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Abstract

Non-equilibrium condensation of steam occurs in many jet and turbomachinery devices, such as supersonic nozzles, ejectors and
across the last stages of steam turbines. Wet steam models are available in many commercial CFD codes and can represent the
metastable behaviour of the flow with reasonable accuracy. Unfortunately, the use of built-in models does not allow freedom in
the choice of model parameters and settings. In the present paper, a numerical model for the simulation of wet steam flow has been
developed and implemented within a commercial CFD code (ANSY'S Fluent) via user defined functions. The scheme is based on
a single-fluid approach and solves the transport equation for a homogeneous mixture flow coupled with conservation equations for
the number of droplets and liquid mass fraction. The model is compared against a well-known steam nozzle test-case.
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1. Introduction

Non-equilibrium condensation of steam occurs in many jet and turbomachinery devices, such as supersonic nozzles
and across low pressure stages of steam turbines. Normal operation of these devices involves flow expansions which
leads to states that are well within the saturation dome. In the ideal case of a reversible transformation, the attending
condensation process would follow a path of equilibrium states, and no losses occur. In real conditions, the very limited
residence time and high cooling rates lead to a substantial departure from the equilibrium process. As the steam rapidly
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expands inside a nozzle or blade vane, thermodynamic equilibrium is not maintained and, at a certain degree of
expansion, the vapor state collapses and condensation takes place abruptly as a shock-like disturbance [1]. This is
generally called the “condensation shock”. This sudden change of state of aggregation leads to an instantaneous and
localized heat release that increase the pressure and temperature and reduce the Mach number [1]. More than this, the
condensation shock implies large gradients between the phases that cause irreversibilities. Moreover, downstream the
condensation shock, the flow contains a considerable number of tiny liquid droplets (of the order of 10'*/dm?, [2]) that
can interact in non-trivial ways with shock waves and turbulent structures. A reliable CFD scheme should be able to
account for all these effects.

In the past decades, several methods have been devised to simulate wet steam flows, with different levels of
complexities and accuracy. The simplest and perhaps most used is the so-called “single-fluid” approach. This is
basically a fully Eulerian method that solves the continuity equation for both phases separately, whereas the
momentum and energy equations are computed for the average properties of the mixture. In addition, a further
transport equation is needed to describe the conservation of the number of droplets in the unit volume. This method
is commonly employed by commercial codes (e.g. ANSYS Fluent or CFX) and has been used by several research
teams [3] [4] [5].

Although commercial codes dispense from developing complex in-house solvers, the use of wet-steam built-in
models generally do not allow much freedom in the change of the physical parameters and settings. This work
represents an attempt to overcome this limitation through the development of a customized model within a widely
used CFD commercial code (ANSYS Fluent, [6]). This approach has the double benefit to allow great flexibility in
the choice of the physical model setting (especially for phase change and phase interaction models) and, at the same
time, to exploit the capability of commercial software in terms of selection of algorithms and solver settings. The
developed scheme is based on a single-fluid approach (mixture model) and is tested and compared against a well-
known steam nozzle test-case and a 2D stationary blade cascade.

Nomenclature

latent heat [J kg'!']

nucleation rate [s! m]
Boltzmann constant [J K™!]
mass [kg]

number of droplets per unit mass of mixture [kg™!']
pressure [Pa]

specific gas constant [J kg! K]
radius [m]

temperature [K]

velocity [m s'']

greek letters

S 9" mWT B 38~ =&

o volume fraction [-]

B mass fraction [-]

r liquid mass generation rate [kg m= 5]
Y specific heat ratio [-]

p density [kg m?]

c surface tension [J m?]

Qs supersaturation ratio [-]

subscripts

d droplet

m mixture, molecule

v vapour




36 Mazzelli Federic et al. / Energy Procedia 126 (201709) 34—41

2. Model Description

The particular set of equations presented in this section represent a common choice in the literature [7], and were
considered for this work in order to allow the benchmark of the developed scheme against the Fluent built-in model.

The Single-fluid model is based on a fully Eulerian, homogeneous approach that assumes the liquid phase to be
uniformly dispersed within the vapour volume. The conservation equations for mass, momentum and energy are then
written based on mixture properties and assume the form of the conventional Navier-Stokes equations for
compressible flows:

apm + apmumj —

0
0PmUm; + 0PmUmiUmj _ _op + 0Tij eff

0pmEm N 0PpmUmiHy _ 09 cff N OU;Tij eff

at ax] ax] 6x]

In eq. 1 the properties of the mixture are described by means of mass weighted averages in the case of extensive
quantities:

Sm =B+ (1 —B)gy

Wy = qo; + (1 — a)w,

(2)

where ¢, represents any of the mixture thermodynamic extensive properties (e.g. enthalpy, entropy, total energy,
etc...), wp,Iis a mixture intensive property (e.g., density, temperature, specific heat capacity), £ is the liquid mass
fraction and «; is the liquid volume fraction. The connection between these last two quantities is straightforward:

m; a1 o

B_ml+mv_alpl+(1_al)/3v 3)

In addition to the transport equation for the mixture, two further equations are needed for the conservation of the
liquid mass and the number of liquid droplets:

dp,n N OPmUyn

=,/

4
Ipia,  Opupmjay (4)
+ =T

where “n” is the number of droplets per unit mass of the mixture and it is assumed that no slip exists between the
phases so that the two phase moves at the same speed.

The term “J” in eq. 4 represents the rate of nucleation of new generated droplets per unit volume of vapour and is
expressed here through the classical nucleation theory (more details can be found in [8]) modified with Kantrowitz
non-isothermal correction [9]:

4. pi( 20 1/2 AGb*
]‘(1+f)ﬁ<nm,3n) exp(‘zg) (5)
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where ¢ is the Kantrowitz non-isothermal correction, g, is the accommodation factor, hy, is the liquid-vapour latent
heat, o is the liquid water surface tension and AGb™ is Gibbs Free energy needed to form a stable liquid cluster (other
thermodynamic constants are defined in the nomenclature). Thermodynamic stability considerations lead to a simple
expression for the Gibbs free energy of a critical cluster [8]:

* 4 *2
AGb =§7rr o (6)

where r* is the critical radius a stable liquid cluster and ¢, is the supersaturation ratio:

. 20
r=—
leTv : ln(pss ( 7 )
5 = Poar(Ty)

The Gibbs free energy of a critical cluster represents the energy barrier that must be overcome by the vapor to form
a stable liquid cluster. Equations from 5 - 7 gives the rate at which liquid nuclei spontaneously form within the vapor
stream. The presence of the exponential in eq. 5 is indicative of the shock-like nature of the condensation phenomenon.
Moreover, it is important to note that all the variables of equation 5 - 7 depend solely on the vapor thermodynamic
state.

In order to close the set of flow governing equation, it is necessary to provide a law for the liquid mass generation
rate per unit volume of mixture, I, in eq. 4. This stems from two different sources:

. dmd
I“=l-‘nuc'|'l-jgrow=a'v"ldj+'omnw (8)

where my is the mass of a generic liquid droplet and my; is its value when the liquid nucleus first forms:

4
m§=§nplr*3
m =én r3 =20 )
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where it is assumed that all liquid droplets have spherical shape.

The first of the two addenda in the RHS of eq. 8 describes the mass generated from freshly nucleated droplets. This
term is significant only in the first stages of the condensation process and it gets rapidly overtaken by the second
addendum I}, which represents the growth or shrinkage of existing droplets. Its expression requires the definition
of a droplet growth law. In this work we use the formulation derived by Hill [2] following a statistical mechanics
approach and later rearranged by Young [10]:

dry

Py
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: (Ts(pv) - Tv)

(10)
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By making use of equations from 1 to 10 form a closed system of equations that can be solved as long as expressions
for the vapor and liquid equation of state and thermodynamic properties are provided.

Calculations of the non-equilibrium phase-change of steam necessarily requires the description of the fluid
properties in metastable conditions, meaning that common tabulated properties cannot be used to this purpose.
Unfortunately, there is a serious lack of experimental data for the properties of steam in supercooled conditions, which
is regularly testified by reports of the International Association for the Properties of Water and Steam [11].
Consequently, in order to perform wet steam calculations, it is necessary to extrapolate a generic equation of state
outside its normal range of validity to describe metastable states within the saturation curve.

In the present work, the steam properties are calculated following the work of Young [12] who derived a Virial
equation of state truncated at the third term of the expansion:

p = pyRT, - (1 + Bp, + Cp?) (1)

where B and C are the second and third Virial coefficients. These are function of the sole temperature their
expressions were calibrated to match steam data in the range between 273.16 and 1073 K. Moreover, formulations for
the enthalpy, entropy and specific heats are derived from the Virial equations based on a procedure described by
Young [12]. Moreover, the steam thermal conductivity and dynamic viscosity are given by low order polynomial
function of the vapor temperature obtained from interpolation of NIST dataset [13]. Finally, the liquid phase properties
(viz., liquid density, specific heat capacity, thermal conductivity and viscosity) are calculated assuming saturation
conditions and are again expressed through empirical correlations obtained from NIST [13].

3. Numerical setup

The validation of the presented model is made by comparing the simulation results with the experimental data of
the converging-diverging nozzle of Moses and Stein [14]. The results are also confronted with those obtained with the
ANSYS Fluent build-in wet steam model in order to benchmark the present scheme with a previously validated code.
In this respect, it should be noted that the droplet generation and growth rates equations are the same as those featured
by the Fluent build-in model. Future studies will address the analysis of different phase change models.

The set of boundary conditions for the simulations are summarized in Table 1, the experiments considered in the
present paper correspond to n. 193 and n. 252 of reference [14] and [7]. Simulations are performed using the
commercial CFD package ANSYS Fluent v18.0, which is based on a finite volume approach. In order to set up the
model within ANSY'S Fluent, it was necessary to rely on the code customization features. Precisely, the model was
developed within the framework of Fluent pressure-based multiphase solver by adding a number of User Defined
Functions (UDF). Of these, two were needed to input the source terms for the liquid mass fraction and droplet number
transport equation. One further UDF was needed to enforce the expression for the diameter of the condensed phase.
Finally, a User Defined Real Gas Model was built to implement the virial equation of state and transport properties of
the continuous phase.

Figure 1 shows the computational domain used for all the CFD analyses. The grid has approximately 30’000
quadrilateral cells and is designed to have y+ values always less than 1 along the nozzle surfaces. The size of the grid
was selected based on previous studies made on the same geometry with the ANSYS Fluent wet-steam model [15].
The k-o SST turbulence model is adopted for all simulations due to the specific calibration for transonic applications
[16]. Convergence of the solution is defined by an error in the mass flow imbalance of less than 107 kg s and
calculations are stopped when all residuals are stable. Walls are assumed to be adiabatic and smooth.

The solution of the governing equations is achieved through a pressure-based coupled solver for the customized
mixture model, whereas the ANSY'S Fluent built-in uses a density based solver. In this regard, it should be noted that,
within Fluent, the only solvers available to build customized multiphase models are pressure-based. However, the
application these types of solvers may be questionable in compressible flows experiencing pressure or condensation
shocks. Therefore, in order to limit problems of numerical diffusion, a third order accurate QUICK scheme is selected
for the spatial discretization of all transport equations. As will be shown in the next section, the comparison with the
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Fluent built-in model compares favourably and demonstrate that problems related to solver scheme should be limited,
at least for the high order discretization schemes adopted in this work.

Figure 1 — Computational domain

Table 1: Summary of nozzle boundary conditions

Experiment Inlet Total Pressure [Pa] Inlet Total Temperature [K]
N. 193 43023 366
N. 252 40050 374

4. Results

Figure 2 shows a comparison between CFD results and experiments in terms of pressure profile along the nozzle
axis for the two different cases simulated. The figure focus on the region downstream the nozzle throat (located at
x=8,22 mm) where the condensation shock takes place and experimental measurements are available. Clearly, the two
CFD schemes overlaps on each other and seem to approximately capture the experimental trend, although some
discrepancies exist. In particular, the CFD curves corresponding to the exp. 193 seem to reproduce correctly the
steepness of the pressure rise, whereas the location of the condensation shock is somewhat anticipated. Conversely,
numerical results for the exp. 252 seem to underestimate the pressure level as well as the steepness of the pressure
rise. Nevertheless, the agreement may be considered satisfactory in view of the experimental uncertainty and of the
assumption connected to the single-fluid, homogeneous approach.

A further mean to assess the accuracy of wet-steam models is by comparison with data for the average droplet radii
within the nozzle. Moses and Stein [14] performed light scattering measurement for the exp. 252 that were processed
by Young [10] in order to calculate values of Sauter mean radii along the axis. Figure 3 shows a comparison between
these data and the results of the present model. The results show that CFD predicts values for the radii that are
approximately a half of the experimental. Nevertheless, it is known that for this case there is a general tendency to
under-predict droplet sizes [7]. Moreover, the discrepancy could be partly explained by the different average
definition. In the CFD simulations, the droplet radius represents a volume averaged mean, whereas in the experiment
the Sauter mean radius is used. The comparison of these two averaged values requires knowledge of the droplets radii
distribution in the steam and, in principle, for polydispersed droplets population the volume mean is always less than
Sauter [17]. For the distributions measured in the turbine cascades (e.g. [18]) the ratio of volume mean radius to the
Sauter radius is about 0.6, which is very close to the difference between the presented results.

Finally, it is interesting to note that the numerical trends for the average radius tend to predict different slope of the
curve in the region downstream the condensation shock. In particular, the Fluent built-in model predicts the presence
of a plateau towards the exit of the nozzle, whereas the developed model shows an increasing trend more similar to
the experimental value.
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Figure 3— Mean droplet radius along the axis

5. Conclusions

A numerical model for the simulation of wet steam flow has been developed and implemented within a commercial
CFD code (ANSYS Fluent) via user defined functions. The scheme is based on a single-fluid approach and solves the
transport equation for a homogeneous mixture flow coupled with conservation equations for the number of droplets
and liquid mass fraction.

The model has been compared against a well-known steam nozzle test-case. The results are also confronted with
those obtained with the ANSYS Fluent build-in wet steam model in order to benchmark the present scheme with a
previously validated code.
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Results for the pressure profile along the nozzle axis have shown that the present model overlaps the trend of the
Fluent built-in model and both give a good agreement with experiments. Conversely, the comparison is somewhat less
satisfactory when comparing the results for the droplet average radii. In this regard, discrepancies with experiments
are in line with other models in the literature and can be partly explained by the difference in the average definitions.
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