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ABSTRACT 

This study is dedicated to an experimental investigation of a passive two-phase 

ejector used as an expander in a transcritical CO2 heat pump. The investigation 

focused on the impact of the evaporating temperature (Tevap) and the CO2 gas 

cooler outlet temperature (Tgc-out) on the ejector and the overall cycle 

performance. The basic cycle without an ejector was also tested as a baseline for 

comparison. Two ejectors designed with different modeling approaches were 

tested and compared. The ejector with an enlarged mixing section diameter was 

selected for subsequent testing due to its improved pressure lift. The optimum 

primary nozzle position was found to be 4 times the mixing section diameter 

(Dmix). Although the ejector was designed for specific conditions, the results 

demonstrate its ability to remain operational under varying conditions with some 

changes in performance. The ejector’s performance was observed to be 

dependent on the Tevap, and particularly on the Tgc-out. The pressure lift recorded 

was in the range of 3.7-6.5 bar, and the lowest value was obtained with the low 

Tgc-out value (29 °C). Under the tested conditions, the integration of the ejector 

enhances the performance and the capacity of the heat pump. The ejector cycle 

improvement is primarily based on improved mass flow rates due to increased 

compressor suction pressure, reduced compression ratio, and consequently, 

improved compressor operating conditions. Improvements of up to 18% in 

heating COP and 20.5% in heating capacity were observed. The study provides 

valuable insights into enhancing the performance of transcritical CO2 heat pump 

system by refining ejector design. It explores the behavior of the system across 

varying conditions, highlighting the significant impact of the ejector-compressor 

interaction on overall performance.  
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1. INTRODUCTION 

The adoption of carbon dioxide, a natural refrigerant 

with minimal impact on global warming, in mechanical 

compression cycles, stands as a solution to the current 

climate crisis. This eco-friendly approach aligns 

harmoniously with global initiatives to enhance energy 

efficiency and diminish reliance on fossil fuels. 

Technology and knowledge regarding CO2 systems 

are continuously evolving, and their adoption in different 

applications is likely to increase, including but not limited 

to refrigeration systems (Barta et al., 2021), heat pump 

systems (Badache et al., 2018; Song et al., 2022), and the 

transcritical Rankine cycle for power generation (Sarkar, 

2015). For instance, in supermarket applications, the 

transcritical CO2 booster system based on a two-stage 

compressor cycle is a well-established technology 

(Arpagaus et al., 2016). And the CO2 heat pump (HP) for 

water heating demonstrates a promising potential in both 

residential and industrial sectors (Zhang et al., 2015; 

Wang et al., 2022). 

The systems employing transcritical CO2 experience 

significant exergy degradation during the expansion 

valve's throttling process (Liu et al., 2021), leading to a 

decrease in overall performance. To mitigate this issue and 

recover a part of the work lost during the expansion 

process, various types of expanders, including piston, 

rotary scroll, and turbomachine, have been evaluate 

(Zhang et al., 2015; Elbel & Lawrence, 2016; Ferrara et 

al., 2016;). Nevertheless, the low efficiencies due to 

friction induced by the moving components, and the 

refrigerant leakage issues generally counterbalance the 

potential advantages yielded by this category of 

equipment. The pressure exchanger (Sengupta & 

Dasgupta, 2023) is a new device that is starting to capture 

the interest of researchers. It can replace the expansion  
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NOMENCLATURE 

h specific enthalpy  mix mixing 

D diameter  prim primary 

�̇� mass flow rate  sec secondary 

P pressure  Acronyms 

T   temperature  COP     Coefficient of Performance 

Greeks  HP Heat Pump 

Δ   difference  HV Hand Valve 

ω    entrainment ratio  MCV Motor Control Valve 

Subscripts  NXP Nozzle Exit Position   

c   compressor  Pl Pressure Lift 

gc   gas cooler    RTD Resistance Temperature Detector 

 

valve while presenting a large capacity to compress. 

However, a moving rotor with speed control is necessary 

to manage the flow rates and pressures. 

Offering simplicity and cost effectiveness due to no 

moving components, the ejector emerges as a 

straightforward and viable alternative for replacing the 

expansion device and reducing the throttling 

irreversibility (Aidoun et al., 2019). 

In the literature, experimental studies on mechanical 

compression cycles integrating an ejector as an expander 

are predominantly focused on CO2 refrigeration 

applications. Limited experimental studies have explored 

synthetic refrigerants such as R134a and R410A (Disawas 

& Wongwises, 2004; Ersoy & Bilir Sag, 2014; Lawrence 

& Elbel, 2016). For these refrigerants, ejector operation 

under subcritical conditions is characterized by a 

relatively low performance and expansion work recovery 

compared to CO2 applications. 

Several experimental studies demonstrated the 

advantages of integrating a two-phase ejector as an 

expansion device in CO2 refrigeration systems. Depending 

on the system design and considered operating conditions, 

the improvement in COP generally is in the range of 7–

20% (Akagi et al., 2004; Elbel & Hrnjak, 2008; Lee et al., 

2011; Lucas & Koehler, 2012; Haida et al., 2016; Zhang 

et al., 2020). 

Akagi et al. (2004) experimented a CO2 refrigeration 

cycle with an ejector. The investigation involved varying 

the temperature of the refrigerant at the outlet of the gas 

cooler within the range of 35 °C to 45 °C while 

maintaining an evaporator pressure at 45 bar. The 

observed enhancement in the COP over the expansion 

valve baseline system was approximately 11%. The 

absence of a diffuser in the ejector suggests the potential 

for enhancing this performance. The authors also 

highlighted the critical role of the mixing section geometry 

and its impact on the ejector’s performance. 

Elbel and Hrnjak (2008) tested a variable throat 

ejector within a CO2 refrigeration system. The utilization 

of a needle permits adjustment of the nozzle throat area, 

thus facilitating control over the gas cooler pressure. The 

results revealed that use of the needle led to a reduction in 

ejector efficiency due to flow disturbance, leading to 

increased internal losses. Nevertheless, the enhancement 

in cycle performance and the maximization of COP 

outweighed the degradation in the ejector's efficiency. 

Under the tested conditions, the authors observed that 

integrating the ejector into the cycle resulted in improved 

cooling capacity and COP, with enhancements of up to 8% 

and 7–18%, respectively, compared to a basic cycle with 

an expansion valve. 

In an experimental investigation, Lucas and Koehler 

(2012) carried out a comparative analysis between the CO2 

ejector refrigeration cycle and the conventional expansion 

valve cycle. The evaporating temperature ranged from -

10 °C to 1 °C, while the gas cooler outlet temperature 

extended from 30 °C to 40 °C. The study observed a 

maximum COP improvement of 17%, complemented by 

an ejector efficiency reaching up to 22%. Note that the 

high-pressure side was controlled by modulating the 

compressor’s speed. 

The literature on the integration of a two-phase 

ejector as an expander in CO2 systems for heating 

applications is relatively sparse compared to refrigeration 

studies. The high temperature at the gas cooler outlet in 

heating applications could yield large benefits in ejector 

utilization (Boccardi et al., 2017); however, there are 

variable operating conditions that pose challenges for 

ejector design and its operation close to high efficiency. 

Minetto et al. (2013) conducted experiments using a 

commercially available water-to-water CO2 heat pump, 

which was adapted to include a two-phase ejector as an 

expander. Tests were performed at typical hot tap water 

and space heating conditions. The results presented by the 

authors indicate a significant ejector entrainment ratio 

within the range of 0.8-1.6, accompanied by a maximum 

pressure lift of 5 bar. The ejector enhanced refrigerant 

circulation in the evaporator and the overall comparison 

with a conventional heat pump using an expansion valve 

were favorable, as the isenthalpic process presented 

increased throttling exergy losses. The authors identified 

a potentially problematic issue in lubricant recovery. 

Xu et al. (2012) conducted an experimental study to 

control the high-side pressure of a transcritical CO2 ejector 

heat pump by adjusting the nozzle throat area with a 

needle. The experimental results led to the formulation of 

a correlation between the optimal high-side pressure and 

the gas cooler outlet temperature. The calculated optimal 

pressure exceeded the values obtained by Elbel and Hrnjak 

(2008). The authors explained this difference by the 

absence of an internal heat exchanger in their experimental 

system. 

Boccardi et al. (2017) conducted an experimental 

study on a CO2 multi-ejector heat pump designed for space  



K. Ameur and M. Falsafioon / JAFM, Vol. 17, No. 12, pp. 2533-2544, 2024.  

 

2535 

 

 

(a) (b) 

Fig. 1 Test bench: (a) simplified schematic, (b) photo 

 

heating. The incorporation of a multi-ejector pack 

facilitated the modulation of the ejector cross-section in 

concordance with operational conditions and load 

requirements. The results indicate the presence of an 

ambient temperature threshold, requiring a transition from 

one ejector to another to optimize system performance. 

Under specific test conditions, adjusting the multi-ejector 

throat section enhanced both the COP and the heating 

capacity by 13.8% and 20%, respectively. 

In their experimental study, Zhu et al. (2018) assessed 

the performance of a transcritical CO2 heat pump water 

heater, using an ejector with fixed geometry as an 

expander. Various working conditions were tested, 

including compressor speed, compressor discharge 

pressure, expansion valve opening, and water outlet 

temperature. The ambient and water inlet temperatures 

were maintained at a constant 22 °C and 20 °C, 

respectively, while varying the water outlet temperatures 

in the range of 50–90 °C. The authors observed that 

incorporating an ejector into the transcritical CO2 heat 

pump system provides greater benefits in generating high-

temperature hot water compared to the basic system. The 

ejector heat pump achieved a COP of 4.6, which reflects a 

10.3% enhancement over the basic cycle, for producing 

water at 70 °C. 

In the literature, most experimental investigations of 

vapor compression systems with ejectors predominantly 

focus on refrigeration and air conditioning applications. 

Generally, the performance enhancements presented 

occur under conditions of high ejector efficiencies, with 

different control methods (Zhang et al., 2020).  

The proposed research aims to provide new 

experimental data and insights relevant to heating 

applications, which are relatively less commonly 

explored. The focus will be on the interaction between a 

passive ejector and the compressor and its impact on 

performance. 

This study intends to experimentally investigate the 

behavior and benefits of integrating a passive two-phase 

ejector as an expansion device in a CO2 transcritical heat 

pump operating under various conditions. The basic 

system with an expansion valve was also tested as a 

baseline for comparison. 

As a first step, two ejectors designed with different 

modeling approaches were tested separately under the 

same conditions (Tevap = -5 °C, Tgc-out = 35 °C) to identify 

the best-performing one for subsequent tests. This step 

evaluated the relevance of combining two different 

numerical approaches in the design process to optimize 

ejector performance. The investigation also explored the 

positioning of the nozzle relative to the mixing chamber, 

seeking to identify the optimal configuration. 

The subsequent investigation focused on evaluating 

the effects of various evaporating temperatures (Tevap = -

10 to 0 °C) and CO2 temperatures at the gas cooler’s outlet 

(Tgc-out = 29-38 °C). Conducted under a constant 

compressor speed, this analysis aimed to understand their 

influence on the ejector, specifically focusing on 

entrainment and compression aspects, as well as their 

impact on the compressor and the heat pump's 

performance overall. 

2. EXPERIMENTAL FACILITY 

This section provides details on the test bench setup, 

the tested ejectors, and the measurements including an 

uncertainty analysis. 

2.1 Test bench 

Figure 1 illustrates the test bench designed and built 

at CanmetENERGY in Varennes. The facility allows the 

testing of two applications: a basic transcritical CO2 heat 

pump that serves as a reference and the same heat pump 

with an integrated two-phase ejector used as an expansion 

device instead of the high-pressure valve.  

The test bench comprises appropriate components 

and instrumentation, presenting two loops: a main loop 

utilizing CO2 as the refrigerant and a secondary water loop 
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connected to the gas cooler. Due to the high pressures 

involved, stainless steel was predominantly used for the 

CO2 side's pipes and fittings. 

The main components in the CO2 loop include a 

compressor, an oil separator ensuring adequate 

lubrication, a gas cooler, a separator, an ejector, an 

evaporator, and an internal heat exchanger (IHX) to 

maintain an appropriate level of the compressor suction 

superheat. In Fig. 1a, various manual and motorized 

valves are depicted, contributing to the operation and 

control of the experimental rig. 

The compressor is a semi-hermetic reciprocating 

model (3.3 m3/h at 50 Hz) with variable speed drive. The 

heat exchangers are the flat plate type. An electrical heater 

of 10 kW, directly in contact with the refrigerant, is used 

as an evaporator. This setup eliminates the need for an 

additional secondary loop to supply heat, simplifying 

installation and reducing potential heat transfer losses. 

The heater cast temperature control allows for setting the 

desired evaporating pressure. The expansion valve 

(MCV6) located upstream of the evaporator allows for 

imposing a slight superheat, which is necessary for 

accurate flow meter measurements. The secondary water 

loop, not detailed in Fig. 1a, is dedicated to removing heat 

from the gas cooler and controlling temperature. It 

essentially consists of a portable circulation chiller with 

R513 as the refrigerant, along with a pump and valves. 

Details regarding the operation of the ejector 

integrated as an expander in a transcritical CO2 heat pump 

are well described in a previous paper (Ameur & Aidoun, 

2021). In summary, the ejector recovers some of the 

expansion work to generate a pre-compression by 

increasing the suction pressure that enhances the 

performance of the compressor and the overall cycle. The 

CO2 at high-pressure from the gas cooler flows through 

the IHX to the ejector, undergoing expansion in the 

primary nozzle (Fig. 2). This expansion creates favourable 

conditions for drawing vapor at low pressure from the 

evaporator. The primary flow and secondary flow mix in 

the ejector's mixing chamber and undergo compression, 

which is further enhanced in the diffuser. The ejector 

discharges a two-phase CO2 mixture at an intermediate 

pressure into the separator. The saturated vapor from the 

separator is directed to the compressor suction through the 

IHX, then it undergoes compression and cooling in the gas 

cooler. The liquid from the separator expands and 

evaporates before reaching the secondary inlet of the 

ejector. 

In ejector mode (Fig. 1a), there is no active control of 

the high-pressure side. Valve MCV4 is fully open and the 

high-pressure is determined by the primary nozzle inlet 

conditions and the ejector's geometry. The condition in the 

separator is also imposed by the ejector discharge 

performance with the MCV5 valve fully open. 

A set of valves is used to allow for switching to the 

basic heat pump without the ejector. Valves MCV4, HV1, 

and HV2 are closed to isolate the ejector. The two dashed 

lines in Fig. 1a are activated by fully opening valves 

MCV3 and HV3. In the basic heat pump configuration, the 

high-pressure and intermediate separator pressure are  

 

(a)                                  (b) 

Fig. 2 Tested ejector: (a) cross-section view (b) zoom 

on the mixing chamber 

 

actively controlled by high-pressure valve MCV3 and 

flash gas bypass valve MCV5. During the tests on the 

basic HP, the gas cooler pressure is actively controlled to 

achieve optimal pressure based on the correlation 

provided by Sarkar et al. (2004). 

2.2 Ejector 

The ejector (Fig. 2) is a static device with no moving 

parts, mainly composed of a primary nozzle, a mixing 

chamber, and a diffuser. The ejector is activated by the 

high-pressure refrigerant (primary flow), which expands 

through the convergent-divergent primary nozzle. The 

variation in the nozzle's cross-section transforms pressure 

energy into kinetic energy, accelerating the flow to 

supersonic speeds. This process creates a low-pressure 

zone at the nozzle outlet, facilitating the entrainment of a 

low-energy secondary fluid. Primary and secondary flows 

mix within the mixing chamber, resulting in a complex 

flow characterized by a shock train structure, which leads 

to flow deceleration and pressure augmentation. The 

subsonic flow resulting from this phase undergoes further 

deceleration and compression in the divergent shape of the 

diffuser. 

Two ejectors were designed for the same heat pump 

conditions: compressor frequency of 35 Hz, CO2 gas 

cooler outlet temperature of 35 °C, and an evaporating 

temperature of -5 °C. These conditions correspond to a 

primary and secondary pressure of 86.6 bar and 30.4 bar,  
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Table 1 Main ejector diameters (in mm) 

Primary nozzle Mixing 

out 

Diffuser 

out In Throat Out 

5.9 1.08 1.3 
2.7 (Ejec1) 

2.9 (Ejec2) 
10.54 

 

respectively. The first ejector (Ejec1) was designated with 

a thermodynamic approach; the detailed procedure is 

reported in a previous paper (Ameur & Aidoun, 2023). 

The second ejector (Ejec2) is an improved version of the 

first one, where a CFD approach was used and resulted in 

an enlarged mixing diameter Dmix (Fig. 2). Both ejectors 

have identical mixing chamber lengths, with the constant 

diameter section measuring 20 mm. The main diameters 

of the ejectors are reported in Table 1. Other geometrical 

parameters, such as angles, can be found in the reference 

(Ameur & Aidoun, 2023). 

The ejectors were manufactured using a modular 

approach, as illustrated in Fig. 2, which facilitates 

machining processes and reduces costs. The nozzle, 

mixing chamber, and diffuser components are made of 

brass encased in a steel envelope. Appropriate O-rings, 

selected for compatibility with CO2, are placed at specific 

locations within the ejector to prevent refrigerant leaks.  

Additionally, the ejector features a useful mechanism 

for adjusting and changing the primary nozzle position 

(NXP) during test bench operations. The NXP length (the 

distance between the nozzle output and the mixing 

chamber with a constant diameter, as depicted in Fig. 2) is 

rendered dimensionless by the mixing chamber diameter 

(Dmix). 

2.3 Measurements 

The locations of the measuring instruments 

(temperature, pressure, flow rates, electrical power) are 

illustrated in Fig. 1. The CO2 loop is equipped with three 

mass flow meters: one at the ejector’s primary inlet, one 

at the evaporator outlet, and one at the compressor suction. 

The facility includes RTDs temperature sensors, Coriolis 

flow meters for CO2, a magnetic flow meter for water, 

piezoresistive pressure sensor with metallic membrane, 

and a wattmeter. Table 2 shows the measurement 

uncertainties for the instruments. Data were collected 

every second and averaged over a 20-minute scan once 

steady-state conditions were attained. A steady state in the 

test bench is reached when the pressure and temperature 

change minimally over a 40-minute observation period. 

2.4 Data Reduction and Uncertainty Analysis 

The key performance metrics for the ejector include 

the entrainment ratio, ω (Eq. 1), which measures the 

ejector's capability to draw in the low-pressure fluid, and 

the pressure lift, Pl (Eq. 2), which evaluates the ejector's 

ability to increase the pressure of the entrained secondary 

fluid. 

ω =
ṁsec

ṁprim

 (1) 

Pl = Pout − Psec (2) 

ṁprim and ṁsec represent the mass flow rates at the 

primary and secondary inlets, respectively. Pout is the 

ejector discharge pressure, and Psec is the pressure at the 

ejector’s secondary inlet (evaporating pressure).  

Equations 3-5 represent the main performance 

indicators used to characterize the heat pump system: the 

heating capacity of the gas cooler (Qgc), the compressor 

power (Wc), and the coefficient of performance for heating 

(COP). The evaporator capacity (Qevap) was measured by 

the wattmeter. 

Where ṁc represents the compressor mass flow rate, 

∆hgc denotes the difference in specific enthalpy across the 

gas cooler, and ∆hc is the difference in specific enthalpy 

across the compressor.  

The gas cooler capacity evaluated on the CO2 side 

was compared with that obtained from measurements on 

the water side. An average difference of 1.2% was 

observed, indicating good insulation of the gas cooler with 

negligible heat loss. 

Equation 5 is valid for evaluating the COP of both 

systems: the basic one and the ejector system. The 

difference (ΔCOP), evaluated with Eq. (6), is used to 

quantify the contribution of the ejector compared to the 

basic heat pump. 

∆COP = 100 ×
COPejec − COPbasic

COPbasic

 (6) 

Considering the precision of the measurement 

instruments and following the classical method of Kline 

and McClintock (ASHRAE Guideline 2, 1986), the 

uncertainty calculations associated with ω, Pl, Qgc, Qevap, 

Wc, and COP were 0.75%, 1.77%, 2.1%, 1.4%, 1.3%, and 

2.35%, respectively.  

Table 2 Instrument uncertainties 

Variable Instrument type Uncertainty Range 

Refrigerant mass flow rate Coriolis flow meter ± 0.75% 0–60 g/s 

Water flow rate Magnetic flow meter ±0.5% 0–30 l/min 

Temperature Resistance detector ±0.15 °C -15–70 °C 

Pressure Piezoresistive sensor ±0.08% 0–100 bar 

Electrical power Wattmeter ±1.4% 0–20 kW 

 

Qgc = ṁc ∆hgc (3) 

Wc = ṁc ∆hc (4) 

COP =  
Qgc

Wc

 (5) 
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(a)  (b) 

Fig. 3 NXP effects on: (a) the entrainment ratio and (b) the pressure lift 

 

3.  RESULTS AND DISCUSSION 

In this section, the results are presented in three parts. 

The first part involves a comparison of two ejectors, Ejec1 

and Ejec2, each with different mixing diameters, under the 

same evaporating and gas cooler conditions. The objective 

is to identify the most efficient ejector for subsequent tests. 

Additionally, during this initial phase, the NXP is 

investigated. 

The second part of the results examines the influence 

of evaporating temperature on the ejector’s behavior and 

its subsequent impact on the heat pump’s performance. In 

the third part, the effect of the CO2 gas cooler outlet 

temperature is analyzed. A comparison with the 

conventional heat pump is conducted to illustrate the 

advantages of employing a two-phase ejector as an 

expander, for the design conditions (Tgc-out = 35 °C, 

Tevap = -5 °C) as well as for other conditions.  

Throughout all tests, the compressor operates at a 

constant frequency of 35 Hz with a suction superheat of 

10 K. A superheating of about 5 K is maintained at the 

evaporator outlet to ensure accurate flow rate 

measurement. Lawrence and Elbel (2019) maximized the 

heating COP in their ejector HP experiment by imposing 

no superheat at the evaporator outlet. However, they 

observed that a superheat of 5 K has a negligible impact 

on the COP. 

3.1 Ejec1 vs. Ejec2 with NXP variation 

Figure 3 presents the effects of NXP variation (0.65-

8Dmix) on the entrainment ratio and pressure lift of two 

ejectors, Ejec1 and Ejec2, under the same conditions 

(Tevap = -5 °C, Tgc-out = 35 °C).  

Overall, for the two tested ejectors, the NXP variation 

maximizes performance (entrainment and pressure lift) in 

the range of 3-5Dmix, with a clear peak at 4Dmix for the 

pressure lift (Fig. 3b). The pressure lift appears to be more 

sensitive to the nozzle position compared to entrainment 

(Fig. 3a), which shows a relatively flatter variation. 

Therefore, by adjusting the nozzle closer to the mixing 

chamber (reducing the NXP from 4Dmix to 1Dmix), the 

pressure lift of the two ejectors is reduced by 

approximately more than 1.5 bar. 

 

Fig. 4 NXP effects on the COP 

 

Explaining the effect of nozzle displacement on the 

ejector's performance is challenging without internal flow 

visualization. The structure of the jet at the nozzle exit is 

most likely affected by this displacement. Furthermore, as 

the primary nozzle is positioned near the mixing chamber 

with a constant diameter, it results in a growing 

obstruction of the secondary flow passage. However, in 

the case of a nozzle positioned far from the mixing 

chamber, it is probable that the expansion of the jet and its 

structure disrupt the secondary flow passage. 

The heat pump’s heating COP is sensitive to the 

ejector nozzle’s position (Fig. 4). In the case of Ejec2, 

moving the nozzle from an NXP of 4Dmix to 1Dmix reduces 

the COP by around 3.5%. Note that COP maximizing 

occurs within the same range of NXP (3-5Dmix) as for the 

ejector's performance. Liu et al (2016), in their experiment 

with a CO2-based air-conditioning system, achieved COP 

maximization at a NXP of approximately 3Dmix.  

Figures 3 and 4 also show that Ejec2, with its larger 

mixing diameter, outperforms Ejec1. At the NXP position 

of 4Dmix, Ejec2 presents a slight entrainment improvement 

(+2.6%) with higher improvement for the pressure lift 

(+25.6%), resulting in a COP improvement of 3.9%.  

Increasing ejector performance with a larger mixing 

diameter is probably due to a reduced pressure drop and 

an enhanced mixing process. However, a limited pressure 

drop reduction is expected due to the friction caused by 

the low viscosity of CO2, and the impact of improved 

mixing will probably be more significant. Improved 

mixing of the primary and secondary flows results in a  
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(a)  (b) 

Fig. 5 Ejector entrainment performance variation with Tevap: (a) entrainment ratio (b) mass flow rates 

 

 

Fig. 6 Pressures in the ejector HP as a function of 

evaporating temperature 

 

more efficient transfer of momentum and an overall 

enhancement in diffuser efficiency, positively impacting 

pressure recovery.  

Finally, ejector Ejec2 with NXP=4Dmix as the optimal 

nozzle position is selected for the rest of the results. 

3.2 Effect of the Evaporating Temperature 

In this section, the behavior of the ejector and its 

impact on the heat pump performance is examined under 

different evaporating temperatures (-10 °C to 0 °C) with a 

constant Tgc-out (35 °C). 

Figure 5 illustrates the variation of the entrainment 

ratio, as well as the primary and secondary mass flow rates 

at different evaporating temperatures. 

The decrease in the ejector entrainment ratio with a 

lower evaporating temperature (Fig. 5a) is attributed to a 

reduction in the primary and secondary mass flow rates 

(Fig. 5b). As the Tevap decreases, the pressure in both the 

evaporator and the gas cooler decreases (Fig. 6). Despite 

that the ejector’s pressure lift increases (Fig. 7) with a 

lower Tevap, the result is a lower pressure at the compressor 

suction and a higher compression ratio. Consequently, the 

primary mass flow rate decreases, reducing the energy in 

the motive flow and resulting in a lower induced 

secondary flow. Boccardi et al. (2017) observed the same 

trend in the ejector behavior with decreasing ambient 

temperature. 

 

Fig. 7 Ejector’s pressure lift variation with 

evaporating temperature 

 

Figure 7 presents the changes in the ejector's pressure 

lift with varying evaporating temperatures. As the Tevap 

decreases from 0 °C to -10 °C, the ejector exhibits higher 

compression, resulting in an increase in pressure lift from 

5 bar to 6.5 bar. Note that this increase is nonlinear; the 

slope of the curve steepens at lower temperatures. In 

summary, lowering the evaporating temperature reduces 

the ejector's entrainment performance while enhancing its 

compression capacity. 

Figure 8 illustrates the changes in gas cooler capacity, 

evaporator capacity, and compressor power with varying 

evaporating temperatures for both the basic and ejector 

cycles. Note the expected trend of capacity degradation as 

evaporating temperatures drop. However, the use of an 

ejector clearly enhances the gas cooler and evaporator 

capacities compared to the basic HP with an expansion 

valve, as shown in Fig. 8a-b, with almost the same 

compressor power (Fig. 8c). Hence, at Tevap = -5 °C, the 

ejector improves the gas cooler and evaporator capacities 

by 20.5% and 17.5%, respectively.  

The heating COP and difference ΔCOP variation with 

Tevap are presented in Fig. 9. For the tested Tevap, the heat 

pump with ejector presents a higher COP than the basic 

system (Fig. 9a). At Tevap = -5 °C, the ejector improves the 

COP by 18%, with a slight decrease at the other 

temperatures (Fig. 9b). Even though the ejector was 

initially designed for an evaporating temperature of -5 °C, 

results show that the ejector's performance improvement 

extends beyond this temperature. 
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Fig. 8 (a) Qgc (b) Qevap (c) Wc variation with Tevap for 

the basic and ejector cycles 

 

 

Fig. 9 (a) COP and (b) ΔCOP variation with 

evaporating temperature 

Fig. 10 (a) compressor suction pressure and (b) 

compressor ratio pressure variation with Tevap for the 

basic and ejector cycles 

 

 

Fig. 11 Compressor mass flow rate variation with 

Tevap for the basic and ejector cycles 

 

Figure 10 illustrates the changes of the compressor 

suction pressure and the compression ratio with respect to 

the Tevap for both the basic and ejector cycles. The ejector 

impacts the compressor by increasing the suction pressure 

(Fig. 10a), hence reducing its compression ratio (Fig. 

10b), resulting in an improvement in the compressor's 

performance relative to the basic cycle. This ejector effect, 

among others, enables a higher mass flow rate through the 

compressor compared to the basic cycle, as illustrated in 

Fig. 11. 

3.3 Effect of Gas Cooler Temperature 

In this section, the investigation focuses on the impact 

of varying CO2 gas cooler outlet temperatures (ranging 

from 29 °C to 38 °C) on the ejector performance and the 

heat pump performance, considering a constant 

evaporating temperature (-5 °C) and constant compressor 

speed (35 Hz). 

Figure 12 presents the changes in the ejector 

entrainment ratio, as well as the primary and secondary  
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Fig. 12 Ejector entrainment performance variation 

with Tgc-out: (a) entrainment ratio (b) mass flow rates 

 

 

Fig. 13 Ejector’s pressure lift variation with Tgc-out 

 

flow rates at different gas cooler temperatures. As the Tgc-

out decreases from 38 °C to 29 °C, the ejector entrainment 

ratio increases by 23%. This improvement is due to the 

significant increase in secondary flow (+18.4%) (Fig. 

12b). The variation of the ejector's pressure lift with 

respect to the gas cooler temperature is presented in Fig. 

13. As the Tgc-out decreases from 38 °C to 29 °C, the 

pressure lift decreases from 6.2 bar to 3.7 bar, representing 

a reduction of nearly 40%. In their experiment on ejector 

CO2 refrigeration, Akagi et al. (2004) demonstrate a 

similar trend in both ejector entrainment ratio and pressure 

lift when varying the nozzle inlet temperature.  

Varying Tgc-out has a direct impact on the ejector 

motive flow inlet (i.e., the nozzle inlet). As the Tgc-out 

decreases, CO2 properties at the inlet of the ejector's 

primary nozzle change drastically, especially approaching 

critical condition and reaching sub-critical condition. This 

weakens the ejector's capacity to compress, as observed in 

Giacomelli's (2019) experiment. 

 

Fig. 14 (a) Qgc (b) Qevap (c) Wc variation with 

Tgc-out for the basic and ejector cycles 

 

Figure 14 illustrates the changes in gas cooler 

capacity, evaporator capacity, and compressor power with 

respect to the gas cooler temperature for both the basic and 

ejector cycles. In general, a decrease in the CO2 gas cooler 

temperature results in improved heat pump capacities and 

reduces compressor power. As the Tgc-out decreases, the 

gas cooler pressure reduces. This is achieved by 

controlling the high-pressure valve for the basic cycle and 

through the ejector’s passive effect in the ejector cycle. 

Thus, approaching critical conditions results in significant 

improvements in the specific heat capacity of CO2, as 

indicated by Bastani et al. (2020), and ultimately 

enhancing gas cooler capacity (Fig. 14a). Lowering the 

Tgc-out increases the CO2 mass flow rate in the evaporator, 

thus enhancing heat extraction as depicted in Fig. 14b. 

Reducing the compressor discharge pressure with low Tgc-

out results in lower compressor power (Fig. 14c). 

Figures 14a-b also show that the integration of an 

ejector enhances the capacities of the transcritical CO2 

heat pump compared to the basic cycle, while presenting 

the same compressor work (Fig. 14c). Note that the 

positive impact of the ejector on heat pump capacities 

tends to diminish as the gas cooler temperature is reduced.  

(a) 

(b) 

(a) 

(b) 

(c) 
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Fig. 15 (a) COP and (b) ΔCOP variation with Tgc-out 

 

 

Fig. 16 (a) compressor suction pressure and (b) 

compressor ratio pressure variation with Tgc-out for 

the basic and ejector cycles 

 

At Tgc-out = 38 °C, the ejector improves the gas cooler and 

evaporator capacities by 18.6% and 26%, respectively, 

compared to the basic cycle. These improvements 

decrease to 13.6% and 17.1%, respectively, when the 

Tgc-out is reduced to 29 °C. This trend is confirmed by the 

heating COP variation as a function of Tgc-out in Fig. 15. 

The ejector improves COP by almost 18%, except at the 

subcritical gas cooler temperature (29 °C), where the 

improvement is reduced to 14%. 

The enhanced performance of the heat pump with the 

ejector, as compared to the basic cycle, is a result of the 

pressure lift generated by the ejector. This pressure lift 

improves compressor suction pressure, as shown in 

Fig. 16a. Note that in the basic cycle, the suction pressure 

is slightly lower than the evaporator pressure, mainly due 

to pressure drops occurring in the suction line. Figure 16b 

illustrates the effect of the ejector’s pressure lift in 

reducing the compressor compression ratio, thereby 

enhancing compressor operation. Finally, Fig. 16 

illustrates the diminishing influence of the ejector with a 

decreasing Tgc-out due to the decline in pressure lift. This 

trend explains the degradation of ΔCOP as the Tgc-out 

decreases, as observed above. 

4. CONCLUSION 

An experimental investigation was carried out on a 

transcritical CO2 heat pump featuring a passive two-phase 

ejector integrated as an expander. The investigation 

examined the effects of changes in evaporating 

temperature and CO2 gas cooler outlet temperature on the 

performances of both the ejector and the overall cycle. The 

performance was compared to the basic heat pump with an 

expansion valve. 

First, the significance of combining two different 

numerical approaches in the ejector design was evaluated. 

Two ejectors were tested: Ejec1, designed with 

thermodynamic modeling, and Ejec2, further refined 

through the CFD approach. Ejec2, with a larger mixing 

diameter, exhibited enhanced performance, particularly in 

compression, achieving an additional one bar in pressure 

lift, resulting in a 3.9% improvement in COP. The optimal 

nozzle position (NXP) was identified as 4Dmix, 

maximizing both the ejector and overall system 

performances. 

Although the ejector was designed for specific 

conditions, the results demonstrate the ejector's flexibility 

and ability to remain operational under varying conditions 

with some changes in performance. 

The results indicate that with a decrease in 

evaporating temperature, the ejector’s entrainment ratio 

decreases, while the pressure lift increases, reaching a 

maximum of 6.5 bar at Tevap = -10 °C. Under the tested 

evaporating temperatures, the integration of the ejector 

enhances the heat pump performance, particularly 

regarding capacity. When compared to the basic heat 

pump at Tevap = -5 °C, the ejector demonstrates 

improvements in the gas cooler’s capacity, the 

evaporator’s capacity, and the COP, of 20.5%, 17.5%, and 

17.8%, respectively. Furthermore, the same ejector, tested 

at Tevap = -10 °C and 0 °C, still exhibited enhanced 

performance, with a ΔCOP of approximately 16%. 

The performance of the ejector is notably influenced 

by the CO2 gas cooler outlet temperature, which alters the 

inlet conditions of the motive fluid. Decreasing the gas 

cooler temperature results in an increase in ejector 

entrainment, along with a decrease in pressure lift, 

reaching 3.7 bar at Tgc-out = 29 °C. The positive impact of 

the ejector on the heat pump’s capacities and COP tends 

to diminish as the gas cooler temperature is reduced to 

subcritical conditions. At Tgc-out = 38 °C, compared to the 

basic cycle, the ejector enhances the gas cooler’s capacity, 

(a) 

(b) 

(a) 

(b) 
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the evaporator’s capacity, and the COP by 18.6%, 26%, 

and 18%, respectively. These improvements decrease to 

13.6%, 17.1%, and 14%, respectively when the Tgc-out is 

reduced to 29 °C. 

Finally, the study highlighted the detailed interaction 

between the ejector and the compressor. This insight is 

crucial for understanding the impact of the ejector on 

system performance. The ejector cycle improvement is 

primarily based on improved mass flow rates resulting 

from increased compressor suction pressure, reduced 

compression ratio, and consequently improved 

compressor operating conditions. 
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