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a b s t r a c t

Homogeneous condensation inside the ejector has been ignored by numerous researchers. In this paper,
the wet steam model was utilized to study the influences of nozzle area ratio and surface roughness on
homogeneous condensation in a primary nozzle. A substantial amount of latent heat is released during
the homogeneous condensation process to increase static pressure and reduce Mach number. The
increase of nozzle area ratio reduces condensation intensity and lowers nozzle pressure but increases liq-
uid mass fraction. Furthermore, with the growth of surface roughness, the slightly increased dryness frac-
tion is almost ineffective for alleviating erosion caused by tiny droplets; the slight decrease in mass flow
rate will reduce ejector performance to some extent, while the sharp increase of entropy generation
results in more energy wastes. Therefore, nozzle area ratio and surface roughness should be carefully
designed to alleviate potential condensation and enhance ejector performance at the same time.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

With the advantages of a concise structure, low energy con-
sumption, and high reliability, the ejector is extensively utilized
in a number of industrial applications such as refrigeration systems
[1–4], fuel cell systems [5] and multi-effect distillation desalina-
tion systems [6,7]. The ejector is formed from five parts: a primary
nozzle; a suction chamber; a constant-pressure mixing chamber; a
constant-area mixing chamber; and a diffuser (displayed in Fig. 1).

The operating principle of an ejector is described as follows: (1)
The primary nozzle converts the low velocity and high pressure
flow into a supersonic flow with low pressure. (2) The vacuum
region formed from the low pressure draws the secondary flow
into the suction chamber. (3) The primary flow and secondary flow
commence to combine in a complicated form within the mixing
chamber. (4) The mixed flow undergoes shock waves, reducing
the velocity to subsonic speed and the pressure reaches the
designed back pressure at the outlet of the diffuser.

However, the homogeneous condensation occurred inside the
ejector has been neglected by many ejector investigations. Under
the rapid expansion of the primary nozzle, steam temperature is
sharply decreased to the saturated-vapor line; however, the nucle-
ation core cannot form immediately in the pure steam, which

forces the state path to cross the saturated-vapor line and, thus,
departs from the equilibrium state. Next, with sufficient Gibbs free
energy, the steam nucleates and is converted into wet steam, a
mixture of saturated vapor and a mass of tiny droplets.

Inchoate experiments on homogeneous condensation were con-
ducted by Stodola, based on the Laval nozzle [8]. Subsequently,
Gyarmathy et al. reached a milestone for wet steam research by
theoretically analyzing the effects of the Wilson point position on
experimental results for the first time [9]. Furthermore, Moore
et al. acquired pressure distribution along a Laval nozzle in a
wet-steam tunnel established independently through their
research [10], while Young developed a group of conservation
equations for wet steam flow and these equations were widely
employed in the ensuing studies of wet steam flow [11]. A two-
fluid model was developed by Dykas et al to more accurately pre-
dict the homogeneous condensation steam and droplet radii
attained from the model, which were more precise than that
achieved from the single-fluid model [12].

Recently numerical researches were conducted to investigate
the homogeneous condensation phenomena. Rad et al. discovered
that the volumetric heating of a nozzle’s convergent part is benefi-
cial for the enhancement of flow stability by semi-analytical and
one-dimensional modeling approaches [13]. Ariafar et al. simulated
three primary nozzles in a steam ejector through a wet steam
model and determined through empirical observation that
after the condensation shock, the value of static pressure and
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temperature were increased, as compared to the ideal gas model
[14]. A two-phase flow model was proposed by Ding et al. to eval-
uate the influence of condensation on the mass flow rate of Laval
nozzle. Afterwards, they developed an analytical resolution to com-
pute the wet steam flow properties in an efficient way [15,16].
Sharifi et al. [17] and Wang et al. [18] conducted early numerical
investigation on the homogeneous condensation inside the ejector.
Abadi et al. [19] applied a two-fluid multiphase model for predict-
ing the homogeneous condensation within a high-pressure ejector.
Furthermore, volumetric cooling and inlet superheating were
explored by Ahmadpour et al. [20] to control the homogeneous con-
densation within the ejector, which were proved to have the capa-
bility of decreasing wetness losses, while enhancing ejector
performance. Biferi et al. [21] compared homogeneous equilibrium
model and non-equilibrium model for the prediction of condensa-
tion inside the ejector.

According to the researches of Luiset et al. [22] and Song et al.
[23], tiny droplets will cause erosion in the inner wall of ejector
and seriously impact ejector performance. Jia et al. [24–26], Chen
et al. [27] and Sag et al. [28] drew the conclusion that the nozzle
structure has a significant influence on ejector performance; how-
ever, their researches ignored the homogeneous condensation that
occurs in the primary nozzle. In this research, the area ratio and
surface roughness of the primary nozzle were investigated to abate
the effect of the homogeneous condensation on nozzle perfor-
mance, which is significant for the appropriate design of an ejector.
The influences of homogeneous condensation on the ejector nozzle
were studied by comparing the variation of the flow parameters

and wet steam properties. The concept of dryness fraction was
used to evaluate the inner wall erosion caused by the tiny droplets.
Entropy generation was obtained, so as to more precisely assess
the efficient energy utilization of the primary nozzle.

2. Mathematical model

2.1. Governing equations

A series of primary nozzle models were established to research
the influences of the area ratio and surface roughness on the over-
all nozzle performance. In order to reduce model complexity,
assumptions of a stable and dry saturated state inside the ejector
nozzle and adiabatic inner wall of ejector nozzle are assumed.

The governing equations can be depicted by the equations of
continuity, momentum, and energy:
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where stress tensor sij is:

Nomenclature

q density, kg m�3

P pressure, Pa
E total energy, J
aeff effective thermal conductivity, W m�1 k�1

T static temperature
leff effective dynamic viscosity, N s m�2

dij Kronecker delta function
up mean fluid velocity, m s�1

z von Karman’s constant
H empirical constant
fr roughness function
b liquid mass fraction
C mass generation rate, kg m�3 s�1

r⁄ critical droplet radius, lm
r liquid surface tension
g the number of droplets per unit volume
Vd average droplet volume

I nucleation rate
qc evaporation coefficient
kb Boltzmann constant
Mm mass of one molecule
h nonisothermal correction factor
hlv specific enthalpy of evaporation
c the ratio of specific heat capacities
ARn area ratio between nozzle exit and throat
Sr supersaturation ratio
DF dryness fraction
Sgen total entropy generation
SgenF entropy generation caused by turbulentdissipation and

frictional irreversibility
SgenH entropy generation caused by transfer irreversibility
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Fig. 1. Configuration of a characteristic ejector.
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