxide refrigeration machine (flash

ptimum intermediate pressure between

8as iniect:
. 'Njection) with parallel compressor. They reported 0
c ~50 bar for evaporation temperature above -10°C. They concluded that with increase in gas
00
) ler outlet temperature the parallel compressor system in CO> trans-critical cycle outperforms
e

COnventional system. Rahmati and Gheibi (2017) reported investigation on two-stage {rans-

y perspective, they

Critica]
C -
Oz refrigeration cycle with multi inter-cooler. Based on €Xerg

te in compressor. In a

"epory
ed max; X " .
aximum of about 31% exergy destruction ra ddition, adoption of

Xw
as re .
ported to be beneficial especially at clevated ambient.
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7 v
23.7 Cascading

In cascade -
* cO yurati .
nfiguration, low-GWP refrigerants such as R290, R1234ze(E) and R717
- n are

¢mployed i
in the prim: ircui
arv cire e O e
y circuit, while COz2 15 1n secondary circuit. The modification all
ows

ben .
efits n
terms of b
(& Ne* . .
th energy and environmental perspective as compared o conventional
iona

Systems. G
- Getu and Bansal (2 .
sal (2008) formulated a multivariate relation for NH¥/CO:2 cascade system

to estj
mate maxi
ximum COP : .
COP and optimal mass flow rate ratio of refrigerants in the primary circuit

10 the se
COnda one .
ry one. A NHv/CO:z cascade system was investigated by Bingming et al., (2009)

2 1n the low.
(&4 > e . . ~
r temperature side and 1t performance was found better than single or two

Slage PQP{
3 systems. Yam: ) _
s. Yamaguchi and Zhang (2009) constructed CO2 refrigeration system for a

novel applicati

’56.6";;)::3‘“0“. The proposed system could achieve refrigeration below the COz triple point of

. - Tt s)/sl‘em consisted of one trans-critical and another trans-triple point cycle arranged

in the Circ;.' hey found reasonable COP for investigated cases. Dry ice particles were also traced

e - 'lS. and owing to this problem, Y amaguchi et al. (2011), specifically investigated dry
ge in the CO:z solid-gas flow based cascade system. They also conducted visualization

Study 4]
quid CO- flowing in an expansion tube through 2 throttle needle valve. 1

t was

at to . . .
prevent sedimentation of dry Ic€, the system needs to be operated at heating

.20°C. Rezayan and Behbahaninia

DOWer

above 9

(20] 1) 00 W and condensation temperature above
report

ed that the performance of NH3/CO: cascade system is influenced by condensing

condensing temperature of cascade

ten]
Peratu]_
e
of NHs, evaporating temperature of CO2
An experimental setup on NH3/CO2

nsel‘ and
approach temperature of cascade condenser-
Seara (2011). They

Dopazo and F ernandez-

cascad
€ syste .
m was designed and built as reported by
wo-stage NH3 solution.

guration OVeT the t

fepo
Tted
Pt .
0 19.5 % higher COP for cascaded confi
plate freezer of the same

Fems
emandeZ-
freezing process in

Se
ara et al. (2012) investigated the
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y lB"l- ll C ‘] (1 .(l . M M M : .
\\'dS Oll( u LY b TS e > > > tY

conventi
onal refrige
crants. Da Silva et ¢
g ts. Da Silva et al. (2012) explored a cascade refrigeration system fi
or

Sllpe a
m l'k(.‘,[ ap 1 :
pllClelO The > (
n. “‘IL)’ wmparcd the pcrlormancc Of the cascade systcm with direct
C

¢Xpansion
Systcm 51 y . : .~
using conventional refrigerants, R404A and R22 employed in the higl
1-

pressu :
re side. Th
. They observed reduction i >
y erved reduction in refrigerant charge and electric energy consumption for

the c
ascade s
ystem. A cascade sys .
cascade system (R1342/CO2) was also investigated to operate at low

tion temper: .
perature for commercial applications by Sanz-Kock et al. (2014) The

perme]
ance or lh
e svstem was analy: . .
ystem was analyzcd by observing compressor performance, cooling capacity

- It wag
l'e », . ) . . . -
- ported that COa as refrigerant 1 well suited for low temperature application.
getal (20
* I 5 > 3, . . . . ~
) reported an investigation on the performance of CO~/propanc auto-cascade

refl‘ige
rator. Th .
. e fond o £ . . .
y utilized a fractionation heat exchanger (FHEX) to improve the separation

efﬂcien
¢y of CO»
» and propane. The FHEX handles both phase separation and heat exchange

perform better at all investigated

prOCess
€s. It
was concluded that the cycle with FHEX

ctly proportional to the CO2 mass

conditi
ons. Th
ey further reported that cycle performance is dire

saffa et al. (2016) conducted

Ow
rat .
€ and inversely t :
y to the cooling water temperaturc. Mo

eXer
gOec()n .
omi . . . .
¢ and environmental analyses for tWo different NH3/CO: cascaded refrigeration
th a flash intercooler. They

System
S, the fi .
irst one equipped with two flash tanks and the second Wi

options. Sanchez et al. (2017) reported

fepo
I'ted

almost ident:
inve ost identical performance for both the

Stigat;

on . . .
on conversion of a direct to an Rl 34a/CO2 cascade refrigeration system based on

jon of the converted

ener
geti
¢ perspectiv .
e. They reported variation of the energy consumpt

rect expansion system for the range of

sySte
M to |j
e :
between -0.3% to 14 % as compared 10 di

Paramegerg
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24 Appli
o p Li H
Plcation and commercialization

Synergeti
rgetic effect of
ct SCArC :
of rescarch output in trans-critical CO: system and demand from

COmm . ..
GI'C|a]|Z, . .
auon, i1s b .
A 00S ey .
sting cach other and the same is evident from increasing number and

Variety of
Y of publicatj
Ications a
nd large o of -
large number of commercial COz trans-critical installations in recent

Years. [n
-1 1996, ar B: .
ad Hersfield in Germany. the first CO>» A/C system was installed in a bus

nitiative of Konvekta

own
ed by
a ‘o
public transport company. This res '
pany. This research work was a novel 1

ch ¢

F and development center.
urther, ;
I, in the
year 19¢ ; i

R_|34 97, two new buses, onc cqu|ppcd with CO2 A/C system and another with

a A/C

S)’Slem were 1 .
ere introduced in the German {ransport services. Both the buses were

ze. By the end of one year, performance of

ideny;
respect to their weight and overall si
ctive with the R-134a

both
Ompared. T -
cyele g . Trans-critical cycle with EEV was found equally effe
or the .
applicati . ) . .
€00lip, plication. They also reported that incorporation of IHX in the system improves
€ Capaci
city. . . ' ’
y. Further, they claborated some steps involved in the design of the compressor

y on CO2 mobile A/C

Kohl
Cret al
ol
998). McEnaney et al. (1998) reported 2 comparative stud
d concluded that, at

SySte
MS apaq;
gainst .
conventional R134a systems based on experiments an
m exceeds that of the

°Uld
00[' a .
mbien
t temperatures below 40°C. the performance of CO2 syste
_critical CO2 air

rototype for domestic

conditioning system-

aSe]ine
R-1342 system. M . )
Th .Muetal. (2003) mvestlgated trans
rst COz system p

€ ayth
OI‘S Cla.

imed construction and testing of the fi

formance test. Sarkar et al. (2004) based

APplicys;
atl()n th
at also attained design capacity during P

On
ler pressure to achieve

eir ste
ad )
Y state analysis reported importance of optimum £as €0°
sen et al. (2004) tested a

m
jcations. Jakob

i,
P .
for simultaneous cooling and heating app!
the performance of

CO2

Tey,
ersib]
2 resi .
residential air conditioning SYSte™ They compared
for ambient temperature

bag
ed g
Ystem y:
with a R410A unit and reported comparable performanc®
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in the range 27.8°C and 35°C. Memory et al. (2005) developed a High Mobility Multipurpose
Wheeled Vehicle (HMMWYV) for military purposes and investigated its cooling functionality
using CO: as refrigerant. The system performance was compared with base line R134a system
and it was concluded that CO> is a favorable alternative for the cooling application. Automotive
CO: air conditioner system was investigated by Liu et al. (2005). They studied system
performance and concluded that the same is sensitive to refrigerant charge. The need of an
appropriate high side pressure controller was also stressed by them. A paper highlighting

Parametric effect on the performance of trans-critical COx refrigeration system was reported for

mobile air conditioning application by Kim et al., (2009a). They developed an algorithm for

c : : : . : .
omputing the optimum high pressure to achieve the maximum COP. In the same year, (Kim et

al.,, 2009b) evaluated the performance of trans-critical COa refrigeration system employed for

Stack cooling system for mobile air conditioning applications in fuel cell vehicles. Both heat

I'eleagi e e . - 1
leasing effectiveness and mutual interference, were analyzed and the same was compared with

Conventional cooling systems with and without involvement of cabin cooling. They reported

360 . . .. . .
6% increment in heat release, after employing trans-critical COa refrigeration system.

Fu“hel‘more, they also suggested a control logic for stack cooling and cabin heat control during

Peak load. Kim et al., (2010) proposed a new design for stack cooling system. The

e . L. . .. .
XPerimentation was carried out under various realistic operating conditions with respect to stack

“0oling, cabin cooling and combined cooling operations. The intention was to support the re-

design of stack cooling system and thereby to enhance the stack power generation and efficiency.

—critical CO2 chiller for commercial refrigeration.

Cecchi
Cchinato et al. (2010) investigated trans
architecture and control logics

d modifications in system

Bas
®d on the study, the authors suggeste
s refrigerant. They also suggested

tO Ov . .
€rcome the high pressure associated with carbon dioxide a
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control logic to optimally operate the cycle in sub-critical or trans-critical mode according to the
ambient conditions. Cecchinato and Corradi (2011) developed and tested a single door CO>
based bottle cooler and compared the same with systems operated with R401A and R134a as
refrigerant. Comparable performance was reported with COz2 system for application at medium to
low gas cooler inlet temperature. An experimental setup for investigating trans-critical CO2
system for houschold refrigeration was fabricated by Boccardi et al. (2013). The system was

equipped with two hermetic reciprocating compressors, a finned coil type heat exchanger and a

double expansion system. The authors also reported a plant performance map as a function of

ambient and evaporator (cabinet) temperaturc. Suamir and Tassou (2013) evaluated a tri-

generation system, using CO: as refrigerant for tri-generation, a co-generation concept for

efficient utilization of source (solar energy), where simultaneous cooling, heating and electricity

generation are explored. They demonstrated that significant energy savings can be achieved

using such hybrid system. Various alternative configurations were explored by them and

ultimately a system utilizing cooling produced from sorption system to condense CO: was

recommended. Elbel et al. (2014) reported development of CO2 based beverage display coolers

and compared the same with performance of R134a based systems. They successfully

implemented and validated the CO2 based technology and showed that there is scope of

improvement of the overall system Wwith further improvement in individual component’s

Tremendous growth in commercialization is observed in recent years and this in-tum has brought

houses and entrepreneurs have

funding for application focused research. Various industrial
Started business in the area of manufacturing, supplying, construction and commissioning of such

Systems. A website. R-744.com maintains an up-to-date list, which at present shows more than
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350 companies that are involved in business in allied areas worldwide. Percentage wise
distribution of the industries in the various sub-areas of the business are shown in Fig. 2.2, as of
June 2018. We observe that booster system and cascade system-based CO» refrigeration cycles
have found better commercial acceptance. Two major cycle modification strategies namely
ejector expansion and parallel compression are at present being incorporated into commercial
systems. To comprehend the extent of commercialization, as per the information to date, more
than seven thousand trans-critical CO» refrigeration systems are already in operation worldwide.
Majority of such systems are in colder countries in Europe, followed by America and Asia. Some

developing countries like Brazil, Argentina, South Africa and India are also looking forward to

installation of trans-critical CO based refrigeration systems.

RA

3%
M
38%

cs
28%

SM=System manufacturer, CS= Component supplier, EC= Engineering & contracting, RS=Refrigerant supplier,

TF=Training & for mation, RA= Research & acadentia

Fig. 2.2 Percentage wise distribution of the industries in various business areas.
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2.5. State of art of CO; refrigeration system in supermarkets

Supermarkets have massive refrigeration, air conditioning (A/C) and heating load that
consume approximately 50% of the supermarket energy consumption (IIR, 2015) and
significantly contributes towards carbon emissions. Moreover, supermarkets employ large

tonnage of HFC refrigerants having high Global Warming Potential (GWP) leading to substantial

environmental worries. Various environmental regulations are being enforced to eliminate

wholly or partially the use of HFCs. Complying to the changing regulations is a persisted

challenge for supermarkets. A possible shifting over to all-natural refrigerant can potentially

provide a permanent solution to the problem. CO- has been employed in indirect, cascade and

booster configurations for supermarket refrigeration. CO2 refrigeration system with integrated

A/C and heating loads are also finding acceptance worldwide. More than 11000 installations

(Shecco, 2016) are already made worldwide, mostly the booster configuration, in cold climate,

Owing to their cost comparison advantage with respect to conventional systems (Zeiger et al.,

2016) and their capability to recover heat (Sawalha, 2013).

2.5.1 CO; booster system

CO: booster systems simultaneously satisfies medium temperature (MT) as well as low
temperature (LT) loads for example chilled food display cabinets and frozen food storage
respectively, Booster systems are equipped with low and high stage compressors. The low stage

Compressor operates sub-critical while the high stage compressor operates either in sub-critical

OF in trans-critical mode depending upon the ambient temperature.

Performance of CO; booster configuration in a cold climate is found to be better compared to
i . . Promi

COnventiona] HFC based direct expansion (DX) systems (Fricke et al., 2016). Prominent

t include parallel compressor dedicated

Modifications of CO; booster configuration in supermarke
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mechanical sub-cooler and multi-ejector. Gullo et al. (2016a) suggested a combination of parallel
compression with dedicated mechanical sub-cooler as efficient alternative in terms of energy
consumption, especially for warm climates. Hafner et al. (2016) reported reduction in energy
consumption up to 30% for multi ejector configuration over the solution employing parallel
compression based on the field measurements of a refrigeration plant located in Spiazzo (North
of Italy). Schonenberger (2016) compared and reported a maximum of 20% energy savings for
CO: refrigeration plant assisted with multi ejector unit compared to that using parallel
compression for two Swiss stores. Tsamos et al. (2017) showed that the solution with parallel

compression consumes 5% less electricity than the basic CO2 booster configuration in the city of

Athens.

2.5.2 CO: indirect and cascade system
In the indirect and cascade solutions, CO2 operates at sub-critical running modes irrespective of

outdoor temperature, removing the technical and economic challenges of high pressure operation

and have advantages over “all CO2” system, especially in warm climatic conditions (Sharma et

al., 2014a; Llopis et al., 2015b). The adoption of indirect configuration allows simplified

Maintenance compared to DX system (Wang 2010), besides reduction in refrigerant charge down

0 95% (Hesse 1996). However, two main disadvantages associated with the secondary loop

Systems are the need for a pump and the presence of an additional heat exchanger. Adoption of

CO: as a secondary working fluid offers reduction in pump work as well as pipe size and

improvement heat transfer characteristics (Inlow 1996a). Inlow and Groll (1996b) reported that

CO, ag secondary fluid can counterbalance the drop in COP caused by the additional heat

transfer level and the pumping power for secondary loop systems.
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2.5.3 Integrated CO: system

Integrated “all-in-one™ configurations are reported to satisfy mostly or tull air-conditioning
(A/C) and heating demands for a supermarket rather than fulfilling only the refrigeration loads
(Karampour and Sawalha, 2015). Such configurations are already installed in more than ten

supermarkets in Sweden, which firstly, eliminates the need of alternative working fluid and

secondly, reduces both direct and indirect emissions (Sawalha et al., 2017). Such system also

gainfully recovers the heat, otherwise liberated into atmosphere in the gas cooler. Further, the

“all in one” configurations are claimed to be capable of service without interruption and provide

better controls among the various components installed in a supermarket. Reinholdt and Madsen

(2010) concluded that integration of heat recovery is an efficient modification for booster

configurations which can lead up to 25% improvement in COP. Cecchinato et al. (2012) claimed

that CO;, booster system integrated with heating and air-conditioning result into comparable or

even less energy consumption than the reference R404A system. Nordtvedt and Hafner (2012)

reported work on developing CO: air conditioning systems for large scale plants like

Supermarket application. Funder-Kriestensen et al. (2013) presented a case study of a Danish

Supermarket employing CO: trans-critical booster system with heat recovery. They reported 20%

saving in running cost compared with the gas heating system. Karampour and Sawalha (2014)

reported comparable seasonal performance factor for CO2 booster system integrated with heat

et al., (2014b) studied integrated waste heat

fecovery with conventional heat pumps. Sharma

reCovery in the various CO2 trans-critical supermarket refrigeration systems. They conducted bin
analysis for US climatic zones and concluded that heat recovery could nearly satisfy the
desiccant regeneration and water heating demands. Giretto (2016) investigated integrated CO:
System which provides direct space heating and cooling for a small supermarket in Italy and
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found 15-20% energy saving and considerable cost reduction. Karampour and Sawalha (2017)

presented comprehensive analysis on integrated CO2 supermarket refrigeration solutions. They

concluded that an integrated COz booster configuration can satisfy whole refrigeration and A/C

demands efficiently, for cold and mild climates. Polzot et al. (2017) reported a maximum of

6.5% savings in annual electricity consumption for a CO- booster system integrated with heat

recovery for space heating in North Italian climate compared to baseline system comprising of

R1342/CO2 cascade system for refrigeration and R410A heat pump. Gullo and Hafner (2017)

showed that integrated multi-cjector based R744 arrangements depicted 3.1% to 22% in AC

mode and 57.8% o 100.1% in heating mode greater total COP than separated HFC technologies

over the evaluated range of ambient temperatures.

2.6 Gap areas in existing research

From literature survey, it is concluded that the following significant 1ssues need to be addressed

Which will also be focus of this research work.
2) Published literature on experimental studies on CO2 trans-critical refrigeration system (Table

2.1) is very limited when ambient temperature crosses 40°C. Further, only a limited number
i s sensitivity of
of studies have focused on effect of gas cooler face velocity on COP, as well a y

the same
| as predictions of optimum operating

b ) _
) Mode”'"g of CO, refrigeration system as wel

¢onditions are limited to physics-based models.

iti i ion system in terms
¢) Simultaneous optimization of performance of CO2 trans-critical refrigeration sy
- oh si is absent.

of gas cooler face velocity and high side pressure 15 |

d) plication, the improvement In

rket ap
' context of refrigeration system for superma

f various modifications like parallel

Performance of CO, booster cycle due to adoption ©
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compression, flooded evaporator, multi-jet ¢jector an
mainly based on energetic perspective, economic analysis
¢) Reported literature on supermarket refrigeration is limited t
where the frequency of ambient temperature Over shooting 25

significant, and is therefore cannot be reflected for most of the cities

for Gulf regjons.

Table 2.1 Summarized studies reported on CO;

is scarce.

trans-critical system with IHX

d work recovery expander are evaluated

o the warm climatic conditions
°C during a year is not

in India in summer or

Boewe et a?l:;l(‘)(()) Ir) T:()(';(;‘)
Liu ¢ al., (2005) 27
Cho ¢ al., (2007) 27
Cabello et al, (2008) -18.1 -0
Apreac g, (2008) >
Rigola et q,, (2010) >

Tao ¢ al., (2010a) 19-29°
Sanchez et al., (201) 170
Torella etal,, (201 13-
Apreaetal, (2013, 0-
Sanchez ctal, (2014) 5-15°

Kim et al., (201 7)
N

Tamb C) Pge (MP3) Veors (ms)
322-433 8- 14 0378°
27.5 - 45 6-12 25-6
35 75-105 -
31.1 - 404 76-103 0-4"
25-40 5.5-12 -
30 - 50° 8.5- 12 0-2"
32-37° 9 04-24
23-29" 74~ 105 0-4°
31- 34" 74-105 0-4'
25 - 40 g-10.1 -
25 - 35" 74-105 5
29 - 35" 75-10 0.140°

2‘7'3-"""'_ Y 37
**Mass flow rate (kg's'). *Volume flow rate (m W
a

3
EVQ .
Porator airhvater inlet, "gas cooler airhvater inlet,
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