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ABSTRACT  

 
This experimental study investigates the performance and some questions related to controllability of a small-
scale CO2 ejector test system. The test system is operated in both refrigeration and heat pump operation with 
and without the ejector. Different inlet temperatures on the secondary side of the gas cooler are investigated 
for both operations as well as a variation of compressor speed. Additionally, the possibility to flood the 
evaporator in ejector mode is studied including the use of a prototype “quality sensorTM” (capacitive void 
fraction sensor). The results showed that the ejector performed well in refrigeration operation, considering the 
pressure drop caused by the undersized piping from the diffuser to the suction of the compressor. The COP 
improved by around 0.2 (12 % to 17 %) and if the superheat (10 K) was eliminated by flooding the evaporator, 
a further 0.3 improvement was possible (33 % compared with standard cycle mode). In heat pump operation, 
the COP became similar or lower because the ejector was slightly oversized for that operation (gas cooler 
pressure became lower than optimal). The quality sensor showed a significant change in the electrical 
capacitance as the evaporator was increasingly flooded. Furthermore, the measured capacitances were 
converted into reasonable void fractions by using both a linear calibration function and an annular flow void 
fraction calibration function from the literature. The gas cooler pressure was possible to control with the speed 
of the compressor within a range of around 10 bar in refrigeration mode, but had insignificant effect on the gas 
cooler pressure in heat pump mode.  
 
Keywords: CO2, Heat Pump, Ejector, Measurements 

1. INTRODUCTION 

The benefits of using CO2 as the refrigerant for both refrigeration systems and heat pumps have been 
recognized in the literature by many authors (Hafner and Hemmingsen, 2015; Nekså et al., 2010, 1998) in 
terms of a low global warming potential (GWP) and a high seasonal coefficient of performance (SCOP). 
Commercial systems are readily available on the market. In Northern Europe, CO2 transcritical booster systems 
are commonly installed for commercial refrigeration, and various promising system configurations have been 
identified (Hafner and Hemmingsen, 2015) to gain market shares in Southern Europe (or other warm climates) 
with increasing seasonal share of transcritical operation. In Japan, transcritical heat pumps (also branded as 
EcoCute) providing hot water at 60 C to 90 C, exploiting the transcritical temperature glide, are commonly 
available and manufactured by Japanese companies like Panasonic, Daikin, DENSO, Sanden, Itomic and 
Mitsubishi (Maratou et al., 2012).  
 
Expansion work recovery using ejectors have become well examined within academia to enhance the COP in 
CO2 transcritical systems. Many studies may be found in the open literature concerning the modelling, flow 
phenomena, optimal design, etc. (Banasiak and Hafner, 2013; Elbel and Lawrence, 2016; Haida et al., 2017). 
The ejector provides a pressure lift that unloads the compressor, and reduces the compressor power 
consumption. However, the ejectors are not easily capacity controlled. Danfoss recently developed a multi-
ejector (Kriezi et al., 2015) comprising four fixed-geometry ejectors that may be switched on and off 
individually to control the gas cooler pressure optimally. It is designed for supermarket refrigeration systems 
ranging from 30 kW to 100 kW cooling capacity. However, in the small-scale range 3 kW to 20 kW, the multi-
ejector is both expensive and limited by manufacturing sizes.  
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In the present study, a small-scale CO2 test system was built in order to investigate the performance and 
controllability of a fixed-geometry ejector system. In fact, the ejector was the smallest of the Danfoss multi-
ejector. The test system was possible to operate not only in ejector mode, but also in standard mode using a 
high-pressure valve and a gas bypass valve, enabling a direct comparison of the system with and without the 
ejector. Furthermore, the system were designed for flexibility with possible operation as both refrigeration and 
heat pump systems.  
 
The main objective of the paper is to present first results from the test system in both refrigeration and heat 
pump operation concerning the performance in terms of COP with and without the ejector. Secondly, the 
objective is to investigate controllability and operating conditions of the ejector system. By controllability, we 
aim to (1) clarify whether the gas cooler pressure may be controlled by the speed of the compressor in ejector 
mode, and (2) clarify whether the evaporator outlet void-fraction may be measured by a prototype “quality 
sensorTM” when flooding the evaporator in ejector mode. The prototype sensor was developed by HB products 
and named “quality sensor”, but is a capacitive void fraction sensor in practice. It measures the void fraction 
(or electrical capacitance) by means of liquid/vapor dielectric properties.  

2. METHODS  

The dual mode test system is illustrated in Figure 1 with colors indicating different pressure levels of CO2 
operating in standard mode. If ejector mode was used then the suction line from the compressor to the gas-
bypass valve was at intermediate pressure too. A Dorin CD180H compressor was used with a variable speed 
drive (ABB ACS150) and a power analyzer (Voltech PM3000A, accuracy: 0.1 % reading) to control speed 
and measure the power consumption, respectively. The power analyzer was placed in between the drive and 
the compressor, i.e. excluding the losses associated with the variable speed drive in the readings. Brazed plate 
heat exchangers manufactured by SWEP were used as gas coolers (1: B17Hx10/1P, 2: B18Hx25/4P) and 
evaporator (B17Hx16/1P). The gas cooler (1) had 1 pass and 10 plates whereas the evaporator had 1 pass and 
16 plates. The additional gas cooler (2) had 4 passes, 25 plates and was aligned horizontally. The additional 
gas cooler was needed in heat pump operation to exchange the required heat, because the temperature glide on 
the water side was higher, and hence the water flow rate and the driving temperature difference were lower 
than in refrigeration mode. The suction line heat exchanger (SLHX) was 50 cm stainless steel tubes tin-
soldered together. The ejector was a single Danfoss ejector (motive nozzle/mixing = Ø0.71/Ø2.3 mm) and 
included a check valve and a solenoid valve on the suction and motive inlets, respectively. The high-pressure 
valve and the gas-bypass valve were Danfoss ETS stepper-motor valves, whereas the expansion valve was a 
Danfoss AKV pulse-width modulating valve. Moreover, the size of the gas-bypass valve was chosen based on 
the ability to control the receiver pressure in standard mode (low flow, high pressure difference) as well as to 
handle all flow to the compressor in ejector mode with low pressure difference (100 % open). A Coriolis type 
mass flow meter (Micro Motion DS012, accuracy 0.2 % reading) was used to measure the high-pressure gas 
flow after the SLHX. All pressure sensors (accuracy 0.3 % full scale) and temperature sensors (accuracy 0.3 
± 0.005×T C) were from Danfoss. Three Titan turbine flow meters were used to measure the volume flows 
of water (accuracy: 0.36 % of 6.5 L/min and 0.62 % of 1 L/min) and ethylene glycol-water (35/65 %) mixture  
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Figure 1: Experimental test rig, color/dash represent standard mode, hand-operated valves are omitted. 
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(accuracy: 0.74 % of 15 L/min), respectively. Additionally, the receiver had a differential pressure transmitter 
connected to measure the liquid level. Moreover, a prototype “quality sensorTM“ from HB products was 
installed downstream of the evaporator to measure void fraction when flooding the evaporator in ejector mode. 
Danfoss controllers were used to control and log the controlled variables, while an Agilent data logger was 
used to log additional temperatures, pressures, etc. Finally, National Instruments cDAQ module 9411 was used 
to count the volume flow meters. Inlet temperatures of water and glycol were controlled by a 3-way valve and 
electric heater, respectively, and the flows were controlled by 2-way valves.  

2.1 Data reduction 
The data reduction in terms of COP followed steady energy balance equations using either heat addition or 
heat rejection on the secondary sides of the evaporator or gas coolers, respectively. 
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To evaluate the performance of the ejector, the efficiency based on Elbel and Hrnjak (2008) was used 
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The data reduction used for converting the electrical capacitance measured by the quality sensor into void 
fraction is given in the following. The quality sensor was made of two co-axial tubes forming a cylindrical 
capacitor. The liquid and vapor flows from the inner tube through several orifices in the inner tube to the annuli 
where the electrical capacitance is measured. The capacitance for an infinite cylindrical capacitor (neglecting 
end-effects or fringing of the electric field) is given by  
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Where  [C] is the charge stored at a given potential difference ∆  [V]. When a dielectric fluid or material 
is present in the cylindrical capacitor (annuli), the capacitance increase to  
 

  (4) 
 

where  is the dielectric constant of the fluid or material. For gases  is close to 1 (vacuum) since the density 
is very low compared with a liquid or a solid. For an ideal capacitive void fraction sensor, the void fraction is 
a linear function of the normalized electrical capacitance within the saturated liquid/vapor boundaries, i.e.  
 

 
1 	  (5) 

 

However, the capacitance-void relation is strongly influenced by the geometrical design of the sensor, electric 
field homogeneity and liquid/vapor flow regime. De Kerpel et al. (2014) developed capacitance-void 
calibration functions for slug flow, intermittent and annular flow regimes by use of FEM simulations for a 
prototype non-intrusive capacitive void fraction sensor. They found that the liquid film symmetry for annular 
flows had a small influence on the capacitance void relation, and that liquid entrainment and droplet size are 
difficult to include in such a relation. In this paper, the calibration function of De Kerpel et al. (2014) for 
annular flow was used together with the linear function in Equation 5, to convert the electrical capacitance into 
a void fraction. The normalized capacitance-void relations are shown in Figure 2. 
 

 
Figure 2: Normalized capacitance-void relations (annular based on De Kerpel et al. (2014)) 
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The measurements showed very small variation with superheat of the vapor flow alone, and it was used to zero 
calibrate the measured capacitance by adding a constant error to the measured capacitance	 . The sensor 
will need a zero calibration for taking design imperfections into account.  

3. RESULTS 

In this section, the results in standard mode and ejector mode will be presented for both refrigeration and heat 
pump operation.  

3.1 Refrigeration operation  
For refrigeration operation, the effect of water inlet temperature, compressor speed and opening degree of the 
expansion valve were studied individually. The glycol temperature was maintained at 5 C. Firstly, the steady 
state results of the ejector mode were obtained, and secondly, the corresponding results in standard mode were 
obtained at the same gas cooler pressures. Furthermore, the receiver pressure was controlled to 38 bar in 
standard mode.  
 
3.1.1 Effect of water inlet temperature  
The water inlet temperature was varied from 30 C to 40 C with high water flow, i.e. low increase of the water 
temperature (4 K to 9 K for current measurements simulating an air-cooled gas cooler). The compressor speed 
was maintained at 50 Hz and the superheat of the evaporator was maintained at 10 K. Figure 3 shows the COP 
comparison, pressure lift, entrainment ratio and ejector efficiency vs. water inlet temperature.  

 
Figure 3: COP vs. water inlet temperature of standard and ejector modes (left), entrainment ratio, 

ejector efficiency and different pressure lifts vs. water inlet temperature of ejector mode (right). 
 

Both the COP of the ejector mode and standard mode decreased with increasing water inlet temperature. Their 
difference was about 0.20 to 0.23 for the considered temperature range. The percentage improvement was 
therefore increasing and ranged from 12 % to 17 %. Both entrainment ratio and ejector efficiency decreased 
with increasing water inlet temperature, however the pressure lift increased. Notice that three different pressure 
lifts were shown. The first was measured by the pressure transmitters fitted directly on the ejector 
housing	 . The second was measured by the pressure transmitters in the receiver and out of the 
evaporator	 . The third was measured by the pressure transmitters in the compressor suction and out 
of the evaporator	 . Their difference was attributed to the pressure drop from the outlet of the diffuser 
to the receiver and through the gas bypass valve to the suction of the compressor, respectively. It indicates that 
the system deteriorated from these pressure drops (i.e. one-third to one-half of the pressure lift) and that an 
even higher COP improvement may be expected if the pressure drops were avoided. The piping from the 
diffuser to the receiver must also work with a surplus mass flow rate	 1 .  

3.1.2 Effect of compressor speed  
The compressor speed was varied from 35 Hz to 60 Hz at a fixed water inlet temperature (35 C) to the gas 
cooler. The evaporator superheat was again maintained at 10 K. Figure 4 shows the measured COP and gas 
cooler pressure vs. compressor speed.  
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Figure 4: COP vs. compressor speed (left) and gas cooler pressure vs. compressor speed (right) of both 

standard and ejector modes. 
 

Disregarding the results obtained at 35 Hz, the COP of the ejector system tends to decrease with increasing 
compressor speed, and vice versa for the standard mode. The standard mode COP increased by approaching 
the optimal pressure, which was calculated using the correlation by Liao et al. (2000). In principle, the COP 
of the standard mode could be increased to the value around 60 Hz by adjusting the high-pressure valve such 
that the optimal pressure was reached. The decrease of the ejector mode COP with compressor speed was 
attributed to the increased pressure drop from the diffuser outlet to the suction of the compressor, as the mass 
flow in the entire system increased with compressor speed. As the frequency was decreased from 40 Hz to 35 
Hz, the results of both ejector and standard modes show a significant decrease in the COP.    

3.1.3 Evaporator flooding  
One of the major benefits of the ejector system is the ability to flood the evaporator and eliminate the required 
superheat, thereby raising the evaporation temperature and COP. The design of the evaporator needs to be 
large such that the cooling capacity can be attained even with reduced driving temperature potential. On the 
other hand, the heat transfer coefficient on the refrigerant side increases, due to larger mass flux and no 
superheated region. Figure 5 shows the COP, superheat, electrical capacitance (quality sensor measurements), 
evaporation temperature, pressure lift, converted void fractions vs. expansion valve opening degree (EVOD).  
 

 
Figure 5: COP, superheat and quality sensor vs. EVOD (left), evaporation temperature, pressure lift, 

void fractions and vapor quality vs. EVOD (right), compressor speed is 45 Hz. 
 
The COP of the ejector system was increased significantly as the superheat vanished and showed an optimum 
around 50 % EVOD and decreased on a further increase of EVOD. This is a result of the tradeoff between an 
increased evaporation temperature and a lower pressure lift of the ejector with flooded suction. The COP 
increased from 1.46 for the standard mode (see Figure 4), to 1.62 using the ejector (+13 %), to 1.95 using the 
ejector and optimal flooding (+33 %). The initial EVOD was 27 %, i.e. a factor 2 higher EVOD became the 
optimum. It does not mean that the mass flow doubled, since the pressure difference across the expansion valve 
decreased too. Moreover, the measured electrical capacitance showed small variation with decreasing 
superheat and a significant increase with increased flooding. The measurement was converted into the linear 
and annular void fractions based on Figure 2, and showed a realistic values and trend. Unfortunately, it was 
not possible to validate the conversion, since that would require to measure void fraction directly, or measure 
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vapor quality and use a suitable void fraction correlation. These conversions are further discussed in Section 4 
Discussion. 

3.2 Heat pump operation  
For heat pump operation, the effect of the compressor speed (40 Hz to 60 Hz) was studied at two different 
water inlet temperatures (10 C and 20 C) and a fixed water outlet temperature of 60 C. The glycol inlet 
temperature and evaporator superheat were maintained at 10 C and 10 K. The same comparison methodology 
was used to acquire the results, i.e. for obtaining the same gas cooler pressure.  

3.2.1 Effect of compressor speed at 20 C water inlet temperature  
Figure 6 shows the COP, inlet and outlet temperatures, pressure and mass flow rate of CO2 in the gas cooler at 
20 C water inlet temperature.  
 

 
Figure 6: COP vs. compressor speed (left), gas cooler inlet/outlet temperature, pressure and mass flow 

rate vs. compressor speed (right), x-markers indicate a pressure variation in standard mode. 
 

The ejector mode showed an optimum at 50 Hz, performing slightly better than the standard mode below 50 
Hz and vice versa. This trend is because of the aforementioned pressure drop from the diffuser outlet, through 
the receiver and gas-bypass valve to the compressor, which reduces the pressure lift provided by the ejector. 
The COP improvement was only about 0.05 at compressor speeds below 50 Hz and resulted in a small 
percentage improvement below 2 %. One of the reasons for the lower COP improvements is the differences in 
the gas cooler outlet temperatures, which both are high compared with the inlet water temperature (20 C). 
The discharge temperature of the compressor was higher for the standard mode than for the ejector mode 
because both the suction pressure was lower and the suction superheat was higher. It means that the mass flow 
rate was lower too (lower suction density) and this resulted in a lower gas cooler outlet temperature for the 
standard mode, giving rise to improved COP compared with the ejector mode.  
 
The optimal pressure was further examined in standard mode at a fixed compressor speed (45 Hz) by adjusting 
the high-pressure valve. The result is indicated by the x-markers in Figure 6. The optimum pressure was found 
in between 85.6 bar and 87.6 bar resulting in a higher COP (3.28) than the ejector mode (3.25). The optimum 
pressure was a tradeoff between the additional enthalpy differences in the gas cooler vs. the compressor of the 
CO2 as the pressure is varied. Both the discharge temperature increased and the gas cooler outlet temperature 
decreased with increasing gas cooler pressure. The optimum pressure was found as the gas cooler outlet 
temperature was approaching the water inlet temperature. On a further increase of the pressure, the discharge 
temperature kept increasing while the gas cooler outlet temperature only decreased slightly.  
 
Moreover, the results indicated that the current ejector motive nozzle was slightly over-dimensioned for the 
current heat pump operation, since the gas cooler pressure was a few bars lower than optimal, and resulted in 
a relatively high gas cooler outlet temperature. 

3.2.2 Effect of compressor speed at 10 C water inlet temperature  
Figure 7 shows the COP, inlet and outlet temperatures, pressure and mass flow rate of CO2 in the gas cooler at 
10 C water inlet temperature.  
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Again, the COP of the ejector mode showed an optimum at 50 Hz. However, the COP of the standard mode 
was highest for all compressor speeds. This is mainly due to even lower gas cooler pressures provided by the 
ejector at a water inlet temperature of 10 C. By performing a pressure variation, the COP increased by 0.17 
(5 %) at 45 Hz for the standard mode. Again, the optimum pressure was where the gas cooler outlet temperature 
approached the water inlet temperature (10 C). It was interesting to note the increasing COP of the standard 
mode as the compressor speed increased to 60 Hz, reaching similar COP as the optimum at 45 Hz. It was 
expected that an even higher COP may be attained, if the gas cooler pressure was optimized at 60 Hz, because 
of the high gas cooler outlet temperature.  
 

 
Figure 7: COP vs. compressor speed (left), gas cooler inlet/outlet temperature, pressure and mass flow 

rate vs. compressor speed (right), x-markers indicate a pressure variation in standard mode. 

4. DISCUSSION 

A major difference for heat pump operation compared with refrigeration operation was the reduced water flow 
rate in the gas cooler. Not only did the water flow rate and consequently the convective heat transfer decrease, 
but also the temperature driving potential in the gas coolers. Moreover, the gas cooler outlet temperature was 
always close to the water inlet temperature in refrigeration operation for both ejector and standard mode, due 
to the much larger mass flow rate of the water. This was not the situation in heat pump operation, where the 
gas cooler outlet temperature was lower for the standard mode operation. It resulted in a similar or even better 
COP for the standard mode at 20 C and 10 C water inlet temperatures, respectively. It should also be noted 
that the ejector was designed for refrigeration operation with air-cooled gas coolers at much higher inlet 
temperatures than that of the heat pump operation. Since the density of CO2 increased at lower temperature, 
the pressure drop decreased across the motive nozzle and resulted in lower gas cooler pressures than optimal. 
 
Opposite answers were found on whether the gas cooler pressure could be controlled by the speed of the 
compressor in ejector mode. For refrigeration operation at 35 C water inlet temperature, the gas cooler 
pressure could be varied from 79.2 bar to 87.6 bar. This resulted in a COP increase in standard mode (Figure 
4), and it was expected that the COP of the ejector mode would increase similarly if not deteriorated by the 
pressure drop from the diffuser outlet, through receiver, gas bypass valve and to the compressor. This pressure-
control methodology comes with a lower suction pressure penalty. However, in heat pump mode, there was no 
significant effect of the compressor speed on the gas cooler pressure (Figure 6 and 7). 
 
The prototype “quality sensorTM” gave reasonable and promising results when the evaporator was flooded. It 
was however impossible to validate the capacitance-void relations because the actual void fraction was 
unknown. It would require either a direct void fraction measurement or an indirect measurement using a void 
fraction correlation and a known vapor quality. It was impossible to reduce the vapor quality using mass and 
energy balances for the current measurements. Both mass flow and outlet enthalpy of CO2 in the evaporator 
were unknown when the evaporator was flooded, and an additional mass flow sensor was needed to measure 
the mass flow entering the evaporator. It is possible that the zero calibration performed with superheat, was 
infected by errors due to oil retention in the sensor, but it should readily be flushed out of the sensor on the 
first occurrence of liquid refrigerant, resulting in a lower electrical capacitance. On the other hand, it might 
have occurred that some of the liquid was hold up inside the sensor, once the flooding began. It should also be 
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mentioned that the COP became high mainly as the superheat was eliminated and that the further flooding 
showed less variation in COP. This meant that the actual value of void fraction seemed less significant for 
achieving the benefit of flooding.  
 
No attention was paid to the effects of isentropic and volumetric efficiency of the compressor in the current 
investigations. They are considered as secondary effects for results obtained herein.   

5. CONCLUSION 

This paper presents an experimental comparison of a small-scale CO2 test system in refrigeration and heat 
pump operation with and without ejector. In refrigeration operation, the ejector performed very well 
considering the relatively large pressure drop caused by undersized piping (from diffuser, through receiver and 
gas-bypass valve to compressor suction). The COP improvement was above 0.2 compared with the standard 
cycle mode and resulted in improvements from 12 % to 17 %. A further improvement by 0.3 (33 % compared 
with standard mode) was possible when the evaporator superheat at 10 K was eliminated by flooding the 
evaporator. In heat pump operation, the ejector mode COP results were similar or lower than the standard cycle 
mode. This was mainly due to the slightly oversized ejector for heat pump operation, resulting in a few bar to 
several bar lower gas cooler pressure than optimal. Gas cooler pressure may be controlled by the speed of the 
compressor in refrigeration mode in a range of approximately 10 bar with a penalty of lower suction pressure. 
This was not possible with the current test system in heat pump operation. The quality sensor revealed a 
significant signal in terms of the electrical capacitance, and was converted into reasonable void fractions by 
using both a linear calibration function and an annular flow based void fraction. 
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NOMENCLATURE 

Roman 
 electrical capacitance (F) 
  inner tube outer diameter (m) 
  outer tube inner diameter (m) 
 enthalpy (Jkg-1) 
  length (m) 
 pressure (bar) 
  charge (C) 
 entrainment ratio ( / ) 
 entropy (Jkg-1K-1) 
 temperature (C) 

  voltage (V) 
 volume flow rate (m3s-1  
	 compressor work (W) 

 

Greek 
 density (kgm-3) 
  electric constant (-) 

 dielectric constant (Fm-1) 
 efficiency (-) 
 void fraction (-) 

 

Subscripts 
 compressor 
 diffuser  
 evaporator 
eje  ejector 

 gas cooler 
 liquid 
meas measured 
norm normed 
 receiver 
 suction 
sat  saturated 

 vapor 
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