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Abstract

The present work is concerned with investigation into coupled phenomena occurring in
the supersonic section of the de Laval nozzle, characterized by the presence of shock the
flow of condensing steam. The numerical simulations results were compared with the
experiment carried out by Dykas et al. in 2013 on the half arc nozzles. The present work
includes simulations results of oscillation frequency of the shock wave and conditions for
the enhancement evaporation of condensate within the asymmetrical shock wave. Novelty
of our approach lies on modeling both the moment of initiation of a phase transition, as
well as the moment of its reverse progress – called here revaporization of the condensate
phase.

Keywords: Revaporization; Shock wave; Homogenous condensation; Asymmetrical
lambda foot

Nomenclature

a – number of droplets per unit volume
b = −9.81ez – mass force of Earth gravity
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e = u+
v
2

2
– specific density energy

ei – unit vector (versor)
i = x, y, z – the Cartesian coordinates
I – unit tensor
I – volumetric rate of nucleation
Jk – diffusive flux of k,
Jε – diffusive flux of ε
Ja – diffusive flux of a
Jx – diffusive flux of x
k – turbulent kinetic energy
Ma – Mach number
v = viei – velocity
p – pressure
r̄ – is an average radius of droplet
r∗ – Kelvin-Helmholtz critical droplet radius
qc – total heat flux
Sk, Sε, Sx, Sa – source of k, source of ε, source of x and source of a, respectively
T – temperature
t – time
x – dryness fraction

Greek symbols

α – volume fraction of condensate
ε – turbulent dissipation energy
ρ – continuum density
ρl – density of condensed phase

τ
C – total viscous stress

Subscripts

inlet – inlet condition
outlet – outlet condition

1 Introduction

Phase transformations, taking place in the water, are a subject of our ev-
eryday experience. They happen spontaneously or are initiated by a man in
a various kinds of machines and devices. The most interesting phenomenon,
occurring in this fluid, is condensation. This phenomenon can be initiated
through a rapid pressure change, therefore this is a stress induced phase
transitions brought about the mechanism of local tension of the fluid.

In the low-pressure part of steam turbine, the steam state path usually
crosses the saturation line in penultimate stages [4, 5] and steam conden-
sates creating tiny droplets. The formation and evolution of these droplets
has lower the performance of the wet turbines stages and their effects on
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the efficiency are collectively known as wetness losses [4]. Nowadays, due to
work of steam turbines at a partial load, process of homogeneous and het-
erogeneous condensation still is observed. Nevertheless, thermomechanical
aspects of the nucleation, growth and interaction of water droplets in the
steam turbine of large output are still poorly understood [1,2]. It is because,
that the flow in the low-pressure part of steam turbine is complicated and
still requires thorough experimental and numerical analysis.

One of the most unwanted effect of turbine operation in low pressure
conditions, is related to nonequilibrium condensation [1, 5]. Steam enters
the low-pressure (LP) turbine as superheated vapor and leaves saturated,
with wetness forming as a result of several phase transition processes. The
wetness mainly consists of large number of minute droplets which are ini-
tially nucleated within and generally carried by the flow [7–9]. As far as
phase transitions are induced by the pressure drop, these do not always
occur in the vicinity of the saturation line. According to the rate of pres-
sure drop and the steam quality, these phase transitions can occur far from
equilibrium conditions. In such situation the basic questions are focused
on inception and growth of water droplets due to homogenous and het-
erogeneous condensation [1, 5]. Several observations confirm however, that
condensation often occurs earlier than it is predicted by theory, i.e., be-
fore the Wilson line. It is because the nucleation can start at some soluble
and insoluble impurities, particle of dust, chemical compounds or corrosion
products [5, 6].

Liquid phase in the flowing vapor through stages of the steam tur-
bine is the cause of a lot of failures [6]. The formation and evolution of
these droplets lower the performance of the wet stages of the turbines, and
their effects on the efficiency are collectively known as wetness losses [7–9].
Droplets of condensed phase can move with velocity different than gas phase
velocity and can seriously damage blades. Erosion of rotor blade leading
edge is mainly due to droplets that form behind the trailing edge of guide
vanes [5, 6]. Nowadays, due to work of steam turbines at partial load, pro-
cess of homogeneous and heterogeneous condensation still is observed [6].
The formation of drops of condensate under conditions other than nominal
operation of turbine is a process still unknown. Engineers and designers
involved in the development of power station machines using condensable
working fluids, have a need to better understand the impact of moisture for-
mation on a machine performance and its lifetime. In meeting this interest
the large-scale experiments and measurements are generally most signifi-
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cant and required if the technical process is to be considered [6].
The first time the de Laval nozzle has been used in steam turbines in

1888. Nowadays nozzles are commonly used to acceleration different fluids
in various technical devices. In the space between the turbine blades, which
resembles the shape of the de Laval nozzle, the shock wave can appear,
which has a negative impact on the flow of water vapour. Shock wave is the
result of interaction between a normal shock wave and the boundary layer,
which produces a λ-foot structure. It is well-known and experimentally con-
firmed that for low Mach numbers the λ-feet are of the same size at both
nozzle walls. However, at higher velocities (Mach number, Ma > 1.4) the λ-
feet generated on the upper and lower walls of a symmetric nozzle become
different in size. Flow separation inside propulsive nozzles generates un-
steady and asymmetrical shock structures and induce fluctuating side loads
which potentially can damage the structure. It has also been observed that
the tendency towards asymmetry depends on the nozzle divergence angle
[10–13]. The most of the experimental data used for validation of the nu-
merical models are relatively old, and do not include a precise investigation
of the shock wave behaviour in the wet steam regime.

In the present paper we have focused on the precise prediction of the
spontaneous condensation phenomena in wet steam flow. Novelty of our ap-
proach lies on modelling both the moment of initiation of a phase transition,
as well as the moment of its reverse progress – called here revaporization
of the condensate phase. In the paper some original mechanistic model of
droplet evaporation is involved, numerically implementated and compared
with the experiment carried out by Dykas in 2013 on the half arc nozzels
[3]. The model of a single continuum with a special microstructure growing
up during phase transitions, proposed by Bilicki and Badur, is taken to be
a general no equilibrium framework for description of condensation as well
as vaporization. Evaporization, in our model is governed not only by mass
transport but also by internal structure energy that is based on balance of
heat energy transported into a droplet.

2 Conditions of experiment

The Silesian experiment was carried out on two half arc de Laval nozzles
of ‘rectangular’ cross-section. The D1 half nozzle is an arc nozzle with wall
curvature radius of 700 mm and critical throat height of 55.5 mm. The D2
nozzle, is also an arc nozzle with lower critical throat height of 27.5 mm.
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Wall curvature radius of D2 nozzle is about 525 mm. The width of the
flow channel is 110 mm [3]. The shape of two half arc de Laval nozzles
is shown in Fig. 1. Superheated steam with very stable parameters was
supplied from the 1 MW boiler. The parameters ahead of the test section
was controlled by means of a control valve and desuperheater, providing the
steam with parameters corresponding to the conditions prevailing in low-
pressure turbine stages. The static pressure measurement in the nozzles was
carried out at a distance of 200 mm downstream from the critical throat,
along the center line of the nozzle width. The distance between pressure
taps was 10 mm [3].

Figure 1: The geometries of two half arc de Laval nozzles [3].

3 Conditions of numerical analysis

Modeling conditions have been taken from description of experiment [3] that
was conducted at the Institute of Power Engineering and Turbomachinery of
the Silesian University of Technology site. Inlet total pressure was pinlet =
0.96 × 105 Pa, inlet temperature Tinlet = 381 K. Back pressure at the
nozzle outlet was about poutlet = 0.4 × 105 Pa. These boundary conditions
correspond to experimental conditions for case of D1 nozzle [3]. For the
purposes of the problems considered in this paper it has been assumed that
the steam is perfectly pure. Mesh for full geometry of the nozzle (Fig. 2)
has consisted of 390 000 hexahedral finite volumes.

4 Governing equations of employed CFD model

For our model governing equations are based on the following balance of
liquid-vapour mixture:
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Figure 2: FVM discretization of two half arc de Laval nozzles.

• balance of mass – ρ:

∂t(ρ) + div(ρv) = 0 , (1)

• balance of momentum – ρv:

∂t(ρv) + div(ρv ⊗ v + pI) = div(τC) + ρb , (2)

• balance of energy – e:

∂t(ρe) + div(ρev + ρv) = div(τCv + qC) + ρbv , (3)

• turbulence energy evolution – k:

∂t(ρk) + div(ρkv) = div(Jk) + ρSk , (4)

• turbulence dissipation evolution – ε:

∂t(ρε) + div(ρεv) = div(Jε) + ρSε , (5)

• evolution of wetness fraction – x:

∂t(ρx) + div(ρxv) = div(Jx) + ρSx , (6)

• evolution of number of droplets – a:

∂t(ρa) + div(ρav) = div(Ja) + ρSa . (7)
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An additional balance equations for k, ε and x are related to the evo-
lution of turbulence in the condensing flow, or the condensation evolution
under turbulent flow condition. Both are fully nonequilibrium phenomena,
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 within every finite volume [5, 10, 11].

Process of growth of individual droplet is governed by mass, momentum
and energy transport mechanism between gas and liquid phases. Droplet
growth can be described by an evolution of radius of droplet that moves in
the wet steam field. Models are needed when nucleation start at some par-
ticles, dust, chemical compounds or corrosion products, that often happens
before a Wilson line. Other sources of droplets are related to the mechanical
action of steam flow and water film at surface of blades [1, 5]. The dryness
fraction sources Sx (in Eq. 6) can be divided into homo- and heterogeneous
sources of the mass generation rate due to condensation and evaporation.
Homogenous source includes part responsible for inception of droplets and
part responsible for growth and evaporation of droplets:

Sx =
4

3
πρ1 Ir

3

∗
+ 4πρ1α r̄2

∂r̄

∂t
, (8)

where: r̄ – is an avarage radius of droplet, ρ1 – density of condensed phase,
r∗ – the critical Kelvin – Helmholtz radius of droplet, I – is a volumetric rate
of nucleation, α – volume fraction of condensate [1,2,7,8]. Other details of
our model have been presented in the articles [1,5,7,8].

5 Results and discussion

Figure 3 shows a comparison of the static pressure distribution obtained
from numerical simulation with experimental data (case of D1 nozzle).
This model of condensation provides a good agreement with experiment.
Schlieren pictures were carried out during the experimental campaign to
improve the possibility of identifying shock wave. In the Fig. 4 we can see
photo of shock wave taken during experiment and the same shape and local-
ization of shock for computational fluid dynamics (CFD) simulation for the
same flow conditions. The calculated distribution of the wetness fraction
(Fig. 5) shows partial evaporation of the liquid phase on the shock wave.

In considered case a velocity of steam is very high (Ma > 1.4), therefore
size of λ-feet generated on the upper and lower walls is different. Additional
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Figure 3: The static pressure distribution along straight wall of the D1 nozzle, compari-
son of the numerical results (solid line) with experiment data (dots).

Figure 4: Calculated Mach number distribution and Schlieren pictures from experiment
for D1 nozzle [3].

asymmetry is enhanced by different shape of walls. The λ-feet is a result
of interaction between a normal shock wave and the boundary layer. The
shock/boundary layer interaction produces two separated flows: 1 – without
reattachment downstream for upper wall (separation this is a free shock
separation) and 2 – with reattachment downstream for lower straight wall
(this is a restricted shock). The interaction between the two oblique shocks
(C1 and C3 in Fig. 6) forms a Mach disc (MD). The λ-shock structures C1
– C2 and C3 – C4 are jointed to Mach disc by two triple points T1 and T2.

ISSN 0079-3205 Transactions IFFM 128(2015) 119-130



Enhanced evaporation of the condensate droplets. . . 127

Figure 5: Calculated wetness fraction for D1 nozzle.

Figure 6: Distribution of Mach number – asymmetrical shock pattern for Ma > 1.4.

For a given de Laval nozzle geometry authors have conducted calcula-
tions for wet steam model. It was decided to increase the pressure on both
the inlet and outlet by the value of 105 Pa. Our numerical investigation
have shown that for new boundary conditions the shock wave oscillates
with frequency 72.3 Hz. Location of the shock wave at various time points
for new boundary conditions is shown in Fig. 7.

Two cases are considered for the same parameters of the inlet: pinlet =
1.8 × 105 Pa, Tinlet = 415 K. For case A back pressure at the nozzle outlet
was about poutlet = 0.7× 105 Pa, for case B, it was decided to increase the
outlet pressure to poutlet = 1.3 × 105 Pa. Figure 8a shows the calculated
distribution of the wetness fraction for case A. For this case evaporation of
condensate on the shock wave is slight. Increasing the back pressure causes
enhancement the evaporation of the condensate droplets in the shock wave
zone, what we can see in the Fig. 8b.
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a)

b)

c)

Figure 7: Distribution of Mach number for different moments of time: a) in time t, b) in
time t + 0.004 s, c) in time t + 0.008 s.

6 Conclusions

The proposed model of nineequation non-equilibrium have been tested and
compared with the experimental data. This wet-steam model, describing
both condensation and revaporization, applied to de Laval nozzle gives sat-
isfactory results that agree well with experimental data. Presented data in-
dicates correctness and utilization of employed model for condensing flows
in more complex geometries. In considered case (boundary conditions for
D1 nozzle) a velocity of steam is very high (Ma > 1.4), therefore size of
λ-feet generated on the upper and lower walls is different. This phenomena
is depending on interaction between a normal shock wave and the boundary
layer. Additional asymmetry is enhanced by different shape of walls. Our
numerical investigation have shown that for new boundary conditions (in-
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a)

b)

Figure 8: Calculated wetness fraction: a) slight evaporation for case A, b) enhancement
evaporation for case B.

crease the pressure on both the inlet and outlet by the value of 105 Pa) the
shock wave oscillates. Increase pressure at the outlet side causes enhance-
ment evaporation of condensate in the shock wave zone.

Received 2 March, 2015
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