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H I G H L I G H T S  

• CO2 two-phase model using phase change for CO2 ejector in refrigeration systems. 
• Two-phase flow behavior and entrainment performance of the ejector are analyzed. 
• Exergy destruction and working efficiency under different conditions are calculated. 
• The efficiency increases up to 31% while the primary temperature rises to 313.7 K. 
• With the back pressure of 4.0 MPa, the exergy destruction ratio is as high as 72.9%.  

A R T I C L E  I N F O   

Keywords: 
Transcritical CO2 ejector 
Two-phase flow 
Phase change 
Entrainment performance 
Energy loss 
refrigeration 

A B S T R A C T   

The use of ejectors in transcritical CO2 refrigeration systems is of key significance for improving system per
formance, and the investigation of ejectors is particularly important. In this paper, a CO2 two-phase numerical 
model considering non-equilibrium phase change is established to investigate the two-phase flow characteristics 
and entrainment performance in the ejector under different operating conditions. In particular, this study is 
devoted to the trade-off analysis of internal mass transfer and energy utilization efficiency. After a series of tests, 
the accuracy of the numerical model has been validated, and with the increase of primary inlet pressure, the 
entrainment performance first increases and then decreases, while the entrainment performance is greatly 
improved with the increase of primary temperature. There is a critical back pressure, beyond which the 
entrainment performance drops rapidly. If the pressure reaches 8.46 MPa and the corresponding temperature is 
set at 303.7 K, the efficiency of the ejector is 27%. When the temperature rises to 313 K, the efficiency increases 
to 31%, and the ratio of exergy destruction decreases from 48.3% to 10.2%. However, when the back pressure 
drops to 4.0 MPa, the working efficiency is only 1.8%, which fails to work normally. Effectively balancing the 
inlet conditions with energy utilization is a key strategy for optimizing ejector use.   

1. Introduction 

Global warming and ecological degradation pose a significant threat 
to the long-term development of human society, making carbon 
neutrality increasingly important in climate governance. Traditional 
refrigerants containing fluorine have caused significant damage to the 
ozone layer and accelerated environmental degradation [1]. The United 
Nations convened a meeting to sign the Montreal Protocol [2], which 
directly restricted the use of HCFCs and HFCs refrigerants [3], thereby 
reducing the potential environmental harm of these traditional 

greenhouse refrigerants. This demonstrates the determination of gov
ernments worldwide to build a low-carbon, environmentally friendly 
society and also highlights the urgent need to promote green, energy- 
saving, and low-carbon transitions in the refrigeration industry [4–7]. 

One of the new and efficient refrigeration technologies, the tran
scritical CO2 heat pump [8] using the natural working substance CO2, 
has garnered widespread attention. R744, namely CO2, is classified as a 
low GWP (near 1) refrigerant [9,10]. Comparing to fluorine-based re
frigerants, R744 is safer and more environmentally friendly, avoiding 
secondary fatal effects due to refrigerant leaks in the system. Addition
ally, CO2 is abundant in nature, relatively inexpensive, and exhibits high 
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thermal conductivity and evaporation potential in its transcritical state. 
Employing R744 in refrigeration systems inherently eradicates emis
sions of greenhouse gas. Overall, heat pump systems based on tran
scritical CO2 refrigeration cycles have distinct advantages over 
traditional fluorine-based refrigerant systems (such as R134a, R410A, 
etc.), including being pollution-free, efficient, and compact. In recent 
years, various complex heat pump cycles using transcritical CO2 as the 
working medium have been extensively studied to further improve their 
system efficiency and stability. However, the critical temperature of CO2 
is just 31.2 ◦C, meaning R744 compression refrigeration systems can 
only work effectively in transcritical state. Using expansion valves in 
these systems results in significant throttling losses [11–13] and a sharp 
decrease in system efficiency. The main loss in transcritical CO2 refrig
eration cycle systems is the irreversible loss caused by phase change 
after the CO2 fluid passes through the throttling device, becoming a two- 
phase fluid. This irreversible loss is significant compared to conventional 
refrigerants, continually constraining system performance. It is proved 
that recovering expansion work is an effective means to reduce throt
tling loss in circulation. The introduction of the ejector [14] can convert 
pressure energy into kinetic energy to entrain low-pressure working 
fluid, and then continue to convert it into pressure energy to restore the 
pressure of low-pressure working fluid. Moreover, the ejector itself has 
the advantages of simple structure, low cost, no moving parts and easy 
control of refrigerant flow [15–17], Based on the above advantages and 
its ability to recover expansion work [18], the ejector has become the 
key to effectively improve the COP of the transcritical CO2 refrigeration 
system. Therefore, it is critical to use ejector in transcritical CO2 
refrigeration system to improve system performance. 

In recent years, its ample development prospects have prompted 
more and more researchers to carry out studies in the fields of 

transcritical CO2 heat pumps, especially the optimization of the tran
scritical CO2 ejector, and excellent work has begun to emerge in both 
experimental and simulation fields. Most of the experimental studies 
coupled simulation means have focused on the performance improve
ment [19,20], especially the effects of ejector structure on system effi
ciency. In 2012, Banasiak et al. [21] conducted empirical investigations 
into the optimal ejector geometric shapes for small-capacity R744 heat 
pumps. Their findings indicate that ejector efficiency is predominantly 
influenced by the length and diameter for mixer and the expansion 
angle. Lawrence et al. [22] conducted a study on controlling the ejector 
cycle at different ambient temperatures to comprehend the effect of 
improper control on the capacity of the transcritical CO2 ejector. 
Regarding the internal flow behavior of the ejector, the relatively direct 
method includes experimental measurement. Li’s team [23,24] pro
posed to visualize the two-phase flow using photography, and found the 
phase change position in the main nozzle, then obtained the pressure 
data in the nozzle under different conditions through pressure sensors. 
Zhu et al. [25] made experimental observation on the flow field phe
nomenon in the mixing chamber and suction chamber of CO2 ejector. 
The analysis reveals a direct proportionality between the entrainment 
ratio and primary expansion angle. Conversely, as the secondary inlet 
pressure increases, there is a noticeable reduction in the expansion 
angle. Haghparast et al. [26] employed a combination of experimental 
and numerical approaches to examine how key size factors and working 
conditions impact capacity. The research shows that the size of the main 
nozzle is most crucial affecting the ejector performance and improving 
the pressure ratio. Zhu [27] found that adding ejector is more effective 
than the basic system. And the COP of the ejector-expansion system is 
10.3% higher than that of the corresponding basic cycle. Liu et al. [28] 
further optimized the system efficiency, summarizing as follows: 

Nomenclature 

ER entrainment ratio (− ) 
mp primary mass flow rate, kg/s 
ms secondary mass flow rate, kg/s 
ρ density, kg m− 3 

u velocity, m s− 1 

p fluid pressure, Pa 
E total energy, J/kg 
k thermal conductivity, W m− 1 K− 1 

h static enthalpy, J/kg 
VB volume of the bubble, m− 3 

k turbulence kinetic energy, J/kg 
Kn Knudsen number, −
ṁ mass change rate, kg m− 3 s− 1 

R bubble radius, m 
pv threshold pressure, Pa 
p fluid pressure, Pa 
C semi-empirical coefficient, −
c speed of sound, m s− 1 

T temperature, K 
u→ velocity vector, m s− 1 

i, j,k velocity component, m s− 1 

n bubble number density, kg m− 3 

Fs safety factor, −

Greek 
γ thermal diffusivity, m2 s− 1 

ε relative error of two meshes, −
ϵ refinement factor ratio, −
ϑ CO2 molecule volume, m3 

κB Boltzmann's constant, 

α volume fraction, 
λ thermal conductivity, W m− 1 K− 1 

μ molecular dynamic viscosity, Pa s 
σ liquid surface tension, N/m 

Acronyms 
GCI grid convergence index 
MRE maximum relative error, −
RE Relative error, −

Subscripts 
eff effective 
k different phase 
in,out inlet, outlet 
p primary 
s secondary 
l liquid 
m mixture 
sat saturation 
v vapour 
g gas 
b bubble 
∞ far field 
nuc nucleation 
evap evaporation 
cond condensation 
exp experiment 
sim simulation 

Superscripts 
p order of algorithm accuracy  
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adopting the ejector cycle structure of two-stage evaporation and 
extreme value seeking control to make the system run at the best exhaust 
pressure. Compared with the traditional system, the system efficiency is 
improved by 5.7%. Zhu et al. [29] found that the system capacity and 
COP can be improved by 11.0% and 8.1% respectively by applying 
vortex control. Ge et al. [30] discovered that the ejector design using 
conical-cylindrical mixer can achieve higher efficiency than using cy
lindrical mixer, and can obtain preferable critical entrainment ratio and 
compression ratio under distinct working states. 

It has to be mentioned, however, that due to the inherent difficulties 
and complexities of experimental studies, Computational Fluid Dy
namics (CFD) has become a crucial tool seeking the flow field inside 
ejectors [31–33]. More and more researches focus on numerical simu
lations, which will provide a strong fundamental strategy for further 
studies of transcritical CO2 ejectors. Currently, the most commonly used 
and known mathematical models are: the homogeneous equilibrium 
model (HEM), homogeneous relaxation model (HRM), the mixture 
model, and the homogeneous non-equilibrium model with boiling 
phenomena (HNB) [34–37]. Many researchers have proposed many 
studies using the above model. The performance analysis of the ejector 
under variable structure or conditions naturally. Liu et al. [38] estab
lished a transient heterogeneous mixture model of CO2 needle- 
adjustable ejector, and discussed the mechanism of boundary layer 
separation, backflow vortex and shock wave to explain the suction flow 
blocking phenomenon. Li and Deng [39] developed a novel CFD model 
to investigate the flashing flow in CO2 ejector. It is found that the pre
diction error of the model for the secondary mass flow is less than 9%, 
and the maximum error of the primary mass flow is within 15%. It is 
important to highlight that although the structure of the ejector is 
relatively simple, its internal flow behavior is very complicated and 
changeable, especially the phase transition phenomenon occurring in it 
has not been fully explored [40]. Colarossi et al. [41] pointed out that 
the phase change process is driven by turbulence effect and interphase 
heat transfer, the research revolves around Eulerian simulation method 
and regards CO2 as a non-thermodynamic equilibrium state. Long et al. 
[42] proposed a new relaxation drift model (RDM) to simulate the 
interphase momentum imbalance phenomenon in CO2 ejector during 
two-phase work recovery, and the prediction error of RDM for ejector 
performance is less than 17%, which is less than the maximum error of 
23% predicted by HM and ASM. In addition, in the ejector refrigeration 
cycle system, the evaluation is mostly based on energy-exergy and 
economic perspectives. Kumar et al. [43] proposed using genetic algo
rithm to optimize ejector refrigeration system, studied the proposed 
system with three different refrigerants, then investigated the effects of 
various operating variables and seasonal changes on the performance 
and total cost. Abed et al. [44] made a technical and economic analysis 
on the double ejector-solar-assisted flash tank absorption refrigeration 
cycle. The results showed that the performance of the cycle system with 
two ejectors was improved by about 9.2% and 5% respectively under 
different working conditions. Compared with other configurations, the 
double ejector cycle is a feasible economic system. Liu et al. [45] 
designed a new type of cogeneration system, in which the refrigeration 
cycle of transcritical CO2 ejector was integrated, and the system sensi
tivity was analyzed under various conditions to evaluate the thermal and 
economic relationship between key functional variables and system 
performance. Habibi et al. [46] carried out numerical simulation in their 
research work to evaluate the technical and economic performance of 
air-cooled ejector cooling (ACEC) and ground-coupled ejector cooling 
(GCEC) systems. The results showed that when a suitable ejector is 
designed for GCEC system, the seasonal COP reaches 0.343, which is 
83% higher than that of ACEC system. Through investigation, it is found 
that more and more research focused on techno-economic analysis, 
which will also be one of the focuses of future work. 

By analyzing the above literature, it can be found that the perfor
mance of CO2 two-phase ejector is affected by many aspects. In order to 
truly summarize certain laws of the internal flow characteristics and 

flow field differences of the ejector, an accurate model is required, as 
well as the multi-variability of the boundary conditions is indispensable. 
Therefore, the purpose of this study is to construct a non-equilibrium 
phase change model considering cavitation-evaporation effect to pre
dict the internal flow of CO2 two-phase ejector, and calculate it by using 
the real CO2 fluid properties. Then, the model is validated by comparing 
the predicted results with the experimental data. On this basis, the in
fluence law of different working conditions on the overall flow field 
characteristics and performance is analyzed and summarized. Further, 
the energy utilization characteristics of two-phase ejector are explored 
by coupling mass transfer rate and exergy destruction, and the energy 
efficiency is calculated quantitatively. 

2. Numerical modeling 

2.1. Ejector geometry 

Traditional ejectors consist of four components: a power nozzle, a 
suction chamber, a mixing chamber, and a diffuser. In this study, the 
ejector dimensions provided in Banasiak's literature [47] are utilized for 
the ejector geometries, which serves as the computational basis. To 
optimize computational resources, the geometry of all ejectors is 
simplified into two-dimensional axisymmetric structures. 

Following the experimental results presented in the literature, 
ejector geometries and testing are conducted for three distinct cases, 
each with specific dimensions. For enhanced data support and visual 
representation, the dimensions of the ejector are depicted in Table 1, 
with the structure of Case 1 being illustrated in Fig. 1. 

2.2. Mathematical model 

Complex flow behavior inside a two-phase ejector needs to rely on 
mathematical formulas for its description. In this section, the mathe
matical foundations will be itemized and clarified [48–50]. 

2.2.1. Governing equations 
For the scenario of transcritical CO2 two-phase flow, the Mixture 

model is selected for the two-phase flow modeling. The key parameters 
of the fluid within the ejector, such as velocity, pressure, and the dis
tribution of the two-phase volume fraction, will be obtained by solving 
the conservation equations of mass, momentum, energy, and the volume 
fraction of the gas phase. 

∂
∂t
(ρm)+∇⋅(ρmum) = 0 (1) 

In this formula, subscript m stands for mixture, ρm(kg/m3) stands for 
mixture density, and um(m s− 1) stands for mixture velocity. 

∂
∂t
(ρmum)+∇⋅

(
ρmumum

T) = − ∇p+∇
[
μm
(
∇um +∇um

T) ]+ ρmg

(2) 

Table 1 
Detailed data listing of the ejector dimensions.  

Geometric parameters Values for Case1 Value for Case2 Value for Case3 

Rni (mm) 3.00 3.00 3.00 
Rth (mm) 0.45 0.45 0.45 
Rno (mm) 0.51 0.51 0.51 
Rmix (mm) 1.50 1.00 2.50 
Rex (mm) 4.00 3.00 5.00 
Lnd (mm) 3.44 3.44 3.44 
Lsc (mm) 3.60 4.90 1.00 
Lmix (mm) 15.00 20.00 50.00 
Ldiff (mm) 57.26 45.79 57.26 
θnc (o) 15.0 15.0 15.0 
θsn (o) 21.0 21.0 21.0 
θdiff (o) 2.5 2.5 2.5  
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where the μm(Pa⋅s) represents the viscosity, p(Pa) is the pressure for the 
flow field. And the g(m s2) can be described as the acceleration of 
gravity. 

∂
∂t
∑n

k=1
(αkρkEk)+∇⋅

∑n

k=1
(αkuk(ρkEk + p) ) = ∇ •

(
keff∇T

)
+ SE (3) 

Similarly, keff (W/(m⋅K)) is the effective thermal conductivity, and αk 

is defined as the volume fraction, and the subscript k represents different 
phases in the mixture model. 

The volume fraction of gas phase can be expressed as: 

∂
∂t
(
αgρg

)
+∇⋅

(

αgρg u→g

)

= ṁevap − ṁcond (4) 

In the formula, ṁevap and ṁcond (kg m− 3 s− 1) respectively represent the 
mass transfer per unit volume between gas and liquid phases due to 
evaporation and condensation; In addition, subscripts g and l stand for 
the phase of gas and liquid. The average value of density and velocity of 
mixed flow can be expressed as: 

ρm = αlρl + αgρg (5)  

um =
αlρlul + αgρgug

ρm
(6) 

Ek (J/kg) is the total energy, and the expression can be defined as: 

Ek = hk −
p
ρk

+
uk

2

2
(7) 

SE is the user-defined energy source term (energy exchange between 
gas and liquid), where h (J/kg) is the latent heat of evaporation. 

SE = ṁ⋅h (8)  

2.2.2. Phase change models 
The model holds that the two phases can be well mixed, that is, it is 

assumed that the two-phase medium is evenly mixed and the gas-liquid 
two phases have the same flow velocity; The mixed phase is in thermal 
equilibrium, and it is considered that the mass transfer between the two 
phases is instantaneous. The mass transfer rate was derived by Zwart- 
Gerber-Belamri et al. [39]. The phase change mechanism of the pri
mary nozzle was explained in terms of cavitation and evaporation pro
cess. The behavior of bubbles can be described by the Rayleigh-Plesset 
equation: 

RB
D2RB

Dt2 +
3
2

(
DRB

Dt

)2

=
pb − p∞

ρl
−

4μl

RB

DRB

Dt
−

2σ
ρlRB

(9)  

where RB (m) represents the radius of the bubble. pb is the bubble 
pressure. And p∞ is the pressure away from the bubble. ρl is the liquid 
density. μl is kinematic viscosity of the liquid, and σ(N/m) represents the 
surface tension of the liquid. 

The above equation can be simplified if the second order derivative 
term and surface tension are neglected: 

DRB

Dt
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

pb − p∞

ρl

√

(10) 

Furthermore, the mass change rate of bubbles is: 

dmB

dt
= ρg

dVB

dt
= ρg

d
(

4
3 πRB

3
)

dt
= 4πRB

2ρg

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

pb − p∞

ρl

√

(11)  

where VB represents the volume of the bubble. 
In this study, assuming that all bubbles have the same radius. The 

relationship between gas volume fraction αg, bubble number n and 
bubble radius RB is as follows: 

αg = n×
(

4
3

πRB
3
)

(12) 

By combining Formula (11) and Formula (12), it can be calculated 
that the interphase mass transfer value of the total bubbles per unit 
volume is, 

ṁ = n
dmB

dt
=

3αgρg

RB

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

pb − p∞

ρl

√

(13) 

The increase in the volume fraction of vapour is accompanied by the 
corresponding decrease in the density of the vapour core position in the 
vaporization process, so the volume fraction of vapour in formula (13) is 
modified, and αg in the bubble formation equation is replaced by 
αnuc

(
1 − αg

)
. Consequently, the mass transfer rate in gas and liquid phase 

of Zwart-Gerber-Belamri cavitation phase change model can be 
described as [51]: 

if p < pv, ṁevap = Cevap
3αnuc

(
1 − αg

)
ρg

RB

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

pv − p∞

ρl

√

(14)  

if p > pv, ṁcond = Ccond
3αgρg

RB

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

p∞ − pv

ρl

√

(15)  

where ṁevap represents the mass change rate during bubble generation 
process, while ṁcond represents the mass change rate during bubble 
collapse process. In addition, αnuc in the formula is defined as the volume 
fraction at the nucleation site. 

pv is the threshold pressure (saturated vapour pressure) in the pro
cess of cavitation, which can be defined as: 

pv = psat +
1
2
(0.39ρmk) (16)  

where the psat can be determined by the saturation pressure corre
sponding to the local temperature. The k (m2/s2) is treated as turbulence 
kinetic energy. 

Lee model [52] is adopted to simulate internal evaporation phase 
change behavior in the ejector: 

if Tl > Tsat , ṁevap,Lee = Cevap,Leeαlρl
(Tl − Tsat)

Tsat
(17)  

if Tg < Tsat , ṁcond,Lee = Ccond,Leeαgρg

(
Tsat − Tg

)

Tsat
(18)  

where Cevap,Lee and Ccond,Lee are the semi-empirical coefficient. Similarly, 

Fig. 1. The geometric structure and size description of ejector (Case1 as an example).  
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subscripts evap and cond stand for evaporation and condensation 
respectively. And Tsat (K) is saturation temperature. 

Additionally, the speed of sound for mixed fluid is a key link in 
calculating the Mach number of fluid flow fields. This study will mainly 
present two methods for calculating the speed of sound c (m s− 1), one of 
which is: 

c =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

(
αlρl + αgρg

)
(

αl
ρlal2

+
αg

ρgag2

)

√
√
√
√
√

(19) 

The above calculation assumes that there is no mass exchange be
tween the two phases, which obviously does not conform to the basic 
assumption of this study. Therefore, it is decided to apply the second 
calculation method of speed of sound. Brennen [53] presented another 
method for calculating the speed of sound in gas-liquid two-phase flows, 
specifically the following formula: 

1
ρmc2 =

αg

p

[(
1 − εg

)
fg + εggg

]
+

αl

p
[(1 − εl)fl + εlgl ] (20) 

In this formula, fg is approximately equal to 1, fl is approximately 
equal to 0, and gg is approximately equal to 1. Furthermore, εg is 
approximately equal to 

(
1 − αg

)
, and εl is approximately equal to αg. 

gl = 2.1
(

p
pcrit

)− 0.566

(21) 

Therefore, the final form of the Brennen equation can be described 
as: 

c =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

ρm

(

αg
p + 2.1 αgαl

p

(
p

pcrit

)− 0.566
)

√
√
√
√
√
√

(22)  

2.3. Solution setup 

The calculation framework of this study is based on Fluent software, 
and coupled with C/C++ code to discretize the flow field parameters, 
integrating a non-equilibrium phase change model established through 
coupling user-defined functions (UDF) with the simulation software. The 
research employs a mixture model, where the primary flow is designated 
as a supercritical fluid, and the secondary flow is treated as a super
heated gas. Considering the complexity of the variation in thermo
physical properties of the working fluid under supercritical conditions, a 
real gas model is employed for simulation calculations. Temperature and 
pressure are used as independent variables, and the interpolation 
expansion of superheated liquid region is realized by using the property 
table extracted from NIST Refprop software library to meet the 
complexity and instability of physical property changes during liquid- 
gas transformation. Then, according to the data extracted from NIST 
Refprop, the script of CO2 density and speed of sound is written, thus 
improving the accuracy and effectiveness of calculation. Additionally, to 
economize on computational resources, an axisymmetric computational 
domain is chosen. The pressure inlet and pressure outlet conditions are 
specified as the boundary conditions. The flow field computation adopts 
the SST k-ε turbulence model, and a pseudo-transient pressure-based 
solver is selected. The Coupled approach is implemented in the pressure- 
velocity coupling scheme, with gradient and pressure spatial dis
cretization employing the Least Squares Cell Based and PRESTO! 
methods, respectively. The logic diagram (part) of the calculation 
strategy is displayed in Fig. 2. 

3. Model validation 

3.1. Grid generation 

According to the size parameters of the three ejectors provided by 
Table 1, the grid generation is carried out in ICEM. The three grids are 
shown in the following Fig. 3. For a tidier display, the diffuser part of the 
ejector is primarily shown for case2, while case1 and case3 are truncated 
because of their long diffusers. In order to meet the requirements of 
calculation cost and accuracy, the grid independence verification test is 
carried out. Taking case1 as an example, in order to obtain the best 
computational grid, three groups of grids are calculated and analyzed by 
GCI: a: Fine (165,200 quadrilateral elements), b: Medium (119,665 
quadrilateral elements) and c: Coarse (87,500 quadrilateral elements). 
The calculation formula of GCI is as follows: 

GCI =
Fs|ε|

rp − 1
×100% (23) 

Taking the outlet pressure as the test parameter, the specific results 

Fig. 2. Schematic diagram of the calculation process.  

Fig. 3. Mesh generation and local refinement for three cases (truncation exists in the diffuser section).  
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are shown in the Table 2. Accordingly, the number of grids in case2 is 
relatively small, and the final number of grids is 108,221, while the 
number of grids in case1 and case3 is 119,665 and 138,541 respectively. 
To achieve higher computational accuracy, local grid refinement was 
conducted near the wall surfaces and around the power nozzle of the 
ejector, and the mathematical model is validated by using these three 
different mesh structures as calculation carriers. 

3.2. Accuracy calculation 

The validation of pressure data at specific locations along the ejector 
was carried out first. It should be noted that the ejector dimensions and 
experimental data of the validation part of this study come from Bana
siak [47], which is also an important basis to prove the accuracy of the 
numerical model of this study. The simulation operating conditions of 
case1, case2 and case3 are listed in the Table 3. As shown in the Fig. 4 
below, the four specific locations are at the inlet, center, outlet in the 
mixing chamber and the center of the diffuser. For case1, the maximum 
relative error (MRE) 16.43% in pressure compared with the experi
mental data exists at the entrance of the mixing chamber. For case2, the 
MRE between the two in the exit of the mixing chamber, with a value of 
11.66%, while for case3, the predicted pressure data is in high agree
ment with the experimental data, with a value between the two of only 
2.11%. So far, the MER of the pressure distribution is within the 
acceptable range, which initially confirms that the mathematical model 
developed in this study and the numerical computation strategy 
employed are capable of predicting the behavior of the flow field inside 
the CO2 two phase ejector. In order to further confirm our ideas, it was 
decided to perform an error analysis of the mass flow rate under the 
same three structures. 

The relative error (RE) in this can be calculated by: 

RE =
yexp − ysim

yexp
×100% (24)  

where yexp is experimental measurement data and ysim is simulation data. 
As shown in the Fig. 5 below, the boundary conditions in the table 

are still maintained. The blue column represents the experimental data 
and simulation data of mp, while the red column represents the experi
mental data and simulation data of ms. Under the condition of Case1, the 
MRE between the experimental value and the predicted value of mp is 
2.29%, while the error value of secondary flow between them is only 
0.32%. In Case2, the MRE in the primary and secondary flow between 
the experimental and simulated values are 5.81% and 13.82% respec
tively, and under Case3 these two error values become 4.81% and 4.8%. 
That is to say, the calculation results validated by three different 

structures and different boundary conditions are all within a reasonable 
error range, and the accuracy is high. Therefore, the mathematical 
model and numerical calculation method established in this study are 
feasible, which can further predict and analyze the internal flow char
acteristics and flow field behavior of transcritical CO2 two phase 
ejectors. 

4. Results and discussion 

From the above verification process, it is decided to analyze the 
different entrance conditions. The internal flow behavior of CO2 two 
phase ejector is complex, involving variable flow field phenomena, and 
different operating conditions will have a great impact on the ejector 
performance. Therefore, it's very necessary and instructive to clarify the 
variation law of performance with variable inlet conditions. It should be 
noted in advance that all the boundary condition settings of the ejector 
are shown in the following Table 4. 

4.1. Two-phase flow behavior 

According to the structure, the mixing chamber length of the ejector 
in Case3 is much longer than that of the ejectors in Case1 and Case2, 
which will cause the expansion work to be more dependent on the tur
bulent dissipation, and may also cause a strong expansion impact at the 
nozzle outlet. At the same time, the diameter of the mixing chamber and 
the length of the diffuser of the ejector in Case2 are small, which may 
lead to insufficient mixing of the two fluids and insufficient time for 
pressure recovery. Therefore, further research will proceed based on the 
structure of Case 1. Analysis on the flow field characteristics will play a 
certain guiding role in exploring the performance evolution laws. 
Therefore, this section will focus on analyzing the flow behavior inside 
the ejector under the different inlet boundary conditions mentioned 
above. 

First of all, still under variable back pressure conditions, Fig. 6 below 
shows the pressure distribution along the ejector at different back 
pressures. In the suction chamber, the pressure oscillates, and as the 
back pressure increases, the oscillation phenomenon in the latter half of 
the suction chamber is alleviated. In addition, higher back pressure 
conditions lead to higher pressure in the mixing chamber. It is observed 
that when the back pressure is 3.58 MPa and 3.60 MPa, the inlet pres
sure of the constant area mixing chamber is close to coinciding, indi
cating that the back pressure is around the critical value. However, when 
the back pressure is between 3.65 MPa–4.0 MPa, the inlet pressure at the 
mixing chamber increases accordingly, approaching or even exceeding 
the secondary inlet pressure. This can severely affect the ability of 
ejector to pump secondary flow, and may even lead to failure of 
entrainment or backflow. 

Worthy of attention is that the analysis of flow field characteristics 
under varying primary inlet pressure conditions is also crucial for 
analyzing its injection performance. Fig. 7 (a) below shows the pressure 
contour distribution under the primary inlet pressure, including the 
minimum and maximum pressure conditions (8.01 MPa and 10.71 MPa 
respectively). Taking two extreme pressure conditions as examples, it 
can be clearly observed after amplification that with the continuous 
increase of primary inlet pressure, shock waves will form at the outlet of 
the ejector nozzle, creating low pressure regions with areas lower than 
the secondary inlet pressure, thereby continuously intensifying the 
throttling effect and leading to the decline of the ejector performance. 
Fig. 7 (b) exhibits the axial distributions of gas phase volume fraction 
and density throughout the mixing chamber (with inlet pressures of 
8.46 MPa, 8.91 MPa and 9.36 MPa, respectively). It can be seen that the 
elevation of primary inlet pressure will result in a decrease in the gas 
phase volume fraction in the mixing chamber, signifying that the in
crease of primary mass flow rate remains in a dominant/prevailing state. 
Because the liquid phase density of CO2 is much higher than its gas phase 
density, the mixed density will rise with the increase of pressure. 

Table 2 
The GCI test results.   

Fs 3  

p 3 

Grids (a,b) 
εa,b(%) 0.16 
GCIa,b(%) 0.79 

Grids (b,c) εb,c(%) 0.67 
GCIb,c(%) 2.33  

Table 3 
Description of the boundary conditions for the three cases of the validation 
session.  

Operating Conditions Case1 Case2 Case3 

pp,in (MPa) 8.01 8.49 8.07 
Tp,in (K) 303.7 303.8 303.7 
ps,in (MPa) 3.56 3.56 3.55 
Ts,in (K) 278.3 302.5 279.2 
pout (MPa) 3.9 3.59 3.67  
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It is also worth pointing out that there are certain differences in the 
velocity distribution profiles under different pp,in. As shown in Fig. 8, it 
can be observed that the mixture velocity inside the ejector is relatively 
uniform. There is an obvious acceleration stage inside the primary 
nozzle. After passing through the mixing chamber, the velocity gradu
ally decreases, that is, the kinetic energy of the two-phase flow is more 
effectively converted into pressure potential energy inside the diffuser. 
With the increase of pp,in, both the amplitude of velocity and the area of 
high-speed region in the entire mixing chamber will increase. This 
phenomenon will cause the initial velocity at the inlet of the diffuser to 
rise, that is, there will be a larger residual flow velocity in the expander, 
thus resulting in further acceleration and pressure drop. 

As shown in the Fig. 9, with the rise of primary inlet temperature 
(while keeping other conditions unchanged, including the primary inlet 
pressure, secondary inlet pressure, and outlet pressure listed in the 
figure), the distribution law of the volume fraction for gas phase and the 
mixed density is different from that of primary pressure pp,in. The raise of 

the primary inlet temperature causes a slight increase in the dryness of 
the fluid, that is, an increase in the gas phase content in the mixed fluid, 
while the primary flow mass flow rate decreases. Given that the density 
of liquid CO2 is higher than that of gaseous CO2, when the dryness of the 
fluid increases, the density of the mixed fluid decreases. Moreover, its 
density and volume fraction remain oscillating throughout the mixing 
chamber, indicating that complex heat and mass transfer are occurring. 
This phenomenon exists under any variable operating conditions. 

Furthermore, an intriguing phenomenon observed with the alter
ation of boundary conditions is the phase change process. In this study, 
mass transfer rate is defined as the net mass generation in the evapo
ration phase change process, which calculating through external self- 
compiled code. In order to explain the internal reason of the change of 
gas-liquid integral number more intuitively, Fig. 10 illustrates the dis
tribution of mass transfer rate curves during evaporation under varying 
primary inlet temperatures and outlet back pressures. The treatment 
method is: the starting position is 8.52 mm, the distance from the end 

Fig. 4. Comparison of experimental data and simulation values of ejector.  
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point is 11.52 mm, and there are 25 sections in increments of 0.125 mm 
(in order to make the data more detailed, the increment before and after 
the throat is reduced to 0.03125 mm when the back pressure changes), 
and then the average value of mass change rate of each surface is 
calculated. It can be seen that no matter what kind of conditions 
(involved in this study), intensive mass transfer occurs near the throat, 
but under different boundary conditions (including supercritical state), 
the location and value of this phenomenon are obviously different. 

In the Fig. 10(a), when the inlet pressure is kept at 8.46 MPa, as the 
temperature rises from 303.7 K to 308.7 K, it means that the primary 
flow CO2 changes from subcritical state to supercritical. It can be clearly 
seen that the maximum mass change rate in subcritical state appears at 
the nozzle throat, and the value is 2.25*107 kg/m3/s. When the tem
perature rises to 308.7 K, evaporation occurs before the throat (about 
9.27 mm), the value is about 3.51*107 kg/m3/s, and then another 
obvious mass transfer occurs at the throat. Finally, when the primary 

Fig. 5. Error analysis of experimental value and simulation value of primary and secondary flow mass flow.  

Table 4 
The setting of ejector working conditions.  

pp,in (MPa) 
ps,in = 3.56, pout = 3.90, 
Tp,in = 303.7 

pout (MPa) 
pp,in = 8.01, ps,in = 3.56, 
Tp,in = 303.7 

Tp,in (K) 
pp,in = 8.46, ps,in = 3.56, 
pout = 3.90 

7.56 3.58 
3.60 
3.65 
3.70 
3.80 
3.90 
4.00 

303.7 
308.7 
313.7 

8.01 
8.46 
8.91 
9.36 
9.81 
10.00 
10.71  

Fig. 6. Pressure distribution curve in mixing chamber under variable back pressures.  
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inlet temperature increased to 313.7 K, evaporation occurred in a more 
forward position (about 9.02 mm). The maximum value during evapo
ration appeared in the nozzle throat, which was 7.69 × 107 kg/m3/s. 
Then, the average mass change rate under the condition of changing 
back pressure was calculated by taking pout as 3.6, 3.7 and 3.8 MPa 
respectively. The results in Fig. 10(b) show that, other conditions remain 

the same, with the increase of back pressure, stronger evaporation mass 
transfer phenomenon will appear at the back of the nozzle throat. For 
example, when the back pressure is 3.8 MPa, the maximum evaporation 
mass change rate at about 9.55 mm with the value is 3.96*107 kg/m3/s 
relative to 3.6 MPa. 

4.2. Ejector performance 

Taking the above analysis of flow field characteristics as the foun
dation the entrainment performance under different conditions will be 
calculated. 

4.2.1. Effect of the outlet pressure 
Fig. 11 illustrates the variation trend in entrainment ratio (ER =

ms/mp) under variable back pressure, with the inlet pressures of the 
primary and secondary flows held constant at 8.01 MPa and 3.56 MPa, 
respectively. The data demonstrates that for a given ejector, there exists 
a critical back pressure value when the primary and secondary inlet 
pressures are fixed. This critical back pressure is in close proximity to the 
pressure of the entrainment flow. Before reaching this critical back 
pressure threshold, the ejector remains in a double choked state, 
meaning the entrainment ratio does not respond to changes in outlet 
pressure. However, once this critical point is exceeded, the ejector 
rapidly transitions to a single choked state, causing the entrainment 
ratio to sharply decline. At even higher back pressures, the ejector may 
reach a reflux state, at which point the entrainment ratio will be less 
than zero. 

The existence of this critical back pressure highlights the sensitivity 

Fig. 7. Analysis of pressure, volume fraction and density under different primary pressures.  

Fig. 8. Comparison velocity contour maps under different inlet pres
sure conditions. 
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Fig. 9. Comparison of axial distribution of gas volume fraction and mixture density at different primary inlet temperatures.  

Fig. 10. Analysis of mass transfer rate in evaporation process under variable operating conditions.  
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of the entrainment ratio to outlet pressure near choked conditions. 
Further analyses of the transition point and entrainment ratio response 
could elucidate the underlying flow physics and choked flow mecha
nisms relevant to this type of ejector system. 

4.2.2. Effect of the primary pressure 
To verify the influence of pp,in on ejector performance, pp,in is 

changed to obtain different entrainment ratios. As shown in Fig. 12, 

when the secondary flow pressure and outlet pressure are kept at 3.56 
MPa and 3.90 MPa respectively, it can be seen that when the primary 
inlet pressure changes between 7.56 MPa and 10.71 MPa, the entrain
ment ratio basically increases with the raise of pressure, however, the 
rising rate dropped significantly. Of course, at this time, the values of 
primary flow mass flow and secondary flow mass flow are increasing, 
and as quantitatively indicated through the informative column chart, 
the magnitude of enlargement occurring in the secondary flow mass 
flow is notably and consistently greater than that in the primary flow 
mass flow at each pressure point. Subsequently, the inlet pressure of the 
primary flow continued to increase, and although the entrainment ratio 
was still rising, it was obvious that the growth rate had decreased. This is 
because, with the increase of primary pressure, the primary mass flow 
will continue to increase even more. Finally, the entrainment ratio will 
begin to show a downward trend after the peak value appears. When the 
primary inlet pressure increases to 10.71 MPa, the entrainment rate 
decreases by 0.014 compared with 9.81 MPa. 

4.2.3. Effect of the primary temperature 
An increase in the inlet temperature can also have a significant effect 

on the entrainment ratio of the ejector. In this study, three temperature 
conditions were selected, with increments of 5 K, where the primary 
pressure, secondary pressure and outlet pressure were kept constant at 
8.46 MPa, 3.56 MPa and 3.9 MPa. The secondary inlet temperature also 
remained unchanged at 278.3 K. The specific prediction results are listed 
in Fig. 13. As shown, with the increase for primary temperature, the 
entrainment ratio exhibits a linear increasing trend. However, unlike 

Fig. 11. Trend of entrainment ratio under different back pressure conditions.  

Fig. 12. Difference of entrainment ratio and mass flow rate under variable primary inlet pressure.  

Fig. 13. Difference of entrainment ratio and mass flow rate under variable primary inlet temperature.  
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Fig. 14. Calculation of entropy generation, exergy destruction and exergy destruction ratio.  
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changes in the primary pressure, an increase in the primary temperature 
will lead to a smaller primary mass flow rate, but the secondary mass 
flow rate is still in an obvious increasing trend. That is to say, the in
crease of the primary inlet temperature brings about a larger dryness 
fraction of the primary flow. 

4.3. Energy efficiency evaluation 

Except the investigation of the fixed flow field characteristics, the 
investigation of the internal energy of the ejector will also be a key link 
to clarify its working performance. In this study, the concepts of entropy 
generation (sgen) and exergy are introduced to calculate. Entropy gen
eration is caused by the irreversibility in the system. The greater the 
irreversibility, the greater the entropy generation, and therefore the 
exergy of destruction (ED) will also increase. And some necessary 
mathematical descriptions need to be given. 

The specific exergy is defined as: 

EX = h*
in − h0 − T0

(
s*
in − s0

)
(25)  

where the subscript 0 represents the reference environmental state 
value. The exergy destruction ED of ejector can be calculated in this 
study by 

ED = T0sgen = T0

(

sc −
1

1 + ER
sp −

ER

1 + ER
ss

)

(26)  

where the sgen is the entropy generation. Subscripts p, s and c represent 
the primary inlet, secondary inlet and outlet of the ejector respectively. 

Then, the expression of exergy destruction ratio is: 

ζD =
(1 + ER)ED

EX,p + EREX,s
(27)  

where the EX,p and EX,s are values of the specific exergy of primary inlet 
and secondary inlet. 

The calculation result is displayed in Fig. 14. Among them, Fig. 14(a) 
indicates the change trend of the two under the change of primary inlet 
pressure. It can be seen that with the increase of pressure, sgen and ED 
tend to decrease first and then increase, which indicates that the avail
able energy lost in the ejector due to irreversible process decreases first 
and then increases, the exergy destruction ratio (ξD) also decreased from 
56.6% to 47.8%, and then increased to 48.6%. Because the greater the 
available energy loss leads to lower working efficiency, explaining the 
internal reason that the ejector performance increases first and then 
decreases with the increase of primary pressure. Similarly, with the in
crease of primary temperature (Fig. 14(b)), sgen and ED decrease. When 
the temperature is 313.7 K, the ξD can be reduced to 10.2%, and the 
energy loss caused by irreversible process decreases greatly, so the 
ejector performance will also be greatly improved. Finally, when the 
back pressure changes (Fig. 14(c)), due to the existence of critical back 
pressure, before the critical back pressure, the irreversible process 
caused by the double blocking state does not affect the internal sgen and 
ED. Once the critical back pressure is crossed, the two will rise rapidly 
with the increase of back pressure. When the back pressure is set at 4.0 
MPa, the ξD is as high as 72.9%, and in this case, the ejector capacity will 
be quickly restricted. For greater clarity and visualization, the data are 
presented in Table 5. 

For the sake of synthesis, this section also introduces a more practical 

Table 5 
Detailed data of sgen, ED and η in the ejector under variable OC.  

Operating 
Conditions  

sgen (J/kg 
K− 1) 

ED (kJ/ 
kg) 

ξD Efficiency 
(ηej) 

pp,in (MPa) 

7.56 390.17 116.27 0.565 0.13 
8.01 357.59 106.56 0.520 0.21 
8.46 331.66 98.84 0.483 0.27 
8.91 328.30 97.83 0.478 0.28 
9.36 329.75 98.27 0.480 0.28 
9.81 334.50 99.68 0.486 0.27 

Tp,in (K) 
303.7 331.66 98.84 0.483 0.27 
308.7 214.68 63.97 0.316 0.30 
313.7 68.56 20.43 0.102 0.31 

pout (MPa) 

3.58 242.86 72.37 0.363 0.54 
3.6 241.46 71.96 0.360 0.54 
3.65 251.39 74.91 0.374 0.49 
3.7 258.65 77.08 0.384 0.46 
3.8 269.12 80.20 0.398 0.41 
3.9 357.59 106.56 0.518 0.21 
4.0 521.23 155.33 0.729 0.018  

Fig. 15. Comparison of ejector efficiency under different operating conditions: (a) Under different primary inlet pressures; (b) Under different outlet pressures; (c) 
Under different primary inlet temperatures. 
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definition efficiency η, which is exploited to assess the merit or other
wise of the performance of the ejector. Its calculation can be expressed 
as follows. 

ηej = ER
h
(

pdiff ,out , ss,in

)
− hs,in

hp,in − h
(

pdiff ,out , sp,in

) (28) 

Here, h and s represent enthalpy and entropy respectively, which is 
consistent with the previous article. The subscripts diff,out, p,in and s,in 
are used to represent the diffuser outlet, the inlet of the primary flow and 
the secondary flow respectively, all of which are consistent with the 
above. 

As shown in Fig. 15, consistent with irreversible energy loss under 
variable conditions, the overall efficiency of ejector is contrary to sgen 
and ED, but consistent with ejector entrainment performance. After 
calculation, when the pp,in is 8.01 MPa and the pout is 3.58 MPa and 3.6 
MPa, the efficiency reaches the maximum, which is about 54%. How
ever, when the pout is close to the backflow state of 4.0 MPa, the ejector 
efficiency drops rapidly to only 1.8%, which is no longer in normal 
working condition. According to Fig. 15, it can also be judged that in 
order to obtain higher injection efficiency, it is necessary to take into 
account multi-boundary conditions and reasonably select outlet pres
sure or temperature at different inlet pressures or temperatures, so as to 
ensure less energy loss and higher performance efficiency at lower 
operating costs. 

5. Conclusions 

A numerical model of two-phase CO2 flow considering non- 
equilibrium phase change in ejector was established. The effectiveness 
and accuracy of the model were validated by the existing experimental 
data. Different operating conditions are taken as the entry point for 
analysis, and the influence of that on the characteristics of two-phase 
flow and entrainment performance in ejector was investigated. In 
particular, from the point of view of energy, the entropy generation and 
energy destruction in the ejector were discussed, and the working effi
ciency characteristics of the ejector were expounded by coupling mass 
transfer and energy change. The main conclusions are as follows:  

1. As the primary inlet pressure continuously increases, the high-speed 
region inside the mixing chamber expands. Obvious shock wave will 
form at the outlet of ejector nozzle, which will cause the ejector 
performance to rise to a certain value and then decline.  

2. With an increase in the primary inlet temperature, the gas volume 
fraction and mixing density increase, and the entrainment perfor
mance is improved. When the back pressure setting exceeds the 
critical back pressure, the entrainment performance drops rapidly 
and the ejector will not work normally.  

3. It is calculated that intensive mass transfer behavior exists closing to 
the nozzle throat, and the position of mass transfer is advanced due 
to the increase of primary temperature. At the temperature of 313.7 
K, the mass transfer rate at the throat can reach 7.69*107 kg/m3/s. 
However, the increase of back pressure leads to the mass transfer 
phenomenon of the main nozzle moving backward. 

4. Under variable operating conditions, the trends in entropy genera
tion and exergy destruction are consistent. As the primary inlet 
pressure increases, the exergy destruction initially decreases to 
98.73 kJ/kg and then subsequently rises to 99.68 kJ/kg. The overall 
efficiency will increase from 13% to 28% and then decreases to 27%.  

5. With the increase in inlet temperature, both entropy generation and 
exergy destruction demonstrate a linear downward trend, indicating 
a significant improvement in efficiency. As the temperature rises 
from 303.7 K to 313.7 K, the efficiency of the ejector increases from 
27% to 31%.  

6. Once the outlet pressure exceeds the critical back pressure and 
exergy destruction begin to increase. When the back pressure reaches 
4.0 MPa, the exergy destruction rapidly escalates to 106 kJ/kg, and 
the ratio of exergy destruction surges to 72.9%, while the efficiency 
plummets to merely 1.8%. 

To sum up, establishing a suitable model of transcritical CO2 two- 
phase ejector is the key to study its internal flow mechanism, and the 
analysis of its energy evolution trend will also provide guidance for its 
design. 
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