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Abstract:    This study presents experimental results focused on a performance comparison of a transcritical CO2 ejector system 
without an internal heat exchanger (IHX) (EJE-S) to a transcritical CO2 ejector system with an IHX (EJE-IHX-S). The comparison 
includes the effects of changes in operating conditions such as cooling water flow rate and inlet temperature. Experiments are 
conducted to assess the influence of the IHX on the heating coefficient of performance (COPr), heating capacity, entrainment ratio, 
pressure lift, and other parameters. The primary flow rate of the EJE-IHX-S is higher than that of the EJE-S. The pressure lift and 
actual ejector work recovery are reduced when the IHX is added to the transcritical CO2 ejector system. Using a more practical 
performance calculation, the compression ratio in the EJE-S is reduced by 10.0%–12.1%, while that of EJE-IHX-S is reduced only 
by 5.6%–6.7% compared to that of a conventional transcritical CO2 system. Experimental results are used to validate the findings 
that the IHX weakens the contribution of the ejector to the system performance. 
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1  Introduction 
 

Since Lorentzen and Pettersen (1993) proposed 
the transcritical CO2 cycle for mobile air-conditioning 
applications, a number of cycle improvements such as 
multistage compression with intercooling, throttling 
loss reduction through internal heat exchange, and 
expansion work recovery have been performed. 
Among these cycle improvements, the effects of an 
internal heat exchanger (IHX) for transcritical auto-
motive air-conditioning systems with CO2 as a work-
ing fluid have been studied by many researchers. The 
IHX lowers the optimum high-side pressure for 
maximizing system performance as discussed by Kim 
et al. (2004), and the cycle coefficient of performance 
(COP) was further increased by higher compressor 

efficiencies as a result of reduced compression ratios 
in a conventional system. Mu et al. (2003) also 
showed that larger IHX capacity can lower the opti-
mum high-side pressure. Aprea and Maiorino (2008) 
performed an experimental comparison of a tran-
scritical CO2 system working with and without an 
IHX. They showed the cycle with an IHX had a COP 
improvement of up to 10 % over the cycle without an 
IHX. Results presented by Boewe et al. (2001) also 
indicated COP improvements up to 25% over the 
cycle without an IHX. Tao et al. (2010) proposed that 
the IHX can reduce the throttling loss of the tran-
scritical CO2 cycle. Chen and Gu (2005) derived a 
practical effectiveness expression for the IHX based 
on enthalpy difference, and reported theoretically that 
an IHX with high effectiveness was an important 
factor in achieving a high system performance in the 
transcritical CO2 cycle.  

All the above studies focused on the transcritical 
CO2 system. For the transcritical CO2 ejector system 
(EJE-S), Elbel and Hrnjak (2004) performed a 
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detailed theoretical investigation, and showed that the 
IHX can improve the COP of an EJE-S in comparison 
to its counterpart without an IHX. In addition, a 
thermodynamic property chart to illustrate the inter-
ference between expansion work recovery and IHX 
was provided by Elbel and Hrnjak (2006). Later ex-
perimental results confirmed that the highest COP 
was achieved with an ejector and a high IHX effec-
tiveness (Elbel and Hrnjak, 2008). The theoretical 
work of Robinson and Groll (1998) showed that use 
of an IHX in conjunction with a work recovery device 
degraded the performance of the work recovery tur-
bine cycle, while the use of an IHX in conjunction 
with an expansion valve increased the COP. It seems 
interesting to undertake some work to investigate the 
existing trade-off between an IHX and an ejector in an 
EJE-S, but the available literature contains far more 
numerical studies than experimental investigations. In 
order to investigate the effects of the IHX on the 
EJE-S, this paper presents experimental research 
focused on a comparison of the EJE-S and the EJE-S 
with an IHX (EJE-IHX-S) under identical working 
conditions. The influence of the IHX on the heating 
coefficient of performance (COPr), heating capacity, 
entrainment ratio, pressure lift, and other parameters 
are analyzed. In addition, a more practical perform-
ance metric, the compression ratio, is introduced to 
assess the effects of an IHX on ejector system  
performance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2  Experiments 
 

The schematic of a prototype transcritical CO2 
system (Fig. 1) shows the main components of the 
system: a reciprocating compressor, a gas-cooler, an 
evaporator, an IHX, an ejector, and a liquid-vapor 
separator. The prototype system is designed and built 
based on a residential CO2 heat pump water heater 
with a 12 kW heating capacity. 

A Dorin CO2 reciprocating compressor (TCS 
340/4-D) was used in the system, with a theoretical 
swept volume of 3.5 m3/h. A two-phase fixed ejector 
was designed and built for the transcritical CO2 heat 
pump system. The details of the design processes 
followed Liu (2008). The dimensions of the helical- 
coil-in-fluted-tube gas cooler are given in Table 1. 
The gas cooler consisted of helically coiled tubes and 
fluted tubes. It was fabricated by twisting a straight 
copper tube into a helically coiled tube, and then 
embedded in the groove of the fluted tube. Refriger-
ant CO2 and water were used as working fluids in the 
helical-coil tube and the fluted tube, respectively. The 
evaporator and the IHX adopted a tube-in-tube heat 
exchanger construction. The CO2 refrigerant flowed 
in the inner tube, and cold water flowed in the annulus 
in a counter flow configuration. The evaporator and 
the IHX specifications are summarized in Table 2. 
The cooling water and the chilled water in the tank 
were heated with an electric heater and supplied 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Schematic diagram of experimental apparatus 
1: compressor; 2: gas cooler; 3: internal heat exchanger (IHX); 4: evaporator; 5: ejector; 6: liquid-vapor separator; 7: metering 
valve; 8: cut-off valve; 9: relief valve; 10: pump; 11: ball valve; 12: electrical heater; 13: water tank. T: temperature; P: 
pressure; M: mass flow rate 
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through the gas cooler and evaporator, respectively. 
Comparing the measured valve and the setting value 
of the two tank temperatures, the heating power of the 
electrical heater was controlled by the temperature 
control unit. The control accuracy of the cooling wa-
ter temperature and the chilled water temperature was 
within ±0.3 °C. 

The system was capable of operating in two cy-
cles: the EJE-IHX-S and the EJE-S. The mode of 
operation was selected by switching cut-off valve. 
There were two approaches to compare the system 
performance for the two modes of operation. One was 
based on internal parameters, i.e., evaporating and 
condensing temperatures. The two modes of opera-
tion were compared under the same evaporating and 
condensing temperatures. The other one shown in 
Hoegberg et al. (1993) was based on external pa-
rameters such as the inlet temperature and the flow 
rate of the heat transfer fluid. This method allowed 
each mode of operation to operate under the same 
external conditions. Giuliani et al. (1999) proposed 
that the latter method was more likely in real life. In 
this study, changes in the operating conditions of 
cooling water flow rate and inlet temperature were 
selected to evaluate the effects of IHX on the EJE-S. 
The operating conditions were as follows: 

1. The effects of the cooling water flow rates on 
the performance of the EJE-IHX-S and the EJE-S 
were explored by setting the volumetric flow rates of 
the cooling water at 4.2, 3.7, 3.4, 3.1, and 2.7 L/min, 
while the cooling water temperature and chilled water 
temperature were kept constant at 17 °C, and the 

 
 
 
 
 
 
 

 
volumetric flow rate of the chilled water was fixed at 
22 L/min. 

2. The effects of the cooling water inlet tem-
perature on the performance of the EJE-IHX-S and 
the EJE-S were explored by setting the cooling water 
inlet temperatures to 18, 20, 22, 24, and 26 °C, while 
the volumetric flow rate was kept constant at 4 L/min, 
and the volumetric flow rate and inlet temperature of 
the chilled water were fixed at 22 L/min and 17 °C, 
respectively. 

The CO2 and water temperatures were measured 
using type-T thermocouples with an accuracy of 
±0.5 °C and ±0.3 °C, respectively. GE Druck 
PTX7517 absolute pressure transducers with a range 
of 0–16 MPa were used, with an uncertainty of ±0.2% 
full scale (FS). The CO2 mass flow rate was measured 
with an Emerson Micro Motion mass flow meter 
located at the motive nozzle inlet and suction nozzle 
inlet of the ejector, with a reading uncertainty of 
±0.1%. The water flow rates in the gas cooler and 
evaporator were measured using a rotometer with an 
accuracy of ±0.2% FS. The compressor electrical 
power consumption was measured using a digital 
wattmeter, with an uncertainty of ±0.5% FS. All the 
data acquisition systems were computer controlled 
and recorded, and a sampling rate of 0.5 Hz was used 
for each channel; steady state conditions were as-
sumed to prevail whenever all measurements varied 
by less than the experimental uncertainty for 90 
consecutive readings, and averages of 30 readings 
were used in the data reduction. 

The heating capacity was determined from the 
Coriolis-type mass flow meter measurement, and the 
specific enthalpies across the gas cooler were all re-
corded for the refrigerant flow. The heating capacity 
Qr was calculated by 

 

r P gc,in gc,out( ),Q m h h= −                 (1) 
 

where mP is the primary mass flow rate of the  

Table 1  Characteristics of the helical-coil-in-fluted- tube gas cooler 

Type Number OD
(mm)

ID 
(mm) 

Wall thickness
(mm) 

L 
(mm)

Ltotal 

(mm)
Fluted depth

(mm) 
Number of 
fluted starts 

Fluted 
pitch (mm) 

Helix 
 angle (°)

Fluted tube 2 17 15.0 1.00 6750 13 500 4 4 6 65.8 
Helical- 
coil tube 

8 4   2.5 0.75 16 200 129 600     

OD and ID are the volumes based outer diameter and inner diameter, respectively; L is the length of a single tube, and Ltotal is the total length 
of all tubes 

Table 2  Heat exchanger specifications 

Heat  
exchanger 

Material 
of tube 

Inner 
tube
(mm)

Outer 
tube 
(mm) 

Length 
of tube 

(m) 

Number 
of tube

Evaporator Copper Ф8×1 Ф14×1 4 4 
IHX Copper Ф8×1 Ф14×1 5 4 

IHX: internal heat exchanger 
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refrigerant CO2 of the gas cooler, and hgc,in and hgc,out 
are the inlet and outlet enthalpies of the gas cooler, 
respectively. 

The COPr is defined as 
 

COPr=Qr/W,                           (2) 
 

where W is the electrical power supplied to the  
compressor. 

To explore changes in the ejector performance 
when an IHX was added to the EJE-S, the ejector 
parameters were introduced. The entrainment ratio u 
and pressure lift plift of the ejector are defined as 

 
u=mH/mP,                            (3) 
plift=pC/pH,                           (4) 

 
and the actual ejector work recovery Wactual is defined 
according to Elbel and Hrnjak (2008): 
 

Wactual=mH∆hactual,                     (5) 
 

where mH is the entrained mass flow rate of the re-
frigerant CO2 of the evaporator; pC is the back pres-
sure (the ejector outlet pressure); pH is the entrained 
flow pressure (the evaporator pressure); and ∆hactual is 
the actual enthalpy change required to reach the con-
dition of the ejector outlet from the evaporation 
pressure assuming isentropic compression.  

For the water-side and refrigerant-side balances, 
the measured heating capacity and the COPr typically 
had range uncertainties of ±4.2%–±5.9% and ±3.3%– 
±4.0%, respectively. Table 3 provides the uncertain-
ties in the experimental results. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

3  Results and discussion 
 

As shown in Table 4, the gas cooler outlet pres-
sure pgc,out, the gas cooler outlet temperature Tgc,out, 
the compressor suction temperature Tsuc, the outlet 
temperature of the IHX TIHX,out (high pressure side), 
and the evaporating temperature Te increased as the 
cooling water flow rate mw decreased or the inlet 
temperature Tw_in increased in the EJE-S and the 
EJE-IHX-S. It can also be observed that the gas cooler 
outlet temperature Tgc,out for the EJE-IHX-S was 
lower than that for the EJE-S. Furthermore, the 
evaporating temperature Te in the EJE-IHX-S was at 
least 10 °C higher than that in the EJE-S. 

The effects of the cooling water flow rate and the 
inlet temperature on the ejector performance pa-
rameters for the EJE-S with and without an IHX are 
shown in Table 5. The EJE-IHX-S has a higher pri-
mary flow rate than the EJE-S, which acted counter to 
the influence of the IHX on the conventional refrig-
eration system. The reason was that the compressor 
suction temperature increases through the IHX, while 
the compressor suction pressure rose at the same time. 
Therefore, the effect of the IHX on the specific 
volumes at the compressor suction was small. How-
ever, the specific volumes at the compressor dis-
charge increased through the IHX, resulting in an 
increase of the compressor volumetric efficiency 
according to the equation, which was presented in 
Klein et al. (2000): 

 

suc
v

dis

1 1 ,
v

R
v

η
⎛ ⎞

= − −⎜ ⎟
⎝ ⎠

                      (6) 

 
where ηv is the compressor volumetric efficiency, R is 
the ratio of the clearance volume to the displacement 
volume, and νsuc and νdis are the refrigerant specific 
volumes at the compressor suction and discharge, 
respectively. Thus, in comparison to the EJE-S, the 
primary flow rate in the EJE-IHX-S increased. 

As shown in Table 5, the entrainment ratio and 
the pressure lift also increase for the EJE-S and the 
EJE-IHX-S as the cooling water flow rate decreases 
or the inlet temperature increases. Note that the en-
trainment ratio increases in the EJE-IHX-S, while the 
pressure lift was reduced, compared to that of the 
EJE-S. This effect was mainly caused by the increase  

Table 3  Range of uncertainties of calculated parameters

Parameter Range of uncertainties (%)
Entrainment ratio ±1.5–±1.8 
Pressure lift ±0.9–±1.4 
Ejector actual work 
recovery 

±1.2–±1.8 

Compression ratio, pPC ±1.3–±2.3 
Compression ratio, pPH ±1.5–±2.8 
Heating capacity ±4.2–±5.9 
Heating coefficient of 
performance  

±3.3–±4.0 

pPH and pPC are the ratios between the compressor discharge pres-
sure and the entrained flow pressure or back pressure, respectively
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of the primary flow rate, which entrained more of the 
entrained flow when the IHX was added into the 
EJE-S. The lower primary flow pressure in the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EJE-IHX-S resulted in the reduced pressure lift. 
In addition, it can be observed that the actual 

ejector work recovery was reduced in the EJE-IHX-S 

Table 4  Trends of main temperature parameters and gas cooler outlet pressure for different cooling water flow rates 
and inlet temperatures with and without the IHX 

pgc,out (MPa) Tgc,out (°C) TIHX,out (°C) Tsuc (°C) Te (°C) 
mw (L/min) 

(Tw_in=17 °C)  With the 
IHX 

Without  
the IHX 

With the 
IHX 

Without 
the IHX

With the 
IHX 

With the 
IHX 

Without  
the IHX 

With the 
IHX 

Without 
the IHX

4.2 7.205 8.148 26.8 29.0 21.8 21.5 −0.6 5.8 −4.4 
3.7 7.540 8.444 28.8 30.6 23.0 23.0 0.1 7.2 −3.9 
3.4 7.857 8.709 30.7 31.9 24.1 24.5 0.8 8.4 −3.0 
3.1 8.338 9.078 33.8 34.0 26.1 26.9 1.5 9.7 −2.3 
2.7 8.703 10.02 36.4 39.1 27.8 27.8 3.5 10.7 0.2 

pgc,out (MPa) Tgc,out (°C) TIHX,out (°C) Tsuc (°C) Te (°C) 
Tw_in (°C) 

(mw=4 L/min) With the 
IHX 

Without  
the IHX 

With the 
IHX 

Without 
the IHX

With the 
IHX 

With the 
IHX 

Without  
the IHX 

With the 
IHX 

Without 
the IHX

18 7.327 8.703 27.2 31.8 21.4 21.0 1.0 7.3 −2.8 
20 7.639 8.903 28.9 33.2 22.4 22.4 1.2 8.0 −2.7 
22 7.906 9.145 30.4 34.4 23.3 23.4 1.6 8.8 −2.2 
24 8.089 9.393 31.4 35.8 23.9 24.2 2.1 9.2 −1.3 
26 8.533 9.707 34.3 37.5 25.7 26.3 2.5 10.2 −0.9 

mw: cooling water flow rate; Tw_in: cooling water inlet temperature; pgc,out: gas cooler outlet pressure; Tgc,out: gas cooler outlet temperature; 
TIHX,out: IHX outlet temperature; Tsuc: compressor suction temperature; Te: evaporating temperature 
 

Table 5  Trends of ejector parameters for different cooling water flow rates and inlet temperatures with and without 
the IHX 

mP (kg/s) u plift Wactual (kW) 
mw (L/min) 

(Tw_in=17 °C)  With the 
IHX 

Without 
the IHX 

With the 
IHX 

Without 
the IHX 

With the 
IHX 

Without 
the IHX 

With the 
IHX 

Without 
the IHX 

4.2 0.075 0.065 0.600 0.615 1.061 1.110 0.104 0.182 
3.7 0.076 0.066 0.618 0.621 1.063 1.116 0.108 0.195 
3.4 0.078 0.067 0.628 0.627 1.065 1.116 0.113 0.199 
3.1 0.079 0.069 0.646 0.638 1.069 1.125 0.118 0.223 
2.7 0.080 0.075 0.663 0.640 1.070 1.138 0.120 0.261 

mP (kg/s) u plift Wactual (kW) 
Tw_in (°C) 

(mw =4 L/min) With the 
IHX 

Without 
the IHX 

With the 
IHX 

Without 
the IHX 

With the 
IHX 

Without 
the IHX 

With the 
IHX 

Without 
the IHX 

18 0.076 0.068 0.605 0.603 1.060 1.119 0.100 0.200 
20 0.077 0.069 0.623 0.609 1.063 1.124 0.107 0.213 
22 0.078 0.070 0.628 0.614 1.064 1.127 0.109 0.221 
24 0.078 0.071 0.641 0.620 1.066 1.128 0.111 0.227 
26 0.079 0.072 0.658 0.625 1.069 1.137 0.117 0.246 

mw: cooling water flow rate; Tw_in: cooling water inlet temperature; mP: primary flow rate; u: entrainment ratio; plift: pressure lift; Wactual:
actual ejector work recovery 
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as compared to the EJE-S, because the primary flow 
entering the IHX had a lower specific enthalpy. There 
existed an interference between the IHX and the 
ejector; that is, the IHX reduced the actual ejector 
work recovery.   

The effects of the cooling water flow rate and the 
inlet temperature on compression ratio when the 
EJE-S runs with and without an IHX are shown in 
Fig. 2. In order to apply a more intuitive way to define 
the effect of IHX on the CO2 ejector system per-
formance, the compression ratios pPH and pPC were 
introduced. The ratio between the compressor dis-
charge pressure and the entrained flow pressure was 
named pPH, which was an equivalent form of the 
compression ratio of the conventional transcritical 
CO2 cycle. The ratio between the compressor dis-
charge pressure and back pressure was named pPC, 
which was an equivalent form of the compression 
ratio of the transcritical CO2 ejector cycle. The above 
two compression ratios were calculated by ignoring 
the pressure losses of CO2 flowing from the ejector 
outlet to compressor suction, and ignoring the incon-
sistency of the primary flow rate and the entrained 
flow rate.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

As shown in Fig. 2, pPC and pPH increase when 
the cooling water flow rate decreases or the inlet 
temperature increases in the EJE-S and the EJE- 
IHX-S. The pPC and pPH of the EJE-IHX-S were all 
lower than those of the EJE-S, which demonstrated 
that the use of the IHX reduced the compression ratio. 
This finding agreed with the result that the IHX low-

ered the performance maximizing high-side pressure 
in transcritcal CO2 cycle as discussed by Kim et al. 
(2004). The reduced compression ratio produced 
higher compressor efficiency, and thus, the COPr of 
the EJE-IHX-S can be further improved. Compared to 
that of a conventional transcritical CO2 system, the 
compression ratio in the EJE-S was reduced 
10.0%–12.1%, whereas pPC was only 5.6%–6.7% 
lower than pPH in the EJE-IHX-S. Experimental re-
sults validated that an interference existed between 
the IHX and the ejector. The IHX improved the EJE-S 
performance but weakened the contribution of the 
ejector to the system performances. 

The effects of the cooling water flow rate and the 
inlet temperature on heating capacity when the EJE-S 
runs with and without IHX are shown in Fig. 3. As the 
cooling water flow rate decreased or the inlet tem-
perature increased, the heating capacities in the EJE-S 
and the EJE-IHX-S were reduced due to the smaller 
enthalpy difference across the gas cooler resulting 
from a higher outlet temperature of  the gas cooler 
(Table 4). Although an increase in the primary flow 
rate was associated with an increase in the heat 
transfer coefficient of the gas cooler, a decrease in the 
flow rate of the cooling water or an increase in the 
inlet temperature of the cooling water directly caused 
the heat transfer coefficient of gas cooler to decrease. 
Overall, the cooling water flow rate and the inlet 
temperature had a positive effect on heating capacity 
apparently outweighing the primary flow rate, and 
thus the heating capacity decreased. 

As shown in Fig. 3, the heating capacity of the 
EJE-IHX-S was higher than that of the EJE-S. There 
are two main reasons. The first was that the use of the 
IHX led to an increase of the primary flow rate, and 
the second was that the gas cooler outlet temperature 
of the EJE-IHX-S was lower than that of the EJE-S 
(Table 4). Our conjecture was that this behavior was 
partly due to the increased primary flow rate in the 
EJE-IHX-S as a consequence of the higher heat 
transfer coefficient of the gas cooler and its related 
increase in heating capacity at given gas cooler  
dimensions. 

The effects of cooling water flow rate and inlet 
temperature on COPr when the EJE-S runs with and 
without IHX are shown in Fig. 4. As the cooling water 
flow rate decreased or the inlet temperature increased, 
the COPr decreased in the EJE-S and the EJE-IHX-S. 

2.7 3.0 3.3 3.6 3.9 4.2
1.5

1.8

2.1

2.4

2.7

3.0

pPH (EJE-IHX-S) 
 pPC (EJE-IHX-S) 
 pPH (EJE-S) 
 pPC (EJE-S) 

C
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Fig. 2  Trends of compression ratios for different cooling 
water flow rates mw (a) and inlet temperatures Tw_in (b) 
with and without the IHX 

18 20 22 24 26

pPH (EJE-IHX-S) 
 pPC (EJE-IHX-S) 
 
pPC (EJE-S)
pPH (EJE-S) 
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The use of an IHX can not only further reduce the 
compression ratio (Fig. 2), but also increase the 
heating capacity (Fig. 3). The IHX had a positive 
effect on the system performance, and there was still 
the possibility to enhance the ejector efficiency. Fur-
thermore, the low ejector efficiency was associated 
with the structure of helical-coil-in-fluted-tube gas 
cooler. The large pressure drop in the gas cooler lost a 
part of pressure energy to drive more entrained flow, 
even though the gas cooler had a high heat transfer 
efficiency. Therefore, the optimal matching of the 
ejector and system components was also a key factor 
for improving system performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Conclusions 
 

A performance comparison between the 
EJE-IHX-S and the EJE-S under identical conditions 
is investigated experimentally. Results reveal the 
influence of the IHX on the EJE-S. It is found that the 
IHX used in an ejector system differs greatly from 
that in a conventional system. Unlike in a conven-
tional system with an expansion valve, the primary 
flow rate of the EJE-IHX-S is higher than that of the 
EJE-S. Experiments show that the entrainment ratio 
and the pressure lift increase for the EJE-S and the 
EJE-IHX-S, with a decrease in cooling water flow 
rate or an increase in the inlet temperature. It is also 
found that the pressure lift and the actual ejector work 
recovery are reduced when the IHX is added to the 
EJE-S, which reveals that a strong interference be-
tween the work rate recovery potential by the ejector 
and the IHX exists. Furthermore, compared to that of 
a conventional transcritical CO2 system, the com-
pression ratio in the EJE-S is reduced 10.0%–12.1%, 
while that of the EJE-IHX-S is only reduced 5.6%– 
6.7%. Experimental results are used to indicate that 
the use of an IHX weakens the contribution of the 
ejector to the system performance. 

 
References 
Aprea, C., Maiorino, A., 2008. An experimental evaluation of 

the transcritical CO2 refrigerator performances using an 
internal heat exchanger. International Journal of Refrig-
eration, 31(6):1006-1011.  [doi:10.1016/j.ijrefrig.2007.12. 
016] 

Boewe, D., Bullard, C., Yin, J., Hrnjak, P.S., 2001. Contribu-
tion of internal heat exchanger to transcritical R744 cycle 
performance. International Journal of HVAC&R Re-
search, 7(2):155-168. 

Chen, Y., Gu, J.J., 2005. The optimum high pressure for CO2 
transcritical refrigeration systems with internal heat ex-
changers. International Journal of Refrigeration, 28(8): 
1238-1249.  [doi:10.1016/j.ijrefrig.2005.08.009] 

Elbel, S.W., Hrnjak, P.S., 2004. Effect of Internal Heat Ex-
changer on Performance of Transcritical CO2 Systems 
with Ejector. 10th International Refrigeration and Air 
Conditioning Conference at Purdue, West Lafayette, 
USA, Paper R166. 

Elbel, S.W., Hrnjak, P.S., 2006. A Thermodynamic Property 
Chart as a Visual Aid to Illustrate the Interference be-
tween Expansion Work Recovery and Internal Heat Ex-
changer. 11th International Refrigeration and Air Condi-
tioning Conference at Purdue, West Lafayette, USA, 
Paper R165. 

 

(a) (b) 

Fig. 4  Trends of heating coefficients of performance 
COPr for different cooling water flow rates mw (a) and 
inlet temperatures Tw_in (b) with and without the IHX 

2.7 3.0 3.3 3.6 3.9 4.2
2.1

2.4

2.7

3.0

3.3

3.6

3.9

4.2

4.5

 EJE-S

 EJE-IHX-S

C
O

P
r

18 20 22 24 26

 EJE-S

 EJE-IHX-S

mw (L/min) Tw_in (°C)

Fig. 3  Trends of heating capacities for different cooling 
water flow rates mw (a) and inlet temperatures Tw_in (b)
with and without the IHX 

(a) 



Xu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2011 12(2):146-153  
 

153

Elbel, S.W., Hrnjak, P.S., 2008. Experimental validation of a 
prototype ejector designed to reduce throttling losses 
encountered in transcritical R744 system operation. In-
ternational Journal of Refrigeration, 31(3):411-422.  
[doi:10.1016/j.ijrefrig.2007.07.013] 

Giuliani, G., Hewitt, N.J., Marchesi, D.F., Polonara, F., 1999. 
Composition shift in liquid-recirculation refrigeration 
systems: an experimental investigation for the pure fluid 
R134a and the mixture R32/134a. International Journal 
of Refrigeration, 22(6):486-498.  [doi:10.1016/S0140- 
7007(99)00009-2] 

Hoegberg, M., Vamling, L., Bemtsson, T., 1993. Calculation 
methods for comparing the performance of pure and 
mixed working fluid in heat pump applications. Interna-
tional Journal of Refrigeration, 16(6):403-413.  [doi:10. 
1016/0140-7007(93)90057-F] 

Kim, M.H., Pettersen, J., Bullard, C.W., 2004. Fundamental 
process and system design issues in CO2 vapor compres-
sion systems. Progress in Energy and Combustion Sci-
ence, 30(2):119-174.  [doi:10.1016/j.pecs.2003. 09.002] 

Klein, S.A., Reindl, D.T., Brownell, K., 2000. Refrigeration 
system performance using liquid-suction heat exchangers. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

International Journal of Refrigeration, 23(8): 588-596.  
[doi:10.1016/S0140-7007(00)00008-6] 

Liu, S., 2008. Performance Study on an Ejector Used in 
CO2-Heat Pump Water Heater. MS Thesis, Zhejiang 
University, Hangzhou, China, p.1-76. 

Lorentzen, G., Pettersen, J., 1993. A new efficient and envi-
ronmentally benign system for car air-conditioning. In-
ternational Journal of Refrigeration, 16(1):4-12.  
[doi:10.1016/0140-7007(93)90014-Y] 

Mu, J.Y., Chen, J.P., Chen, Z.J., 2003. System design and 
analysis of the transcritical carbon dioxide automotive 
air-conditioning system. Journal of Zhejiang University- 
SCIENCE A, 4(3):305-308.  [doi:10.1631/jzus.2003.0305] 

Robinson, D.M., Groll, E.A., 1998. Efficiencies of transcritical 
CO2 cycles with and without an expansion turbine. In-
ternational Journal of Refrigeration, 21(7):577-589.  
[doi:10.1016/S0140-7007(98)00024-3] 

Tao, Y.B., He, Y.L., Tao, W.Q., Wu, Z.G., 2010. Experimental 
study on the performance of CO2 residential air- 
conditioning system with an internal heat exchanger. 
Energy Conversion and Management, 51(1):64-70.  
[doi:10.1016/j.enconman.2009.08.024] 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

JZUS-C has been covered by SCI-E since 2010 
Online submission: http://www.editorialmanager.com/zusc/ 

 
 

Welcome Your Contributions to JZUS-C 

Journal of Zhejiang University-SCIENCE C (Computers & Electronics), split from Journal of 
Zhejiang University-SCIENCE A, covers research in Computer Science, Electrical and Electronic En-
gineering, Information Sciences, Automation, Control, Telecommunications, as well as Applied 
Mathematics related to Computer Science. JZUS-C has been accepted by Science Citation In-
dex-Expanded (SCI-E), Ei Compendex, DBLP, IC, Scopus, JST, CSA, etc. Warmly and sincerely wel-
come scientists all over the world to contribute Reviews, Articles, Science Letters, Reports, Technical 
notes, Communications, and Commentaries. 

SCIENCE C (Computers & Electronics) 
Journal of Zhejiang University 

Editor-in-Chief: Yun-he PAN 
ISSN 1869-1951 (Print), ISSN 1869-196X (Online), monthly 

www.zju.edu.cn/jzus;  www.springerlink.com



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


