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Abstract
The present paper focuses on the prediction of the spontaneous condensation phenomena in the
wet steam flow depending on the inlet temperature. The basic tests including comparison with
experimental data have been performed using the planar symmetrical nozzle with the de Laval
geometry (IMP PAN nozzle). It was assumed in calculations that steam is pure and does not
contain heterogeneous sources of condensation. Numerical analysis was performed for boundary
conditions which correspond to the flow regime without the shock wave. The present work
includes simulations results of the onset of condensation and shows whether initiation of phase
transition is located in the region between a spinodal and a binodal. Numerical results along
the nozzle axis are presented on thermodynamic diagrams for all considered flow conditions.

Keywords: Spinodal, Binodal, Spontaneous condensation, SCWS model, IMP PAN nozzle,

Wilson line

1 Introduction

Condensation phenomena and growth of droplets in supersonic expansions occur
in a number of natural and technological processes, such as formation of aerosols,
the flight of aircraft in humid conditions, droplet-spray combustion processes, in
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a phase separation devices or wet steam flows in steam turbines [1]. At the dawn
of the 21stcentury it is still the case that the steam turbine remains an important
component for the efficient production of energy in the power industry. Majority
of the world’s electricity generators are driven just by steam turbines [2].

For a single reheat cycle, the steam from the boiler flows to the high-pressure
turbine where it expands and is exhausted back to the boiler for reheating. The
reheat steam coming from the boiler flows to the intermediate-pressure turbine
where it expands and exhausts into a crossover line that supplies the steam to the
low-pressure turbine. The steam expands through low-pressure turbine and ex-
haust to a condenser. During the expansion process of steam in the low-pressure
turbine the flow first supercools and then nucleates thus generating a large num-
ber of very small droplets to form a two-phase mixture (usually in the turbine
last stage). The formation and evolution of these droplets lowers the performance
of the turbine wet stages and their effect on the efficiency are commonly known
as wetness losses. Thermodynamic irreversible losses, generated within the non-
equilibrium conditions and phase change, are significant to the low-pressure stage
efficiency since for every additional percent of wetness the efficiency is reduced by
approximately 1%. In conventional power plants the wetness levels in last stages
of the low-pressure turbine can be as high as 10–12%. In nuclear power plants
exhaust wetness may reach 18% [3–11].

Owing to the early introduction of the de Laval nozzle (1883) into the steam
turbine design, condensation investigations in a converging-diverging steam noz-
zle have been made for a long time. Laval nozzles have been used extensively to
examine condensation of both mixtures of condensable vapor in carrier gas and
pure vapors, especially steam. In de Laval nozzles, the cross-sectional flow area
first decreases to the throat and then increases monotonically in the supersonic
region [1,12].

According to Stodola [15] and other pioneers, rapid expansion of steam from
superheated to wet condition in a typical convergent-divergent nozzle is illus-
trated in Fig. 1. Steam enters the nozzle as dry superheated vapor at point (1)
and during its passage through the nozzle throat expands to the sonic condition
represented by point (2). Between points (1) and (2) the steam cools down and
the flow accelerates. At point (3) there is some theoretical possibility for the
onset of an equilibrium phase transition governed mainly by Clapeyron-Clausius
equation which can be virtually evaluated in numerical simulations. For the equi-
librium approach one can calculate the equilibrium wetness and the equilibrium
pressure, Fig. 1, [13–17]. At point (3) the expansion line crosses the saturation
line (‘dryness fraction’, x = 1) on the Mollier enthalpy–entropy diagram. Then,
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Figure 1: Characteristic events in condensing de Laval nozzle [17].

the steam is below the saturation conditions in a state called ‘metastable’, usually
referred to as supercooled or supersaturated (between spinodal and binodal line).
The nucleation rates associated with these early nuclei are so low that the steam
continues to expand as a dry single phase vapor in a metastable, supercooled or
supersaturated state. But after the limiting (critical) values of supercooling and
supersaturation are reached the power of random fluctuations of kinetic motion
of molecules is equal to the Gibbs work of creation of stable microclusters which
are called the condense nucleation. Depending on the local conditions and the
rate of expansion, the nucleation rate increases dramatically and reaches its max-
imum at point (4). Depending on the expansion rate, that change in the vicinity
of point (4) from 103 s−1 to 105 s−1, the rate of nucleation of new nuclei per
unit of volume is huge and reaches even 1018 droplets per cubic meter. This pro-
cess is termed ‘homogeneous nucleation’ or ‘spontaneous nucleation’. The area is
termed ‘nucleation zone’ and is terminated by the Wilson point (also known as
‘inception point’ or ‘onset point’), which is the point of maximum supercooling
level. Supercooling level, ∆T , is defined as the difference between the saturation
temperature, Tsat(p) at local pressure p , and the actual vapor temperature T v

[13–17]:

∆T = Tsat(p)− T v . (1)

In the case of steam, supercooling levels of approximately 40 K are achievable,
while the steam still remains dry [1,2,10]. Downstream of point (4), nucleation
ceases effectively and the number of droplets in the flow remains constant. The
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nuclei grow rapidly between points (4) and (5) and restore the system to thermo-
dynamic equilibrium. Further expansion of the flow between points (5) and (6)
takes place close to equilibrium conditions [13–17].

Nucleation is practically terminated at the point of maximum subcooling
called the Wilson point. For pure steam, if the Wilson points for tests with
varying nozzle inlet conditions are plotted on the equilibrium Mollier diagram,
they are contained within a narrow zone around a line called the Wilson line
(which corresponds to approximately 3–4% equilibrium wetness line) [3,10,18].
In reality the position of this point depends on many parameters like pressure,
temperature and expansion rate [11].

Several observations confirm that condensation often occurs earlier than it is
predicted by theory, i.e., before the Wilson line. It is because the nucleation can
start at some soluble and insoluble impurities, particles of dust, chemical com-
pounds or corrosion products [4,6–8,19]. Among the pioneers in the investigation
of thermodynamic condensation was Aitken, who observed experimentally in 1880
that any dust or salt particles present in the expansion of saturated air will act
as centers for condensation (a heterogeneous condensation). But it was Wilson
(1897) who made a detailed study of spontaneous condensation and found that in
the absence of ions or foreign nuclei during the expansion of saturated air, con-
densation was delayed. In the research on spontaneous condensation, attempts
were made to define the position of Wilson line more precisely. It was found that
the limiting supersaturation was dependent on the nozzle shape and experimental
condition and Rettaliata suggested the replacement of the Wilson line by Wilson
zone. The Wilson zone includes the supersaturated states in the range of about
3–8% equilibrium wetness line [12].

The liquid phase in the vapor flowing through stages of the steam turbine was
the cause of a number of failures. The droplets formed by condensation cause
erosion and corrosion of turbine blades by their centrifugal impact and corrosive
nature. The newly nucleated droplets are generally too small to cause erosion
damage but some of the droplets are collected by the stator and rotor blades to
form films and rivulets on the blade and casing walls. On reaching the trailing
edges or the tips of the blades, the liquid streams are re-entrained into the flow
in the form of coarse droplets. It is these larger droplets that cause the erosion
damage. Nowadays, due to work of steam turbines at partial load, process of
homogeneous and heterogeneous condensation is still observed. The formation of
condensate droplets under conditions other than nominal operation of the turbine
is still an unknown process. Engineers and designers involved in the development
of power generation machines using condensable working fluids, have a need to
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better understand the impact of moisture formation on a machine performance
and its lifetime. In meeting this interest, the large-scale experiments and mea-
surements are generally most significant and required if the technical process is
to be considered [4,6–8,11,19,20].

The paper focuses on the prediction of the spontaneous condensation pheno-
mena in the wet steam flow depending on the inlet temperature. The basic tests,
including comparison with experimental data, have been performed using the pla-
nar symmetrical nozzle with the de Laval geometry (IMP PAN nozzle). It was
assumed in calculations that steam is very pure and doesn’t contain heterogeneous
sources of condensation. Numerical analysis was performed for the boundary con-
ditions which correspond to the flow regime without the shock wave. The present
work includes simulation results of the onset of condensation and shows whether
initiation of a phase transition is located in the region between a spinodal and
a binodal. It is assumed that the spinodal (for vapor) corresponds to 8% equilib-
rium wetness line while the binodal corresponds to the saturation line (‘dryness
fraction’, x = 1). Numerical results along the nozzle axis are presented on the
thermodynamic diagrams for all considered flow conditions. Additionally, for all
considered boundary conditions a maximal subcooled vapor temperature at the
place of the beginning of nucleation zone on the nozzle axis is determined.

2 Evolution equation of wetness fraction in single

continuum wet steam model

A single continuum wet steam (SCWS) model consists of governing equations
which are based on the balance of liquid-vapor mixture. For a consistent non-
equilibrium condensation model, a set of nine transport equations can be written
in general form

∂t(ρφ) + div(ρφ v) = div(Jφ) + ρSφ , (2)

where φ = {1, v , e, k, ε, x, a} represents the relevant conserved variable vector.
The first three variables come from the well-known equations: balance of mass
(φ = 1), balance of momentum (φ = v – three equations) and balance of energy
(φ = e). The additional balance equations for turbulent kinetic energy, turbulent
energy diddipation rate, dryness fraction, and interphase surface density are re-
lated to the evolution of the turbulence in the condensing flow or the condensation
evolution under turbulent flow conditions. Both are fully non-equilibrium phe-
nomena, that should be combined by the sources S, and thermodynamical forces
which constitute the fluxes J . The above set of nine equations is to be integrated
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within every finite volume. The process of growth of individual droplets is gov-
erned by mass, momentum and energy transport mechanisms between the gas and
liquid phases. Droplet growth can be described by an evolution of the droplet ra-
dius that moves in the wet steam field. The evolution equation of dryness fraction
is given by

∂t(ρ x) + div(ρ x v) = div(Jx) + ρSx . (3)

The wetness fraction sources, Sx, can be divided into homo- and heterogeneous
sources of the mass generation rate due to condensation and evaporation. The
homogenous source is given by the sum of mass increase due to nucleation (the
formation of critically sized droplets) and also due to growth/evaporation of these
droplets

Sx =
4

3
πρlIr

3
∗ + 4πρl αr̄

2∂r̄

∂t
, (4)

where: r̄ – the average radius of droplet ρl – density of condensed phase, r∗ –
the critical radius of droplet, I – the volumetric rate of nucleation [number of
droplets/m3], α – volume fraction of condensate. The expression for r∗ is given
by

r∗ =
2σ

ρ1RT lnS
, (5)

where σ is the liquid surface tension evaluated at temperature T , ρ1 is the con-
densed liquid density (also evaluated at temperature T ), R is the universal gas
constant, and S is the super saturation ratio defined as the ratio of vapor pressure
to the equilibrium saturation pressure. Other details of the SCWS model have
been presented in articles [4–6,19,20].

2.1 Interaction of turbulent and phase microstructure

In our approach, the phase microstructure has similar size like the turbulent
microstructure which can be evaluated by the following concept: according to
possible split of modes of momentum transport only two scalar parameters can
describe the evolution of turbulent microstructure, i.e., the turbulent energy k
and the turbulent dissipation rate ε. The evolution equation for turbulent mi-
crostructure has the following form:

∂t(ρ k) + div(ρ k v) = div(Jk) + ρSk , (6)

∂t(ρ ε) + div(ρ ε v) = div(Jε) + ρSε . (7)
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Transport of non-equilibrium properties between the phase and turbulent mi-
crostructure can be described directly on the microstructure level, without explor-
ing the total momentum equation. It may be done by introducing the crossing
effects in phase and turbulence fluxes [4–6]:

i. turbulent kinetic energy, k

Jk = (Dkk)gradk + (Dkxo +Dkxr)gradx , (8)

ii. dryness fraction, x

Jx = (Dkxo +Dkxr)gradk + (Dxxo +Dxxr)gradx , (9)

iii. turbulent energy dissipation rate, ε

Jε = (Dεε)gradε+ (Dεao +Dεar)grada , (10)

iv. interphase surface density, a

Ja = (Daε)gradε+ (Daao +Daar)grada . (11)

Diffusion coefficients D, which are related with homogeneous diffusion known as
the Ostwald mode (subscript o), and heterogeneous condensation mode (subscript
r) need estimations and calibrations [4–5,6, 9,20].

3 Validation of single continuum wet steam model by

comparison with experimental data

The SCWS model (single continuum approach) with a special microstructure
growing up during phase transitions, proposed by Bilicki and Badur [5], was vali-
dated on the Institute of Fluid-Flow Machinery, Polish Academy of Sciences (IMP
PAN) experiment carried out by Puzyrewski [21]. The experiment was conducted
on a symmetric nozzle of ‘rectangular’ cross-section. The length of the IMP PAN
nozzle was 566 mm and its width was 25.2 mm. The nozzle throat (critical throat
height of 32 mm) was located 100 mm downstream the nozzle inlet. Details of the
nozzle geometry and IMP PAN experiment can be found in [19,21]. The geometry
of the nozzle was split into subdomains what enabled creation of a higher quality
mesh. Finite volume discretization of the symmetrical planar IMP PAN nozzle is
presented in Fig. 2. During the experiment, static pressure measurements were
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Figure 2: Finite volume discretization of the IMP PAN nozzle.

made on both side walls of the channel. Inlet parameters were close to the satu-
ration line, in order to induce condensation. To validate the computational fluid
dynamics (CFD) model, selected boundary conditions corresponding to the Vth
set of experimental data were adopted. Details of the experimental measurements
can be found in [21].
Figure 3 shows a comparison of the relative static pressure distribution obtained
numerically with the experimental data. The SCWS model, describing both con-
densation and re-vaporization, exhibits a good agreement with the experiment
(describes very well the static pressure distribution).

4 Numerical analysis of the onset of two-phase flow in

the IMP PAN nozzle

It was assumed in the calculations that steam is very pure and does not contain
any heterogeneous sources of condensation. Numerical analysis was performed
with boundary conditions corresponding to the flow regime without a shock wave.
The entire geometry of the symmetrical nozzle was split into several subdomains
what enabled creation of a higher quality mesh. In the first step of simulations
it was decided to decrease the grid size only in the zones close to the inlet and
to the outlet of the channel. After having determined the position of droplet
nucleation in the flow, in the next step an increased grid resolution was applied
in these places. Additionally, a decreased size of finite volumes upstream and
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Figure 3: Comparison of the static pressure distribution (related to the inlet pressure) over
the nozzle length obtained from CFD calculations solid line) with experimental data
(circular points).

downstream of the nucleation zone, about 15 mm in each direction, was applied.
When calculation results in the next step were the same (or approximately the
same) as in the previous step, they were considered as mesh-independent and
mesh refinement was finished. These steps were applied for each considered case
with different boundary conditions. Steam temperature in the nozzle axis was
monitored during calculations in order to determine the maximal subcooled vapor
temperature.

4.1 Boundary conditions adopted to numerical analysis

Two different values of the inlet pressure were assumed in numerical calculations:
pinlet= 0.15 MPa and pinlet= 0.7 MPa . For the inlet pressure pinlet= 0.15 MPa,
simulations with the nozzle pressure ratio (NPR) pinlet/poutlet = 4.5 were per-
formed. For the bigger value of the inlet pressure, simulation with NPR = 7.7
was conducted. For these two different pressure conditions numerical calculations
were performed with various values of the inlet temperature, Tinlet. The bound-
ary conditions adopted to the numerical analysis are shown in Tab. 1.
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Table 1: Boundary conditions assumed in numerical analysis.

Case pinlet[MPa] Tinlet [◦C] NPR [–]

A140 0.15 140 4.5

A160 0.15 160 4.5

A180 0.15 180 4.5

A200 0.15 200 4.5

B200 0.70 200 7.7

B220 0.70 220 7.7

B240 0.70 240 7.7

B260 0.70 260 7.7

5 Results and discussion

The position of the nucleation zone mainly depends on the inlet temperature and
the purity of steam. The effect of the inlet temperature on the location of the
nucleation zone was analyzed by using CFD model in [22], based on the test data.
In each case of the steam flow in the IMP PAN nozzle, spontaneous condensation
phenomena occurs in the divergent part of the nozzle. For each case of the inlet
pressure, the nucleation zone is shifted towards the nozzle entry with decreasing
value of the inlet temperature. Calculated wetness fractions for different inlet
temperatures and for the inlet pressure of 0.15 MPa and 0.7 MPa are shown in
Figs. 4 and 5, respectively. Numerical results are presented in these figures on
the plane which crosses the nozzle in the middle of its width (further referred to
as a central plane).

For the case with the higher inlet pressure and the same value of the inlet
temperature, the nucleation zone occurs earlier (compare Fig. 4d – case A200 with
Fig. 5a – case B200). The expansion line for the case with lower inlet pressure is
shifted to the right on the enthalpy–entropy diagram. This means that for this
case of higher pressure expansion, the saturation line (and thus also the Wilson
line) will be crossed. Therefore, the position of the nucleation zone for smaller
inlet pressures is shifted to the nozzle exit. In each considered case, the steam
enters the nozzle as superheated and leaves it as wet.

Steam expansions lines (obtained from the numerical calculations) on the
pressure–volume diagram along the nozzle axis for the inlet pressure 0.15 MPa
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Figure 4: Distribution of the wetness fraction (y = 1 − x) on the central plane for the inlet
pressure 0.15 MPA and inlet temperatures: a) 140 ◦C, b) 160 ◦C, c) 180 ◦C, and
d) 200 ◦C.

Figure 5: Distribution of the wetness fraction (y = 1−x) on the central plane for the inlet pres-
sure 0.15 MPa and inlet temperatures: a) 200 ◦C, b) 220 ◦C, c) 240 ◦C, and d) 260 ◦C.

and 0.7 MPa are shown in Figs. 6 and 7, respectively. Regardless of the boundary
conditions, for all considered cases there exists higher or smaller peak of the pres-
sure, which determines the onset of condensation. The nucleation process leads
to the formation of very large number of tiny droplets, called the primary fog,
more or less uniformly distributed in the continuous vapor phase. The droplets
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formed in such a way rapidly grow by exchanging heat and mass with the sur-
rounding subcooled vapor [10]. The high rate of heat release as a result of rapid
condensation, causes a sharp increase in a vapor temperature and consequently
an exponential decay of the subcooling. Depending on the values of the flow
parameters, the initial growth phase of the droplets may give rise to a gradual
increase in pressure known as condensation shock.

Figure 6: Steam expansion on pressure–volume diagram along the nozzle axis for the inlet pres-
sure 0.15 MPa and different values of the inlet temperature.

Figure 7: Steam expansion on pressure–volume diagram along the nozzle axis for the inlet pres-
sure 0.7 MPa and different values of the inlet temperature.
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Figures 8 and 9 present the numerically calculated steam expansion lines along
the nozzle axis on the Mollier enthalpy–entropy diagrams for the inlet pressure
of 0.15 MPa and 0.7 MPa, respectively. For each case of the inlet pressure, the
expansion line on the chart is shifted to the left with decreasing value of the
inlet temperature. For each considered case, the steam expansion in the IMP
PAN nozzle is approximately isentropic to the state when the steam reaches the
saturation line. After crossing the saturation line, the steam entropy increases
due to supercooling, metastable state, very high velocity (supersonic flow) and
shock condensation until reaching the Wilson line. In each considered case, the
Wilson line (onset of condensation) is achieved for approximately 0.97 equilibrium
dryness fraction line. The phase change induces the latent heat release, so that the
flow comes back to the equilibrium condition. Expansion of the flow downstream
the Wilson line takes place close to equilibrium conditions and in each case is
approximately isentropic.

Figure 8: Change of the steam entropy during the expansion for the inlet pressure of 0.15 MPa
and different inlet temperatures.

Table 2 presents numerical results for the maximum wetness fraction, y, the max-
imum level of vapor supercooling, ∆T, and the value of the Wilson point (defined
as a value of the equilibrium dryness fraction at the onset of non-equilibrium con-
densation) x for all considered cases of boundary conditions. In all cases, with
increasing the inlet temperature, the maximum wetness fraction decreases but
the level of vapor supercooling increases. The supercooling is within the range
from 26.8 ◦C (case B200) to 36.89 ◦C (case A200) which is consistent with the
theory and experimental measurements. With increasing the inlet pressure, the
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Figure 9: Change of the steam entropy during the expansion for the inlet pressure of 0.7 MPa
and different inlet temperatures.

supercooling decreases (compare case A200 with B200). For all considered cases
of boundary conditions, the Wilson point is reached at the point of approximately
3% equilibrium wetness fraction.

Table 2: Numerical results of maximum wetness fraction, y, maximum level of vapor
supercooling, ∆T , and a value of the Wilson point, x.

Case y [–] ∆T [◦C] Wilson point (x [–])

A140 0.0742 33.24 0.9713

A160 0.0610 33.35 0.9690

A180 0.0497 35.07 0.9715

A200 0.0392 36.89 0.9712

B200 0.0831 26.80 0.9717

B220 0.0691 27.89 0.9705

B240 0.0564 31.70 0.9713

B260 0.0426 28.74 0.9725
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6 Conclusions

In this paper, the initiation of the phase transition (onset of condensation called
the spontaneous condensation phenomenon) in the IMP PAN nozzle depending
on the inlet temperature was analyzed for experimental cases without the shock
wave in the steam flow. The non-equilibrium single continuum wet steam model
with a special microstructure developing during phase transition was validated
by the experiment carried out by Puzyrewski on the planar symmetrical de Laval
nozzle. The numerical results obtained using the model agree fairly well with
the experimental data (pressure distribution along the nozzle walls for Vth set
of experimental conditions). Additionally, for all considered boundary conditions
the level of subcooled vapor temperature and the Wilson point were determined.

The performed numerical investigations have shown that:

1. When pure steam expands in a nozzle or a turbine blade passage, droplets
do not appear as soon as the condition line crosses the saturation line, and
therefore the spontaneous condensation is a non-equilibrium phase tran-
sition process. For some considerable time during expansion, the steam
remains dry in a metastable equilibrium until the subcooling becomes high
enough to trigger a considerable nucleation rate.

2. The initial phase of the droplets growth may give rise to a gradual increase
in pressure known as condensation shock.

3. The position of the nucleation zone depends on the inlet temperature and
pressure. The nucleation zone is shifted to the nozzle entry with decreasing
value of the inlet temperature.

4. For the case with higher inlet pressure and the same value of the inlet
temperature, the nucleation zone occurs earlier.

5. Independently of the boundary conditions, for all considered cases there
exists a larger or smaller pressure peak determining the onset of condensa-
tion (pressure volume diagrams).

6. For each case of boundary conditions, the Wilson line (beginning of the con-
densation) is achieved for approximately 0.97 equilibrium dryness fraction
line which agrees with the theory and experiments.

7. In all cases of the inlet pressure, with increasing the inlet temperature the
maximum wetness fraction decreases, but the level of vapor supercooling
increases.
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8. The supercooling is within the range from 26.8 ◦C to 36.89 ◦C which is con-
sistent with the theory and experimental measurements.

9. For all considered cases of boundary conditions, the Wilson line is reached
at approximately 3% equilibrium wetness line.

All calculations were performed with the assumption that steam is chemically
pure but it is not known what will happen in the case heterogeneous sources of
condensation are present. Therefore, development of models for condensation and
evaporation is still necessary. As most of the experimental data used for valida-
tion of the numerical models are relatively old, new experimental measurements
employing modern measuring techniques are required.

Received in June 2017
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