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Energy eﬃciency for the transcritical compression
CO2 cycle with the use of the ejector as
the ﬁrst stage of the compression
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Abstract An analysis of energy eﬃciency for transcritical compression
unit with CO2 (R744) as the refrigerant has been carried out using empirical operating characteristics for the two-phase ejector. The ﬁrst stage
of the refrigerant compression is carried out in the ejector. The criterion
adopted for the estimation of energy eﬃciency for the cycle is the coeﬃcient
of performance COP. The analysis is performed for the heat pump and refrigeration systems. The results of COP for the systems with the ejector
has been compared with the COPL values for the single stage Linde cycle.
Keywords: Transcritical CO2 cycle; Ejector; Energy eﬃciency

Nomenclature
A
COP
d
h
ṁ
P
p
–
t
–
T
–
Q̇ –
∗

– minimum area of cross-section, m2
– coeﬃcient of performance
– diameter, mm
– speciﬁc enthalpy, kJ/kg
– mass ﬂow rate, kg/s
– power, kW
pressure, MPa
temperature, o C
temperature, K
capacity, kW
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Greek symbols
density, kg/m3
mass ejection ratio
velocity coeﬃcient
dimensionless compression ratio
eﬃciency
distance between the output of the nozzle and the input of the
mixing chamber, mm

–
–
–
–
–
–

ρ
χ
ϕ
Π
η
∆

Subscripts
com
cond
d
D
ej
el
ev
HP
is
L
ls
m
R
tv
v

1

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

compressor
condenser
nozzle
diﬀuser
ejector
electric motor
evaporator
heat pump
isentropic
Linde cycle
liquid separator
mixing chamber
refrigerating unit (refrigerator)
throttling valve
volumetric

Introduction

In the years 2008–2010 the Institute of Thermal Technology in collaboration
with the SINTEF Institute in Trondheim (Norway), carried out research for
the estimation of energy and technical eﬃciency of the use of transcritical
compression unit with CO2 (R744) as the refrigerant for compression heat
pumps and/or refrigerating units. The theoretical analysis has been carried
out at the Institute of Thermal Technology and the experimental measurements were carried out at the SINTEF Institute in Trondheim.
One of the research aims was to determine the inﬂuence of selected
constructional parameters of the ejector and operating parameters of the
transcritical compression cycle with CO2 on the energy eﬃciency of the cycle [4]. The eﬀects have been estimated by the coeﬃcient of performance
COP HP of the heat pump and the COP R of the refrigerating unit.
In the performed investigations the ejector is the ﬁrst compression stage.
The second compression stage is performed in the typical compressor [6,7].
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The analysed transcritical CO2 cycle

The scheme of the installation in which the analysed cycle takes place is
shown in Fig. 1 and the p-h diagram of the thermodynamic cycle is shown
in Fig. 2. The numbers in the ﬁgures indicate the characteristic points
of the cycle. They are also the symbols of the thermal parameters of the
refrigerating agent: pressure, temperature, enthalpy, density, mass ﬂow rate.
These symbols have been further used in the equations in the text.

Figure 1. Schematic diagram of the refrigerating system with a two-phase ejector as the
ﬁrst compression stage.

3

Operating characteristics of the ejector

The operating characteristics of the ejector is determined by the dimensionless relationship between the compression ratio and the ejection ratio and
by the parameters which inﬂuence the velocity coeﬃcients of the refrigerant
in the nozzle, mixing chamber and diﬀuser. The compression ratio of the
refrigerant is deﬁned as:
p7 − p5
.
(1)
Π=
p3 − p5
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Figure 2. Cycle of the refrigerating system with a two-phase ejector as the ﬁrst compression stage in the pressure-enthalpy diagram.

In [1] the following equation has been proposed to describe the ejector performance line:




ϕD Ad
ϕd Ad
2
(1 + χv ) ,
ϕd ϕm ϕD − 1 −
(2)
Π=2
ϕm Am
2ϕd Am
where:
χv = χ

ρ3
.
ρ5

(3)

Equation (2) is applicable for the water-air ejector. It is also relatively
often used [2,3] in the calculations for the ejectors with the two-phase ﬂow
of the ﬂuid.
For the assumption that the velocity coeﬃcients are constant, Eq. (2)
may be transformed into [5]:
(1 + χv )2 = A + BΠ ,

(4)

where:
A=

2ϕ2d ϕm ϕD
(2ϕd − ϕD )

Ad
Am

and B = − 

Ad
Am

2

ϕm
(2ϕd − ϕD )

.

(5)

Coeﬃcients A and B in Eq. (4) have been determined by statistic methods
with the use of the measurements results obtained at SINTEF. In the analysis various values of the following measured parameters have been taken
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into consideration: p3 , p5 , and p7 (inﬂuencing the dimensionless compression ratio Π), and ṁ1 , ṁ5 , t3 , t5 (inﬂuencing the volumetric ejection ratio).
Additionally, various values of the distance ∆ between the output of the
nozzle and the input of the mixing chamber have been taken into consideration in the analysis. A linear approximation of Eq. (4) and non-linear
inﬂuence of ∆ on (1 + χv )2 has been conﬁrmed [5].
Finally, in [5] the following empirical characteristics of the ejector has
been obtained:
+ 62.565∆/dd − 7.2568 (∆/dd )2 
+
(1 + χv )2 = 3.8818

2
+ 52.993 + 586.15∆/dd − 66.52 (∆/dd ) Π

(6)

for R2 = 0.655.
Equation (6) has been determined with 97 measurement points. It is
applicable to the following range of changes of the parameters: p5 =
3.6–5.2 MPa, p3 = 7.3–10.8 MPa, p7 = 4.1–5.5 MPa, t3 = 25–44 o C,
t5 = 4–19 o C, ∆/dd = 1–6, Π < 0.1, Ad /Am = 0.0625.

4

Methodology of calcualtions

Calculations have been carried out with the following assumptions:
• speciﬁed value of the condenser capacity Q̇cond ;
• speciﬁed value of ∆/dd ratio;
• speciﬁed cycle parameters p3 , p5 , p7;
• degree of refrigerant quality is: x3 = 0, x5 = 1, x8 = 0;
• equal enthalpies in the throttling process in the valve: h8 = h9 .
For the assumed pressures, the compression ratio Π for the ejector has
been calculated from Eq. (1) and the volumetric ejection ratio χv has been
calculated from Eq. (6). The mass ejection ratio χ has been calculated
from the transformed Eq. (3). The mass ﬂow rate has been calculated from
the balance of the condenser:
Q̇cond
h2 − h3

(7)

ṁ5 = χ ṁ3 .

(8)

ṁ3 =
with
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The evaporator capacity has been calculated from the energy balance:
Q̇ev = ṁ5 (h5 − h9 ) = ṁ5 (h5 − h8 ) .

(9)

The enthalpy of the refrigerant on the input of compressor has been calculated from the balance of the liquid separator:
h1 = (1 + χ) h7 − χh8 .

(10)

The enthalpy of the refrigerant on the output of ejector has been calculated
from the energy balance of the ejector:
h7 =

h3 − χh5
.
1+χ

(11)

The input power to the compressor is calculated from the equation:
Pcom =

ṁ3 (h2 − h1 )
,
ηel

(12)

(h2is − h1 )
.
ηis

(13)

where
h2 = h1 +

It is proposed to calculate the isentropic eﬃciency from the equation:
ηis = 2.8 − 1.8

Tcond
.
Tls

(14)

Finally, the values of the coeﬃcient of performance have been calculated
from the equations:
Q̇cond
,
(15)
COPHP =
Pcom
and
COPR =

5

Q̇ev
.
Pcom

(16)

Results and discussion

The calculations have been carried out with the use of the Engineering
Equation Solver program. The following constant values have been assumed: p3 = 9 MPa , t3 = 35 o C, Q̇cond = 5 kW and diﬀerent values p5 ,
p7 and ratio ∆/dd . The calculation results have been shown in respective
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Figure 3. The ejection ratio χ for the refrigerating system with a two-phase ejector as
the ﬁrst compression stage.

Figure 4. Coeﬃcient of performance for a heat pump with a two-phase ejector as the
ﬁrst compression stage.
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Figure 5. Coeﬃcient of performance for a refrigeration system with a two-phase ejector
as the ﬁrst compression stage.

ﬁgures. Figure 3 shows the inﬂuence of the parameters in point 5 and 7 of
the cycle and the value of ∆/dd ratio on the ejection ratio χ. The obtained
values COPHP and COPR have been shown in Fig. 4 and 5, respectively.
In order to compare the energy eﬃciency in cycles equipped with the
ejector and the typical Linde cycles, COPLHP and COPLR have been additionally determined, which correspond to the condensing pressure of the
refrigerant p3 = 9 MPa and diﬀerent evaporating parameters. The values
COPLHP and COPLR are also given in Fig. 4 and Fig. 5.
Figures 4 and 5 show that the best coeﬃcient of performance (COP) is
obtained for Π from the range [0.06, 0.07]. The use of the Linde cycle is
better for the discussed range of value of ∆/dd ratio than using a cycle with
ejectors for Π > 0.085.
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