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Abstract
Machining operation and presence of water droplets cause increase the surface roughness of wet steam ejector walls and 
change its performance in the refrigeration cycle. The purpose of this work is to investigate the influences of the primary 
nozzle surface roughness on wet steam ejectors in the refrigeration cycle with steam water as a working flow. The Eulerian-
Eulerian model is validated by a comparison of numerical results with experimental data. Moreover, different surface rough-
ness has been successfully applied to the primary nozzle, and its effect on the entire flow is shown. Six properties of wet steam 
are selected, including pressure, temperature, Mach number, average droplet radius, droplet growth rate, and liquid mass 
fraction. The result shows increasing roughness resulted in a shift of the shock chain to the primary nozzle, damping shock 
strength, and rising temperature in the diffuser. In addition, increment of the primary nozzle surface roughness decreases 
ER and COP of the refrigeration cycle by 3.67% and 3.8%, respectively. The designers and operators should be considered 
the roughness effects in the design and operation of wet steam ejectors due to the vital impact of the roughness on the liquid 
mass fraction, average droplet radius, droplet growth rate, ER, and COP.

Nomenclature
D�  Cross-diffusion term  (kgm−1  s−3)
E  Total energy (J)
ER  Entrainment ratio (-)
fr  Roughness function (-)
G  Gibbs free energy (J  kg−1)
G̃k  Turbulence kinetic energy generation  (kgm−1  s−3)
G�  Generation of ω(kgm−1  s−3)
h  Enthalpy (J  kg−1)
J  Nucleation rate  (m−3  s−1)
k  Turbulent dissipation rate  (m2  s−3)
K+
s

  Non-dimensional roughness height
ks  Physical roughness height (m)
KB  Boltzmann’s constant
L  Nozzle length(m)
m  Mass of one molecule (mg)

ṁ  Mass flow rate (kg  s−1)
Ma  Mach number
P  Pressure (Pa)
Q̇  Rate of heat exchange (W  m−2  s−1)
qc  Condensation coefficient (-)
r∗  Critical radius of droplets (μm)
r  Droplet radius (μm)
ṙ  Droplet growth rate (μm  s−1)
R  Gas constant  (JK−1  mol−1)
S  Saturation ratio (-)
Sk  Source terms of ω  (kgm−1  s−3)
S�  Source terms of ω  (kgm−1  s−3)
T  Temperature (K)
u  Velocity (m s − 1)
Vd  Mean volume of the droplets  (m3)
x  Spatial component (m)
Yk  Dissipation of k  (kgm−1  s−3)
Yω  Dissipation of ω  (kgm−1  s−3

Greek symbols
α  Thermal conductivity (W  m−1  K−1)
β  Liquid mass fraction (-)
Γ  Mass generation rate (kg  m−3  s−1)
δij  Rate of mixing layer growth (-)
η  Number of droplets  (m−3)
μ  Dynamic viscosity (Pa s)
ρ  Density (kg  m−3)
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σ  Liquid surface tension (N  m−1)
σk  Indicate turbulent Prandtl numbers for k
σω  Turbulent Prandtl numbers for ω
τ  Stress tensor (Pa)
ω  Specific turbulence dissipation  (s−1)

Subscribes
s  Secondary
p  Primary
e  Exit
g  Gas (vapor)
eff  Effective
l  Liquid
v  Vapor

Abbreviation
CAE  Constant Area Exit
MCE  Mixing Chamber Exit
PNE  Primary Nozzle Exit

Math symbols
-  Average

1 Introduction

A wide range of applications, simple structure, energy-saving, 
and reducing environmental pollution has made ejectors attrac-
tive equipment for researchers as well as industrial equipment 
manufacturers. Vast numerical and experimental studies per-
formed in recent decades can help the manufacturers of this 
equipment to upgrade their products for future systems. In 
addition to machining operation, high pressure and velocity 
and sometimes corrosive gases and liquids cause corrosion/
erosion of the ejector surfaces, which means increasing the 
surface roughness and changing in ejector performance dur-
ing operation. Corrosion/erosion may be more evident in wet 
steam ejectors due to the presence of high-speed condensed 
droplets that hit the inner surface of the ejector and makes it 
rough. Therefore, surface roughness can play a significant role 
in the operation of ejectors.

Various experimental and numerical studies have been 
published in the field of wet steam in nozzles and blades. 
The Eulerian-Eulerian approach with two methods of density-
based and pressure-based can be used for modeling wet steam 
flow in fluent. Both methods have good similarities against 
experimental data [1]. Yazdani and Lakzian [2] applied the 
Eulerian–Lagrangian model to show the effect of impress-
ing holes in the pressure and suction side of the blade on the 
performance of the steam turbine. They presented complete 
elimination of wetness when the inlet of holes is closer to 
the leading edge of the pressure and suction side. Condensed 
droplets in wet steam can be considered monodispersed or 
polydispersed models. These two models have been simulated 

in a recent paper by Ding et al. [3] using exergy analysis and 
polydispersed model that shows more accurate results than 
the monodispersed model. In both mono and polydispersed 
model, two-phase flow can be considered as single-fluid or 
two-fluid, but two-fluid model can predict thermodynamic 
loss and indicates better agreement in droplet radius and drag 
forces with experimental data [4]. Particle Image Velocime-
try (PIV) method was applied to investigate polydispersed 
condensing flow [5]. In a different method, impulse facility 
techniques with the aid of image post-processing tools can 
show several phenomena that occurred in nozzles. Among 
them, shock waves and condensation can be seen easily [6]. 
As mentioned previously, wet steam studies can be extended 
to more complex but similar geometries of the ejectors.

Although the focus of this study is on wet steam, in the 
general view, various fluids are used in ejectors based on 
their application including, water, air and, refrigerants. In 
refrigeration application, a comparison between 10 different 
fluids for ejector chillers shows that water has good per-
formance but, the assumption of steam as ideal gas is not 
appropriate in the simulation of flow in wet steam ejector 
[7]. Besagni et al. [8] performed a numerical-based study 
on various working fluid and ejector geometry. They also 
investigated the effect of geometry on COP and temperature 
of the critical point of ejector operating curve. They divided 
refrigerants into three groups with high COP (0.5–1) and 
low critical temperature of (20.7–25.0 ◦C), intermediate COP 
(0.27–0.83) and critical temperature of (22.8–28.0 ◦C) and, 
low COP (0.25–0.58) and critical temperature of (26.0–31.0 
◦C). Perez et al. [9] studied the  CO2 ejector-expansion refrig-
eration cycle thermoeconomicaly. They increased COP by 
about 5.5% and reduced energy consumption.

Condensation creates a two-phase flow that wet steam 
solution gives more accurate results and improves the per-
formance parameters of ejectors [10]. In addition to con-
densation that prevalently occurs in the primary nozzle, the 
results obtained by Faghih et al. [11] indicated that the exist-
ence of droplet in motive flow postpones condensing shock 
and reduce motive and suction mas flow as well as entrain-
ment ratio (ER). Furthermore, it is observed that reduction 
in the wetness of suction flow can increase ER and system 
performance [12]. In another work, a modified nucleation 
model by Zhang et al. [13] predicted a reduction in ER in 
the critical zone and increasing in critical zone length. On 
the other hand, reduction or elimination of condensation can 
help to the improvement of ejector performance. It has been 
proved that an increase in the degree of superheat in the 
primary inlet causes a delay in the location of nucleation 
and reduction of the intensity of the condensation shock [14] 
and increment of ER [15]. Yang et al. [16] investigated the 
effect of the area ratio of the primary nozzle on steam ejec-
tor performance. They indicated that the area ratio of 8 can 
increase the entrainment ratio to 0.75. Nucleation is one of 
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the main factors in the growth of the mixing layer between 
the primary and secondary flow. Ariafar et al. [17] argued 
that under a fixed condition for the primary and discharge, 
the mixing layer has maximum effect on ER at lower sec-
ondary pressure.

Similar to other scientific researches, experimental data 
were used as the main reference for validating the results in 
the ejectors. Obtained data by modern technic and advanced 
instruments on ejectors as well as convergent-divergent 
nozzles reveal several unseen phenomena that can conduct 
theoretical research into true path. Tang et al. [18] repre-
sented results of experimental setup that show the ununi-
formed distribution of droplets in each cross-section and 
increase of condensate quantity with entrainment ratio. In 
addition, Rayleigh scattering of the supersonic condensing 
jet flow and reverse condensing flows are photographed, and 
observed phenomena are discussed. In another experimen-
tal study, the result showed the starting main shock waves 
in critical pressure condition occurs between the mixing 
chamber and fixed area section [19].

In addition to the two-phase behavior of flow, one of 
the other parameters that researchers have addressed is 
the geometry of the ejector. Entropy generation, ER, criti-
cal compression ratio, and COP of refrigeration system are 
used by Foroozesh et al. [20] to modify the geometry of 
the ejector. They previously investigated the effect of the 
geometry of ejector on the performance of refrigeration 
systems based on entrainment ratio and critical compres-
sion ratio [21]. Lakzian et al. [22] optimized air ejector for 
carpet industrial and introduced optimal converging angle 
of the mixing chamber, length of the mixing chamber, the 
diameter of the primary nozzle, and outlet diameter of the 
diffuser. The new design improves ER and critical compres-
sion ratio by 32%. Dong et al. [23] examined the effect of the 
mixing chamber on performance, considering the deferent 
Mach number at the exit of the primary nozzle and length of 
the fixed area section and diffuser. Zhang et al. [24] reported 
that Genetic algorithm optimization of the primary nozzle 
geometry using modified nucleation model based Benson 
surface tension increases the ER of ejector approximately 
27%. Zhang et al. [25] performed an analysis of four impor-
tant parameter in ejectors, including latent heat, ejector 
performance, entrainment ratio, and different superheating 
degrees. They showed a higher degree of superheat causes 
a higher entrainment ratio, better performance, and lower 
two-phase latent heat.

Some other researchers have addressed the issue of 
surface roughness. Increasing the area ratio between the 
primary nozzle exit and throat reduces nozzle outlet pres-
sure and condensation intensity and increases liquid mass 
fraction. Besides, an increase in surface roughness causes 
a reduction in mass flow rate and increases in dryness [26]. 
Mahmoudian et al. [27] tested a prototype ejector chiller 

with R134a working refrigerant and briefly mentioned that 
the ejector with a smooth surface has higher performance. 
Energy loss is directly related to surface roughness in each 
part of ejectors with ideal gas as a working flow, but among 
them, diffuser surface roughness has a maximum impact 
[28]. Roughness values from 5μ to 300μ were investigated 
for the inner surface of the ejector by Zhang et al. [29]. Their 
results showed an increase in temperature and a reduction 
in the performance of the ejector. Arison and Brezgin [30] 
have presented similar results on ejector performance and 
pressure. Wang et al. [30] took into account friction on the 
throat, using the modified law of the wall, and indicated a 
reduction of entrainment of the ejector due to an increase in 
roughness. In fact, roughness acts like reverse pressure and 
displaces the shock waves upstream [31].

Researches demonstrate similar results in the investiga-
tion of roughness in blades and nozzles. In the study of the 
Laval nozzle, Pillai and Prasad [32] indicated that condensa-
tion shock strength is adjusted due to increasing roughness, 
but the thickness of the boundary layer increases. Han et al. 
[33] argued that an increase in surface roughness decreases 
Mach number and peak of nucleation rate in the turbine 
blade. In addition, Ding et al. [34] have demonstrated that 
an increase in average height of sand-grain roughness causes 
entropy generation growth. Investigations show more perfor-
mance loss in the subsonic region compared to supersonic 
in turbine blades [35].

Even though several studies in the literature have been 
performed on the subject of roughness in ejectors, no 
researchers have addressed the effect of surface roughness 
on the ejector flow with water steam as a working fluid in the 
refrigeration cycle. Accordingly, the novelty of this work is 
a comprehensive investigation of the effect of the primary 
nozzle surface roughness on thermodynamic properties in 
ejectors, which can extend the information about ejector 
performance. These results are presented for the first time 
in the field of wet flow with water steam as a working fluid 
for refrigeration applications.

2  Problem definition

Figure 1A shows the schematic diagram of the studied ejec-
tor with rough walls. For a better understanding of the issue, 
a simple schematic of wall roughness has been magnified in 
this figure. The ejector consists of the primary nozzle, suc-
tion cup, mixing chamber, constant area, and diffuser. Water 
steam is expanded in the primary nozzle and causes a sharp 
drop in temperature and pressure. Under certain condition, the 
steam passes through the saturation line and rapidly enter the 
two-phase region. In this condition, steam is non-equilibrium 
and expands continually up to Wilson Line, where in terms 
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of thermodynamic, the steam is super-cooled. Increase in the 
degree of supercooling and in the absence of external sur-
faces, the homogeneous nucleation occurs. This phenomenon 
is known as condensation shock.

Steam expansion continues in the mixing chamber, which 
is caused the pressure drops to approximately one-fifth of sec-
ondary pressure. Therefore, the secondary flow is sucked into 
the ejector. These two streams are mixed and then enter the 
constant area. From the outlet of the primary nozzle to the 
beginning of the diffuser, the pressure fluctuates and forms 
the shock chain. Then, it increases gradually to the outlet of 
the ejector. In the present study, wet steam flow in the ejector 
with different primary nozzle surface roughness is numerically 
analyzed. The ejector of the refrigeration cycle developed by 
Ruangtrakoon et al. [36] was selected as a case study (Fig. 1B). 
The total temperature at the primary, suction, and outlet flow 
of the ejector are 403 K, 283 K, and 300 K and total pressure 
for the same flow are 270 kPa, 1.228 kPa, and 4 kPa, respec-
tively. Note that it is assumed the inner surface of the wall 
ejector is adiabatic.

The performance of the ejectors in the refrigeration cycle 
can be indicated by two key parameters of ER and COP as 
follows [20]:

(1)ER =
ṁs

ṁp

(2)COP =
Q̇evap

Q̇boiler

=
ṁs(hg(Tevap) − hf (Tcond))

ṁp(hg(Tboiler) − hg(Tevap))
= ER

Δhevap

Δhboiler

3  Mathematical modeling

3.1  Governing equations

The steady-state compressible Navier–Stokes equations use 
for mixture flow, including continuum, momentum, and 
energy equation. These three equations can be simplified 
and written as follows:

where, �, u,P,E, T , and �eff  are mixture density, velocity, 
pressure, total energy, temperature, and thermal conductiv-
ity, respectively [5]. �ij is viscous shear stress tensor and 
expressed as follows:

where �eff  and �ij are dynamic viscosity and mixture layer 
growth rate. The virial third-order state equation that 
describes the relation of pressure, temperature, and vapor 
density ( �v ) is as follows:

(3)
�

�xi
(�ui) = 0

(4)
�

�xj

(
�uiuj

)
= −

�P

�xi
+

��ij

�xj

(5)
�

�xi

(
ui(�E + P)

)
=

�

�xi
(�eff

�T

�xi
) +

�

�xi
(ui�ij)

(6)�ij = �eff

(
�ui

�xj
+

�uj

�xi

)
−

2

3
�eff

�uk

�xk
�ij

Fig. 1  Schematic of (A) wet 
steam ejector and surface rough-
ness in the primary nozzle, (B) 
water refrigeration cycle, and 
(C) dimensions of the ejector
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where B and C are coefficients and can be found in thermo-
dynamic references. Density of vapor �v in state equation 
can be related to the density of mixture �  in Navier–Stokes 
equations as follows:

where � denotes liquid mass fraction. Some basic assump-
tions for modeling wet steam are as follows [37]:

• Vapor is the continuous phase.
• The droplets are spherical-shaped.
• There is zero relative velocity between vapor and liquid 

phases.
• Liquid phase volume and interaction between droplets 

are negligible.
• Liquid mass fraction is 0.2 or less.
• The minimum temperature of flow in this problem is 

273.15 K.

Modeling non-equilibrium condensation needs two 
additional transport equations. These equations are trans-
porting equation of liquid mass fraction (Eq.  (9)) and 
number density of droplet (Eq. (10)) and can be defined 
as below [13]:

where Γ is the rate of liquid mass generation due to exchang-
ing between liquid and vapor phase and J is droplet nuclea-
tion rate per unit volume. � shows the number of droplets per 
unit volume. The following relation is used for the calcula-
tion of these three parameters:

(7)P = �vRT(1 + B�v + C�v
2)

(8)� =
�v

(1 − �)

(9)
�(��)

�t
+

�

�xi

(
� ui �

)
= Γ

(10)
���

�t
+

�

�xi

(
� ui �

)
= �J

(11)Γ =
3

4
��lIr

3

∗
+ 4��l�r

2 �r

�t

(12)J =
qc

1 + �
(
�2
v

�l
)

√
2�

M3
m
�
exp(−

4�r2
∗
�

3k
B
T
)

The function r∗ is critical droplet radius that derived from 
Gibbs free energy equation under the condition of the stabil-
ity of the droplet:

where � is liquid surface tension at T and �l is density of 
the condensed liquid. �r

�t
 denotes the rate of droplet volume 

change due to the growth of existing droplets:

where 
[
Ts(pv) − Tv

]
 denotes degree of supercooling and � is 

Kantrowitz non-isothermal correction which is calculated 
as follows:

By the assumption of the spherical form of droplets, the 
mean volume of the droplets is defined as:

3.2  Law‑of‑the‑wall modified for roughness

Equation (18) shows the logarithmic profile of mean veloc-
ity used to take into account of surface roughness effect 
[26, 28, 32, and 39]:

where up is the velocity at the cell near the wall and u∗ the 
wall friction velocity which can be defined as:

(13)� =
�

(1 − �)Vd(
�l

�v
)

(14)r∗ =
2�

�l RTv ln Sr

(15)
�r

�t
=

p

hlv�l

√
2�RT

Cp + Cv

2
(Ts(pv) − Tv)

(16)� = 2
� − 1

� + 1

hlv

RTv
(
hlv

RTv
−

1

2
)

(17)Vd =
4

3
�r

3

(18)
upu

∗

�w∕�
=

1

�
ln(

�u∗yp

�
) − ΔB

(19)u∗ = C1∕4
�

k
1∕2

(20)ΔB =
1

�
ln(fr)

(21)K+
s
= �ksu

∗∕�

(22)ΔB =

⎧
⎪⎨⎪⎩

0 K+
s
≤ 2.25

1

�
ln

�
K+
s
−2.25

87.75
+ CsK

+
s

�
× sin

�
0.4258

�
lnK+

s
− 0.811

��
2.25 ≤ K+

s
≤ 90

1

�
ln(1 + K+

s
) K+

s
≥ 90
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where fr , K+
s

 , ks, and Cs are roughness function, nondimen-
sional roughness height, physical roughness height, and 
roughness constant, respectively. Moreover, ΔB depends on 
the type and size of the wall roughness that shows three 
equations for hydro-dynamically smooth, transitional, and 
fully rough surface.

3.3  Turbulent model

The SSTk − � turbulent model is selected in the present 
work. The SST k-ω turbulence model is good to capture the 
condensation shock in high speed compressible wet steam 
flow in ejector. Furthermore, this model has good agreement 
with experimental data [38] and predicts shocks. This model 
can be expressed by the following equations:

where G̃k , G�,D� , Yk, andY� are turbulence kinetic energy 
generation because of the mean velocity gradients, genera-
tion of� , the cross-diffusion term, dissipation of k due to 
turbulence, and dissipation of  � due to turbulence, respec-
tively. Also, �k and �� indicate turbulent Prandtl numbers 
for k and� . In SSTk − � turbulence model,  Sk and S� denote 
source terms.

3.4  Area‑weighted average

According to literature, the area-weighted average is used 
in several research. For instance, Sun et al. [40] applied the 
area-weighted average for temperature, and Bolduc et al. 
[40] applied the area-weighted average for two phase flow 
analysis. Therefore, it has been applied for properties in 
the outlet of the primary nozzle in this paper. The area-
weighted average of a sample quantity of X is obtained by 
dividing the summation of the product of the selected field 
variable and facet area by the total area of the surface as 
follows [41]:

4  Result and discussion

In the present study, numerical modeling performs using 
CFD software for compressible 2D axisymmetric flow. The 
value of 1 × 10

−6 for the relative residual of all dependent 

(23)

𝜕(𝜌k)

𝜕t
+

𝜕(𝜌kui)

𝜕xi
=

𝜕

𝜕xj

((
𝜇 +

𝜇t

𝜎k

)
𝜕k

𝜕xj

)
+ G̃k − Yk + Sk

(24)

�(��)

�t
+

�(��ui)

�xi
=

�

�xj

((
� +

�t

��

)
��

�xj

)
+ G� − Y� + D� + S�

(25)X =
1

A ∫
XdA

variables considers as the convergence criterion. To valida-
tion, the non-equilibrium wet-steam flows have been simu-
lated in the nozzle and ejector.

4.1  Nozzle

4.1.1  Independency and validation

Type and number of cells can accelerate convergence and 
can raise solution accuracy. Therefore, to achieve mini-
mum cell with maximum solution accuracy, mesh inde-
pendence and choosing the optimum grid are necessary. 
In this paper, first, the mesh independence is investigated 
in the Moore B nozzle. The boundary conditions of this 
nozzle are given in Table 1. Five meshes with 20 × 100 , 
30 × 150 , 40 × 200 , 50 × 250 , and 60 × 300 cells, using 
structured mesh are applied. Figure 2A indicates a clear 
view of the nozzle mesh domain. Figure 2B shows liquid 
mass fraction (�) in nozzle exit for these five meshes. As 
can be seen, � increases as the number of cells increases. 
But, these changes become insignificant for mesh with 
more than 50 × 250 cells. Therefore, this mesh is selected 
as the optimum grid. The concentration of grids increases 
in the throat and near walls where the gradients are 
important.

Wet steam flow is simulated for the Moore B nozzle. 
Figure 2C shows the comparison of droplet radius (r) and 
static pressure measurement with their values of the experi-
mental test [42, 43]. Acceptable accuracy in results and 
good agreement with experimental data indicate the appro-
priated mesh and choosing suitable procedure in problem 
simulation.

4.1.2  Effect of roughness on flow in the nozzle

Figure 3(A) indicates the nozzle mass flow rate by increas-
ing the surface roughness. Five cases of the average rough-
ness height (ks) have been considered, including; 0 μm 
(smooth), 30�m , 100�m , 300�m , and 1000�m . This fig-
ure reveals that the growth of roughness height from 0 to 
1000�m reduces the mass flow rate by 1%.

Table 1  Boundary conditions of Moore B nozzle

Moore B Nozzle Boundary condition
[P (kPa), T (K)]

Coordinate
[x(m), y(m)]

Inlet [25, 357.6] [-0.25, 0.056]
[-0.25, -0.056]

Outlet [6, 310] [0.5, 0.072]
[0.5, -0.072]
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Figure 3(B) presents the pressure profiles for five dif-
ferent surface roughness values. In all five cases, the inlet 
and outlet condition maintain at 25 kPa and 6 kPa, respec-
tively. It is found that there is a slight rise in pressure by 
increasing the roughness. In addition, the roughness delays 
the condensation shock, and therefore, this shock occurs 
at a greater distance after the throat.

4.2  Ejector

4.2.1  Independency and validation

Figure 4A shows the geometry and mesh grid for the pro-
posed ejector to determine the dependence of the results 

x/L

P/
P 0

r(�
m
)

-0.2 0 0.2 0.4 0.60

0.1

0.2

0.3

0.4

0.5

0.6

0.7

10-5

10-4

10-3

10-2

10-1

Calculated P
Experimental P
Calculated r
Experimental r

(C)

X

Y

-0.2 0 0.2 0.4

-0.05 -0.05

0 0

0.05 0.05

(A)

Cell Number(#)

�

0 5000 10000 15000 200000.0414

0.0416

0.0418

0.042

0.0422

0.0424

(B)

Fig. 2  (A) nozzle geometry and mesh, (B) mesh independence, and (C) solution validation

Fig. 3  Effect of roughness 
height on (A) mass flow rate 
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on the mesh density; three different densities of the struc-
tural grids, including 50,000, 125,000, and 200,000 cells 
were applied. The static pressure was selected as param-
eter of the test of grids. As can be seen in Fig. 4B, there 
is no significant variation in pressure for mesh with more 
than 125,000 cells. Therefore, this mesh is chosen as the 
optimal mesh.

The ER for different backpressure is employed to validate 
the numerical model. Consider Fig. 4C, which plots ER for 
wet and dry ejectors in comparison with experimental data 
[36]. This diagram can give an overview of the ejector per-
formance at different pressure. The results are very similar 
to the results obtained by the experimental test which can 
emphasize the validity of the used model.

4.2.2  Effect of the primary nozzle surface roughness 
on thermodynamic properties

The wet steam ejector is simulated using the CFD model in 
six different surface roughness heights for the primary noz-
zle including; 0�m (smooth), 20�m , 40�m , 80�m , 160�m , 
and 320�m . It should be mentioned that, in this problem, 
rough surface creates by three reasons, which are: (I) intrin-
sic surface roughness, (II) machining process, and (III) 

corrosion and erosion due to high-velocity flow and colli-
sion of condensed droplets with the nozzle wall. To show the 
effects of the primary nozzle surface roughness, six prop-
erties of wet steam are selected due to their importance in 
numerical studies, including pressure, temperature, Mach 
number, average droplet radius ( r ), droplet growth rate (ṙ), 
and liquid mass fraction (�).

Investigating compressible flow in the supersonic adi-
abatic nozzle shows that three main factors affect the flow 
including; cross-section area changes, heat transfer due to 
non-equilibrium condensation, and roughness (see Fig. 5A). 
It should be noted that simultaneous examination of these 
factors complicates the issue due to the complex relation-
ships between properties, however; they can be examined 
separately.

The first important factor in supersonic flow is the area 
change in the primary nozzle which means an increase in 
diameter of the nozzle exit cross section, resulting in steam 
expansion. Change of this parameter can vary the second-
ary mass flow rate in the ejector. It can be seen that the 
high expansion rate along the primary nozzle occurs due 
to an increase in the cross-section area (Fig. 5B). This is 
completely in agreement with the dynamic behavior of com-
pressible adiabatic vapor through a diffuser when the flow 

Fig. 4  (A) ejector geometry and mesh (B) mesh independency, and (C) validation
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is supersonic [43]. Steam is dry saturated at the inlet of the 
nozzle and expands up to Wilson line where the maximum 
supercooling occurs. At this point, nucleation occurs and 
temperature and pressure jump due to latent heat transfer 
from water droplet to steam. Next, steam expansion contin-
ues up to the nozzle outlet. It can be clearly seen in Fig. 5B 
that the maximum variation in temperature is due to expan-
sion in the primary nozzle compared to latent heat and fric-
tion effects.

Latent heat transfer due to non-equilibrium condensation 
is the second factor which is the predominant phenomenon 
at x

L
= 0.07 to x

L
= 0.08 in the primary nozzle (see Fig. 5C). 

This position can be distinguished as a sudden jump in aver-
age droplet radius. An increment in droplets radius means 
more latent heat transition to the steam phase which causes 
a rise of the static temperature, returning flow to the ther-
modynamic equilibrium conditions and reducing nucleation 
rate and steam subcooling levels.

To better understand the effect of roughness on flow as 
the third factor, the area-weighted average values of men-
tioned properties are calculated at the primary nozzle exit 
(PNE), mixing chamber exit (MCE), and constant area exit 
(CAE). These values are plotted in Fig. 6. According to 
the Fanno Flow, the presence of friction in supersonic flow 
increases both pressure and temperature [44]. This can be 
seen in Fig. 6(A) where the pressure rises from 2100 Pa 
for smooth wall to 2500 Pa for 320 µm roughness height. 
The curve shows that the temperature rising is intensified by 
increasing surface roughness, while pressure increase mod-
erately. Furthermore, average droplet radius, droplet growth 
rate, and liquid mass fraction reduce due to temperature 

increment. Although these variations seem to be slight, they 
strongly affect flow condition ahead of shock chain and con-
sequently ER of the ejector (see Fig. 7). Figure 6(B) and 
(C) indicate similar properties for MCE and CAE. The fluc-
tuating parameters in these figures show the displacement 
of maximum and minimum points in the shock chain. An 
interesting point in Fig. 6(B) and (C) is the negative values 
for droplet growth rate, which is demonstrated the evapora-
tion of droplets in the mixing chamber and constant area. 
Comparison of Mach number in Fig. 6 demonstrates that 
mentioned property reduces more than 40% in each section 
from PNE to MCE and further CAE.

As can be seen in Fig. 7(A), steam expansion continues in 
the mixing chamber and its pressure ratio drops to 0.2 which 
means that the mixing pressure is less than secondary flow 
pressure. From this point to the outlet of the ejector, the flow 
is compressed, and a series of oblique aerodynamic shocks 
is formed. However, the pressure rising becomes smoother 
in the constant area section, between x

L
= 0.42 to x

L
= 0.56 . 

Figure 7(A) highlights that the pressure pattern is similar 
for different roughness. But it causes variation as follows:

• The aerodynamic shocks move upstream.
• Aerodynamic shock strength decreases at the beginning 

of the diffuser.
• The level of static pressure has increased along the cen-

terline.

The pressure diagram clearly shows these changes, espe-
cially between x

L
= 0.26 to x

L
= 0.34 , where the local valley 

has completely changed. Further, these changes can be seen 

Fig. 5  Effective parameters 
in the primary nozzle; (A) 
schematic of the primary noz-
zle, (B) temperature ratio of 
the centerline, and (C) average 
droplet radius
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Fig. 6  Average value of flow 
properties at (A) the primary 
nozzle exit (PNE) (B) the mix-
ing chamber exit (MCE) (C) the 
constant area exit (CAE)
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in T∕T0,Primary in Fig. 7(B). Temperature distribution along 
with the ejector for different wall roughness is shown in 
Fig. 7(B). Temperature curves generally have a downward, 
fluctuating, and upward pattern, respectively. Similar to the 
pressure diagram, it can be seen the temperature fluctuates 
due to the presence of the shock chain. Figure 7(B) indi-
cates that the crest-trough interval of temperature fluctuation 
decreases at the end of the constant area section. However, 
the temperature increases along with the diffuser.

To indicate the pressure and temperature distribution of 
the whole flow field, their contour has been brought in Fig. 8. 
These contours show that the effect of shock is reduced at 
the near-wall zone. It is also well observed that the low-
est pressure occurs at the mixing chamber, which results in 
better suction of the secondary stream into the ejector. This 
figure clearly shows the pressure rising in the constant area 
section. Furthermore, temperature contour shows that for 
smooth surface in the primary nozzle, a high-temperature 

zone emerges near the wall at the beginning of the diffuser. 
This value decrease by the increment of roughness. There-
fore, the temperature difference between the centerline and 
wall of the diffuser declines by increasing roughness.

Figure 7(C) shows the sensitivity of the Mach number at 
the centerline. It is apparent that an abrupt increase in Mach 
number begins from the primary nozzle and reaches up to 
1 at the nozzle throat. The continuous expansion causes 
the Mach number to increase until the shock chain occurs. 
Steam compression from the mixing chamber to the end of 
the ejector reduces Mach number. However, it fluctuates in 
some points. It is evident that the major effect of the pressure 
increase is to reduce the values of Mach number between 
x

L
= 0.3 to x

L
= 0.9 . Figure 9 provides a better vision of the 

distribution of Mach number throughout the ejector and 
clearly shows shock chain attenuation and displacement.

As can be seen in downside of Fig. 9, the diamond pat-
tern of the shock chain extended to the mixing chamber and 

Fig. 7  Distribution of different parameters on the centerline of the ejector by the increment of roughness in the primary nozzle (A) pressure, (B) 
temperature, (C) Mach number, (D) average droplet radius, (E) droplet growth rate, and (F) liquid mass fraction
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constant area walls. The shock wave then strikes the con-
stant area wall and reflects from the wall generating a new 
shock. This image can provide valuable diagnostic informa-
tion about non-uniformities in flow and location, strength, 

and displacement of the shock wave. Roughness impacts on 
shock chain so that, as the roughness increases, the shock 
chain moves upstream and decreases in strength. This phe-
nomenon has been shown by dashline. This figure easily 

Fig. 8  Contour of pressure (up) 
and temperature (down)

Fig. 9  Contour of Mach number 
(up) and density/density gradi-
ent (down)
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indicates the density gradient due to condensation shock in 
the primary nozzle throat. Furthermore, the interaction of 
primary and secondary flow can be seen in the form of a thin 
strip of dark gray in the mixing chamber.

Figure 7(D) to (F) show the thermodynamic properties 
diagram. As can be seen, these properties severely increase 
around x

L
= 0.07 , where the nucleation occurs. At this point, 

the condensed nuclei are attached and form droplets. As the 
nucleation rate reaches the maximum value, more nuclei join 
each other, and the droplet radius rapidly increases. Trans-
mitted latent heat from droplets to steam phase increases 
flow pressure and consequently limits droplet growth rate 
(Fig.  7(E)). Thereby, the droplet radius decreases. The 
behavior of wet steam parameters is in contrast with the 
pressure and temperature trend. In other words, the higher 
static temperature and pressure result in a lower average 
droplet radius and liquid mass fraction. With increasing 
surface roughness, the liquid mass fraction emerging zone 
is significantly reduced. There is a similar trend for aver-
age droplet radius, which is in good agreement with the 

temperature increase in the diffuser. Furthermore, the ther-
modynamic properties contours corresponding to different 
primary nozzle roughness are demonstrated in Figs. 10 and 
11. Figure 10 indicates the only point in the ejector where 
the nucleation and consequently droplet growth rate appears. 
According to the simulation result in Fig. 11, the near-wall 
zone of the mixing chamber, constant area and diffuser have 
the minimum value for average droplet radius and liquid 
mass fraction. As seen in the temperature contour, the tem-
perature rises from the center of the ejector to the walls and 
reaches its maximum at the side of the ejector wall. It seems 
that this increase in temperature is the main factor in reduc-
ing the liquid mass fraction and the average droplet radius.

Figure 12 has been plotted to evaluate the influence of 
surface roughness on ER and COP of the ejector. It illus-
trates the growth of the surface roughness in the range 
of 0 to 320�m  results in reduction of ER and COP of 
the refrigeration cycle by 3.67% and 3.8%, respectively. 
This is because of more energy losses by the increment 
of surface roughness. Roughness height of 20�m seems to 

Fig. 10  Contour of droplet 
nucleation rate (up) and droplet 
growth rate (down)
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be a critical point where the effect of wall roughness less 
than 20�m on ER can be neglected and ER drops down 
extremely for roughness more than 20�m . Comparing 
Fig. 12 with Fig. 4C reveals that ER has a similar trend 
by increasing backpressure and roughness. In fact, both of 
them lead to more loss of energy.

5  Conclusion

The effect of the primary nozzle surface roughness on the 
performance of wet steam ejectors with water as a work-
ing flow is analyzed. The practical aim of the present work 
is to understand better the correlation of thermodynamic 
properties with change in the surface roughness for possible 
promotion in the design and operation of wet steam ejectors. 
The most remarkable results from this study are as follows:

• The pressure and temperature increase due to roughness 
of the primary nozzle.

• Mach number, average droplet radius, droplet growth 
rate, and liquid mass fraction have a reduction trend 
because of roughness of the primary nozzle.

• Wall roughness influences the passing flow through the 
ejector, wherein roughness affects flow condition ahead 
of the primary nozzle and causes the section in which 
aerodynamic shock takes place to move upstream.

• Aerodynamic shock strength decreases at the beginning 
of the diffuser by increasing the wall roughness in the 
primary nozzle.

• Increment of primary nozzle surface roughness from 0 to 
320�m decreases ER and COP of the refrigeration cycle 
by 3.67% and 3.8%, respectively.

Therefore, designers and operators should be considered 
the roughness effects in the design and operation of wet 

Fig. 11  Contour of average 
droplet radius (up) and liquid 
mass fraction (down)
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steam ejectors. Furthermore, the inner surface of the ejec-
tor should be monitored and controlled regularly. As future 
work, it is proposed to extend the studies in the field of effect 
of surface roughness on wet steam ejectors with water as 
working fluid which can open new research field about wet 
flow, surface roughness, and corrosion/erosion in equip-
ment. The authors hope to address this field by providing an 
experimental setup or collaborating with other researchers.
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