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Abstract
The aim of this work is to develop a CFD model taking into account the processes of
condensation and evaporation in moist air powered ejectors. The study is realized with
the CFD software Ansys-Fluent in which a 2D axisymmetric model of non-equilibrium
condensation in high speed flow was implemented. Validation of the computational
results is carried out using flow visualization. The evolution of the basic parameters
characterizing the droplet condensation process is studied numerically along the ejec-
tor axis. The effects of some parameters (such as primary stagnation pressure and
humidity rate present in the primary and secondary air flows) are also examined.
Limitations of the present numerical model are discussed. 
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1. INTRODUCTION
Ejectors are devices of rugged and simple construction which are used in a wide range of
applications (Riffat et al., 2005) to generate a suction force. This suction force may be used to
create vacuum (vacuum pump, high altitude simulation and testing of rocket motors) and/or to draw
a secondary fluid (thermocompressor, static mixer, combustion systems). In the majority of
practical applications, ejectors are made of two coaxial nozzles. A high-pressure fluid (the driving
or primary fluid) enters the primary nozzle, where it expands to produce a high-velocity (usually
supersonic) jet. This entrains a low-pressure fluid (the secondary or induced fluid) at its boundary,
and the two fluids are then combined in the mixing chamber of the ejector. The flow within
supersonic ejectors is often very complex due to the many physical phenomena present in such
devices (interaction between supersonic and subsonic jets, shocks, mixing, turbulence,…).
Moreover, the supersonic jets encountered inside ejectors may be accompanied, in more or less
proportion, by condensation and evaporation processes within the primary and secondary flows
(Desevaux, 2001 ; Al-Ansary and Jeter, 2004, Hemidi et al., 2009). These phase changes are
directly related to the supersonic flow properties and affect the flow characteristics due to the latent
heat of the condensable fluid. Usually, the numerical models used to simulate the flow in ejectors
do not take into account the condensation phenomenon which may occurs in these devices
(Bartosiewicz et al., 2006 ; Sriveerakul et al., 2006a ; Sriveerakul et al., 2006b). 

The present authors have previously developed CFD models which have been applied
successfully to simulate non condensable gas flow in ejectors operating with free entrainment of
secondary flow (Desevaux et al., 2006) or without induced secondary flow (Desevaux and
Lanzetta, 2004). The aim of this study is to pursue the development of these previous CFD models
in order to take into account the processes of condensation and evaporation in moist air powered
ejectors. A model of non-equilibrium condensation in high speed flow, based on previous works on
condensation of vapours in rapid expansions of compressible gases (Abraham, 1974 ; Kotake and
Glass, 1981 ; Luitjen et al., 1999 ; Lamanna, 2000) is implemented in the Ansys-Fluent software.
The first results obtained allow us to study the evolution along the primary and secondary nozzles
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axis of the basic parameters characterizing the droplet condensation process (i.e. the mean droplet
radius rg, the condensate mass fraction g, the nucleation rate J and the droplet growth rate dr/dt).
The effects of some parameters (such as primary stagnation pressure and humidity rate present in
the primary and secondary air flows) are also examined. Validation of the computational results is
carried out by comparing condensate mass fraction fields obtained by simulation to laser
tomography images of the condensation zone. 

2. COMPUTATIONAL APPROACH
The tested ejector consists of two coaxial nozzles. The primary nozzle is a Laval nozzle. The
secondary nozzle is composed of a settling chamber, a convergent, a mixing tube and a diffuser.
The ejector has a throat-area ratio A (A= (D/d*)2) equal to 9. The primary nozzle is designed to
deliver a supersonic jet with an exit Mach number of 2.3. The secondary nozzle is made of
transparent material (altuglas) in order to allow the visualization of the flow inside the mixing
chamber. The main dimensions (in millimeters) of the primary and secondary nozzles are given in
figure 1.

Figure 1. Ejector configuration

The configuration of the ejector allows the 2D axisymmetric simulation of the flow. The
computational grid is a combination of structured meshes (for the primary nozzle, the constant-area
duct and the diffuser which are of simple geometry) and unstructured meshes (for the
computational domain defined by the convergent part of the secondary nozzle). Successive
adaptations of the mesh have been performed to obtain grid independent solutions. The specific
variables investigated to evaluate the mesh quality were the primary and secondary mass flow rates
and the static pressure distribution along the ejector axis. The final mesh (of approximately 50000
cells) was chosen when no significant difference (less than 4%) in the numerical calculations of
these variables was found between successive mesh refinements.

The flow within the ejector is governed by the compressible steady-state form of the fluid flow
conservation equations. The commercial CFD software Ansys-Fluent is used to solve these flow
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equations using the segregated solver with an implicit formulation. Moist air is used as working
fluid for primary and secondary flows. Regarding the numerical convergence, a calculation is
considered converged when mass, momentum, energy and turbulence equations are balanced (i.e.
when residues are stable and below 10-5), when the total mass flow difference between inlets and
outlet is less than 0.01% and also, for simulation with free entrainment, when the induced mass
flow rate reaches a stable value. Turbulence is modelled using the standard k-ε turbulence model
which has been found to simulate adequately flow phenomena present in dry air powered ejectors
(Desevaux et al., 2006 ; Marynowski et al., 2006). The standard wall functions are applied on all
solid surfaces. A stagnation pressure noted P1 is imposed at the inlet section of the primary nozzle,
and the pressure at the outlet section of the ejector is fixed to the atmospheric pressure Pa.
Regarding the secondary flow inlet, we defined an annular, coaxial section equivalent to the real
test section. At this induced flow inlet, a pressure inlet condition equal to the atmospheric pressure
is imposed. For numerical simulations without entrainment of induced air, the secondary flow inlet
is replaced by a wall boundary condition. A turbulence intensity of 5% is fixed at both inlet
sections.

For the condensation modelling, the formulation of the equations is based on the previous works
of Abraham (1974), Luitjen at al. (1999) and Lamanna (2000). The following hypotheses are
considered:

- no slip velocity between  the gas and the droplets ;
- droplets are in local thermal equilibrium (i.e. the droplet temperature is equal to the

surrounding saturated vapour temperature) ;
- subscripts a, v, l represent air, vapour and liquid, respectively.

The liquid mass fraction g is defined as :

(1)

The flow density is given by :

(2)

By using a linear form of the latent heat of water (Eq. 3),

(3)

the internal energy e can be expressed by the following equation :

(4)

where the subscript 0 represents the initial stagnation conditions.

Then, the temperature is given by :

(5)
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The lagrangian equation (Eq. 7) used to predict the droplet growth : 

(7)

is written in the eulerian form as follows :

(8)

(9)

(10)

(11)

Where Q0, Q1 and Q2 represent the liquid moments based on the Hill’s method of moments (Hill,
1966). Using the Classical Nucleation Theory (CNT), the nucleation rate is calculated from the
expression :

(12)

with the surface tension non-dimensional number :

(13)

and the water molecule surface :

(14)

m is the mass of one vapour molecule, vl the volume of one water molecule, S the saturation ratio
and Kb the Boltzmann constant. The droplets growth rate dr/dt is calculated from the physical
properties of water, the temperature and the saturated vapour pressure at the droplets’ surface using
the Hertz-Knudsen equation : 

(15)

The temperature T is assumed equal to the droplet temperature Tg and the partial super-saturated
vapour pressure Psr over a curved radius of curvature r is given by :
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Where rg is the mean droplets radius, Ps• the saturated vapour pressure over a flat surface and Ke
the Kelvin number calculated from Eq.(17) :

(17)

Parameters characterizing the condensation process (droplets size and condensate mass fraction)
can be calculated from these equations. They are implemented in Ansys—Fluent via User Defined
Functions (UDF). Figure 2 presents the numerical algorithm used to simulate the flow with
condensation.

Figure 2. Numerical procedure for the condensation modelling
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3. RESULTS
The validation of the numerical simulations carried out in this study is purely qualitative (i.e.
visual) and is based on visualizations of the flow in the mixing tube of the ejector. Figure 3 presents
a typical set of flow visualizations obtained numerically and experimentally for the same flow
conditions. These visualizations extend along about 180 mm from the primary nozzle exit (the
flow is from left to right). Experimental visualization (Figure 3b) has been achieved by the laser
sheet illumination methods developed by Desevaux et al. (1995). The regions which appear in
bright (green colour) in the laser tomography image correspond to the regions marked by scattering
particles. These particles are small water micro-droplets produced by condensation within the flow.
A previous study (Desevaux, 2001) has detailed the mechanisms of formation of these droplets and
has shown that the mean diameter of these droplets does not exceed 0.1 µm. The comparison
between the laser tomography image and the computational Mach number field (Figure 3a) shows
a good agreement concerning the shape of the supersonic jet and the shock structure especially for
the number and the location of the oblique shocks. For the region of condensation, the condensate
mass fraction field obtained by CFD (Figure 3c) is also in relatively good concordance with the
experimental visualization even if the CFD model seems to predict condensation zone shorter than
experiments.

Figure 3. Typical set of flow visualizations in the ejector mixing tube (P1 = 3.75 bar ;
Free entrainment condition ; gmax = 2.8 g of water/kg of dry air)

A comparison between experimental flow visualizations and computational visualizations of the
condensate mass fraction field is presented in figure 4, for free entrainment operating mode of the
ejector (Figure 4a) and zero-secondary flow condition (Figure 4b). Numerical simulations have
been performed by fixing the same humidity condition at the primary and secondary inlets (i.e.
gmax = 2.8 g of water/kg of dry air) and by changing the primary stagnation pressure P1. 

a : Computational Mach number field 

 

b : Laser tomography 

 
c : Computational condensate mass fraction field 
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Figure 4. Experimental and numerical flow visualizations of  the condensation zone for
different values of the primary pressure

g of water /  kg of dry air 

2.8 2.24 0.56 1.68 1.12 0.0  

P1 = 2.96 bar 

P1 = 2.96 bar 

P1 = 4.15 bar 

P1 = 4.15 bar 

b : Zero secondary flow operating mode 

P1 = 2.96 bar 

 
P1 = 2.96 bar 

 
P1 = 4.15 bar 

 
P1 = 4.15 bar 

a : Free entrainment operating mode 
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These series of visualizations show relatively good agreement between the CFD predictions and
the experimental results concerning the development of the condensation zone. However, the
condensation zone appears slightly longer in the experimental flow visualization, especially when
the ejector operates with induced flow. This difference may be attributed to the presence, during the
experiments, of suspended dust particles which may stimulate the nucleation process and
consequently may increase the formation of water droplets within the flow. The presence of these
eventual substrates is not taken into account by the homogenous model of nucleation used in the
simulations. The numerical visualizations fit better with the laser tomography images when the
ejector operates without induced flow. In this operating mode, the absence of secondary flow
reduces strongly the eventual presence of foreign particles (the primary air is filtered contrary to
the secondary air which is directly sucked from the ambient atmosphere). The heterogeneous
nucleation process, which is not taken into account by the present CFD model, is therefore limited
during the experiments without induced flow. The experimental conditions are thus, in this case,
closer to the numerical simulations conditions.

Furthermore, the numerical flow visualizations corresponding to the lower values of pressure P1
reveal the presence of dark zones located on the ejector axis just downstream the exit section of the
primary nozzle. These flow regions where the condensate mass fraction is equal to zero indicate
that the totality of the water droplets produced in the primary nozzle are evaporated when they pass
through the first oblique shock. The evaporation which occurs during the following shocks is also
visible in the laser tomography images (succession of dark zones along the ejector axis). On the
other hand, this evaporation is not visible in the numerical flow visualizations. This tends to show
that the CFD phase change model developed here is not sensitive enough to predict the evaporation
of droplets when they pass through shocks of weak intensity.

The evolution of the basic characteristic parameters of the condensation process (i.e. the mean
droplet radius rg, the condensate mass fraction g, the nucleation rate J and the droplet growth rate
dr/dt) are presented in figure 5. This figure is related to the ejector operating with free entrainment
of induced flow and supplied with primary air at stagnation pressure P1 = 3.75 bar and humidity
ratio gmax of 2.8 g of water/kg of dry air. Figure 5a concerns the totality of the ejector whereas
figure 5b details the evolutions of the condensation parameters along the divergent of the primary
nozzle. In these figures, the vertical dotted lines indicate the primary nozzle throat (blue line), the
exit section of the primary nozzle (orange line) and the inlet section of the mixing tube (purple
line), respectively. The evolution of the nucleation rate shows that the production of water nucleus
begins just downstream of the primary nozzle throat and that the totality of the water droplets are
formed in the primary nozzle. These figures also indicate that the droplet growth rate is particularly
high in the region located just downstream the primary nozzle throat and becomes equal to zero in
the divergent. After the primary nozzle exit, the droplet growth rate becomes strongly negative.
This corresponds to the total evaporation of the water droplets. Downstream (in the mixing tube),
the droplet growth rate appears to follow the fluctuations provoked by the shock train. These
fluctuations are also seen in the evolutions of the condensate mass fraction g and the mean droplet
radius rg (figure 5a).  The condensation gradually decreases along the rest of the mixing tube until
it totally disappears before the inlet of the diffuser. Figure 5a also shows that, when the
condensation mass fraction g increases in a significant way, the nucleation rate decreases. This may
be explained by the fact that the nucleation rate depends, among other factors, on the saturation,
saturation which decreases when the condensation increases. 

The CFD model of flow with condensation has then been tested for several values of air inlet
humidity ratio gmax (comprise between 2.8 and 6.0 g of water/kg of dry air) at the primary and
secondary inlets. The condensate mass fraction fields displayed in figure 6 have been calculated
with free entrainment of secondary flow and for a fixed value of the primary pressure P1 = 3.75
bar. It may be noted that the CFD model predicts quite well the increase of condensation with
increasing the inlet humidity ratio. The effect of this is an extension of the zone of condensation
accompanied by a slight extension of the shock train of the primary jet. Although it is weakly
pronounced, this extension of the supersonic jet with increasing the inlet humidity ratio is
confirmed by the axial distributions of the temperature plotted in figure 7. The vertical continuous
lines in this figure indicate the sections where the water droplets are totally evaporated, for inlet
humidity ratio of 2.8 (orange line), 3.8 (black line), 4.8 (green line) and 6.0 g of water/kg of dry air
(grey line). The brown dotted line indicates the inlet section of the subsonic diffuser. It may be
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noted that all the temperature distributions obtained with moist air (pink, green, light blue and
purple curves) coincide just downstream the last shock and this up to the flow section
corresponding to the entire evaporation of droplets. This evaporation results in an increase in the
temperature profile at this flow section. Then, the temperature distributions, including the one
calculated for dry air (dark blue curve), present a second discontinuity at the inlet section of the
diffuser, before tending towards the ambient temperature at the ejector outlet section.

Figure 5. Evolutions of the characteristic parameters of the condensation process (Free
entrainment condition; P1 = 3.75 bar ; gmax = 2.8 g of water/kg of dry air ; Log

(J)max = 25.6 ; rgmax = 1.84 nm)

a : Evolution of the condensation parameters along the ejector axis 
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Figure 6. Evolution of the condensate mass fraction field with the inlet humidity ratio
(Free entrainment condition ; P1 = 3.75 bar)

Figure 7. Axial distributions of the temperature for different inlet humidity conditions
(Free entrainment condition ; P1 = 3.75 bar)

4. CONCLUSION
This paper presents the numerical simulation of moist air flow in a supersonic ejector. A 2D
axisymmetric CFD model of non-equilibrium condensation in high speed flow has been developed
to take into account the processes of condensation and evaporation in moist air powered ejectors.
The first numerical results obtained are in good agreement with the experimental visualizations of
the condensation zone. They demonstrate the capability of the model to correctly predict the
occurence of the droplet condensation in the ejector for different operation modes. More
quantitatively, the CFD calculations show the impact of the condensation and evaporation

 

gmax = 2.8 g of water/kg of dry air 

gmax = 4.8 g of water/kg of dry air 
 

gmax = 6.0 g of water/kg of dry air 
 

 
g of water/kg of dry air 

6.0 4.8 3.6 2.4 1.2 0.0  
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processes on the flow characteristics in the ejector. This impact remains weak and the more
sensitive parameter is the temperature for which the calculations predict a significant increase in
the mixing tube since all the droplets are evaporated.

Some limitations of the present model must be mentioned :
- The CFD model permits actually the simulation of the flow in ejectors having the same

humidity conditions at the primary and secondary inlets. Further, this model is limited to
low humidity rate (< 10%) and therefore can not be applied to pure vapours. 

- The model proposed here is based on the homogenous nucleation theory. It does not take
into account the heterogeneous nucleation that occurs on foreign particles present in the
ejector flow during the experiments and consequently, tends to minimize the condensation
process in the ejector.

In the further developments of this work, the impact of the condensation and evaporation
processes on the ejector performances (suction and entrainment capacities) has to be investigated
in more detail. We are also working to the development of a heterogeneous nucleation model able
to simulate more realistically the two-phase flow in ejectors.
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