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Numerical Study on condensation Process of Steam Flow in Nozzles
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Abstract

Steam ejector is an important component in engineering applications, which require high vacuum, such as steam
plant condenser. Prediction of steam ejector performance is very significant tool for the design of the ejector. The
steam ejector consists of three parts; nozzle, mixing chamber and diffuser. The nozzle has the task of creating the
vacuum required. In the current paper numerical treatment of wet steam flow through the nozzle of an ejector is
presented. The first task of this work is to test and evaluate several turbulence models on a generic case, constructed
for turbulent steam flow in a convergent-divergent nozzle. The effect of pressure ratios, that is responsible for controlling
the location or absence of the generated shock wave as well as the impact of the shock wave on the condensation of
steam inside the nozzle are numerically concerned. These features are clearly observed from the pressure distribution,
Mach number, liquid mass fraction, droplet nucleation rate, droplet critical radius and static temperature. It is concluded
from the current work that the standard k-w model is the most appropriate turbulence model for simulating this complex
flow compared to the other considered models for nozzle steam flow sumulation.
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Introduction

Nozzles are the main parts in many industrial applications, such
as jet pump and ejector. Supersonic flow in a convergent-divergent
nozzle is a fundamental fluid phenomenon that affects a large variety
of applications. When a supersonic nozzle is operated at suitable
pressure ratios well below its design point, a shock wave forms inside
the nozzle and flow downstream of the shock separates from the nozzle
walls. Even though flow separation is typically viewed as an undesirable
occurrence, it may have some interesting applications in the area of fluid
mixing. During the rapid expansion of steam, a condensation process
will take place shortly after the state path crosses the vapor-saturation
line. The expansion process causes the super-heated dry steam to first
sub-cool and then nucleates to form a two-phase mixture of saturated
vapor and fine liquid droplets known as wet steam. Modeling wet
steam is very important in the analysis and design of steam nozzles.
An increase in wetness fraction at nozzle exit is gained by decreasing
exit pressure. This leads to a reduction in aerodynamic efficiency of the
nozzle operating in the wet steam region.

Avetissian et al. [1] noticed that the standard k—¢ turbulence model
can be invalid for predicting two-phase flows in transonic nozzles.
The influence of inlet moisture on spontaneously condensing flow
resembles the effect of turbulence. Pressure based Eulerian-Eulerian
multi-phase models for non-equilibrium condensation in transonic
steam flow were studied by Gerber and Kermani [2]. The equations were
applied to predict the moisture distribution in low and high pressure
steam flow in a Laval nozzle. Numerical analyses of spontaneously
condensing phenomena in nozzle of steam-jet vacuum pump were
introduced by Wang et al. [3]. The condensation heat produced during
wet steam condensation in the nozzle increases the pressure and
decreases the velocity at the outlet of the nozzle which would depress
pumping performance of steam-jet pump and the supersonic steam
condensation in the nozzle may be avoided or weakened by enhancing
steam superheat degree. Numerical modelling of steam condensing
flow in low and high-pressure nozzles were considered by Dykas and
Wroblewski [4]. The implemented condensation model predicted the
condensation onset correctly both for low and high pressures. The
applied droplet growth model was found to be strongly dependent on
the value of Knudsen numbers, which differs significantly for the low
and high pressure values used. Yang and Shen [5] distinguished the
numerical simulation on non-equilibrium spontaneous condensation
in supersonic steam flow. Different from the isentropic expansion, in
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supersonic steam flow non-equilibrium spontaneous condensation will
occur in the form of “condensation shock” downstream of the nozzle
throat at a certain value.

Single- and two-fluid models for steam condensing flow modeling
were introduced by Dykas and Wréblewski [6]. Cinar et al. [7] studied
the nucleation of steam during expansion through a nozzle. The initial
centers of nucleation, which have sufficient time to grow at relatively
small values of expansion rate, affect the subsequent history of the flow;
the effect of pressure ratio is important in the case of low expansion
rate. Viscous and unsteady flow calculations of condensing steam in
nozzles were studied by Simpson and White [8]. Viscous calculations
for steady flow indicate that growth of the boundary layer has a
significant impact on the predicted pressure distributions and droplet
sizes, at least for cases where two-dimensional effects are prominent.

In the present study, different turbulence models are considered
to simulate the steam flow in convergent-divergent nozzle. These
turbulence models are standard & — & model, Realizable k — &
model, RNG A — & model, standard kK — @ model and SST
k — @ model. The main aim of the study is to prediction of flow
characteristic of wet steam and to validate the results obtained from
simulation against experimental data available in literature. Also,
selection of the most appropriate turbulence model that can handle
steam flow through nozzle is discussed, and extended for further
simulation handling different effects on nozzle performance.

Mathematical Model

The mathematical model of homogeneous condensation in wet
steam flow is based on the physical model, which was executed by the
general CFD Code FLUENT 6.3 [9]. This is namely thermodynamic
non-equilibrium process, which can take place during the expansion
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of steam flow. This state is characterized by subcooling of steam, when
the steam temperature is lower than the equilibrium temperature of
saturated steam for the given pressure. The wet steam is a mixture
of two phases, the primary phase is the gaseous - phase consisting of
water vapor while the secondary phase is the liquid-phase composed
of condensed water droplets. To simplify the present analyses, the
following assumptions have been made : No slip velocity between
the droplets and vapor surrounding them, the interactions between
droplets are neglected, the wetness mass fraction is small, (less than
20%); 2-D; turbulent steady flow; adiabatic nozzle walls and viscous
compressible flow.

This section presents the governing equations, which describe the
ideal flow behavior through the nozzle. Based on the above mentioned
assumptions, the governing equations of steam flow and energy
exchange through supersonic nozzle have been developed. Figure 1
shows cross section through the nozzle to be studied.

Equation of state

The steam equation of state used in the solver, which relates the
pressure to the vapor density and temperature, is given by [10]:
P=pRT(1+Bp,+Cp,’) €V

Where B(m®/kg) and (m¢kg?) are coeflicients. The mixture
density (0 ) can be related to the vapor density (0 ) by the
following equation:

— P 2
Ty (2)

m,
Where IB is Wetness mass fraction and is defined as: ,B =—

Equation of Continuity fot

Do wi-o ©)
Dt
Etotion
r - Component
Dv.| _op, 2 o[ (v o) 2mfn v (@)
p{Dt} or Or{ﬂ[z j}Jer{ﬂ(GerOrj}Jrr[Or r]
z - Component
Dv 6p 0 vV, 2. 10 ov, oOv

z 2—=2——=V.V |p+——q ur| —+—= 5
Dt & az{”( . 3 ]} rﬁr{y(az ar]} )

Equation of energy

v, 2

<
<

Dp Q. aTY a(,. T

— =P e ke | k— |+ 6

(") at r[ &J 6z[azj¢ (©)
Where
b_,9,, 2
Dt "o ‘oz )
gy lov, oy, (8)

r or 62

v Y (ov.Y (ov. Y| (ov. v Y 2. -,
=2 D] =S|+ =2 pH| =+ 2| -=(VV
o= {(ar) [rj (az)}[az arj VO
4

>

D, i mm

Figure 1: Computational domain and geometry of steam nozzle.
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Where p represents the effective viscosity in which f1= g, + i, ,the
laminar viscosity ( £, ) depends on the fluid pressure and temperature
and [, is the turbulent viscosity that can be computed using the
turbulence model.

For wet steam model, two additional transport equations are
needed [11]. The first transport equation governs the mass fraction of
the condensed liquid phase ( /3 ):

% +V.(pBV)=T (10)

Where 77 is the mass generation rate due to condensation and
evaporation (kg per unit volume per second). The second transport
equation models the evolution of the number density of the droplets
per unit volume (77 ):

5(;77) +V.(pVn)=pl (an

The mass generation rate due to condensation and evaporation

(I'), which is correlated with nucleation rate / (number of new
droplets per unit volume per second) and growth/demise of these
droplets [11]. Therefore, I is written as:

4 , OF (12)
I'=—nrx ]r +4r Pl
3 £ P ot

Where 7, is the Kelvin-Helmholtz critical droplet radius, above
which the droplet will grow and evaporate. An expression for ¥, is
given by [12].

20
A RT InS

The condensation process involves 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. This energy transfer rate
relation was presented in [13] and can be written as:

or aQ P+l

h
Iv pl /—2”R 2

(13)

—

C,(T.-T) (14)

Rearranging the terms in equation (14) we get

or _ p y+1
ot h, pN22RT 2y

C,(T,-T) (15)

Where Tg is the saturation temperature.

In the model, the classical homogeneous nucleation theory
describes the formation of a liquid-phase in the form of droplets from
a saturated phase in the absence of impurities or foreign particles, and
the nucleation rate is given by:

q. (pv ] 20,
3
(1 +6) M,
Where . s the evaporation coefficient, K , is the Boltzmann
constant, 18 mass of one molecule. The nonisothermal correction

factor, 6, is given by [12]:

47rr*25
_[ 3K, T ] (16)
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27=D ( by, Jhl—%lS a7)
(7 +1) \RTJ\RT

Where & b= (hv —h / ) is the specific enthalpy of evaporation at
pressure p and J is the ratio of specific heat capacities.

The mixture properties are calculated using the following mixing
relation:

¢, =L +(0-p)¢, (18)

where: ¢represents any of the following thermodynamic

properties: h, S, CP, CV,/,I and Kt.
Computational Method

The finite volume solver, FLUENT 6.3, is used to perform the
numerical solution of the two-dimensional compressible Reynolds
Averaged Navier-Stokes (RANS) equations in connection with
different turbulence models including standard k — &, RNGk — &
, Realizable k — £, standard kK — @ and SST k— @ turbulence
models.

Computational domain and mesh definition

The details of the full 2D computational domain and geometry
are presented in Figure 1. The chosen grid represents a compromise
between the accuracy and computer time [14] of steam nozzle
simulation. The computational mesh generated is (l X ] ) =(170x10)
,where I the number of points in the stream wise direction and J is
the number of points in the direction normal to the axis.

Boundary conditions

The 2-D computational domain with the assigned boundary
conditions is shown in Figure 2. The saturation properties (temperature
and pressure), are considered at the flow inlet. The outlet pressure
boundary condition must be identified.

Results and Discussions

Validation of flow through nozzle

It is first very important to determine the most appropriate
turbulence model that can be used in the theoretical calculations from
the comparison of the stated turbulence models. This choice is based on
comparing the numerical results of the chosen turbulence models with
the previously experimental published results.

The validations of the turbulence models in the present
investigation are based on the comparison of the wall static pressure
and Mach number with the experimental measurements of [15] at

Adiabatic Wall B.C

Flow inlet

il

(Pressure Inlet B.C)

Symmetry B.C

Figure 2: Boundary conditions for computational domain of steam flow.
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Figure 3: Comparison of the predicted results using different turbulence
models with the measurements of [15] along nozzle axis.

pressure ratio (PR) = 2. The PR is defined as the ratio between the
stagnation pressure at the nozzle inlet (p ) and the back pressure at the
nozzle exit (p,). This validation is presented in Figure 3, in which it
can be observed that the pressure decreases along the convergent part
and it approaches to 0.27 p,_ at the nozzle throat, see Figure 3(a). After
that, the flow is in continuous expansion along the nozzle divergent
section. The reason of this behavior of pressure distribution is the low
values of the back pressure (by which no internal shock is expected to
occur). The results show that standard k-w model gives an acceptable
prediction of pressure distribution, especially through the divergent
section (accuracy range).

The distribution of the Mach number along the nozzle axis is also
shown in Figure 3(b). From the figure it can be observed that flow
doesn’t reach to sonic case at the nozzle throat (M=0.92). The flow
reaches the exact sonic (M=1) after the throat section. The reason
of this may return to the viscous effect. After that the Mach number
increases along the divergent section and the flow becomes supersonic
flow. Also, the figure leads to inferring that the standard k-w model is
the preferable turbulence model, which can predict the Mach number
distribution along the steam nozzle, with the best accuracy.

Wet steam flow characteristics in nozzle

Some results of the flow characteristics will be discussed in the
following subsections. These characteristics are distribution of pressure,
Mach number, liquid mass fraction and droplet nucleation rate as well
as droplet critical radius and temperature. It is worth mentioning that
the computations are based on the standard k — @ as a turbulence
model.

Pressure distributions along the nozzle axis: The effect of the
pressure ratio on the pressure distribution is presented by Figure 4.
The pressure ratio has a direct effect on the flow behavior inside steam
nozzle. At the low pressure ratio, the shock wave starts to appear near
the nozzle exit as shown in the figure (i.e PR < 1.8). The pressure ratio
values strongly affect the position of shock wave. Increasing the pressure
ratio moves the shock wave into direction of the nozzle exit. On the
other hand, a condensation shock near the nozzle throat is clearly
noticed. The reason for this may be due to the condensation of water
vapour after the nozzle throat. The increase of the liquid mass fraction
in this region is responsible for increasing the density and hence the
pressure increases, causing weak shock (known as condensation shock)
after the throat, see Figure 4. Increasing the pressure ratio causes
gradual disappearing of this weak shock.

Mach number distributions along the nozzle axis

The effect of the pressure ratio on the Mach number distribution
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Figure 4: Effect of pressure ratio on the pressure distribution along nozzle
axis.
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Figure 5: Effect of pressure ratio on the Mach number distribution along
nozzle axis.

along the nozzle axis is shown in Figure 5. The increases in throat
Mach number when PR is less than 1.8 is due to the delaying of liquid
formation in the nozzle. After the shock the flow returns to subsonic
flow at all values of the pressure ratio less than 1.8.

Liquid mass fraction profile along nozzle: Steam temperature is
proportional to steam pressure. During flow through the nozzle the
steam temperature decreases and reaches saturation temperature. If

0.060 =
0.055 _: = = = = = PR=1.65
] — = == PR=17
= e PR = 1.8
0.050 = PR =187
: w—— s = = PR=19
0.045 _: w— w— PR =1.93
= PR=2
< E
O 0040
- -
© 3
S 0035
w E
[ E
» 0030 =3
© E
= E
- 0025 -3
3 E
S 0.020
| E
0.015 =3
0.010 =3
0.005 =3
0.000 . IIIIIIIIII'II1I1I1IIIIIIIIIIIIIIIIIIIIIIIIIIII

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050
Nozzle Axis (m)

Figure 6: Effect of pressure ratio on the liquid mass fraction along nozzle axis.
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Figure 7: Effect of pressure ratio on the droplet nucleation rate along
nozzle axis.t

the temperature reaches the saturation temperature, condensation of
steam (i.e. water droplet) is triggered. Figure 6 shows the values of
liquid mass fraction (mass of condensate steam to mixture of saturated
water and saturated steam). From the figure it can be noticed that the
liquid mass fraction is reduced after the shock wave near nozzle exit
because of the increased temperature.

Droplet nucleation rate and temperature: Figures 7 and 8 show
the changes of droplet nucleation rate and the droplet critical radius
along nozzle axis at different pressure ratios, respectively. As clearly
seen in Figure7, the nucleation rate reaches its maximum value just
upstream of the nozzle throat which is located at (x = 0.01 m). As a
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Figure 8: Effect of pressure ratio on the droplet critical radius along nozzle
axis.
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Figure 9: Effect of pressure ratio on the temperature along nozzle axis.

result of that maximum nucleation rate, the droplets are formed
downstream of the nozzle throat as shown in Figure 8. For pressure
ratios, PR = 1.65, 1.7 and 1.8 shock wave are clearly seen in Figures 4
and 5. The droplet critical radius is decreased after shock wave, which
may be (as discussed previously) due to the increase of temperature
of the flow that causes evaporation of the droplet. The temperature
distributions for different pressure ratios are observed in Figure 9,
in which the increase of temperature after the shock near the nozzle
exit is observed. The ramp from after the nozzle throat is due to the
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condensation of vapor after the nozzle throat, Figure 6.

Conclusions

The concern of the present work is to simulate steam flow passing

through a convergent-divergent nozzle with a fixed geometry and
different nozzle pressure ratios. The wall of the studied nozzle is
assumed to be impermeable and adiabatic. The computational results
are obtained by solving the RANS equations for steam flow in its
conservative form coupled with both the energy equation and the wet
steam equation of state using wet steam model. Different turbulence
models are applied, namely the standard k-e¢ model, Realizable k-¢
model, RNG k-& model, standard k-w Model and SST k-w model. The
standard k-w model performs as the best one in views of the comparison
with published experimental data. The pressure ratio values affect the
position of shock wave. Increasing the pressure ratio moves the shock
wave into the nozzle exit. The liquid mass fraction is decreased after
the shock wave because of the enhanced temperature. The maximum
nucleation rate of the droplets are formed starting downstream of the
nozzle throat. The droplet critical radius is decreased after shock wave
due to the increase in temperature of the flow that causes evaporation
of the droplet. The present study will be extended to study the
performance of steam ejectors.
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