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ARTICLE INFO ABSTRACT
Keywords: To reduce the direct global warming impact of refrigerants in HVAC&R applications, low-global warming po-
Ejector control tential (GWP) refrigerants, including natural refrigerants, have been extensively investigated as alternatives to

Transcritical carbon dioxide
Transport refrigeration
Supermarket refrigeration
Economization

hydrofluorocarbon (HFC) refrigerants. Among the natural refrigerants, Carbon Dioxide (CO3) offers several
advantages, such as excellent transport and thermo-physical properties, being neither toxic nor flammable, and
having a low price and high availability around the world. However, the high critical pressure and low critical
temperature of COy often lead to transcritical operation, resulting in lower efficiency due to the additional
compressor power necessary to achieve transcritical operation relative to subcritical HFC cycles. Therefore, a
number of cycle modifications are used to enhance the coefficient of performance (COP) of transcritical CO2
cycles to meet or surpass those of HFC cycles. This paper provides a systematic experimental investigation of four
such cycle architectures by employing the same multi-stage, two-evaporator CO, refrigeration cycle test stand, 3
of these configurations in transcritical and 1 in subcritical conditions. The four cycles architectures included
intercooling, open economization, an internal heat exchanger and two different ejector control approaches.
Specifically, a variable-diameter motive nozzle and a variable-speed liquid CO, pump located directly upstream
of the ejector motive nozzle inlet were analyzed. Based on the experimental data, the maximum COP im-
provements are 4.64 % and 9.47 % when the ejector and the internal heat exchanger are used, respectively. The
CO, pump, once successfully stabilized, can control the ejector, increase its efficiency by up to 15 % and increase
the cooling capacity to a maximum of 6.2 %. Nevertheless, a reduction in COP is measured when the pump is in
use; however, unlike the other three different configurations, it was only analyzed under subcritical conditions.

resulting in gas cooling pressure becoming an optimizable parameter
that results in a maximum coefficient of performance (COP) for a given
operating condition.

A significant number of cycle modifications have been proposed to
increase the COP of transcritical CO2 cycles, and within this topic,
expansion work recovery has proven to have significant potential (Ma
et al., 2013). One of the most widely used methods of expansion work
recovery is an ejector, which was first introduced by Gay (1931). The
have been conducted. Unique thermo-physical properties of CO, were past decades have brought about a large amount of numerical and
discussed by Kim et al. (2004), where the intricacies of transcritical experimental research on ejectors (Kemper, G.A., Harper, G.F., Brown,
operation were identified. In particular, the rejection of heat in the su- 1996; Liu et al., 2012a; Lucas and Koehler, 2012; Newton, 1972).
percritical region decouples temperature and pressure as they become
independent, intensive properties outside of the two-phase region,
making the heat rejection process gas cooling instead of condensing,

1. Introduction

Since the revitalization of Carbon Dioxide (CO3) as a refrigerant in
the 1990s (Lorentzen, 1994), extensive research on increasing the effi-
ciency of vapor compression cycles utilizing CO to compete with, and
eventually surpass, the efficiencies of hydrofluorocarbon (HFC) cycles

However, because the primary purpose of an expansion device in a
vapor compression cycle is cycle control, active control of the ejector has
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Nomenclature
d Diameter (mm)
h Specific enthalpy (kJ-kg™)
m Mass (kg)
m Mass flow rate (kg~s’1)
P Pressure (kPa, bar)
0 Heat transfer rate (kW)
s Specific entropy [kJ-(kg-K)™!]
T Temperature ( °C, K)
U Uncertainty (various)
\% Volume (m®)
\Y% Volumetric flow rate (m*-hr 1)
w Entrainment ratio (-)
s Power (kW)
X Quality (-)
Greek symbols
n Efficiency (-,%)
Subscript
comp Compressor
cool Cooling capacity
d Ejector diffuser outlet
I Iteration counter
EG Ethylene Glycol
ref Refer to refrigeration cycle
mi Ejector motive nozzle inlet

motive Ejector motive nozzle

out Outlet

si Ejector suction nozzle inlet
suction Ejector suction nozzle

X Measured quantity

Y Calculated quantity
1,2,3... State points

Acronyms

cop Coefficient of Performance
CO, Carbon Dioxide

EG Ethylene Glycol

EXV Electronic Expansion Valve
FS Full Scale

FT Flash Tank

GC Gas Cooler

GWP Global Warming Potential
HFC Hydrofluorocarbon

HP High Pressure

HX Internal Heat Exchanger
LP Low Pressure

LT Low Temperature

MT Medium Temperature
P&ID Piping and Instrumentation Diagram
RDG Reading

VFD Variable Frequency Drive

become a research focus. Elbel and Hrnjak experimentally investigated
an ejector with a variable-diameter motive nozzle (Elbel and Hrnjak,
2008a), resulting in COP and cooling capacity improvements of 7 % and
8 %, respectively, as well as proving the device control could be used to
vary the gas cooling pressure of the cycle to achieve a maximum COP.
Another strategy for ejector control is the multi-ejector, introduced by
Hafner et al. (2014) and experimentally investigated by Haida et al.
(2016). In the latter work, COP and exergetic efficiency benefits of 7 %
and 13.7 %, respectively, were obtained and cycle stability was vali-
dated through variation of both ambient temperature and flash tank
pressure. Zhu and Elbel (2018) found that introducing a tangential flow
upstream of a converging-diverging nozzle to impart a swirl could be an
effective method to control nozzle performance. Additionally, there has
been considerable research on subcooling techniques applied at the gas
cooler outlet in transcritical CO5 refrigeration systems. These studies
have demonstrated that significant enhancements can be achieved
overall, using the internal heat exchanger (IHX), which is one of the
most commonly used enhancement (Yu et al., 2019), increments in COP
of up to 12 % (Torrella et al., 2011), using economizers (subcooling by
expanding a part of the liquid) up to 21 % (Cavallini et al., 2005) and
using an external vapor compressor cycle known as dedicated me-
chanical subcooler (DMS) up to 29 % (from 1.51 to 1.95) with an
additional increase of 1.5 % if a zeotropic mixture is used in the DMS,
respectively (Llopis et al., 2021; Nebot-Andrés et al., 2021) compared to
the base CO; cycle. The use of non-azeotropic mixtures can have im-
provements not only when used in DMS, but when used in the primary
cycle: the so-called CO9-based mixtures (Yu et al., 2019). In particular,
(Martl’nez—Angeles et al., 2023) evaluated a performance improvement
of 6.9 % theoretically and of 7.3 % experimentally (Sicco et al., 2024)
with a mixture CO2/R-152a [90/10 %] compared to the pure CO5 cycle.

Multi-evaporator cycles are commonly applied in both supermarket
and transport refrigeration due to the need to maintain cooling com-
partments at different temperatures while using a central vapor
compression cycle. To offer a transportation container refrigeration
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perspective, Lawrence et al. (2018) numerically assessed the perfor-
mance of a multi-temperature refrigerated transportation container
system using a transcritical CO2 with an ejector and internal heat
exchanger, resulting in a COP of 0.96 at an extreme ambient tempera-
ture of 57 °C. Barta et al. (2018) also investigated a multi-temperature
refrigeration container system numerically, applying an expander and
a flash tank upstream of the medium temperature (MT) evaporator,
achieving a COP of 1.28 at an ambient temperature of 57.2 °C. These
papers numerically displayed the ability of complex cycles to be applied
to multi-evaporator transportation container refrigeration systems in an
effort to achieve COP values equal to or over unity, motivating further
experimental investigation. The cycle architectures applied in tran-
scritical COy supermarket applications vary in complexity in order to
achieve performance benefits over the HFC cycles they seek to replace,
depending on the proposed ambient conditions (Karampour and
Sawalha, 2018). On the complex end of this spectrum, Minetto et al.
(2014) experimentally investigated parallel compression, ejector
expansion work recovery, and flooded evaporation in a
multi-evaporator architecture, reducing compressor power consumption
by 13 % at an ambient temperature of 16 °C. Numerous technical ap-
proaches can be employed to enhance the energy efficiency of the
fundamental booster CO5 system, striving to achieve energy perfor-
mance at least on par with conventional HFC-based plants. The litera-
ture contains various publications that offer comparisons among
different solution alternatives. Gullo et al. (2017) theoretically evalu-
ated the multi-ejector concept where a drop in energy consumption by
19.4 % over an R-404A system is calculated and a potential energy
saving of 15.6 % can be achieved if integrated CO3 solution were used.
Sawalha (2008) achieved a COP improvement of 3-7 % over the tem-
perature range of 10-40 °C among some possible modifications (paral-
lel, cascade and centralized modified) and improvement on the CO,
systems solutions for supermarket refrigeration compared to R-404A. A
review which provides numerous examples of multi-evaporator archi-
tectures, expansion work recovery, and phase separation was written by
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Fig. 1. P&ID of the utilized test stand.
Table 1
Components used in test stand.
Equipment Manufacturer Model Tech. info
HP Compressor Carlyle 06V V =33.3 cm® + 20.0 cm®
LP Compressor Dorin CD300H V=16.7 cm®
Gas cooler Custom Microchannel HX 3 in series (5 kW each)
MT Evaporator Swep SS B16x26 A =0.928 m?
LT Evaporator Swep SS B16x24 A = 0.880 m?
THX Swep B18Hx10/1P A = 0.328 m?
EXV1 Danfoss CCMT4 Kv = 0.45 m® hr !
EXV2 Danfoss CCMT4 Kv = 0.45 m® hr?
EXV4 Danfoss CCMT2 Kv=0.18 m®>hr!
Ejector Custom Variable diameters 15 kW nominal capacity
(Liu et al., 2012b)
CO, Pump Hammelmann HAMPRO-12 V =12.16 I/min at 500rpm
Flash Tank Refrigeration Research 3370 V=28.341

Gullo et al. (2018) for additional reference. Finally, the multi-stage and
open-economization combination with an ejector was informed by Ladd
(2019a, 2019b, 2019c¢, 2018) with the intention of validating a partic-
ular multi-stage flashing refrigeration cycle as well as use of a pump to
increase the performance of the ejector.

Despite the significant amount of research that has been conducted
on enhancing the performance of transcritical CO5 refrigeration cycles,
there are still limited studies that cover experimental investigations of
multiple cycles compared with the same experimental setup, nor are
there any papers which considered the use of a CO3 pump as a method to
control the ejector. This paper presents a comprehensive experimental
comparison of four cycle architectures for a multi-stage two-evaporator
transcritical CO, refrigeration cycle. The experimental investigation
using a pump to control the CO; ejector cycle is based on the principle
conducted by Barta et al., (2021a). Among the cycle comparisons are
two methods for ejector control. The first control method is a variable
motive nozzle and the second is the addition of a variable-speed pump
located at the gas cooler outlet to vary the ejector motive nozzle inlet
pressure. The results of a comprehensive comparison parametric study
are presented, as is an assessment of the effectiveness of both proposed
control methods.
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2. System overview
2.1. Test stand design

The experimental test stand utilized in this work (Fig. 1) features two
evaporation temperatures, three stages of compression, intercooling
between the second and third compression stages, a flash tank at the
medium-temperature (FT) evaporator inlet, an IHX, a CO, pump located
between the gas cooler outlet and ejector motive nozzle inlet, and either
an electronic expansion valve (EXV) or an ejector for expansion. An
ejector (Fig. 3) harnesses expansion work by accelerating the high-
pressure flow from the gas cooler outlet via a motive nozzle into a
high-velocity motive flow, which entrains low-pressure flow from the
evaporator outlet through a suction nozzle. The two flows then mix and
diffuse at a pressure higher than the evaporation pressure, which re-
duces the amount of pressure lift required of the compressor and thus,
the required compressor input power. In this work, the back pressure
valve and the ejector are never used simultaneously, so switching from
one configuration to another has to be done manually using several ball
valves. Open economization is conducted with a flash tank, which is a
large vessel. Two phase flow enters the flash tank and flashed into
separate phases because of the sudden increase in volume. Gravity then
further separates the liquid and vapor phases such that the saturated
vapor flows out the top of the tank to bypass the evaporator and enters
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Table 2
Experimentally investigated cycle configurations.

EXV + Flash Tank Economization
Ejector

EXV + Flash Tank Economization + IHX
Ejector + IHX + CO2 Pump

Configuration 1
Configuration 2
Configuration 3
Configuration 4

the compressor directly while the saturated liquid exits the bottom of the
tank and flows through the expansion valve to enter the evaporator at a
lower specific enthalpy than the evaporator would receive without the
use of a flash tank. This can result in an increased cooling capacity if the
impact of the larger change in specific enthalpy across the evaporator
outweighs the disadvantage of the reduced mass flow rate passed
through the evaporator. The list of components is presented in detail in
the Table 1.

In this work, four cycle configurations were assessed over a range of
operating conditions, as summarized in Table 2:

e Configuration 1 “Baseline EXV cycle”: This cycle implements an EXV
as expansion valve with a flash tank applied upstream of the MT
evaporator to facilitate open economization, where saturated liquid
is throttled to the evaporator inlet and the vapor bypasses the
evaporator.

Configuration 2 “Ejector Cycle”: Instead of using an EXV, an ejector is
operated with motive flow from the gas cooler outlet and suction
flow from the MT evaporator outlet by closing BV3 valve. The ejector
diffuser outlet flow then enters the flash tank, where the same open
economization process as in configuration 1 takes place occurs.
Configuration 3 “EXV and IHX cycle”: This cycle is similar to the
baseline cycle (Configuration 1), but an IHX is utilized to further cool
the gas cooler outlet flow before it is expanded into the flash tank and
also to further superheat the compressor suction flow.

Configuration 4 “Ejector, IHX and pump cycle”: This is the most
complex cycle using both ejector and IHX with an additional CO,
pump added between the gas cooler outlet and the motive nozzle
inlet to increase the cycle efficiency by providing additional pressure
differential across the motive nozzle and thus, additional potential
work for expansion work recovery.

The reasoning behind employing a pump is that less work is required
to increase the pressure of a liquid than a gas due to the smaller change
in specific volume for a given pressure rise due to the less-compressible
fluid states. Therefore, the work required by the pump would result in an
increase in ejector pressure lift, and, theoretically, decrease the work
input required by the compression process by a larger amount than was
consumed by the pump. A further advantage of the pump is to facilitate
modulation of the motive nozzle input state to provide control of the
ejector efficiency, pressure lift, and entrainment ratio without needing
variable ejector geometry. The volumetric CO, pump used in this work is
an HAMMELMANN High Pressure Process pump with a capacity of
12.16 I/min at 500 rpm with the discharge line at the top and the suction
line at the bottom (Fig. 2). The ejector utilized in this work was devel-
oped and tested by Liu et al. (2012a), and the motive nozzle diameter
was varied manually during testing through rotation of a threaded
needle which moved in and out of the motive nozzle throat, actively
varying the effective motive nozzle flow diameter (L1 and L2 in Fig. 3);
Moreover the main technical drawings of the ejector are attached in
Appendix A. A piping and instrumentation diagram (P&ID) of the test
stand utilized in this work is shown in Fig. 1, and a photo of the pump
installed in the test stand is shown in Fig. 2.

A detailed explanation regarding the test stand development,
instrumentation, and validation of the evaporator energy balance can be
found in (Barta et al., 2021b). The ambient conditions are controlled
with the psychrometric chamber where the test stand is located, and
both evaporators are controlled by independent Ethylene-Glycol (EG)
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Fig. 2. Photo of the pump installed in the CO, test stand.

baths.

2.2. Measurement and instrumentation

All single-phase states were measured using calibrated in-line ther-
mocouples and pressure transducers. Whereas the two-phase states were
assessed with both temperature and pressure for redundancy. Three
Coriolis mass flow meters were used to measure refrigerant mass flow
rates, and a turbine flow meter was placed in each EG loop to measure
volumetric flow rates. The EG temperature was measured at the inlet
and outlet of each evaporator with in-line thermocouples placed in the
EG flow. Mass concentrations of 34 % and 50 % EG were utilized in the
MT and LT temperature baths, respectively. Both compressors and the
pump were controlled with variable frequency drives (VFD), and the
power consumption for each device was measured between the power
source and the VFD. Fan power for the intercooler and gas coolers was
measured via watt transducer. The flash tank liquid level was monitored
by both a sight glass and capacitive liquid level sensors to pass the liquid
level signal to the data acquisition system. The P&ID shown in Fig. 1
provides a visual reference for the location of the measurement devices,
and details of the various measurements are provided in Table 3.

Instrumentation uncertainties are used to determine the uncertainty
of calculated variables as in Eq. (1) from Taylor and Kuyatt (1994).

2
UY = Z (%Ux,)

where Y is the calculated quantity, X is the measured quantity, and U is
the uncertainty (Barta et al., 2021b).

€Y)

3. Cycle performance comparisons
3.1. Experimental procedure

The experimental campaigns resulted in a total of 53 steady-state
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Fig. 3. Photo of the adjustable ejector with technical drawing of the ejector (Liu et al., 2012b).

Table 3
Summary of sensors and corresponding uncertainty.

Physical Description Model Accuracy

Parameter

Temperature Ungrounded TC Omega T-Type +05K

Pressure (HP PT, 0-20,684 kPa Setra 206 + 26.9 kPa
Side)

Pressure (LP PT, 0-6895 kPa Setra 206 + 9.0 kPa
Side)

Mass Flow Coriolis Flow Meter ~ Micromotion + 0.1 % RDG
(Mmotive) CMFS050

Mass Flow Coriolis Flow Meter ~ Micromotion F025 + 0.2 % RDG
(rhsuction>

Mass Flow Coriolis Flow Meter ~ Micromotion F025 + 0.2 % RDG
()

Volume Flow Turbine Volume Omega FTB-1424 + 0.1 %FS
(Vi) Flow Meter

Liquid Level Capacitive Liquid SWI CS02 +0.5%

Sensor Linearity

Compressor Watt Transducer Ohio Semitronics + 0.2 % RDG +
Power GW5-015E 0.04 % FS

Fan Power Watt Transducer Ohio Semitronics +1.0 % FS

PC8-001

data points across the different cycle architectures. Steady-state points
have been identified by ensuring temperature and pressure deviations
from the set-points within +0.3 K (+£0.3 K if ambient temperature) and
+0.3 bar, respectively, and each data point has been obtained by aver-
aging between five to ten minutes of steady measurement. In every test,
the gas cooler pressure was varied to find the optimal pressure that

Table 4
Overview of conducted tests.

Test Description Ambient Temperature [ °C]
1 Baseline - EXV, FT Economization 24
2 (Configuration 1) 28
3 30
4 Ejector (Configuration 2) 24
5 28
6 30
7 IHX, FT Economization (Configuration 3) 24
8 28
9 30
10 Ejector, IHX, CO, Pump (Configuration 4) 19
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resulted in the maximum COP at each ambient condition. The back
pressure was regulated with an EXV using an in-house developed PID
controller and implemented within the monitoring system.
Experimental tests were conducted at ambient temperatures of 19 °C
(when the CO, pump is in operation) 24 °C, 28 °C and 30 °C, and the
fans, three of which were used for the gas-cooler and one for the inter-
cooler, were kept at a fixed speed. The heat load was provided by two EG
baths: one evaporator inlet temperature target was 3 °C to simulate
refrigeration applications (MT), and the low-temperature (LT) EG-side
evaporator inlet temperature target was —21 °C to simulate freezer
applications. Both EG flow rates were set to 10 liters per minute to
maintain a proper temperature difference from inlet to outlet that would
reduce the impact of the thermocouple uncertainty while still falling
within the turbine flow meter measurable range. The applied test matrix
is provided in Table 4. Ambient relative humidity was set at 30 % to
avoid large amounts of ice buildup and a target compressor suction
superheat of approximately 15 K was chosen. When the ejector is used,
15 K refers to the superheating at the outlet of the MT evaporator. When
testing the plant in Configurations 3 and 4, where the IHX is used, the
superheating at the LT evaporator outlet is set at 10 K in order to avoid
excessive LP suction compressor superheating and to maximize the
benefit of the IHX. The somewhat high superheat values were selected
due to insufficient volume for mixing of the MT evaporator outlet and
the first stage compressor outlet flow before the suction to the second
stage compressor. Lower compressor suction superheat values led to
instabilities in some investigated architectures due to notable reductions
in evaporator outlet superheat values. In order to be as consistent as
possible between all investigated architectures, we used a consistent

Table 5

Test stand peripheral operating parameters.
Parameter Units Values
LT suction (evaporator outlet) superheat [K] 15, (10) if IHX
MT suction (evaporator outlet) superheat [K] 15, (15) if Ejector
Ambient Temperature [°C] 19, 24, 28, 30
Ambient relative humidity [-1 30 %
Ethylene-Glycol inlet temperature, LT evaporator [°C] -21
Ethylene-Glycol inlet temperature, MT evaporator [°C] 3
Ethylene-Glycol volumetric flow rate, LT evaporator ~ [l/min] 10
Ethylene-Glycol volumetric flow rate, MT evaporator [l/min] 10
Flash Tank Pressure (open economization) [bar] 35
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Configuration 1
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Fig. 4. Configuration 1 (Baseline, EXV with FT economization) COP with gas
cooling pressure variation.

superheat value throughout all tests to ensure a fair comparison. This
resulted in a somewhat high superheat, higher than what typical su-
permarkets operate with, applied for experimental purposes. Conse-
quently, the absolute COP values are somewhat impacted. The system
refrigerant charge was held constant at a value of 7.9 kg for all tests. In
all the test conducted where open economization was achieved, the
pressure in the flash tank was fixed at 35 bar via the flash gas valve in
order to simulate a common supermarket refrigeration plant (Cortella
et al., 2020). A summary of the cycle parameters is presented in the
Table 5.

Configuration 4 (with the CO, pump) was tested only at an ambient
temperature of 19 °C, the reasons for which will be discussed in-depth in
the following section.

The calculation of key performance metrics is calculated as was done
in (Barta et al., 2021b), with COP shown in Eq. (2).

Qcool,LT + QcooLMT

COP = — - - -
Wcomp,LP + Wcomp.HP + Wpump + Wfans

@

Where Qcool,LT and Q.o mr are the cooling capacity from the LT and MT
evaporators on the refrigerant side, respectively. In the denominator, the
power consumption of the low-pressure compressor, high-pressure
compressor, CO2 pump, and fans are considered with the aim of hav-
ing a COP closer to real supermarket applications with gas-cooler fans.
The power consumption of water/EG pumps is neglected, and no

Configuration 2

1.5
1.4
* 8
1.3 &
@ LY @
n-: 1.2 1 @ - s &
o
O 1.1 *
1.0
L
0.9 @ Tambient=24°C
’ W@ Tambient=28°C
L W@  Tambient=30°C
0.8 T T T T T T
7400 7700 8000 8300 8600 8900 9200 9500

Gas Cooler Outlet Pressure [kPa]

Fig. 5. Configuration 2 (Ejector) COP with gas cooling pressure variation.
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additional electrical power is added, for example to simulate an appli-
cation with air-source evaporators, where an additional fan power
consumption could be considered.

3.2. Experimental results

In all the tested configurations, conditions that corresponded to a
maximum COP have been identified and the resulting COP values with
gas cooling pressure variation for Configurations 1, 2 and 3 at three
ambient conditions are shown in Fig. (4-6), respectively.

For each configuration tested at three different ambient conditions,
an optimal gas cooler outlet pressure can be identified to maximize the
system COP. The COP trends followed the expected result of attaining a
maximum value for a given ambient condition at a higher pressure with
increasing ambient temperature. The gas cooler outlet pressure that
corresponds to the maximum COP is clear for all configurations. At 24
°C, the minimum pressure is fixed at 75 bars to avoid the vapor dome
and, regarding Configuration 3 at 30 °C, the maximum pressure (93 bar)
is taken as optimum pressure even though an optimum was not reached

Configuration 3

1.5
1.4
& @ * ®
13 & @
2 @ @
* &
T 1.2 L 4
o @ &
8 1.1
) L 2
1.0
0.9 @  Tambient=24°C
’ W@ Tambient=28°C
W W@  Tambient=30°C
0.8 T T T T T T
7400 7700 8000 8300 8600 8900 9200 9500

Gas Cooler Outlet Pressure [kPa]

Fig. 6. Configuration 3 (IHX with FT economization) COP with gas cooling
pressure variation.
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Fig. 7. LT and MT evaporator energy balance validation.
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Table 6
Summary of data with and without CO, pump.
Tamb Architecture Pecout Ppump.out rpm cop Qeool T Qeoolur Weomp.ip Weomp p Woump
[°C] [-] [kPa] [kPa] [r/ [-] [kW] [kwW] [kw] [kwW] [kW]
min]
19 Ejector + IHX 6987.2 + - - 1.510 + 2.760 + 4.700 + 0.980 + 3.390 + -
26.9 0.016 0.008 0.012 0.032 0.032
Ejector 4+ CO, 7085.4 + 7481.3 + 125 1.460 + 2.630 £ 5.170 + 0.960 + 3.430 + 0.380 +
Pump 26.9 26.9 0.014 0.008 0.012 0.032 0.032 0.032
Ejector + CO, 7047.2 + 7971.3 + 130 1.470 + 2.580 + 5.350 + 0.970 + 3.410 + 0.430 +
Pump 26.9 26.9 0.014 0.008 0.012 0.032 0.032 0.032
Ejector + CO4 7015.3 + 8320.1 + 140 1.470 + 2.500 + 5.480 + 0.990 + 3.410 £ 0.470 +
Pump 26.9 26.9 0.014 0.008 0.013 0.032 0.032 0.032
Ejector + CO, 7005.7 + 8985.6 + 155 1.480 + 2.580 + 5.610 + 1.010 + 3.410 + 0.560 +
Pump 26.9 26.9 0.014 0.008 0.013 0.032 0.032 0.032
Ejector + CO, 6987.8 + 9554.8 + 170 1.460 + 2.560 + 5.650 + 1.020 + 3.410 + 0.640 +
Pump 26.9 26.9 0.014 0.008 0.013 0.032 0.032 0.032

due to limits on the maximum safety pressure at the gas cooler. Never-
theless, at this point there is still an improvement in COP compared to
the other configurations, consistent with the tests conducted at ambient
temperatures of 24 °C and 28 °C. Therefore, the improvement could
potentially be greater, but it is limited by safety conditions at the gas-
cooler in this specific system. From this point onwards, each configu-
ration analysis was conducted at the gas cooler pressure which results in
the maximum COP. The validation of both evaporators (MT and LT) with
EG-side capacities of these experimental points is shown in Fig. 7. The
mean absolute errors are 3.1 % and 3.4 % for the MT and LT evaporators,
respectively and the uncertainty is not represented because it would not
be discernible due to the graphical scale. However, the uncertainties
associated with these datapoints are provided in Table 6.

The logarithmic pressure-specific enthalpy (P-h) diagrams achieving
the maximum COP at investigated ambient temperatures for Configu-
rations 1, 2 and 3 are presented in Figs. (8-10) respectively. The
maximum COP values for each configuration and the corresponding gas
cooler outlet pressure at three different ambient temperatures are
plotted in Fig. 11 for an overall comparison.

The ejector was originally sized for a 15 kW air conditioning system,
and was therefore oversized for the test stand at refrigeration conditions,
as the test stand utilized herein has an approximate total cooling ca-
pacity of 8 kW. This led to reduced ejector efficiency, but the motive
nozzle was still able to be modulated to provide adequate control of the
gas cooling pressure. Compared with Configuration 1 as baseline,
Configuration 2 improves the system COP for all investigated conditions,
which also allowed the optimum gas cooler outlet pressure to be lowered
by 1.9 bar, 2.45 bar and 3.62 bar at 24 °C, 28 °C and 30 °C ambient

Configuration 1

conditions, respectively. The maximum COP improvement was found to
be 2.33%, 4.64% and 3.67% at 24 °C, 28 °C and 30 °C ambient condi-
tions, respectively. In this specific test stand, the configuration with the
highest increase efficiency was Configuration 3. Using the IHX leads to
COP increases of 5.60%, 9.47%, and 8.89% at 24 °C, 28 °C and 30 °C,
respectively. The effect at 30 °C ambient condition is still positive, but
not as much as might be expected, since, in those conditions, the tested
pressure at the gas cooler was limited to approximately 92 bar. This
limitation is due to the safety valve in the test stand being set at a
maximum pressure of 95 bar, and therefore, the configurations being
compared are not as meaningful as at lower temperatures conditions. It
is fair to mention that the position chosen for the IHX did not allow for
an appreciable optimum pressure-reducing effect due to the significant
difference in specific heat capacity and mass flow rate between the flow
in the high and low pressure line, which allows sub-cooling of the high
pressure side by approximately 2-3 K, while, on the vapor side, a
superheating of 60 K was reached. Therefore, the IHX should be applied
on the MT line and not the LT line due to the higher mass flow rate in the
MT line in such applications as well as in further investigations using this
test stand.

For the sake of completeness, a summary of COP, MT and LT evap-
orator outlet, FT pressure, and gas cooler outlet pressures and temper-
atures, as well as cooling capacities and compressor power consumption
for all points shown in Fig. 11 is provided in

Table 7. With COPys referring to the refrigeration COP, without
taking into account external power consumption such as fan power.
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Fig. 8. P-h diagram of Configuration 1 (EXV and FT economization).
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4. Ejector control and performance assessment

Two methods of ejector control were assessed in this work. The first
was a variable-diameter motive nozzle and the second was a variable-
speed pump located between the gas cooler outlet and motive nozzle
inlet.

An energetic and ejector performance analysis of the variable-
diameter method is presented herein, followed by a dedicated section
with the performance of the pump method with the aim of achieving the
required parameters for the safe operation of the CO5 pump. To evaluate
the ejector performance, entrainment ratio, w, and ejector efficiency,
Nejectors @r€ Utilized, as defined in Eqgs. (3) and (4), respectively (Elbel and
Hrnjak, 2008b).
_ msuction

w=—
Mpotive

3

where suction refers to the suction nozzle flow and motive refers to the
motive nozzle flow.

h(Pq, ssi)

— hsi
hmi

=" Rt — A(Pg, 5m)

4

”ejector

where h is specific enthalpy, P is pressure, s is specific entropy, si denotes
the suction nozzle inlet, mi denotes the motive nozzle inlet, and
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d denotes the ejector diffuser outlet. The pressure lift achieved by the
ejector is defined as the difference in pressure between the ejector
diffuser outlet and the MT evaporator outlet (pressure in point 17 in
Fig. 1) in Eq. (5).
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Fig. 11. Summary of maximum achieved COP for Configurations 1, 2 and 3.
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Table 7
Summary of data at maximum COP conditions for all tests for Configurations 1, 2 and 3.
Configuration Tyeout Prrout Pt out Prr PG out cop COPyef Qeool LT QeoolMT Weomp,p Weomp p
[ [-] [°C] [kPa] [kPa] [kPa] [kPa] [-1 [-] [kW] [kW] [kw] [kw]
°C]
30 1-FT 345+ 1396 + 2837 + 3540.2 + 9046.1 + 1.140 + 1.270 + 2.600 + 3.830 + 1.010 + 4.050 +
Economization 0.5K 9 9 26.9 26.9 0.011 0.011 0.008 0.011 0.032 0.032
2 - Ejector 34.3 1409 + 2438 + 2790.6 + 8847.3 + 1.190 + 1.330 + 2.840 + 3.850 + 1.040 + 4.000 +
+ 05K 9 9 26.9 26.9 0.011 0.011 0.008 0.010 0.032 0.032
3 - IHX; FT 34.9 1426 + 2829 + 3490.5 + 9224.3 + 1.250 + 1.400 + 2.350 £ 4.730 + 0.980 + 4.100 +
Economization + 05K 9 9 26.9 26.9 0.012 0.012 0.007 0.012 0.032 0.032
28 1-FT 32.0 1312 + 2710 £ 3485.6 + 8713.4 + 1.220 + 1.350 + 2.460 + 4.220 1.000 + 3.930 +
Economization + 05K 9 9 26.9 26.9 0.012 0.012 0.007 + 0.011 0.032 0.032
2 - Ejector 33.6 1414 + 2549 + 2860.8 + 8468.1 + 1.270 + 1.420 + 2.820 + 4.260 + 1.040 + 3.950 +
+ 05K 9 9 26.9 26.9 0.012 0.012 0.008 0.011 0.032 0.032
3 - IHX; FT 33.1 1490 + 2853 + 3520.2 + 87259 + 1.330 + 1.490 + 2.500 + 4.810 + 0.990 + 3.930 +
Economization + 05K 9 9 26.9 26.9 0.013 0.013 0.008 0.013 0.032 0.032
24 1-FT 29.7 1364 + 2746 + 3509.1 + 7774.3 + 1.320 = 1.480 + 2.590 + 4.310 £ 1.020 + 3.640 +
Economization + 05K 9 9 26.9 26.9 0.013 0.013 0.008 0.011 0.032 0.032
2 - Ejector 30.7 1302 + 2608 + 2931.0 + 7584.2 + 1.350 + 1.510 + 2.610 + 4.510 + 1.070 + 3.630 £
+ 05K 9 9 26.9 26.9 0.014 0.014 0.008 0.011 0.032 0.032
3 - IHX; FT 29.2 1469 + 2677 £ 3540.7 + 7800.1 + 1.400 = 1.570 + 2.530 + 4.650 + 0.960 + 3.620 +
Economization + 0.5 K 9 9 26.9 26.9 0.014 0.014 0.008 0.012 0.032 0.032
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Fig. 12. Entrainment ratio with varying gas cooler pressure via motive
nozzle modulation.
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Fig. 14. Ejector efficiency with varying gas cooler pressure via motive
nozzle modulation.

(5)

Piist = Pq — Pur,out

4.1. Variable diameter motive nozzle

The motive nozzle diameter variation was used to search for the gas
cooler outlet pressure corresponding to the maximum COP, as shown in
Fig. 5, validating motive nozzle diameter modulation as an effective
means of gas cooling pressure variation. Entrainment ratio, ejector
pressure lift and efficiency trends with motive nozzle modulation (i.e.,
gas cooler pressure) at various ambient temperature are presented in
Figs. (12-14) respectively. In nearly all assessed operating points pre-
sented in Fig. 12, the entrainment ratio (0.35, 0.33 and 0.31, where the
COP is maximum, at 24 °C, 28 °C and 30 °C, respectively) was observed
to be directly proportional to the gas cooler pressure.

This is because the motive pressure is the driving force of the ejector,
which increases the entrained flow rate from the evaporator and thus,
the cooling capacity. As the gas cooler pressure increases, the motive
mass flow rate typically decreases due to the inverse relationship of
compressor mass flow rate to pressure ratio. Furthermore, with
increasing gas cooler pressure for a given ambient condition, the motive
nozzle inlet specific enthalpy decreases, thus leading to a lower motive
nozzle outlet quality for scenarios where the expansion process enters
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the vapor dome. Thus, the fraction of the total mass flow passing
through the evaporators further increases. The combination of these
trends explains the observation of the direct relation of entrainment
ratio and motive nozzle inlet pressure.

The pressure lift is shown in Fig. 13 with the uncertainty calculated
using the two pressure transducers in low-pressure lines. The experi-
mental results show a direct relationship between ambient temperature
and ejector pressure lift due to the larger amount of available expansion
work to be recovered at higher gas cooler pressures associated with the
higher ambient temperature. Looking more closely, higher pressure lift
values at lower gas cooling pressures were observed, which then stabi-
lized with the increase of gas cooler pressure for ambient temperatures
of 28 °C and 30 °C, while remaining nearly constant at 24 °C ambient.
The main explanation regarding this difference in behavior between
higher ambient temperature (28 °C and 30 °C) and 24 °C ambient
temperature is the strong dependence of ejector diffuser outlet pressure
with nozzle diameter. At a temperature of 24 °C, only slight changes in
ejector geometry are required to achieve conditions that maximize COP,
while at higher ambient temperatures, more significant changes in
ejector geometry and thus, higher diffuser outlet pressure changes are
required to achieve conditions that maximize COP. This explains why
pressure lift changes are more pronounced when the ejector is further
from the conditions that maximize system performance, and the com-
bination of these two parameters (shown in Figs. 12 and 13) sheds light
on the ejector efficiency behavior shown in Fig. 14. Therefore, it is
shown how an analysis on ejector efficiency trends must go through an
analysis of entrainment ratio and pressure lift trends together and, as a
result, provide the overall ejector efficiency.

Considering that the evaporator outlet superheat was fixed at 15 K,
the general trend shows an increase in ejector efficiency as the pressure
at the gas cooler outlet increases, with the sole exception of the test at
78.63 bar and an ambient temperature of 28 °C. This result is likely due
to the high ejector pressure lift at that point that affects the efficiency
calculation. It is worth mentioning that an increase in the efficiency of a
single component does not always increase overall cycle efficiency. To
support this statement, it can be seen that the points with the highest
ejector efficiency do not necessarily correspond to the points where
system COP is highest. Moreover, contrary to many expansion work
recovery device control methods, this variation in diameter did not
significantly impact the ejector efficiency. Finally, the uncertainty in the
calculation of ejector efficiency is significantly higher than for the other
quantities presented. This comes from the fact that the calculation of
efficiency (Eq. 4) includes the calculation of the uncertainty associated
with the specific enthalpy inlet, and this zone often is situated just above
the critical point, which is associated with a nearly flat isotherm.

4.2. Variable speed CO5 pump

Applying a pump to compress the sub-cooled liquid, where the
temperature and pressure of the refrigerant are below their respective
critical values, or supercritical liquid, where the fluid pressure is above
the critical pressure, but the temperature is below the critical temper-
ature, resulted in consistent trends and reliable operation. To respect the
safety constraints of the pump and avoid cavitation, a maximum pump
inlet temperature of 25 °C and a maximum pump discharge pressure of
100 bar are recommended by the manufacture, which results in a
dedicated test condition. The manufacturer-recommended subcooling at
the pump inlet is 5 K, which necessitated the use of an IHX at the gas
cooler outlet. Additionally, by varying the CO5 pump speed to control
the motive inlet pressure and the ejector performance, the suction
pressure of the pump, which is also the pressure at the gas cooler outlet
as shown in Fig. 1, also varies with the pump speed as a secondary effect.
This implies that, by increasing the pump speed, the pressure in the gas-
cooler can decrease, reducing the degree of subcooling, and thus,
increasing the risk of cavitation. Additionally, the pump suction tem-
perature can increase as the pump rpm increases, making it more

235

International Journal of Refrigeration 169 (2025) 226-240

difficult to remain below the manufacturer limit of 25 °C. The maximum
pump speed was limited to keep the pump discharge pressure below 100
bar as the maximum designed discharge pressure. For all the reasons
explained above, the ambient temperature for this specific evaluation
was fixed at 19 °C. With the aim of making the comparison as fair as
possible, and to isolate the effect of the pump as much as possible, the
pump testing (Configuration 4) is compared to the test stand with both
the ejector and the IHX (Configuration 2+IHX), the comparison is
evaluated with all the other parameters fixed as shown in Table 5,
working in subcritical conditions with an initially-fixed gas cooler
pressure of 70 bar. In accordance with the compressor envelope pro-
vided by the manufacturer, the operating point in this test with respect
to the MT compressor is achievable with the only caution being to verify
that the point at the first stage exit does not cross the saturation curve
(Point 5 in Fig. 15) which does not occur in any of the experiments
presented here.

To operate the CO5 pump, starting from the baseline conditions with
a fixed gas cooler pressure of 70 bar and an ambient temperature of 19
°C, the IHX bypass valves were opened, and the CO, pump was engaged
with a speed corresponding to the volumetric flow at the gas cooler
outlet. An example of Configuration 4 cycle on a P-h diagram is pre-
sented in Fig. 15.

Once the CO, pump is correctly engaged, the pump speed is
increased to control ejector performance. A comparison between Con-
figurations 4 and Configuration 2 with the IHX, with increasing pump
speed and thus, motive nozzle inlet pressures up to 100 bar, was con-
ducted. As before, the entrainment ratio, pressure lift and ejector effi-
ciency are presented as a function of pump outlet pressure and thus,
ejector motive nozzle inlet pressure, in Figs. 16, 17 and 18 respectively.

Figs. (17 and 18) show nearly linear trends as pump speed increases
while the entrainment ratio (Fig. 16) increases rapidly around 75 bar
and then is somewhat stable as the motive nozzle inlet pressure increases
from a value of 0.38 without pump to an approximately constant
average value of 0.44 when the pump is used. Another key aspect of this
result is that the ejector efficiency is not adversely impacted by the pump
operation, validating its use as a control mechanism to operate the cycle
at optimal conditions without sacrificing component efficiency. This
regulation allows an increase in cooling capacity through the use of the
pump due to its direct relation to the entrainment ratio. Despite a
somewhat insignificant decrease in compressor power consumption, the
overall system COP increases through use of the pump. The overall
pump efficiency varied from 22% to 38% during the tests. This low ef-
ficiency was due to the maximum pump operating speed being
approximately 40% of the design speed for the pump. The pump was
oversized due to difficulty in finding the correct pumps designed for
these purposes and the desire to also be able to accommodate evapo-
ration conditions associated with air condition operating conditions.
Such a strong sensitivity to rotational speed was not expected, and
therefore it is recommended that, in future investigations, different
pumps are utilized for air conditioning and refrigeration applications,
highlighting a challenge of developing flexible tests stands for labora-
tory work instead of single-application machines. Increased pump effi-
ciency would further increase the COP benefit of the combined use of the
ejector and pump. With the aim of reducing the impact of the oversized
pump efficiency on the system COP, an alternative COP, COPpec, is
presented in Eq. (6) to offer a more general performance trend.

Qcool.LT + QcoolAMT
Wcomp,LP + Wcomp.HP + m'AhPump + Wfans

COPpyec = (6)

Where n1- Ahpymp is the product of the mass flow and the specific enthalpy
difference across the CO2 pump. This COP has the meaning of a “me-
chanical coefficient of performance”, where the pump mechanical and
electrical efficiency are therefore equal to 1, this parameter represents
the maximum COP that could be achieved with a perfectly sized pump
without heat losses. Therefore, the goal is to isolate the effect of an
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Fig. 16. Entrainment ratio with motive nozzle inlet pressure.

oversized pump as much as possible. Ideally, the mass flow should also
change if the pump were perfectly sized, however by changing only the
electrical power input the final COP value refers to a CO5 flow that is not
ideal but still measured and therefore more closely related to reality.
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Fig. 17. Ejector pressure lift with motive nozzle inlet pressure.
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This mechanical COP result in an indication based on experimental
evidence anyway even though the impact of a CO; pump might be
higher in terms of COP. Additionally, in order to evaluate the impact of
the assumed pump efficiency, two additional parameters are presented
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Fig. 19. Percentage difference in COP with ejector inlet pressure.
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in Egs. (7) and Eq. (8).

COP, conf.4(mec) — COP, conf.2++IHX
COPCUYlfAz‘FIHX

ACOPyymee) = 100 %)

_ Qconf.4. - Qconf.ZHHX_lOO

AQy, ®

Qconf 2+IHX

With Q being the overall cooling capacity and COP being the value
presented in Eq. (2).

The percentage difference in COP with ejector inlet pressure is pre-
sented in Fig. 19 and a summary of measured COP, gas cooler outlet
pressure, motive nozzle inlet pressure, cooling capacities, speed of the
pump, compressor and pump power consumption is provided in Table 7.
Uncertainty values are provided based on the uncertainty analysis
conducted and are a combination of measurement uncertainty as well as
error propagation. In this configuration, using the CO, pump leads to an
increase in overall cooling capacity up to 6 % when the pump is at
maximum tested speed, while the COP gradually decreases with the
increase of the motive nozzle inlet pressure and thus, pump speed. This
trend is justified by the fact that increasing the inlet pressure of the
ejector means increasing the pump rpm and thus the consumed elec-
trical power. Under these test conditions, the cooling capacity increase is
not sufficient to compensate power consumption increase and leads to a
decreasing COP. Looking at the ACOPy, mec, the absolute values are
higher due to the lower power consumption of the pump. However, the
trend is not clear as the ejector inlet pressure varies. One of the major
explanations is the calculation of the m:Ahp,m,,. The change in specific
enthalpy does not necessarily increase with increasing pump speed as
one might expect. As pressure lift increases with rpm, the mass flow
through the gas cooler increases, and this leads to an increase in the inlet
temperature of the CO pump of nearly 3 K. This effect influences the
calculation of the specific enthalpy difference, which helps justify an
unclear trend in the Fig. 19, since not only the pump performance is
behind it, but also the behavior of the gas cooler and the IHX. Never-
theless, comparing the mechanical COP is of fundamental importance in
understanding the impact of pump efficiency and the room for
improvement. The trend of ACOPy; e, suggesting that with a perfectly
sized pump, the use of a CO, pump to regulate ejector performance
could provide appreciable benefits in terms of overall COP of maximum
3.68% in subcritical conditions.

5. Conclusions

This paper presented an experimental analysis comparing two
ejector control methods and four cycle architectures applied in a two-
evaporator transcritical CO, refrigeration cycle with an approximate
cooling capacity of 8 kW. In particular, the two ejector control methods
assessed were motive nozzle diameter variation via a manually-
adjustable needle located in the motive nozzle throat and motive
nozzle inlet pressure modulation through a variable-speed pump placed
between the condenser/gas cooler outlet and the ejector motive nozzle
inlet. The assessed cycles were flash tank economization applied up-
stream of the MT evaporator (Baseline, Configuration 1), ejector
(Configuration 2), flash tank with an IHX (Configuration 3) and an IHX
with an ejector and a pump upstream of the ejector motive nozzle inlet
(Configuration 4). The comparisons were conducted at 24 °C, 28 °C and
30 °C ambient temperatures for Configuration 1, Configuration 2, and
Configuration 3, and at 19 °C only for Configuration 4. The gas cooler
outlet pressure was varied at ambient condition where a transcritical
operation is required, for each cycle in an effort to identify the gas
cooling pressure that resulted in the maximum COP. Ejector parameters
such as entrainment ratio, efficiency, and pressure lift were also
assessed.

The gas cooling pressure where the maximum COP occurred for each
cycle decreased as ambient temperature decreased. Maximum COP
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benefits of 2.3%, 4.6% and 3.7% at 24 °C, 28 °C and 30 °C ambient
conditions, respectively, were achieved with the ejector alone is used
and a COP increase of 5.6%, 9.5%, and 8.9% at 24 °C, 28 °C and 30 °C,
respectively, were achieved using the IHX compared to baseline.

With respect to ejector control, it was found that modulation of the
motive nozzle diameter led to a maximum ejector efficiency variation of
approximately 6 %. The configuration utilizing the CO, pump was tested
at only 19 °C ambient and was found to be able to increase ejector ef-
ficiency from 10 % to 15 % relative compared to the ejector configu-
ration under the same conditions. Furthermore, correlations between
nozzle position or pump speed and ejector entrainment ratio, pressure
lift, and efficiency were clearly identifiable. Therefore, both methods of
ejector control were validated in their ability to control the ejector. All
tests utilizing the pump resulted in a lower COP with a maximum
decrease of 6.1% and a higher cooling capacity with a maximum in-
crease of 6.2% compared to the ejector cycle without the pump. A
theoretical analysis with the definition of a mechanical coefficient of
performance (COPpc), corresponding to a theoretical value of a
perfectly sized pump, was conducted, showing a potential theoretical
increase of 3.68% compared to the ejector cycle without the pump.
However, the pump was only tested with the system in subcritical mode.
Conducting the test under subcritical conditions eliminates the possi-
bility of comparing this configuration in transcritical operation, where
the ejector is most commonly used. Safety and inefficiency limitations
resulting from oversizing preclude the appropriateness of this configu-
ration in a real plant. At this stage of experimentation, the conclusions
regarding this configuration do not definitively support the idea that a
CO9 pump can increase the efficiency of a commercial CO; refrigeration
cycle. However, raising the evaporation temperature would increase the
mass flow rate, and thus the speed of the pump required, theoretically
working under more optimal conditions for the pump, opening up
possible developments in air conditioning systems with the test stand
utilized in this work.

Future work is to optimize both ejector and pump designs for the
operating conditions and capacity of this test stand to increase the COP
benefit of both cycles and to analyze results with the pump in tran-
scritical conditions. As the safety constraints for pump operation were
found to be more restrictive than anticipated, future work in this
experimental facility will aim to allow the COy pump to be used at
higher ambient temperatures safely and with more appropriate sizing
for the system capacity and operation. Additionally, the position of the
IHX low-temperature flow should re-evaluated.
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APPENDIX A
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Fig. A.1. Technical drawing of the ejector: Suction nozzle, mixing and diffuser (Fang Liu and Groll, 2008).
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Fig. A.2. Technical drawing of the ejector: Receiving section (Fang Liu and Groll, 2008).
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Fig. A.3. Technical drawing of the ejector: Motive nozzle (Fang Liu and Groll, 2008).
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