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Abstract: The application of a two-phase ejector allows for the mixing of liquid and gas and provides
effective heat transfer between phases. The aim of the study is a numerical investigation of the
performance of a water-driven, condensing two-phase ejector. The research was performed using
CFD methods, which can provide an opportunity to analyze this complex phenomenon in 2D or 3D.
The 2D axisymmetric model was developed using CFD software Siemens StarCCM+ 2022.1.1. The
Reynolds-Averaged Navier–Stokes (RANS) approach with the Realisable k-ε turbulence model was
applied. The multiphase flow was calculated using the mixture model. The boiling/condensation
model, where the condensation rate is limited by thermal diffusion, was applied to take into account
direct contact condensation. Based on the mass balance calculations and developed pressure and
steam volume fraction distributions, the ejector performance was analyzed for various boundary
conditions. The influence of the suction pressure (range between 0.812 and 0.90) and the steam mass
flow rate (range between 10 g/s and 25 g/s) is presented to investigate the steam condensation
phenomenon inside the ejector condenser. The provided mixture of inert gas (CO2) with steam (H2O)
in the ejector condenser was investigated also. The weakening of the steam condensation process by
adding CO2 gas was observed, but it is still possible to achieve effective condensation despite the
presence of inert gas.

Keywords: ejector condenser; two-phase flow; CFD; steam condensation; gas–liquid ejector

1. Introduction

Constantly growing energy consumption forces scientists to look for alternative ways
of increasing energy efficiency. Because of their simplicity of construction, reliable operation,
and low investment cost, ejectors are being increasingly applied in many industries: power,
refrigeration, and ventilation systems. They are taking the role of pumps, compressors, and
mixers. The technology of ejectors has been known for at least a century [1]. There is no
uniform way of ejector classification. Sokolov and Zinger [2] propose a division taking into
account modelling difficulty, where the third category is the most challenging [3]:

- Ejector operating with primary and secondary fluid in the same phase.
- Ejector operating with primary and secondary fluid in various phases, but phase

change does not occur.
- Ejector operating with primary and secondary fluid in various phases, and phase

change phenomenon occurs.

The last category is called a two-phase ejector with phase change, and due to the
complexity of the multiphase flow, including interfacial interactions, it is still not fully
understood [4].

There are two approaches in ejector modelling: 0D/1D models [5–7] and CFD (Compu-
tational Fluid Dynamics) models. The first sets of dimensions are usually calculated using
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0D/1D models. These models are based on significant simplification, for example, ideal
gas with constant properties, steady-state conditions, isentropic flow, adiabatic processes
on the wall, and constant pressure and constant area assumptions. CFD methods allow
for most of the limitations of 0D/1D models to be overcome. They are especially good for
complex phenomena like multiphase flow with interphase interactions [8,9]. Moreover,
CFD methods allow for the simulation of a wide range of flow patterns like gas–liquid
slag flow [10,11]. Considering two-phase ejector phenomena, complex processes occur
inside the mixing chamber and diffuser part i where non-equilibrium processes are the
most significant. CFD allows for a qualitative assessment of the phenomenon, which
allows for a deeper understanding of it. The disadvantage of CFD calculations compared
to 0D/1D models is the greater demand for computing power and time consumption, but
due to the growing possibilities of computer power, it becomes less and less significant.
Taking into account all the strengths of the CFD methods, this approach seems to be a
promising method for calculating the phenomenon inside the two-phase ejector with the
phase change (condensation).

Considering the CFD approach, the following challenges are related to the modelling of
a two-phase ejector: turbulence, multiphase, and phase change. The turbulence model plays
a crucial role in forecasting ejector efficiency [12]. In the modeling of two-phase flow in the
ejector, mainly two, two-equation RANS-based turbulence models in various modifications
are considered: k-ε and k-ω models. Li et al. [13] compared three turbulence models: in
gas–liquid ejector in two-phase mode against experimental data. The entrainment ratio
was overpredicted in the case of the k-ω SST model for small differences between the
pressure at the gas inlet and ejector outlet. Smołka et al. [14] used a k-ε RNG together with
HEM to simulate compressible, high-speed flow in the two-phase ejector. A realizable k-ε
turbulence model was used by Haida et al. [15] in the developed CO2 two-phase ejector
model. Palacz et al. [16] developed a 3D CFD model of a two-phase CO2 ejector using a
realistic k-ε turbulence model with a HEM (Homogeneous Equilibrium Model) approach to
analyze the accuracy of the model. The error of motive and suction nozzles mass flow rates
were less than 10%. Other numerical investigations of ejectors show that the k-ε models are
appropriate for ejector calculation because of their robustness and accuracy [17–19].

Multiphase modelling in the two-phase ejector is mainly based on the Euler–Euler
approach because it provides a balance between accuracy, computational efficiency, and
versatility. The most commonly used are the Eulerian two-fluid and simplified mixture
model, which treats phases as one phase with averaged properties of the mixture; therefore,
it is named also as a single (pseudo) fluid approach. A mixture model was used by
Zheng et al. [20] to model a two-phase flow with phase change in the ejector, where
the primary fluid was LNG and the secondary fluid was BOG. Gaciomelli et al. [21]
applied the HEM and Mixture models to calculate the flash flow in the two-phase ejector,
and the mixture model better predicted mass flow rates and pressure profiles. A non-
homogeneous mixture model combined with a thermally controlled boiling model and
an inertia-controlled cavitation model was used by Yazdani et al. [22] to calculate the
two-phase flow in the CO2 ejector. The air–water ejector was simulated by Balamurugan
et al. [23] using the mixture model to develop hydrodynamics characteristics for a wide
range of ejector geometry modes. The mixture model was used by Yuan et al. [24] to
investigate the influence of several variables on the operation of the water–air ejector.
Assari et al. [25] applied two different methods for multiphase modeling in a water–air
ejector: the mixture and two-phase Eulerian–Eulerian methods. The mixture model was
more efficient and more consistent with the experimental data.

Another aspect of multiphase modelling is the phase change process, which consider-
ably influences the performance characteristics and flow patterns. Condensation occurs
in equilibrium and high-speed non-equilibrium modes, which often takes place in the su-
personic nozzle [26–29]. In gas–liquid ejectors, the jet is highly turbulent and liquid and
gas after mixing form a fairly homogeneous mixture with high mass transfer rates [30–33].
Especially challenging is the modelling of direct contact condensation (DCC) [34]. The
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most common models are based on thermally driven models, where the transferred mass
due to condensation is computed based on the heat balance between the phases and their
interfaces [35–38]. To obtain an accurate solution, the two-resistance thermal models re-
quire a well-defined interfacial area density (e.g., droplet, bubble diameters), heat transfer
coefficient, or/and Nusselt number correlation [39]. The thermally driven models show
good agreement with the experimental data for the condensation of the steam jet [40,41].
A separate issue that requires thorough analysis is the presence of inert gases and their
influence on the effectiveness of the condensation. Based on the results from analytical
modelling, Mikielewicz et al. [42] showed that the presence of inert gases causes a weaker
condensation process. Wang et al. [43] conducted an experimental study on the condensa-
tion of steam with various mass contents of the air and the results showed that the heat
transfer coefficient was decreasing with an increase in the inert gas content. A similar
conclusion was proposed by Ma et al. [44] who investigated steam condensation in the
presence of non-condensable gas in high-pressure conditions.

Currently, the experimental and numerical research about two-phase ejectors concerns
mainly their application in refrigeration systems [3,5,6,12] where they replace the compres-
sor and work usually in the supersonic mode [45]. This allows for an increase in the overall
efficiency and thus saves energy. There is a lack of investigation of two-phase, liquid-driven
ejectors for other applications, especially where the phase change (condensation) takes
place as a result of contact between the gas and subcooled liquid in the presence of the inert
gas. It causes the phenomena to not be fully understood, and the modeling techniques still
require development.

The object of the numerical investigation is a two-phase, water-driven ejector con-
denser. The ejector is a critical component of the gas power plant with negative CO2
emission [46]. Applying an ejector condenser in the developed gas power plant can be
helpful in reducing pressure at the gas turbine outlet and increasing pressure at the con-
denser outlet [47]. Reducing the size and weight of the condenser can be achieved through
the use of the Direct Contact Condensation phenomenon instead of contact condensation
through the wall surface. In the analyzed case, direct contact condensation occurs due
to contact between motive water and steam in the presence of CO2. Because of the com-
plexity of the phenomenon and for a better understanding of crucial processes, both the
values at the boundary surfaces and along the flow path could be investigated [48,49]. The
CFD approach based on the FVM (Finite Volume Method) is used to calculate turbulent,
multiphase flow with phase change. The 2D axisymmetric model application reduces
the computational time, maintaining the high accuracy of the obtained results. The two-
equation eddy viscosity, realizable model k-ε, which is based on the Reynolds-Averaged
Navier–Stokes (RANS), was used to calculate the turbulent multiphase flow. The DCC
phenomenon (Direct Contact Condensation) was calculated using the boiling/condensation
model, where the computed value of the transferred mass between water and steam is
determined by the heat balance between the phases and their interfaces.

The study aims to investigate the performance of the water-driven two-phase ejector
for a developed geometrical model taking into account various inlet gas pressures and
the presence of CO2. The analysis was conducted based on balance calculation and flow
quantities along the flow path and distributions.

2. Object of the Research

The object of the research is a liquid-driven, subsonic two-phase spray-ejector con-
denser, presented in Figure 1 (AGH in Kraków) [47]. Detailed dimensions are presented in
Table 1.



Energies 2024, 17, 2236 4 of 15
Energies 2024, 17, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 1. Two-phase ejector condenser. 

Table 1. Main dimensions of the two-phase ejector [50]. 

Parameter Value Parameter Value Parameter Value Parameter Value 
DMN_1 [mm] 25.4 DMIX [mm] 25.4 LMCH [mm] 25 γSN [°] 45 
DMN_2 [mm] 3 DDIF [mm] 100 γMN_1 [°] 30 γDIF [°] 10 
DMN_4 [mm] 40 LMIX [mm] 1050 γMN_3 [°] 45   

3. CFD Model of Two-Phase Ejector 
3.1. Multiphase Flow Modeling—Mixture Multiphase Model (MMP) 

The integral form of the governing equations of the continuity, momentum, energy, 
and volume fractions of phase i for The mixture multiphase model are presented at 
steady-state conditions, respectively in Equations (1)–(4). 

m
A

ρ d 0m = v a  
(1)

m
A A A V

ρ d p d d dVm⊗ ⋅ = − ⋅ + ⋅ + ⋅   m m bv v a I a T a f  (2)

m m e
A A A V

ρ H da da da ( S ) dVm⋅ = − ⋅ + ⋅ + + ⋅   m m b mv q T v f v  (3)

t
i u,i i

t mA A A

μα d S dV α d
σ ρ

⋅ = − ⋅ + ∇ +  mv a a  (4)

3.2. Turbulence Modeling—K-Epsilon Model 
The transport equations for the realizable k-ε model: the turbulent kinetic energy, k, 

and the turbulent dissipation rate, ε, are presented (Equations (5) and (6)). The turbulent 
eddy viscosity was calculated using Equation (7). 

t
0

μ(ρk )= μ+ + P - ρ (ε ε ) + S
σ k k
k

k
  

∇⋅ ∇ ∇ −  
  

v  (5)

t 0
ε1 ε ε2 2 ε

ε e e 0

μ 1 ε ε(ρε )= μ+ ε + C P - ρC f - + S
σ T T T

    
∇⋅ ∇ ∇    

    
v  (6)

t μ μ tμ = ρ C f k T  (7)

3.3. Condensation—Boiling/Condensation Model 
In the considered boiling/condensation model, the rate of boiling/condensation m ( ) be-

tween phases i and j depends only on the heat transfer between these phases and can be 
expressed as 

Figure 1. Two-phase ejector condenser.

Table 1. Main dimensions of the two-phase ejector [50].

Parameter Value Parameter Value Parameter Value Parameter Value

DMN_1 [mm] 25.4 DMIX [mm] 25.4 LMCH [mm] 25 γSN [◦] 45
DMN_2 [mm] 3 DDIF [mm] 100 γMN_1 [◦] 30 γDIF [◦] 10
DMN_4 [mm] 40 LMIX [mm] 1050 γMN_3 [◦] 45

3. CFD Model of Two-Phase Ejector
3.1. Multiphase Flow Modeling—Mixture Multiphase Model (MMP)

The integral form of the governing equations of the continuity, momentum, energy, and
volume fractions of phase i for The mixture multiphase model are presented at steady-state
conditions, respectively in Equations (1)–(4).∫

A

ρmvmda = 0 (1)

∫
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∫
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∫
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3.2. Turbulence Modeling—K-Epsilon Model

The transport equations for the realizable k-ε model: the turbulent kinetic energy, k,
and the turbulent dissipation rate, ε, are presented (Equations (5) and (6)). The turbulent
eddy viscosity was calculated using Equation (7).

∇·(ρkv) = ∇
[(

µ+
µt
σk

)
∇k

]
+ Pk − ρ(ε− ε0) + Sk (5)

∇·(ρεv) = ∇
[(
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µt
σε

)
∇ε

]
+

1
Te

Cε1Pε − ρCε2f2

(
ε

Te
− ε0

T0

)
+ Sε (6)

µt = ρCµfµkTt (7)

3.3. Condensation—Boiling/Condensation Model

In the considered boiling/condensation model, the rate of boiling/condensation
.

m(ij)

between phases i and j depends only on the heat transfer between these phases and can be
expressed as

.
m(ij)

=
Q(ij)

i +Q(ij)
j

∆hij
(8)
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The heat transfer from the interface ij (where boiling/condensation phenomenon
occurs) to each of the two phases i and j is described as

Q(ij)
i = h(ij)

i aij(Tij−Ti) (9)

Q(ij)
j = h(ij)

j aij(Tij − Tj) (10)

For the heat and mass transfer, the interaction area, a, is calculated according to the
“spherical particle” interaction area density model, which uses the surface area of spherical
particles [39]. The interaction area density, a, between continuous phase c and a dispersed
phase d is calculated as follows:

acd =
6αd
lcd

(11)

The calculated heat transfer coefficient, h, depends on the continuous phase heat
conductivity, λ, the Nusselt number, Nu (assumed constant value), and the continuous-
dispersed interaction length scale, l.

hij =
λcNu

lcd
(12)

3.4. Geometrical Model and Numerical Mesh

The 2D axisymmetric geometrical model of the two-phase ejector condenser was devel-
oped based on the dimensions presented in Table 1. The mesh-independent study presented
in Figure 2 was conducted based on the cross-sectional mass-averaged temperature along
the flow path for three different meshes with the following number of elements: 14,938,
28,299, and 60,787. There were differences between the temperatures at the beginning, but
the achieved mixture temperature in the mixing chamber and at the ejector outlet was the
same for all the considered meshes. Taking into account the results from the considered
analysis as well as residual values, oscillations, and computational time, the mesh with
28,299 elements was selected. The selected mesh is presented in Figure 3. The base size was
1.25 mm. The inflation layer was applied: three inflation layers with a 1.6 stretching factor.
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3.5. Assumptions and Boundary Conditions

The general scheme of the boundary conditions for the 2D axisymmetric model is
presented in Figure 4. Various boundary conditions (mass flow, velocity, pressure) at water
and gas inlets were investigated. The detailed values at the boundary surfaces are presented
in Table 2. Pressure outlet boundary conditions were applied at the ejector outlet. The
impact of the inlet gas pressure and CO2 presence was analyzed to investigate the ejector
performance using developed models. Constant properties of steam and CO2 were assumed
based on the IAPWS-IF97 [51] tables and NIST Chemistry WebBook [52], respectively.
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Table 2. Boundary conditions.

Localization B.C. Temperature Analysis

Water inlet
Velocity: 0.67 m/s

17 ◦C
Section 4.2

Pressure: 12.00 bar Section 4.1

Exhaust gas inlet Mass flow: 10 g/s
150 ◦C

Section 4.2
Pressure: 0.90–0.84 bar Section 4.1

Outlet Pressure: 1.13 bar Sections 4.1 and 4.2

3.6. Numerical Solutions

The segregated flow model, where the conservation equations of mass and momentum
are solved in a sequential manner, was applied with SIMPLE pressure–velocity coupling
algorithms. The second-order scheme was used in the modelling of convection in all the
solvers (turbulence, energy, multiphase). The relaxation factors used in the simulations are
presented in Table 3.

Table 3. Boundary conditions.

Relaxation Factor Pressure Velocity Energy Turbulence Multiphase

Value 0.3 0.7 0.9 0.8 0.9
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4. Results and Discussion
4.1. The Influence of the Suction Pressure on the Ejector Performance

The influence of the suction pressure (0.812, 0.82, 0.84, 0.86, 0.88, 0.90) on the ejector
performance is presented in this section. The results for the basic operation mode (0.9 bar)
are presented in Table 4. The assumed motive water pressure was 12 bar. The steam was
fully condensed (no steam at the outlet). The mass flow rate of the gas at the inlet and
the mass-average outlet temperature of the mixture as a function of the suction pressure
are presented in Figure 5. A lower sucked-in mass flow rate of gas and a lower outlet
temperature can be observed for a lower suction pressure. For a gas inlet pressure equal
to 0.813 bar, a 10 g/s gas mass flow rate is achieved. The highest value mass flow rate of
25 g/s was achieved for a gas inlet pressure of 0.9 bar. The outlet temperature varied from
33 ◦C to 54 ◦C as a function of the suction pressure.

Table 4. Results for basic operation mode (assumed suction pressure 0.9 bar).

Quantities Water Inlet Exhaust Inlet Outlet

Pressure, bar 12.0 0.9 1.12

Velocity, m/s 0.65 12.04 0.60

Temperature, ◦C 17.00 150.00 4.1, 4.2

Steam mass flow, g/s 0.0 19.8 0.0
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pressure (gas inlet pressure).

Steam volume fraction charts along the flow path for various gas inlet pressures are
presented in Figure 6. The steam volume fraction decreases along the length of the ejector
for all the considered cases. If the inlet gas pressure decreases, the steam volume fraction
decreases faster along the length.
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Figure 6. Steam volume fraction charts along the flow path for various gas inlet pressures.

Figure 7 shows the CO2 distribution for various gas inlet pressures. The CO2 volume
fraction contour varies mainly along the flow path. The lower the suction pressure, the
more rapid the growth of the CO2 volume content due to a more intensive condensation
phenomenon. The highest concentration is about 0.7–0.8, located in the diffuser part.
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Figure 7. CO2 distribution for various gas inlet pressures.

The pressure distribution for various gas inlet pressures is presented in Figure 8. The
sub-pressure region can be observed at the suction chamber and at the beginning of the
mixing chamber. The level of the sub-pressure and its range depend on the assumed gas
inlet pressure. The pressure changes along the flow path, but small pressure disturbances
in the radial direction are located in the water jet region.
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Figure 8. Pressure distribution for various gas inlet pressures.

Figure 9 presents the velocity scalar field for various gas inlet pressures. The higher
the gas inlet pressure, the higher the mixture velocity. The mixture velocity is about 50 m/s
at the beginning of the mixing chamber and gradually decreases along the flow path due to
the steam volume fraction reduction. The greatest value of the velocity can be observed
at the beginning of the mixing chamber, where two streams meet: nearly 100 m/s for the
0.9 bar gas inlet pressure.
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Figure 9. Velocity distribution for various gas inlet pressures.

The temperature distribution for the fluid mixture is presented in Figure 10. In the
beginning, differences occur both in the axial and radial directions. The heat transfer
process between the subcooled water and hot gases is very efficient: the temperatures
equalize very quickly. The mass-averaged outlet temperature is about 40 ◦C for a 0.9 bar
gas inlet pressure and gradually decreases when the gas inlet pressure decreases. This is
due to the fact that less steam is condensed.
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4.2. The Influence of the CO2 Content on the Ejector Performance

In this section, three cases are considered (10 g steam, 8 g steam, 8 g steam + 2 g CO2).
The assumed velocity at the motive water inlet is 0.67 m/s. Cross-sectional average static
pressure charts for the considered cases are presented in Figure 11. For the mixture of steam
(8 g) and CO2 (2 g), the inlet gas pressure is about 0.8 bar, whereas for the pure steam cases
(10 g and 8 g). it is above 0.5 bar. The most significant pressure growth occurs in the first
part of the ejector (to 0.3 m of ejector length). Figure 12 shows the pressure distribution
for various gas streams. The pressure distributions for the pure steam cases are similar.
Moreover, for those cases, the pressure is changing also in the radial direction in the region
of the water jet, where fluctuation occurs.
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Considering the velocity distribution presented in Figure 13, a higher mixture velocity
is observed for the case with CO2. CO2 is present even after condensation and significantly
increases the specific volume of the mixture, which directly influences the mixture velocity.
The maximum velocity is about 60 m/s in the water jet region, which is far from the
speed sound.
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Figure 14 shows the temperature distribution for the considered various gas streams.
The average temperature for the exhaust gas with CO2 is lower than the pure cases, which
is caused by the heat capacity of CO2 The temperature is becoming uniform very quickly
and does not change along the flow path, which indicates that all the steam is condensed
rapidly. This observation is confirmed by Figure 15, which shows the water volume fraction
distribution. For the pure steam cases (10 g and 8 g steam), the water fills the entire domain,
whereas for the mixture of steam and CO2, the water volume fraction is about 0.2. The
steam is fully condensed in all cases; therefore, the difference is due to the presence of CO2,
which occupies the domain after condensation.
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5. Conclusions 
The numerical model of a two-phase ejector considering steam condensation with the 
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5. Conclusions

The numerical model of a two-phase ejector considering steam condensation with
the presence of CO2 was developed using Siemens Star-CCM+ 2022.1.1. software. The
turbulent, multiphase flow was taken into account using the realizable k-ε model and the
mixture multiphase model, respectively. The Direct Contact Condensation was computed
using a two-resistance, thermally driven boiling/condensation model. In the developed
model, CO2 presence in the exhaust gas mixture directly affects the velocity, pressure,
temperature, and water volume fraction distribution inside the ejector condenser. The
influence of the gas inlet pressure and the CO2 content on the ejector performance was
investigated. The conclusions are as follows:

• A correlation exists between the inlet gas pressure and the inlet mass flow rate of the
sucked-in gas: the lower the gas inlet pressure, the lower the entrained gas stream.
Decreasing the gas inlet pressure causes a reduction in the mixture velocity as well as
a reduction in the outlet temperature.

• The presence of CO2 has an impact on the inlet ejector pressure. For the cases with
pure steam, the gas inlet pressure is smaller than for the case with the steam and CO2
mixture: 0.5 bar and 0.8 bar, respectively. The reason is the lower (around 2.5 times
smaller) specific volume of CO2 (0.798 m3/kg) in comparison with H2O (1.937 m3/kg).

• For all the considered cases, the condensation rate difference is directly connected to
the mass flow rate of the sucked-in exhaust gas. For the highest exhaust gas mass
flow rate (25 g/s), which corresponds to the inlet pressure (0.9 bar), the steam is fully
condensed in the last part of the two-phase ejector (diffuser part).

• Future work connected with the modeling of condensing two-phase ejectors should
focus on improving the condensation sub-model and the CO2 presence impact on the
condensation phenomenon.
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Nomenclature

a surface area vector, m2

a interfacial area per unit volume/interaction area density, 1/m
Cµ coefficient
Cε1, Cε2 coefficients
fb body force vector, N/m3

f2, fµ dumping functions
h heat transfer coefficient, W/m2k
∆h phase change heat, J/kg
Hm total enthalpy of the mixture, m2/s2

I unity tensor
k turbulent kinetic energy, J/kg
l interaction length scale, m
.

m mass rate of boiling/condensation, kg/m3s
Nu Nusselt number
p pressure, Pa
pk turbulent kinetic energy production term, W/m3

pε turbulent dissipation rate production term, W/m3
.
q unity tensor
Q heat transfer rate, W/m3

Se energy source term, W/m3

Sk turbulent kinetic energy source term, W/m3

Su phase source term, 1/s
T temperature, K
Te large eddy time scale, s
T0 specific time scale, s
Tm viscous stress tensor, Pa
Tt turbulent time scale, s
¯
v mean velocity, m/s
vm the mass-averaged velocity, m/s
V volume, m3

α volume fraction of phase
ε turbulent dissipation rate, J/kg s
ε0 ambient value of turbulent dissipation rate that counteracts turbulence decay [53], J/kg s
λ conductivity, W/mK
µ dynamic viscosity, Pa s
µt turbulent dynamic viscosity, Pa s
ρm density of the mixture, kg/m3

σk,σε model coefficients
σt turbulent Schmidt number
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