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Abstract: The spontaneous condensation of wet steam often occurs in the steam ejector nozzle, this
deteriorates the performance of the steam ejector. In this paper, we take changing the geometric
parameters of the nozzle as the focus of our research and construct an internal connection between
steam’s condensation behavior and the nozzle’s throat radius, the nozzle’s divergent section expan-
sion angle, and the nozzle’s divergent section length. Our numerical simulation results indicate
that an increase in the throat diameter and reduction of the divergent section’s expansion angle
can inhibit steam condensation behavior, to a certain extent. In particular, the steam condensation
behavior will disappear at a 0◦ expansion angle, but it is not affected by the change in the divergent
section’s length. In addition, the irreversibility that is seen under different changes to the nozzle’s
structure parameters was investigated and the results show that the entropy generation that is caused
by a phase change accounts for a much higher proportion of the total entropy generation than heat
transport and viscous dissipation do. This indicates that steam’s condensation behavior makes a
large amount of irreversible energy, resulting in energy waste and reducing the performance of the
nozzle. Therefore, this study can provide a theoretical reference for suppressing the spontaneous
condensation behavior of steam by changing the nozzle’s geometry.

Keywords: steam ejector nozzle; nozzle geometric structure; spontaneous condensation of steam;
entropy generation; CFD simulation

1. Introduction

The steam ejector is a simple energy conversion device that is widely used in many
industrial fields, such as power generation [1], refrigeration [2], the desalination of seawa-
ter [3], fuel cell applications [4], and steam generation systems [5]. As depicted in Figure 1,
the steam ejector can convert a higher-pressure primary fluid and a lower-pressure sec-
ondary fluid into a mixed fluid of higher-pressure energy and then realize the vacuum
effect in the mixing chamber. The nozzle of the steam ejector plays a key role in the above-
mentioned process. Its function is to convert the higher-pressure energy of the primary
fluid into greater kinetic energy, thereby providing a source of power for the operation of
the entire steam ejector system. Therefore, the nozzle directly affects the efficiency of the
entire steam ejector system.

The nozzle’s geometric structure has a great influence on the performance of the
steam ejector and this has been confirmed by many researchers. Six nozzles with different
throat diameters were used in a 1 kW steam ejector cooling capacity experimental system
that was constructed by Ruangtrakoon et al. [6,7] and it was found that the geometries of
the primary nozzle had strong effects on the steam ejector’s performance. Yang et al. [8]
investigated the effects of nozzles with conical, oval, square, rectangular, and cross-shaped
exit sections on a steam ejector’s performance by using the CFD method. They discovered
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that the steam ejector with the nozzle that had a cross-shaped exit section could achieve the
largest entrainment ratio. Fu et al. [9] numerically investigated the effects of the primary
nozzle’s outlet diameter on the performance of steam ejectors, the CFD results illustrated
that the entrainment ratio initially increased sharply with the growth of the nozzle’s outlet
diameter and then it would reduce when the diameter exceeded a certain value. The
influence of the throat area ratio between the nozzle and the ejector on the efficiencies in
the MED-TVC desalination system was also investigated by Liu et al. [3] and they noted
that the mixing efficiency between the primary and secondary fluids and the entrainment
ratio of the steam ejector could be improved by adjusting the throat area ratio between the
nozzle and the ejector. Other key geometric parameters such as the nozzle’s exit position
and the nozzle’s outlet diameter were optimized by Wu et al. [10] by using the CFD method.
This research revealed that the nozzle outlet diameter was the most sensitive influencing
factor for the performance of the steam ejector.

Figure 1. Schematic diagram of steam ejector and nozzle structure.

Apart from the nozzle’s geometric structure, the spontaneous condensation behavior
of the steam that is in the nozzle also affects the performance of the steam ejector and this
is a variable which attracts the attention of many researchers. Moore et al. [11] measured
the pressure distribution within the nozzle’s condensation zone by conducting a wet-steam
tunnel experiment as early as 1973. Subsequently, Moses and Stein [12] documented the
homogeneous nucleation and growth of steam droplets using static pressure and laser light
scattering methods. Gyarmathy [13] experimentally studied the nucleation characteristics
of high-pressure saturated steam and determined the Wilson lines and the droplet size
and number count that are present in Laval nozzles. Meanwhile, the influence of the
Wilson point position was first theoretically explained in Wilson’s early experiments [14].
Bakhtar and Mohammadi Tochai [15] derived a set of numerical algorithms to be used for
solving two-dimensional steam two-phase flows in a nozzle. The fundamental equations
of gas–droplet multiphase flows were proposed by Young for the calculation of the non-
equilibrium condensation of wet steam in nozzles and turbine cascades [16–18].

With the help of a CFD simulation, X. Wang et al. [19] predicted the flow characteristics
of a wet steam flow in a nozzle and demonstrated that the steam’s condensation behavior
could depress the efficiency of the nozzle and reduce the pumping performance of the steam
ejector. Moreover, they also studied the effect of primary steam superheating on the steam
condensation in a nozzle and the performance of the steam ejector [20]. Sharifi et al. [21,22]
numerically studied wet steam flow in the nozzle of a steam ejector and found that the
steam’s condensation behavior reduced the maximum value of the flow Mach number
but improved the compression ratio and entrainment ratio of the steam ejector. In order
to improve the accuracy of their numerical calculations, Ding et al. [23] implanted a set
of codes based on Young’s classical nucleation rate and droplet growth rate into the CFD



Appl. Sci. 2021, 11, 11954 3 of 24

solver and found that it could finely predict the position of the Wilson point and the wet
steam flow properties in a nozzle. Similarly, Abadi et al. developed in-house CFD code
that was based on a two-fluid model in order to numerically study the supersonic flow
of wet steam with a non-equilibrium phase change in a high-pressure nozzle [24] and
high-pressure thermo-compressor [25]. A condensing steam flow mode with droplet size
distribution in a Laval nozzle was also implemented into in-house CFD code by Wroblewski
and Dykas [26]. A piece of Euler–Euler two-phase flow model code that was optimized by
Yang et al. was validated to be able to capture the complicated condensation characteristics
of water vapor in the Laval nozzle [27]. These researchers also found that wet steam flow in
a nozzle would reduce the performance of the steam ejector more than dry steam. This was
reflected in the entrainment ratio that decreased from a score of 0.6973 (which was obtained
by the dry steam model) to 0.6242 (which was obtained by the wet steam model) under the
given operation condition [28]. Using the multi-objective genetic algorithm method that is
based on the modified condensation model, Zhang et al. [29] optimized the primary nozzle
of a steam ejector in order to improve its entrainment ratio.

With regard to the aforementioned investigations into steam condensation in the
nozzle of a steam ejector, these researchers have only paid attention to the impact of
the spontaneous condensation behavior of steam on the inner flow and performance
of the steam ejector and the optimization of numerical algorithms in order to improve
the accuracy of CFD simulations. However, there are few studies on the influence of a
nozzle’s geometric structure on its internal steam condensation behavior. Ariafar et al. [30]
numerically investigated the wet steam flow in nozzles with area ratios of 11, 18 and 25.
They observed that all of the nozzles’ static pressures that were obtained by the wet steam
model were higher than those for the ideal gas model, while no significant difference
existed in the nozzles’ momentum. C. Wang et al. [31] also increased the area ratio of the
nozzle and found that it reduced the steam condensation’s intensity and nozzle’s pressure,
but increased the liquid mass fraction.

In this article, a wet steam model with entropy generation rates that are relevant
to three different mechanisms (viscous dissipation, heat transport, and phase change)
was innovatively established in order to numerically study the behavior of wet steam
condensation in a nozzle. Apart from the nozzles’ throat radii, the effects of the divergent
section expansion angle and divergent section length of the nozzle on the spontaneous
condensation of steam were investigated. Importantly, the distributions of the entropy
generation areas in the nozzles with different geometric structures were visualized for
the first time. Finally, the relationships between the nozzle’s mass flow rate, total entropy
production and the liquid mass fraction of the nozzle for three types of geometric structures
were established.

2. Mathematical Models Description
2.1. Governing Equation

The internal steam flow of a nozzle is governed by the compressible steady-state
axisymmetric form of the fluid flow conservation equation. The Navier–Stokes equations
are more suitable for variable density flows [32]. The total energy equation, including
viscous dissipation, was considered and coupled with the gas law. The governing equations
of continuity, momentum, and energy can be written as follows:

The continuity equation:
∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (1)

The momentum equation:

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) = −

∂P
∂xi

+
∂τij

∂xj
(2)
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The energy equation:

∂

∂t
(ρE) +

∂

∂xj
(uj(ρE + P)) = − ∂

∂xj
(αe f f

∂T
∂xj

) +
∂

∂xj
(uiτij) (3)

ρ =
P

RT
(4)

τij = µe f f (
∂ui
∂xj

+
∂uj

∂xi
)− 2

3
µe f f

∂uk
∂xk

δij (5)

where ui, uj, uk are components of the velocity, τij is the stress tensor of the fluid, E is the
fluid energy, αeff is the effective thermal conductivity, µeff is the effective viscosity of the
fluid, and δij is the unit tensor.

2.2. Turbulence Modeling

The k-ω SST turbulence model was adopted in this study based on its higher predic-
tion accuracy for global and local flow phenomena, which has been confirmed by many
researchers [33–36]. It can be described as below [37]:

∂

∂xi
(ρkui) =

∂

∂xj
(Γk

∂k
∂xj

) + Gk −Yk + Sk (6)

∂

∂xj

(
ρωuj

)
=

∂

∂xj
(Γω

∂ω

∂xj
) + Gω −Yω + Dω + Sω (7)

where k is the turbulent kinetic energy and ω is the specific dissipation rate. Definitions of
the terms G, Y, S, and D can be found in Ref. [37].

2.3. Wet Steam Flow Transport Equation
2.3.1. Liquid Phase Mass Fraction Transport Equation

The transport equation governing the mass fraction of the condensed liquid phase is
written as [38]:

∂(βρ)

∂t
+

∂

∂xi
(ρβui) +

∂

∂xj
(ρβuj) = Γ (8)

where Γ is the mass generation rate due to condensation and evaporation, which is corre-
lated to the nucleation rate I (the number of new droplets per unit volume per second) and
the growth or demise of these droplets [38]:

Γ =
4
3

πρl Ir∗3 + 4πρlηr2 ∂r
∂t

(9)

where r* is the critical droplet radius, above which the droplet will grow and below which
the droplet will evaporate. This can be written as [17]:

r∗ =
2σ

ρl RT ln(s)
(10)

In the above expression, s is defined as the ratio of the steam pressure to the saturation
pressure corresponding to steam temperature:

s =
P

Psat(T)
(11)
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2.3.2. Nucleation Rate Equation

In this study, the classical theory of nucleation that is based on the homogeneous
nucleation theory was used to calculate the number of liquid droplets; it is written as
below [17]:

I =
qc

(1 + θ)

(
ρ2

v
ρl

)√
2σ

M3π
exp

(
−4πr∗2σ

3KbT

)
(12)

where θ is a non-isothermal correction factor, which is given by [17]:

θ =
2(γ− 1)
(γ + 1)

(
hlv
RT

)(
hlv
RT
− 0.5) (13)

where γ is the ratio of the specific heats and it is taken as 1.32.
The wet steam’s density can be determined from the vapor density ρv and liquid

phase mass fraction β. This equation is written as:

ρ =
ρv

1− β
(14)

2.3.3. Droplet Growth Rate

The size of the droplets is affected by two mechanisms: the transfer of mass from the
vapor to the droplets and the transfer of heat from the droplets to the vapor in the form of
latent heat [38]. This can be written as:

∂r
∂t

=
P

hlvρl
√

2πRT
γ + 1

2γ
cp(Td − T) (15)

2.3.4. Droplet Density Transport Equation

The density of the droplets’ transport equation was obtained from Ref. [37] and is
described as

∂(ρη)

∂t
+

∂

∂xi
(ρηui) +

∂

∂xj
(ρηuj) = ρI (16)

where η is the number of droplets per unit volume. This can be expressed as:

η =
β

(1− β)Vd(ρl/ρv)
(17)

In this equation, Vd is the average droplet volume, which is defined as:

Vd =
4
3

πr3 (18)

2.3.5. Equation of State

The wet steam equation of state, which relates the pressure to the vapor density and
temperature, is given by [16]:

P = ρvRT(1 + Bρv + Cρ2
v) (19)

where B and C are the second and third viral coefficients, respectively, and are functions
of temperature.

Besides this equation, the wet steam isobaric specific heat capacity Cp, specific enthalpy
h, and specific entropy s are described as below [17], respectively:

Cp = Cp0(T) + R
{[

(1− αvT)(B− T dB
dT )− T2 d2B

dT2 )
]
ρv

+
[
(1− 2αvT)C + αvT2 dC

dT − T2 d2C
dT2 /2

]
ρ2

v

} (20)
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h = h0(T) + RT
[
(B− T

dB
dT

)ρv + (C− T
dC
dT

/2)ρ2
v

]
(21)

s = s0(T) +
[

R ln ρv + (B + T
dB
dT

)ρv + (C + T
dC
dT

/2)ρ2
v

]
(22)

where Cp0, h0, s0 are the standard state isobaric specific heat capacity, enthalpy, and entropy,
respectively.

2.4. Entropy Generation Rate

In this article, the total entropy generation rate of a wet steam flow is defined as:

Sgen = Sgen,µ + Sgen,h + Sgen,l (23)

The entropy generation rates of viscous dissipation Sgen,µ and convection heat transfer
Sgen,h are used and described as the sum of the part of the total amount of entropy that is
generated by the mean gradients component and the other part that is generated by the
fluctuating component [38]:

Sgen,µ =
(
Sgen,µ

)
mean +

(
Sgen,µ

)
f luc (24)

Sgen,h =
(

Sgen,h

)
mean

+
(

Sgen,h

)
f luc

(25)

where Sgen,µ is the entropy generation rate that is produced by viscous dissipation and the
Sgen,h originated from the heat transfer. The entropy generation rates of the mean gradients
are given as: (

sgen,h

)
mean

=
k

T2

[(
∂T
∂x

)2
+

(
∂T
∂y

)2
+

(
∂T
∂z

)2
]

(26)

(
sgen,µ

)
mean = µ

T

{
2
[(

∂ui
∂x

)2
+
(

∂uj
∂y

)2
+
(

∂uz
∂z

)2
]
+
(

∂ui
∂y +

∂uj
∂x

)2

+
(

∂ui
∂z + ∂uz

∂x

)2
+
(

∂uj
∂z + ∂uz

∂y

)2
} (27)

and the fluctuating ones are written as:

(
sgen,h

)
f luc

=
αT

α

(
sgen,h

)
mean

(28)

(
Sgen,µ

)
f luc =

ρε

T
(29)

Besides this, the phase change generation rate can be expressed as [39]:

Sgen,l = Γhlv(
1
Tv
− 1

Tl
) (30)

3. Numerical Modeling
3.1. The Dimensions of the Nozzle and Numerical Solution Settings

In this study, the nozzle B from the works of Moore et al. [11] was selected as the
original structure (see Table 1) that was used in order to investigate the effects of the throat
radius, expansion angle of the divergent section, and length of the divergent section on the
steam’s spontaneous condensation. The structures of the nozzles with different throat radii,
expansion angles, and divergent section lengths are shown in Figure 2; all the geometric
parameters are summarized in Table 1.
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Table 1. Geometric structure of the nozzle B.

Coordinate Value (m) Point A Point B Point C Point D

Throat x −0.25 −0.2 0 0.5

Radius y 0.0563 0.0563 0.025/0.03/0.035/ 0.072

0.04/0.045/0.05

Expansion x −0.25 −0.2 0 0.5

Angle y 0.0563 0.0563 0.05 0.056/0.063/0.072

0.081/0.089/0.98

Divergent x −0.25 −0.2 0 0.2~0.5

Section Length y 0.0563 0.0563 0.5 0.059/0.063/0.068

0.072/0.076/0.081

Nozzle B x −0.25 −0.2 0 0.5

Structure y 0.0563 0.0563 0.05 0.072

Figure 2. Geometric structure of the nozzle B with: (a) different throat radii, (b) different expansion angles of the divergent
section, and (c) different lengths of the divergent section.

In terms of the numerical solution settings, the commercial software Ansys Fluent
15.0, with an implicit density-based solver, was used to solve the flow-governing equations
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and the wet steam model was selected. The conservation Equations (1)–(5) for the vapor
phase were directly solved in the Fluent solver, while the governing Equations (6)–(22)
for the liquid phase and the phase change were performed when the wet steam model
was called in the solver. The Equations (23)–(30) were implanted into the Fluent solver
by UDS and UDF functions and then the entropy generation rate and entropy production
rate (the volume integrals for the entropy generation rate) could be solved in every cell
of the computational domain and displayed in the post-processing stage. The k-ω SST
turbulence model was used. This model did not need the wall function to be set based on
its special algorithm [32].

To save computing costs and time, a 2D axisymmetric geometry was adopted instead
of a 3D geometry. It has been proven that there is no obvious difference between the two
calculation results [40]. The nozzle inlet and outlet were set to the pressure inlet and outlet,
respectively. The wall was set to adiabatic and no-slip. All the initial boundary conditions,
boundary condition settings, and properties of the working fluid are listed in Tables 2–4,
respectively. The second-order upwind scheme was selected for all of the convection terms
and central difference discretization was selected for the diffusion terms. The mass flow
rate difference between the inlet and outlet and all of the calculated residuals needed to be
less than 10−6 in order to ensure iteration convergence.

Table 2. Initial values of the boundary condition.

Steam Pressure (Pa) Steam Temperature (K) Steam Superheat (K)

Nozzle inlet (A) 25,000 354.6 16.5

Nozzle inlet (B) 25,000 357.6 19.5

Nozzle inlet (C) 25,000 358.6 20.5

Nozzle inlet (A/B/C) 2000 300 /

Table 3. Boundary condition settings.

Item Boundary Condition

Nozzle Wall Adiabatic and no-slip

Nozzle inlet Pressure inlet

Nozzle outlet Pressure outlet

Table 4. Properties of the working fluid.

Property Value

Dynamic viscosity 1.34 × 10−5 kg/m·s
Thermal conductivity 0.00261 W/m·K
Specific heat capacity 2014.00 J/kg·K

Molecular weight 18.01534 kg·k/mol

3.2. Grid Independence and Validation of the Numerical Approach

The structured grid of nozzle B is presented in Figure 3. To verify the grid’s indepen-
dence, three grid levels were selected; a coarse level with 10k cells, a medium-level with
20k cells, and fine level with 41k cells. As illustrated in Figure 4, the droplet nucleation
rates of the three grid levels are depicted under the initial boundary condition of nozzle
B in Table 2 with the original structure of nozzle B. This reveals that there is a good level
of consistency between the medium and fine grid levels. Considering the computational
cost and efficiency, the medium-level grid was adopted. In order to further improve the
calculations’ accuracy, we refined the medium-level mesh in the near-wall area and the
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region with large pressure gradient variation, as shown in the partially enlarged views in
Figure 3. Finally, the grids with 26,784 cells were used to complete the following numerical
simulation. Simultaneously, the wall Y plus value was also controlled at around 1 (see
Figure 3).

Figure 3. The mesh structure of nozzle B and the wall Y plus value.

Figure 4. Comparison of the liquid mass fraction under different grid levels.

To identify the simulation’s accuracy, the axial static pressure distributions of three
nozzles from an experiment that was carried about by Moore et al. [11] under their corre-
sponding boundary conditions (see Table 2) and geometric structures (see Figure 5d) were



Appl. Sci. 2021, 11, 11954 10 of 24

used, as illustrated in Figure 5. It was found that the CFD results are in close agreement
with the present experiment’s data. In particular, the wet steam model can accurately
predict the onset position and the peak of the condensation shock. Moreover, the average
relative error between the simulation result and the experiment value was also calculated
and is shown in Figure 5. The average relative error can be obtained by Equation (31):

Average relative error (%) =
1
n

n

∑
n=1

((Expvalue− CFDresult)/Expvalue) (31)

Figure 5. Validation of numerical simulation: (a) Moore A nozzle, (b) Moore B nozzle, (c) Moore C nozzle, and (d) the
structures of three nozzles.

Among these three nozzles, the biggest average relative error (2.55) and maximum
relative error (4.43) were both generated in nozzle C (see Figure 5c). While the smallest
average relative error and maximum relative error were 1.77 in nozzle B (see Figure 5b) and
3.96 in nozzle A (see Figure 5a), respectively. This shows that these errors are acceptable
and that the wet steam model can fully predict the internal flow process and illustrate the
steam condensation phenomenon in a nozzle.

4. Results and Discussion
4.1. The Influence of Nozzle Geometry on Internal Steam Condensation
4.1.1. Nozzle Throat Radius

As steam flows through a nozzle, it expands rapidly and is accompanied by sponta-
neous condensation. In the flow process of wet steam’s spontaneous condensation, the free
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energy barrier of the molecules does not cause the steam molecules to aggregate and con-
dense immediately, which results in the steam continuing to expand beyond the saturation
line and deviating from the equilibrium state. Take a nozzle with the throat radius of 0.05 m
as an example, as the steam flows from the convergent section to the divergent section, the
temperature falls rapidly in the convergent section but a significant temperature step occurs
upstream of the divergent section (see Figure 6a). This can be attributed to the release of the
latent heat that has been generated by the steam condensing. At the same time, this latent
heat heats the surrounding steam and causes an abrupt increase in pressure (Figure 6b)
and the Mach number (Figure 6c) at the same position as the temperature step; this is an
effect that is known as the condensation shock. The steam saturation ratio that is described
by Equation (11) reflects the transition of the steam from the equilibrium state (Sr = 1) to
the non-equilibrium state (Sr 6= 1). As shown in Figure 6d, the saturation ratio remained
almost at 1 in the convergent section, while it suddenly increased to the peak value at the
position of condensation shock and then rapidly dropped to 1 in the divergent section.
As a result of this, massive droplet cores were formed in the condensation shock position
when the saturation ratio was big enough to make the steam molecules overcome their
intermolecular rejection of coming together. The droplets’ nucleation ratio, in Figure 6e,
reflects the fact that the massive droplet cores were generated in the condensation shock
region and that, after crossing this condensation shock wave, there was no droplet core
appearing in the divergent section. After the droplets’ nucleation ratio dropped from the
peak value of approximately log1022.5 to zero, the number of droplets per unit volume was
kept constant in the divergent section, as illustrated in Figure 6f.

Moreover, the liquid mass fraction started to rise until it reached its maximum at the
nozzle outlet in the divergent section, as depicted in Figure 6g. It is worth noting that
the curve of the liquid mass fraction can be divided into two parts: the rapid nucleation
zone with slope 1 and the droplet growth zone with slope 2, as presented by the schematic
diagram in Figure 6g. Obviously, slope 1 is larger than slope 2. In the rapid nucleation zone,
the reason for the steepness of slope 1 of the liquid mass fraction curve is that the massive
droplets nucleated, which resulted in the liquid mass fraction (Figure 6g) and droplets’
average radius (Figure 6h) increasing sharply in this zone. However, in the droplet growth
zone, the droplets’ nucleation ratio (Figure 6e) was zero and the droplets per unit volume
(Figure 6f) also trended to a constant, which led to those steam molecules that were present
in a free state condensing gradually on the droplet cores. Since the droplet growth process
was much slower than the nucleation process, this made slope 2 of the liquid mass fraction
curve smaller than slope 1. It is also not hard to infer that the average droplet radius grows
much slower in the droplet growth zone than it does in the rapid nucleation zone, as shown
in Figure 6h.

In general, the wet steam condensation phenomenon under other throat radii has
similar characteristics to that which is found under the throat radius of 0.05 m, as shown in
Figure 6. However, as the throat radius increased from 0.025 to 0.05 m, there were some
differences in the following aspects: The peak position of the condensation shock moved
further downstream, as illustrated in Figure 6c. The intensity of the condensation shock
was also strengthened, which was reflected in the pressure step change (see Figure 6b).
In addition, Figure 6d and e show that the saturation ratio (which was larger than 1) and
the droplet nucleation ratio (which was larger than 0) were both enlarged along the axis;
meanwhile, the peak values of these two parameter curves decreased with the increase of
the throat radius. As seen from Figure 6g, the liquid mass fraction in the divergent section
under the throat radius of 0.05m was smaller than that of the others, which can contribute
to this radius resulting in the least number of droplets per unit volume (see Figure 6f),
although an average droplet radius of 0.0175 µm can be acquired under the throat radius
of 0.05 m.
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Figure 6. The steam parametric curves along the axis under different nozzle throat radii: (a) temperature, (b) pressure,
(c) Mach number, (d) saturation ratio, (e) droplet nucleation rate, (f) droplets per unit volume, (g) liquid mass fraction,
(h) droplet average radius.



Appl. Sci. 2021, 11, 11954 13 of 24

4.1.2. Expansion Angle of the Nozzle’s Divergent Section

As shown in Figure 7, when the expansion angle of the nozzle’s divergent section
changes from 0◦ to 11◦, the steam parameters in the nozzle also change to varying degrees.
Except for the nozzle with a 0◦ expansion angle, the steam parameters of the nozzles
with other expansion angles had the same changing trends along the axis: continued
expansion as the steam passed through the nozzle, a rapid drop in the temperature in the
nozzle’s convergent section, and the sudden appearance of a temperature step near the
nozzle’s throat (Figure 7a), which indicates that steam condensation had occurred and a
large amount of latent heat was released. The condensation shock that was formed by the
steam’s condensation resulted in a pressure rise and Mach number reduction in the location
of the steam condensation, as illustrated in Figure 7b,c. The droplets’ nucleation ratio
(Figure 7e) reveals that massive droplet cores were generated, due to the higher saturation
ratio (Figure 7d) in the steam condensation zone. Therefore, the formation of these droplet
cores sharply increased the liquid mass fraction and the average droplet radius in the
rapid nucleation zone, as shown in Figure 7g. Additionally, the volume of droplets per
unit remained constant in the divergent section (see Figure 7f), which also caused a slight
increase in the average droplet radius (Figure 7h) of the droplets in the droplet growth
zone. This is because the steam molecules that were in a free state condensed on the droplet
cores, as discussed in Section 4.1.1. In particular, for the nozzle with a 0◦ expansion angle,
the steam hardly condensed at all, resulting in the droplets’ nucleation rate, droplets per
unit volume, droplets’ average radius and liquid mass fraction all equaling zero, as seen in
Figure 7.

As shown in Figure 7, we also learned that the enlargement of the nozzle’s divergent
section’s expansion angle reduced the intensity of the condensation shock wave and moved
the position of the condensation shock forward (see the enlarged view in Figure 7b,c). The
regions of the steam saturation ratio that were larger than 1 and the droplets’ nucleation
ratio that were larger than 0 were both reduced in accordance with the increase in the
throat expansion angle, as depicted in Figure 7d,e. However, the droplets per unit volume
(Figure 7f) increased with the enlargement of the expansion angle, which infers that enlarg-
ing the expansion angle of the nozzle’s divergent section will increase the mass fraction
of the liquid phase (Figure 7g), thereby increasing the humidity of the nozzle outlet. As a
consequence, we should reasonably reduce the expansion angle of the nozzle’s divergent
section in order to alleviate the adverse effect of steam’s spontaneous condensation in
the nozzle.

4.1.3. Length of the Nozzle’s Divergent Section

To investigate the effect of a nozzle’s divergent section length on steam condensation,
we selected six different lengths (0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 m). As can be seen in Figure 8,
all of the steam parametric curves were completely overlapped. The only difference was
found in those parameter values that were positioned at the nozzle’s outlet. Figure 8a
demonstrates that the steam condensation released the same amount of latent heat (i.e.,
the same temperature step) under the different nozzles’ divergent section lengths. All of
the parametric curves had the same condensation shock position and shock intensity, as
illustrated in Figure 8b,c. As the nozzle’s divergent section was lengthened, the pressure
value at the nozzle’s outlet gradually decreased. Compared with the pressure value, the
nozzle outlet’s Mach number showed the opposite result.
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Figure 7. The steam parametric curves along the axis at different expansion angles of the nozzle’s divergent section:
(a) temperature, (b) pressure, (c) Mach number, (d) saturation ratio, (e) droplet nucleation rate, (f) droplets per unit volume,
(g) liquid mass fraction, (h) droplet average radius.
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Figure 8. The steam parametric curves along the axis under different lengths of the nozzle’s divergent section:
(a) temperature, (b) pressure, (c) Mach number, (d) saturation ratio, (e) droplet nucleation rate, (f) droplets per unit volume,
(g) liquid mass fraction, (h) droplet average radius.



Appl. Sci. 2021, 11, 11954 16 of 24

Due to the release of the same amount of latent heat from the steam condensation, the
same saturation ratio (Figure 8d) and droplets’ nucleation ratio (Figure 8e) were formed
under the different nozzles’ divergent section lengths. The same curves of these two
parameters will inevitably lead to the same curve for the droplets per unit volume, as
shown in Figure 8f. Figure 8g illustrates that the liquid mass fraction of the nozzle’s outlet
increased with the increase in the nozzle’s divergent section length, which can be attributed
to the increase in the droplet number in the nozzle. This is the product of the volume of the
nozzle’s divergent section and the number of droplets per unit volume.

4.2. Irreversibility Analysis under Different Nozzle Geometries

In this section, the entropy generation rate is investigated in order to identify where
the irreversibility occurs, the type of entropy generation, and its effect on the nozzle’s
performance.

4.2.1. Nozzle Throat Radius

It can be seen from Figure 9 that the total entropy generation rate was mainly generated
and concentrated at the nozzle’s throat. The area of the entropy generation rate gradually
increased with the increase in the throat radius, but the peak value of the total entropy
generation rate decreased. This directly caused the total entropy production (the volume
integrals for the total entropy generation rate) to decrease from 73.99 W/K under a throat
radius of 0.025 m to 71.71 W/K under a throat radius of 0.05 m. Moreover, the position of
the total entropy generation rate concentration region gradually moved downstream of the
nozzle’s divergent section.

Figure 9. The total entropy generation rate and total entropy production under different nozzle
throat radii.

Three types of entropy generation make up the total entropy production: viscous
dissipation, heat transport, and phase change entropy generation. These are illustrated in
Figure 10 in the form of a stacked column chart. It was found that phase change entropy
generation accounted for the largest proportion of entropy, followed by viscous dissipation,
and then heat transport. This was found to be true under all of the different nozzle
throat radii conditions. The viscous dissipation and the phase change entropy generation
were mainly generated in the steam condensation shock region, whereas the heat transport
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entropy generation was mostly produced at the boundary between the liquid phase and gas
phase. As shown in Figure 10, the heat transport and the phase change entropy generation
gradually reduced, while the viscous dissipation entropy generation increased with the
increase in throat radius. Heat transport and phase change entropy generation reduced
from 48.19 and 5.39 W/K to 47.31 and 2.11 W/K, respectively. The viscous dissipation
entropy generation increased from 20.41 W/K (the original value) to 22.36 W/K. It is worth
noting that the reduction of the phase change entropy generation caused the decrease of
the liquid mass fraction and the suppression of the steam’s condensation. In addition, it
can be more clearly seen from Figure 11 that the liquid mass fraction and the total entropy
production both reduced when the nozzle throat radius increased from 0.025 to 0.05 m,
but the opposite result was obtained in terms of the mass flow rate. This indicates that
properly increasing the nozzle throat radius is beneficial to improving the performance
of the nozzle, suppressing the intensity of the spontaneous condensation of steam and
reducing energy waste.

Figure 10. The three types of entropy generation under different nozzle throat radii.

Figure 11. The mass flow rate, total entropy production and liquid mass fraction under different
nozzle throat radii.
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4.2.2. Expansion Angle of the Nozzle’s Divergent Section

As shown in Figure 12, as the nozzle’s expansion angle was increased, the concentra-
tion region of the total entropy generation rate gradually moved upstream of the nozzle’s
divergent section and its peak value and area also increased. Therefore, the total entropy
production increased from 17.55 W/K at the 0◦ nozzle expansion angle to 97.97 W/K at the
11◦ nozzle expansion angle; a nearly five-fold increase. This was due to the condensation
behavior of the steam, which almost disappeared at the 0◦ nozzle expansion angle, so a
small total entropy production value was generated.

Figure 12. The total entropy generation rate and total entropy production at different expansion
angles of the nozzle’s divergent section.

Figure 13 illustrates that the enlargement of the nozzle expansion angle changed
the composition of the three modes of entropy generation: the nozzle expansion angle
changed from 0 to 11◦, which resulted in an increase in the viscous dissipation and the heat
transport entropy generation from 16.12 and 1.44 W/K to 24.41 and 2.58 W/K, respectively.
Moreover, the increase in phase change entropy generation from 0 to 71 W/K also led
to an increase in the liquid mass fraction. As already seen for the proportion of entropy
production in Section 4.2.1, the largest proportion of entropy production was still generated
by phase changes, followed by viscous dissipation and then heat transport.

Figure 14 clearly shows that the curve of the mass flow rate has a steeper slope
between the 0◦ and 3◦ nozzle expansion angles than that which was found between the
3◦ and 11◦ angles. This is because the steam’s spontaneous condensation did not happen
at the 0◦ nozzle expansion angle, which led to the generation of smaller values of the
total entropy production and liquid mass fraction. Once the expansion angle was larger
than 3◦, increased entropy production and liquid mass fraction usually led to more energy
being converted into useless work and a reduction in the flow velocity of the steam, which
directly slowed the growth rate of the mass flow rate, as depicted in Figure 14. Therefore, it
is not appropriate to attempt to improve nozzle performance by expanding the expansion
angle of the nozzle’s divergent section. This caution is evidenced by the lower mass flow
rate growth rate, the increase in the total entropy production and the nozzle outlet humidity
that were found between the 3◦ and 11◦ expansion angles (see Figure 14).



Appl. Sci. 2021, 11, 11954 19 of 24

Figure 13. The three types of entropy generation at different expansion angles of the nozzle’s
divergent section.

Figure 14. The mass flow rate, total entropy production and liquid mass fraction at different expan-
sion angles of the nozzle’s divergent section.

4.2.3. Length of the Nozzle’s Divergent Section

The changes in the total entropy generation rate that were caused by the growth of the
length of the nozzle’s divergent section are presented in Figure 15. It was found that the
location and the area of the total entropy generation rate concentration region remained
almost the same. The total entropy production increased from 60.04 to 80.59 W/K as the
divergent section was lengthened from 0.2 to 0.7 m. Moreover, the three entropy generation
processes all increased as the divergent section was lengthened from 0.2 to 0.7 m. Under
this condition, the viscous dissipation, heat transport and phase change entropy generation
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increased from 13.35, 1.41, and 45.27 W/K to 30.06, 2.69, and 47.84 W/K, respectively
(see Figure 16). We can see that the phase change entropy generation was still the largest
contributor to entropy among the three types of entropy production, under their respective
conditions. Interestingly, although there was growth of the total entropy production and
liquid mass fraction at the nozzle outlet as the divergent section length increased, we found
that the nozzle’s performance was almost unaffected. This observation is based on the mass
flow rate of the nozzle, which maintained a constant of 3.997 kg/s, as shown in Figure 17.

Figure 15. The entropy generation rate and total entropy production under different lengths of the
nozzle’s divergent section.

Figure 16. The three types of entropy generation under different lengths of the nozzle’s divergent section.
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Figure 17. The mass flow rate, total entropy production and liquid mass fraction under different
lengths of the nozzle’s divergent section.

5. Conclusions

In this paper, the effects of the throat radius, divergent section expansion angle and
divergent section length of a nozzle on the spontaneous condensation of steam were numer-
ically investigated. The irreversibility flow in the nozzle was also analyzed by identifying
the proportion of entropy generation that could be attributed to three mechanisms (viscous
dissipation, heat transport and phase change) and the distributions of the total entropy
generation rate under different nozzles’ geometric structures. In addition, the nozzle’s
performance was studied by comparing the mass flow rate, total entropy production and
liquid mass fraction. The detailed findings are as follows:

• The increase in the nozzle throat radius enhanced the intensity of the condensation
shock and increased the mass flow rate and the pressure at the nozzle outlet. The total
entropy production in the nozzle decreased from 11.73 to 10.56 W/K as the throat
radius increased from 0.025 to 0.05 m. Therefore, increasing the nozzle throat radius
can not only improve the nozzle’s performance, but also reduce the waste of energy. In
addition, the reduction in liquid mass fraction and phase change entropy generation
indicates that the spontaneous condensation behavior of wet steam can be suppressed
by increasing the throat radius.

• When the expansion angle of the nozzle’s divergent section changed from 0 to 11◦,
the nozzle’s outlet Mach number increased, but the nozzle outlet pressure decreased
and the intensity of the condensation shock was weakened. Moreover, there was
an increase in the liquid mass fraction, which caused an increase in phase change
entropy generation. Therefore, reducing the nozzle’s expansion angle inhibited the
wet steam’s spontaneous condensation behavior, to a certain extent. In particular, the
steam’s spontaneous condensation behavior disappeared at an expansion angle of 0◦.

• Lengthening the nozzle’s divergent section did not change the condensation shock’s
intensity and its position in the nozzle, which resulted in a complete overlap of the
curves of the liquid mass fraction, saturation ratio, droplets’ nucleation rate and
droplets per unit volume in the steam condensation shock region. As the divergent
section’s length was increased from 0.2 to 0.7 m, the three identified types of entropy
generation, total entropy production, and liquid mass fraction all increased, while
the mass flow rate remained constant at 3.997 kg/s. Consequently, lengthening the
nozzle’s divergent section did not improve the nozzle’s performance, but it did cause
an increase in the humidity in the nozzle’s outlet and the wastage of energy.
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• No matter how the nozzle’s geometric structure changed, the largest proportion of
entropy generation was still accounted for by phase changes, followed by viscous
dissipation and then heat transport. This indicates that steam’s condensation behavior
creates a large amount of irreversible energy, resulting in energy waste and reducing
the nozzle’s performance. Consequently, the spontaneous condensation behavior of
wet steam should be suppressed in order to alleviate the performance deterioration
that is caused by this behavior when a steam ejector is running.
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Nomenclature

ρ, ρv, ρl mixing fluid density, vapor density, and liquid phase density (kg/m3)
R gas law constant
T,Tv,Tl static temperature, vapor temperature, and liquid phase temperature (K)
P pressure, (Pa)
ui, uj, uk x, y, z components of velocity, (m/s)
τij stress tensor
αeff effective thermal conductivity
µeff effective viscosity
δij unit tensor
E total fluid energy
k turbulent kinetic energy
ω specific dissipation rate
µ dynamic viscosity, (N·s/m2)
µt eddy viscosity, (N·s/m2)
β liquid phase mass fraction
Γ mass generation rate, (kg/m3s)
S super saturation ratio
I number of liquid droplets
η droplet number density, (1/m3)
r average droplet radius, (m)
r droplet radius,(m)
r* critical droplet radius, (m)
KB Boltzmann constant
σ droplet surface tension
M molecular mass, (kg)
θ non-isothermal correction factor
h specific enthalpy
hlv latent heat due to condensation
qc evaporation coefficient
γ ratio of specific heats
Vd average droplet volume, (m3)
B, C virial coefficients, (m3/kg, m6/kg2)
Cp isobaric heat capacity, (J/(kg·K))
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s specific entropy
Sgen total entropy generation rate, (W·K–1m–1)
Sgen,µ entropy produced by viscous dissipation, (W·K–1m–1)
Sgen,h entropy produced by heat transfer, (W·K–1m–1)
αt turbulent thermal diffusivity rate
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