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Abstract

In the present study, the performance of a 33 kW multiejector trans-critical CO2 cooling system is
experimentally evaluated for a supermarket application with/without internal heat exchanger and
evaporative cooling. In order to enhance the overall performance of the system for tropical regions,
the testing is carried out at high ambient temperature (up to 46°C) with 5cm, 10cm and 15cm
cooling pad thickness arrangements. The experimental results clearly projects that the evaporative
cooler capacity reaches a maximum of 10cm pad thickness. However, a minor improvement is
observed in terms of Coefficient of Performance and Power Input Ratio beyond 10cm pad
thickness. Maximum improvement in COP with internal heat exchanger and evaporative cooler is
11% and 40% respectively. On the other hand, a maximum reduction in the system Power Input
Ratio with internal heat exchanger and evaporative cooler is 8.5% and 26% respectively. However,
a minor enhancement in Coefficient of Performance and Power Input Ratio of 4% and 6% are
observed respectively with 15cm cooling pad thickness. Furthermore, a comparative analysis is
carried out with the existing and present experimental study to project the compatibility of an
evaporative condenser in the ejector based CO2 cooling system. From the study, it is evident that
the evaporative cooling arrangement for the gascooler of the CO2 system is suggested as a potential
solution to the supermarket application at a high ambient temperature context.
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1. Introduction

In 1919, CO2 cooling technology was quite commonly used for refrigeration applications for large
spaces with dense human population, areas such as theatres, departmental shops, stores, etc. in
cold regions of advanced countries [1]. It was further expanded to churches, and then to air
conditioning systems in 1925. The technology became so popular that 80% of ships installed non-
toxic CO2 vapor compression cooling systems while 20% opted for an ammonia-based vapor
absorption refrigeration system. In 1928, CFCs were introduced with a huge promotion campaign
as a replacement for natural working refrigerants with their low-pressure operations and increased
system working efficiency [2]. R12 and R11 were first introduced and endorsed in 1931 for fully
commercial applications. The main reason for the disappearance of the CO2 technology is due to
the lack of advancement in the technology for natural working refrigerants besides the considerable
service needs and maintenance effort for the units. Also, the physical property limitation



challenges like low critical temperature (31.1°C) and high critical pressure (7.1 MPa) of CO2 cause
significant system efficiency losses in conventional cycles and many other problems associated
with the design of various components. Therefore, by the 1950s, most of the cooling systems
working with CO2 were replaced with synthetic refrigerants [3].

In the early 1990s, due to the amendment and outline of Montreal protocol and Kyoto protocol,
the phase-out of synthetic (man-made) refrigerants was initiated to prevent global warming issues
and as a result, CO2 based natural refrigeration technology went through/faced a revival in the
HVAC&R sector. In 1994, Prof. Gustav Lorentzen in NTH, Norway proposed and demonstrated
CO:z2 cooling technology as the best alternative to synthetic refrigerants for various applications
such as automobile air conditioning, domestic hot water heat pumps, and for simultaneous heating
and cooling applications [4].

In CO2 systems, the gascooler is reported to be the most influential module to help achieve the
overall required performance of the system. Several attempts were made by using air and water
(heat sinks) as heat transfer medium in CO2 gascooler. Substantial research work focussing on
various condenser/gascooler designs was also reported and among them, a few gascooler designs
have already been commercialized for heat pumps and refrigeration applications in colder climates
for its ambient operating conditions [5]. Moreover, several attempts were carried out to explain
the effect of the evaporative cooling principle on the improved overall performance of the
refrigeration system for different ambient temperature conditions (high and low ambient
temperature conditions). However, a very few studies are reported for the CO2 refrigeration system
with an evaporative condenser. Therefore, it is important to study the influence of adopting the
evaporative cooler on the overall performance of the CO2 gascooler. Also, the influence on its
capacity, to promote the applicability of the natural working refrigerant based CO: refrigeration
system for tropical conditions (high ambient temperature conditions) under transcritical operation.

1.1. Literature review

In the literature, various experimental equipment improvement studies have been reported with
different approaches to effective gascooler designs. A study was carried out applying a CO2/water
coupled micro-channel gascooler for a heat pump water heater application [6]. During the study,
a simulation model was developed and validated using the experimental results obtained. It was
reported that the impact of refrigerant side thermal resistance decreased near pseudo-critical point
during the high pressure operation (supercritical operation). Later, a tube-in-tube CO2 gascooler
design was developed and tested for the supercritical operation adopting a water heat pump
application [7]. It was reported that the effect of the inlet pressure of the gascooler on the
temperature drop was not as apparent as the effect of the inlet pressure on the heat transfer rate.
However, a significant improvement in the overall heat transfer coefficient was reported for the
same.



A fin-tube design gascooler for transcritical CO2 cooling systems was developed for warm
weather conditions, to comparatively analyze the various operating parameters such as approach
temperature, refrigerant side pressure drop, air velocity, etc. [8]. Further guidelines were proposed
after this exchanger performance study, to design a fin-tube CO2 gascooler for high ambient
temperature operation. A later study proposed two different alternatives of CO2 fin-tube design
with a gascooler/condenser. The same was tested in a CO:2 booster refrigeration system
configuration [9]. Moreover, a simulation model was also developed to analyse the varied ambient
conditions and validated with the obtained experimental results. The study reported a detailed
prediction of the working fluid’s necessary outlet temperature profiles as well as the overall effect
of different pipe circuitry arrangements for achieving improved heat transfer rate. Later, a pilot
study was carried out using a fin-tube gascooler/condenser with CO2 booster refrigeration system
configuration [10]. It was observed that, when a large size gascooler was utilized for a constant
ambient temperature operation, the optimum available pressure level in the gascooler was reduced,
however, it achieves a smaller approach temperature during the operation.

In order to observe the enhanced effects of counter cross-flow pattern in a tube-in-tube design
gascooler and its overall effect on the system performance, a new model was proposed and also,
validated with the support of an experimental study for the CO2 heat pump application [11]. The
drastic rise of the specific heat property of CO2with reduced temperature was reported which was
responsible for the increased local heat transfer coefficient. Moreover, it was observed that the
gascooler tube side performance peaked near the pseudo-critical region. A twisting turbulence
enhancement in the tube-in-tube gascooler of the CO2 unit was reported for the heat pump water
heater application [12]. During the study, two different coil twisting designs were analyzed and
compared. It was observed that the pressure drop, and the overall heat transfer rates increased
significantly due to an increase in the number of twists in the tubes.

It could be determined that there have been many attempts reported to design, analyzed, proposed
and test the various types of heat exchangers to improve the performance of the COz2 refrigeration
system. However, very limited research work is reported with evaporative cooling principle for
the COz2 technology, which is infact a promising option for the tropical regions. Five decades ago,
the evaporative cooling principle was introduced in the refrigeration cooling system. Since then,
several types of direct and indirect evaporative cooler designs were proposed and experimentally
tested for various ambient temperature conditions. A few important studies related to the present
work concerning the evaporative cooling principle is reported to project the current research
scenario. The evaporative cooling principle was introduced for the COz2 refrigerant cooling system
to improve the heat transfer characteristics and the overall performance of the CO2 gascooler
operating in sub-critical conditions [13]. It was reported that, using cooled moist air as the heat
transferring medium in precooling, results in a promising improvement in its overall heat transfer
coefficient and consequent system performance for various applications. A simulation-based study
was reported to analyze the effect of both direct and indirect evaporative coolers for variable



domestic cooling loads for the Iraq dwelling [14]. The concept of was introduced as a control
strategy to analyze the variable cooling load handling by the system. The performance of the
system with indirect evaporative cooling was reported higher than the other.

The energy-saving potential of the indirect evaporative cooling was introduced in Kuwait with the
support of varying weather conditions [15]. Through the proposed module of the system, the
energy saving for the cooling system was reported higher than the coastal area. An experimental
study was carried out with the direct evaporative cooler arrangement for the peak summer weather
in a Brazilian city [16]. Moreover, a mathematic model was proposed as an outcome which could
provide the effectiveness of direct evaporative cooler with high accuracy for various operating
conditions. Furthermore, a few studies were carried out employing the evaporative condenser in
the simple vapor compression refrigeration configuration. A simulation model of spray air-cooled
condenser was proposed, which was further coupled with the refrigeration system to observe its
influence as compared to the dry cooled condenser for low ambient air temperature conditions
(~25°C) [17]. It was reported that the COP of the refrigeration system working with R404A was
increased by 55%, thus concluded a potential solution to improve the efficiency of the refrigeration
system.

An experimental study was reported using the direct/indirect design of the evaporative cooling pad
for various climate conditions in Iran [18]. With the two primary motives of comfort air
conditioning and system power savings. The study was carried out based on providing the optimum
water supply ratio to the direct evaporative cooling system. More than 60% of power saving with
comparison to the simple vapor compression refrigeration system was reported with 55%
increment in water consumption. Another theoretical model for direct evaporative cooler was
proposed with a simplified correlation for the cooling efficiency based on the energy balance
analysis of the air [19]. The influence of the frontier air velocity and the cooling pad thickness on
the cooler performance was considered. An optimum air velocity of 2.5 m/s was reported to decide
the frontal area of the cooling pad. Later, a ground assisted evaporative cooling pad for Tehran
was analyzed to provide the pre-cooling effect to the air used in the direct evaporative cooler [20].
With the support of a simulation-based study with the hybrid approach used for the direct
evaporative coolers, more than 100% efficiency improvement was reported as compared to the
mechanical simple vapor compression refrigeration system.

A simplified model to discuss the heat and mass transfer between air and water in a direct
evaporative cooler was proposed [21]. The optimum solution for the mathematical model design
was reported concerning the frontal air velocity, cooling pad thickness, and air-dry bulb
temperature. The thermal analysis of a novel integrated system with a ground heat exchanger for
the precooling of the air to the direct evaporative cooler was carried out [22]. It was reported that
the proposed design could significantly reduce the air inlet temperature below the wet-bulb
temperature and is highly efficient for air conditioning applications. Another study was reported



employing evaporative condenser with the vapor compression refrigeration system [23]. The
experimental study was carried out with the dual independent evaporative cooler design for a
single stage R134a vapor compression refrigeration system. An increment of 13.1% in system
COP was reported with the evaporative condenser configuration.

In 2016, an experimental study was carried out for the CO2 ground heat pump system with both
air and water cooler condenser/gascooler for high ambient temperature conditions [24]. The
experimental results were also compared with the R134a refrigeration system. With the proposed
design the cost of the system was reduced by 14.7% as reported. In the same year, another
experimental study was reported with evaporative cooling for a split air conditioning system
coupled with its outdoor unit and using R407C refrigerant [25]. It was reported that the reduction
in compression power and increment in cooling capacity by 11.4% and 1.8% respectively. A new
design concept of an evaporative cooler with internal baffles was proposed with the support of
numerical and experimental study [26]. Five variations in the baffles designs w.r.t. the airflow path
was studied and a maximum 43% improvement in efficiency was reported.

An experimental study was carried out by coupling the simple vapor compression (R22) split air
condition system’s outdoor unit with the evaporative cooler [27]. It was reported that the reduction
in the compressor power and enhancement in the system COP were 6.1% and 21.4% respectively.
Moreover, the study concluding evaporative cooling as a reliable option to improve the overall
system performance. Later, the evaporative cooling was adopted for the automotive air
conditioning application, and performance was evaluated based on a model developed with the
support of a genetic algorithm multi-objective technique [28]. Four passes louvered fin-flat tube
condenser was modelled and increment in the overall heat transfer effect and decrement in pressure
drop was 4 % and 8 % respectively was reported. A simplified model for the reduction in the water
consumption for the evaporative cooling pad was also proposed and experimentally validated for
the direct evaporative cooler [29]. Saline water with different concentrations was used as the feed
water and reported the reduction of 1.5 litres/hour of water consumption, however, the supply air
temperature was increased by 8.6%. A study was reported for the performance evaluation of a
direct evaporative cooling system for Indian operating conditions with the support of experimental
results [30]. Aspen and honeycomb cooling pads were used to compare the system performance.
The honeycomb cooling pad was reported as the most suitable option for the dry and warm climatic
conditions in India. In the same year, a new concept of pillow-plate heat exchanger for the process
industries was proposed and evaluated with the support of experimental results, and the design was
reported as a promising alternative to the conventional equipment in the various process industries
[31].

Another concept of the indirect evaporative cooler with the combination of internal baffles and
evaporative condenser was proposed [32]. The experimental study was conducted and a 54%
improvement in the cooling capacity was reported. In the same year, the performance of a finned



tube condenser/gascooler was evaluated with the support of an experimental study for the CO2
refrigeration system with booster configuration [33]. With the support of the various test results,
field data analysis, and condenser/gascooler design, it was reported that the COz2 is the potential
substituent for the R404 refrigerant in supermarket applications but below 31°C ambient
temperature conditions or in sub-critical conditions. A hybrid combination of the evaporative
cooler in the desiccant cooling system was proposed and the study was also supported with the
experimental results [34]. The system with this hybrid combination was reported as 60% more
efficient than the simple vapor compression cooling system. A concept of regenerative indirect
cooler with high/low control was proposed and evaluated with the on/off control system [35]. Also,
a control strategy was developed and evaluated to control the influence of ambient air conditions.
Maximum 13.1% energy saving was reported by the proposed on/off strategy.

An experimental study was carried out at a subway station in Beijing, China in order to evaluate
the enhancement in the air conditioning system performance using evaporative condenser [36]. It
was reported that the evaporative cooler arrangement for the cooling system appeared as a fisible
solution in terms of energy efficiency, operational cost and carbon emission. Later, thermal
performance of a vertical tube evaporative condenser as a replacement of the air-cooled condenser
was reported with the support of a computational and experimental observations. Overall
improvement in the COP of the system was reported as 30% [37]. An experimental study was
carried out for the heat and mass characteristics of an evaporative condenser with a horizontal
elliptical tube bundle [38]. An empirical correlation was finally proposed using the experimental
data in order to evaluate the overall performance and the heat transfer characteristics of the
condenser tube. Recently, in 2020, an experimental study was carried out to improve the overall
performance of a small-scale domestic water-cooling system using water cooled condenser in
tropical region [39]. It was reported that the maximum reduction in the energy consumption and
total equivalent warming impact were 27% and 26.8% respectively. With the support of an
artificial neural network model and design of experimental tool, performance evaluation of an
evaporative condenser was carried out for various operating conditions [40]. In the study, a unique
methodology was proposed as a useful tool in order to develop a simulated complex system in a
much easier way.

1.2. Study objectives

Studies reported for different cooling pad design used for the evaporative condensers are tabulated
in Table 1. The various alternative material designs of cooling pads used so far are also tabulated
along with the quantified maximum improvement observed for various ambient temperature
conditions. After an extensive literature survey, it has been observed that no study was reported
with the CO2 evaporative gascooler refrigeration system with honeycomb cooling pad material for
tropical regions (high ambient temperature conditions). Thus, it is interesting and important to
study the performance improvement of the CO: refrigeration system with the support of



evaporative gascooler arrangement with honeycomb cooling pad design to promote the
applicability of the natural working refrigerant CO2 technology for the tropical regions like India.

2. Ambient temperature conditions during experiments
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Figure 1 (a). The location of CO, supermarket test-rig
Figure 1 (b). The ambient conditions during the test.

Fig. 1(a) shows the location of CO2 supermarket test-rig and Fig. 1 (b) shows the ambient
conditions during the test. It is installed in Chennai, India where the average ambient temperature
conditions are high as shown. The location is selected to evaluate the performance of the system
for the high ambient temperature. Chennai has quite hot and humid weather conditions which
allows extreme weather conditions for the test-rig. The temperature and humidity are observed for
a period of 24 hours. The peak weather time described is between 10:00 AM to 4:00 PM which is
taken into consideration while conducting the experimental work.



Table 1. Studies reported for different cooling pad design used for the evaporative condensers.
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3. COgz supermarket test-rig facility with an evaporative cooler
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Figure 3. Schematic of the CO> cooling system test-rig.



Fig. 2 shows the picture of the CO2 cooling system test-rig and Fig. 3 shows the schematic of the
CO:2 cooling system test-rig. The various pressure levels in the system are highlighted in different
colors. The compressor oil collection point in the CO2 loop is also presented. The rig is fully
instrumented and designed with a cooling capacity of 33 kW for supermarket cooling application
to maintain three different evaporation temperature levels: -28°C for freezing (LT), -6°C for
refrigeration (MT) and +6°C for air conditioning (AC). The test facility is equipped with a heat
reclaim (water-glycol solution), which is used to generate heat load towards the three evaporators
from the water-cooled gascooler in a closed loop with a glycol reservoir tank.

Two water-glycol loop circuits are arranged with different glycol concentrations according to the
cooling application (MT and LT). A load of medium temperature (MT) and low temperature (LT)
evaporators on the secondary loop are operated by manually controlled EEVs. The temperature of
LT and MT is controlled by compressor suction. The temperature level of the AC evaporator is
controlled by the receiver pressure. Three compressors are arranged, LT and MT compressors, and
an additional AUX (AC) compressor are installed to handle high amounts of flash gas from the
receiver which also enables so-called parallel compression. Three separate inverters are installed
to control the compressor motor frequency to achieve the individual set-points. Two multiejectors
are installed: one with a low ejection ratio ejector (LERE) and another with a high ejection ratio
ejector (HERE). Each ejector has six slots or cartages to control the load variation in the system.

| Suction flow
e ' ] | ! (low pressure)

T | L
L. = - - o w = = = Disch

| — ischarge
(Intermediate pressure)

Figure 4. The internal structure of a two-phase multiejector.

Fig. 4 shows the internal structure of a two-phase multi-ejector that is used in the CO2 cooling
supermarket test-rig. The significant function of the various internal parts of the multi-phase
ejector is; the solenoid framed on the top regulates the opening and closing of the solenoid valve
of the cartage according to the capacity of the test-rig requested by the opening degree of the high-
pressure expansion valve of the system. As the magnet energizes in the solenoid controller, the
respective cartage needle lifts results in the valve opening, which further allows the high-pressure
refrigerant to enter through the motive nozzle of the ejector. Due to which, low pressure is
generated at the suction nozzle, which results in the lifting of the check valve of the suction nozzle,
which allows the fluid to enter the mixing chamber. Both motive and suction fluids blends in the
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mixing section of the ejector and high kinetic energy are formed in the motive stream before
mixing. The mixture enters the diffuser section and the high kinetic energy is converted into
pressure energy and the pressure increases to intermediate or discharge pressure which is more
than the suction pressure. The difference between these two is known as the ejector pressure lift.

A liquid suction accumulator is also installed to enable a secure separation of liquid and vapor
upstream of the compressors to allow a liquid overfeed operation or flooding operation of the
evaporators throughout the year. Temperature sensors, pressure sensors, and energy meters are
installed at various pressure levels of the test-rig to measure and evaluate the performance of the
system and examine the various parameter variations. The system facilitates both manual and
automatic optimization of the gascooler pressure level concerning the gascooler outlet
temperature. The test-rig facility also has a manually operated controller for the RPM of the two
gascooler fans to maintain various airflow rates to manipulate or adjust the refrigerant exit
temperature in the gascooler. Details of the various sensors installed in the CO2 test-rig are
tabulated in Table 2.

Table 2. Various sensors installed in the CO; test-rig.

Sensor Brand Model Type  Range Accuracy
no. (% of measure value)
1. Temperature Danfoss AKS 21M B -50 to 200°C 0.4
2.  Pressure Danfoss AKS 2050 up to 150 bar 0.5
3. Energy meter  ISOIL PT 500 IFX-M  3.0méht 0.5
4.  Power meter Danfoss VFD 35-60 Hz 0.8

3.1. Supermarket operation of the test-rig
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Figure 5. Ph plot of the supermarket operation of the CO; test-rig
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Fig. 5 shows the Ph plot of the supermarket operation of the CO: test-rig. The high-pressure CO2
gas from the gascooler discharge (state 1) is the motive fluid to the multiejector. VVapor exiting the
AC evaporator (state 8) is drawn as the suction fluid. Ejector lifts CO2 gas from the AC pressure
to receiver pressure (state 4) utilizing a high-pressure stream (state 2). The receiver separates the
two vapor-liquid mixture (state 4). The vapor (state5) is further compressed in the AUX
compressor (state 18) and liquid (state 6) is fed to AC (state 7), MT (state 10) and LT (state 12)
evaporators after throttling to their corresponding pressures. The vapor at LT evaporator exit (state
13) is compressed separately up to the suction pressure of the MT compressor (state 14). The LT
part of the cycle is not connected with the ejector cycles, which means that the compression takes
place from the LT evaporator pressure level with no additional boosted pressure lift, unlike the
other evaporators. Pure vapor (state 11) from the MT evaporator is then mixed with the discharge
high-pressure vapor of the LT compressor (state 14) and the mixed fluid (state 16) is further
compressed by the MT compressor up to the gascooler pressure (state 17). During incorporation
of the IHX in the system configuration, state 1’-2” represents the expansion of motive fluid in the
ejector and state 5’-18’represents the MT compression of the system upto the gas cooler pressure.

3.2. Evaporative gascooler
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Figure 6. Evaporative gascooler (side-view).
Fig. 6 shows the evaporative gascooler (side-view). Gascooler is designed with four parallel stack

row arrangements and with eight distribution circuits. Every circuit has sixteen copper material
tube passes with common suction and discharge port. Aluminium fins are arranged with equal
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spacing to improve the heat transfer between the copper tube and air with an increase in the contact
area. Specifications of the CO2 gascooler are tabulated in Table 3.

Table 3. Specifications of the CO, Gascooler.

Specifications Units Value
Gascooler
Tube length m 25.6
Tube material Copper
Fin length mm 10
Fin material Aluminum
Fin thickness mm 0.03
Fin spacing mm 0.03
Distribution circuits 8
Coil rows 4
Heat exchanger type Fin-tube
Cooling medium Air
Frame height m 0.81
Frame length m 1.60
Frame width m 0.15
Cooling Pad
Length m 1.60
Height m 0.81
Thickness m 0.15
Material - Cellulose
Design/structure - Honeycomb
Face area m? 1.157
Evaporative surface area m? m3 370

Two induced type fans are arranged to provide constant airflow through the gascooler coils. Fans
are mounted on the solid stainless steel frame of the gascooler. The honeycomb mesh design
cooling pad is used in the evaporative cooling arrangement. The water spray is arranged with the
support of the distribution plate on the top face of the cooling pad to uniformly distribute water
droplets over the pad surface. In principle, the heat transfer properties of air are to be improved by
reducing the dry bulb temperature of the air. The cooling pad arrangement is made facing the front
panel of the CO2 gascooler to induce air contact for evaporative cooling. Fig. 7 shows the
evaporative cooler with water distribution circuit.

The operation of switching on/off is taken care of by the high pressure (HP) expansion valve
opening. The capacity regulation is carried out by on/off switching of the multi-parallel slot ejector
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cartages. The six cartages with different loads are designed to operate with an individual solenoid
valve to handle different loads. Pressure lifters are also provided in the suction flow entrance to
the ejector cartages. The system controllers facilitate both manual and automatic optimization of
the gascooler pressure level concerning the gascooler outlet temperature. The facility also has a
manual fan controller to vary the air flow rate through the gascooler to adjust the exit refrigerant
temperature. An evaporative cooler with provision to insert up to three honeycomb pads of 5 cm
each is positioned in front of the gascooler. The same fan is made to draw air through this
evaporative cooler. The evaporative cooling system with three pipes one each to a pad with top
holes for even water distribution.

Figure 7. Evaporative cooler with water distribution circuit.

4. Experiment procedure

The CO:z2 circuit side parameters such as temperature of evaporators (AC, LT, and MT) receiver
pressure (RP), gascooler outlet temperature, etc. are determined in the test-facility service tool.
The gascooler pressure is automatically optimized according to the gascooler outlet temperature
with the controlling sensor. After directing the system with CO2 side parameters, the system is
turned ON from the main controller (manually). After 15 minutes, loads of the three evaporators
are maintained constant by the secondary water/glycol loop. The loads on the evaporators are
controlled by the changing mass flow rate of the glycol solution in the secondary loop. The CO2
system requires approximately two hours to reach a steady state. System performance is evaluated
for all steady-state conditions using the hourly data and averaged for a single operational
temperature. Properties of CO2and glycol solution are obtained from REFPROP software and the
CO2 system operating parameters used for the performance evaluation are tabulated in Table 4.

The Evaporative cooling system introduced in the CO2 system is tested for the above 40°C system
operating temperature. During the procedure, the CO2 system is set to operate at constant gascooler

14



outlet temperature by adjusting the gascooler fan speed manually and keeping it constant. After
recording the performance of the system for the set operating temperature, the cooling pad
thickness is increased to 5, 10, and 15 cm, one by one allowing the gascooler outlet temperature
to drop at the fixed gascooler fan speed. The fan speed needs to be reduced manually to achieve
the higher gascooler outlet temperature.

Table 4. CO, system operating parameters.

Operating Parameter Units  Value/Range
Gascooler temperature °C 36 to 46
Gascooler pressure bar 80 to 120
Receiver pressure bar 45
AC evaporator °C +6
LT evaporator °C -28
MT evaporator °C -6

The performance of the multiejector based CO2 cooling system for supermarket applications at
high ambient temperature is computed using the following equations.

The efficiency of the evaporative cooler (,.) is computed by:

_ Tinlet,ec_Toutlet,ec (1)

T’eC -

Tinlet,ec_wa

Coefficient of Performanc (COP) of the CO2 cooling system is computed by,
COp = 2ActQur+Qmr (2)
Payx+PLT+PMT

Where, load on the three evaporators AC, LT and MT of the system is computed from the glycol
side by:

Qac = Myc X ¢p X (Tac,outtet — Tac,intet) 3)
Qur = myr X ¢p X (Tyr0utter — it intet) 4)
Qur = Myg X ¢y X (Tur outiet — Tmr,intet) )

Power Input Ratio (PIR) of the COz2 cooling system is computed by [42],

PIR = Ppyx+PLT+PMT (6)
PAUX,Carnot+PLT,Carnot+PMT,Carnot

where Carnot power consumption of the three compressors AUX, LT and MT is computed by,

Q
AUX,Carnot — 2 X (Tamp — Tyt ac) (7)
F. Tur,ac
Q
PLT,Carnot = TU7]:11:T X (Tamb - TUT,LT) (8)
Q
Pur carnot = —TU:I;T X (Tamp — Tyt mt) 9)
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The utility temperatures (Tur) or product temperature assumed for the three evaporators AC, MT
and LT are 22°C, 4°C, and -18°C, respectively.

4.1. Uncertainty analysis

In the present experimental study, Type B evaluation of the standard uncertainty is adopted as
suggested [43], which is based on the scientific judgment from the information available during
measurements of the various parameters. Therefore, the higher and lower limits of the measured
quantity from the sensors and uncertainty in the direct measurement is computed using Eqg. (10).
The combined standard uncertainty of the measured value is estimated using the estimated standard
derivation of the results and the uncertainty of the measured quantity and computed using Eq. (11).
Uncertainty indirect measurements by the temperature sensor, pressure sensor, and energy meter
are 0.69%, 0.119%, and 0.093% respectively.

x; = Accuracy of thf/;neasured value (10)
af\?
() = T, (55) v (1)

5. Results and discussion

g

Figure 8. Condition of air at the inlet and outlet of the evaporative cooler on the
psychometric chart for 5, 10, and 15 cm thick cooling pad.

Fig. 8 shows the condition of air at the inlet and outlet of the evaporative cooler on the
psychometric chart for 5, 10, and 15 cm thick cooling pad. It is projected that the condition of the
air at the inlet is more or less the same for the all three cooling pad thicknesses, as required to
compare the overall performance. Moreover, it is observed that as the cooling pad thickness
increases, relative humidity (RH) increases and dry bulb temperature (DBT) of the air decreases
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at the outlet of the cooling pad, due to an increase in the contact surface area between water and
the pad.

Fig. 9 shows the evaporative cooler efficiency with different cooling pad thickness at the various
system operating temperatures. The evaporative cooling pad is imposed to evaluate the CO:2
cooling system configuration above 40°C ambient temperature. It is observed that the efficiency
of the evaporative cooler increases with pad thickness for the respective gascooler exit
temperature. This is ascribed to the fact of increasing contact surface area between water and air
in the cooling pad. However, the enhancement in the evaporative cooler efficiency is quite small
beyond 10 cm cooling pad thickness. However, the law of diminishing returns applies here and
therefore, the benefit approaches zero when the thickness of the cooling pad increases beyond 10
cm. As per the design, the induced fan speed needs to be fixed at a lower value to achieve the
higher gascooler outlet temperature. Hence, the resulting low air velocity increases the residence
time, thereby the efficiency increase as the gascooler exit temperature is set to higher temperatures.
Moreover, the pad thickness of 10 cm is observed to be optimum yielding maximum cooling
capacity. The pad thickness has two opposing influences; to decrease the face velocity of air due
to an increase in pressure drop and thereby increase the cooling efficiency. Hence the same
optimum thickness is obtained, irrespective of the gascooler exit temperature. Therfore, the
maximum evaporative cooler efficiency observed as 95%.
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Figure 9. Evaporative cooler efficiency with different cooling pad thickness at the various
system operating temperatures.
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Fig. 10 shows the evaporative cooler capacity with different cooling pad thickness at the various
system operating temperatures. Within the range of experimental evaluation of the system, the
velocity of air is the dominant factor governing the cooler capacity of the evaporator. Therefore,
as the figure projects, cooler capacity decreases with an increase in the gascooler outlet
temperature. However, further drop in the evaporator cooler capacity is ascribed to the fact of
reducing air velocity by increasing the cooling pad thickness (beyond 10cm). This effect is
eventually reducing the cooler efficiency. Furthermore, as the system operating temperature
increases, the evaporator cooler capacity observed decreasing. Hence, the maximum capacity
observed at 10cm cooling pad thickness is ~13 kW.
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Figure 11. Gascooler outlet temperature with cooling pad thickness at the various system
operating temperatures.

Fig. 11 shows the gascooler outlet temperature with cooling pad thickness at the various system

operating temperatures. It is observed that as the cooling pad thickness increases, the temperature
drop in the gascooler increases, ascribed to the reduced DBT of air at the inlet of the gascooler due
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to the cooler pad. As the cooling pad thickness increases, the contact surface area between water
and air also increases. Therefore, a progressive reduction in temperature is observed for increasing
cooling pad thickness. However, the gascooler temperature drop at the outlet is marginal beyond
10cm cooling pad thickness. The maximum drop in temperature at the gascooler outlet is ~7K.

Fig. 12 shows the gascooler capacity with cooling pad thickness at the various system operating
temperatures. As the gascooler outlet temperature decrease, the gascooler capacity also decreases.
Hence, a reduction in cooler capacity is observed as the cooling pad thickness increase.
Furthermore, as the system operating temperature increases, the gascooler capacity also increases.
Therefore, the maximum gascooler capacity observed is 34 kW with a 5¢cm cooling pad thickness
at 46°C system operating temperature.
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Figure 13 (a). COP with operating temperatures for the CO; cooling system with/without
IHX, Figure 13 (b). PIR with operating temperatures for the CO; cooling system
with/without IHX.

Fig. 13 shows the COP with the operating temperatures for the CO2 cooling system with/without
IHX and Fig. 13 (b) shows the PIR with the operating temperatures for the CO2 cooling system
with/without IHX. It is observed that as the system operating temperature increases, the COP of
the system decreases and PIR of the system increases. This is due to the fact of increasing system
operating gascooler temperature and pressure at higher operating temperatures, which requires
more work input to the system. Moreover, it is observed that, with the use of IHX in the CO2
system configuration, COP of the COz cooling system improves and PIR reduces. Moreover, with
the use of an evaporative cooling pad in the system above 40°C, further improvement in the overall
performance of the CO2 cooling system is observed due to a reduction in DBT of the air at the
gascooler inlet after crossing the evaporative cooler. From the experimental results, it is evident
that with the increasing cooling pad thickness, the system performance improves further, however,
a small improvement in the overall system performance with the cooling pad thickness is observed
beyond 10cm.
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Figure 14 (a). Improvement in COP with system operating temperatures,
Figure 14 (b). Reduction in PIR with system operating temperatures.

Fig. 14 (a) shows the improvement in COP with system operating temperatures and Fig. 14 (b)
shows the reduction in PIR with system operating temperatures. From the experimental results, it
is evident that a noteworthy improvement in the overall performance of the COz2 cooling system is
observed with IHX and evaporative cooling in the system configuration. It is observed that, with
the support of IHX, maximum COP improvement and PIR reduction are 11% and 8.5%
respectively. Moreover, high improvement is observed with the evaporative cooling in CO2
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gascooler with varying cooling pad thickness. A noteworthy 40% improvement in COP and 26%
reduction in system PIR is observed with 15cm cooling pad thickness. However, a marginal
increment in COP and reduction in PIR are 4% and 6% are observed above 10cm cooling pad
thickness.

6. Comparitive analysis

Fig. 15 shows the comparison between the system COP reported and present experimental study.
To compare the maximum COP of the CO2 system, two reported literature are used with the present
experimental results.

Firstly, an experimental study was carried out and reported for a CO2 booster configuration with a
high pressure expansion valve in the system configuration [33]. The maximum COP reported for
the system was 2.72 at 19°C ambient temperature which is quite low as compared to the present
experimental study i.e. 3.1 at 40°C ambient temperature condition. Therefore, ejector technology
with the compatibility of the evaporative condenser is proven to be the potential solution at high
ambient temperature conditions for a supermarket application. Secondly, a simulation study was
carried out using four different ejector based CO2 system configurations [44]. Among four
configurations, an ejector based CO2 cooling system with three evaporators and two stage
compression system (similar to the present experimental study) was reported as outperforming the
other three at high ambient temperature conditions upto 40°C. As reported in the literature, at 40°C
ambient temperature conditions, the maximum COP of the optimum system observed was 2.8.
Whereas for the similar configuration used in the present experimental study with the additional
support of evaporative condenser at same ambient temperature/gas cooler outlet temperature is
3.1. Therefore, this offers and projects the evaporative cooler as an add-on solution to the ejector
based CO2 system at high ambient temperature conditions for the supermarket application.
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Figure 15. Comparison between the system COP reported and present experimental study.
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7. Conclusions and future scope

In the present experimental study, performance evaluation of a multiejector based CO2 cooling
system with/without IHX and evaporative cooling arrangement are carried out at high ambient
temperature conditions up to 46°C for a supermarket application with different cooling pad
thickness. The evaporative cooler is designed, fabricated and tested in the CO2 cooling system for
supermarket application above 40°C with the influence of cooling pad thickness 5, 10 and 15cm
to reduce the gascooler working pressure to improve the overall performance.

The evaluation is projected in terms of evaporative cooler efficiency, COP and PIR. The
evaporative cooler efficiency and COP of the system is associated to define an optimum solution
in the present experimental arrangement. It is projected that, after a certain range of thickness of
the cooling pad there is a minor enhancement in the evaporative cooler efficiency and the system
COP and with respect to which the PIR reduces proportionally. Therefore, in order to obtain the
maximum efficiency point of the system, both performance parameters needs to be optimized
simultaneously.

The following conclusions are drawn:

e Evaporative cooling in the CO2 system configuration appeared as an efficient method to
improve the overall performance of the system at high ambient temperature conditions.

e The experimental results project the maximum evaporative cooler capacity at 10cm pad
thickness. However, a minor improvement is observed in terms of COP and PIR beyond
10cm pad thickness.

e The maximum improvement in COP with the support of IHX and evaporative cooler is
11% and 40% respectively.

e The maximum reduction in the system PIR with the support of IHX and evaporative cooler
IS 8.5% and 26% respectively.

e Minor enhancement in COP and PIR observed are 4% and 6% respectively above 10cm
cooling pad thickness.

From the present experimental study, it is therefore concluded that in future the implementation of
evaporative cooling in the multiejector based CO2 system configuration is a suitable and prominent
option for a supermarket application a tropical region at high ambient temperature conditions.
Moreover, it would be more interesting and efficient to adopt the present arrangement with the
existing R744 systems employed in the various sectors.
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NOMENCLATURE

Specific heat (kJ/kg K)
Dry bulb temperature (°C)
Mass flow (kg)
Evaporator load (kW)
Relative humidity (%)
Temperature (°C)
Utility temperature (°C)

Abbreviations

AC
AUX
CO2
COP
HERE
HP
IHX
IC

LE
LERE
LT
MT
PIR
RP

Subscripts
amb

ec

whb

Air conditioning
Auxiliary

Carbon dioxide
Coefficient of Performance
High ejection ratio ejector
High pressure

Internal heat exchanger
Intercooler

Liquid ejector

Low ejection ratio ejector
Low temperature

Medium temperature
Power Input Ratio
Receiver pressure

ambient
evaporative cooler
wet-bulb
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