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Abstract: The low efficiency of wet steam turbine is mainly attributed to wetness losses. To
investigate the mechanisms which give rise to these losses, a fully Eulerian model has been developed
for calculation of the wet steam flows with spontaneous condensation. In this model, the liquid
phase is described with two conservation equations in Eulerian form and coupled with a solver of
gas dynamics equations. With such a model, the existing code for simulation of single-phase flows
can easily be changed to include wet steam two-phase flows in wet steam turbines. A numerical
simulation of condensing flow in a plane turbine cascade is performed, and the numerical results are
presented and compared with the experimental results.
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1. Introduction
In the low-pressure stages of steam turbines, steam expands across the sat-

uration line. The steam firstly supercools and then suddenly nucleates under some
defined supercoolings to become a two-phase mixture. The wet steam flow in turbine
lowers the performance of stages, and its effects on efficiency are known as wetness
losses. Though the well-known Baumann’s law has been employed since 1910 to es-
timate the wetness losses in the steam turbine design, the deep-concealed mechanisms
responsible for these losses are still ambiguous and need more efforts to investigate.
With a dominant role played by steam turbines in the area of power generation, any
progress in understanding such mechanisms will lead to improved design of steam
turbines and, as a result, yield handsome economic dividends. Nowadays, CFD has
been widely used in the engineering design, and therefore, to develop a numerical
method for simulation of wet steam flow is practically important.

However, it is not easy to investigate the wet steam flows numerically when
considering the facts that there are a great number of water droplets dispersed in
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wet steam and the droplets are very different in size. Bakhtar et al. has contributed
much to the accurate simulation of wet steam flows. All of the published paper by
Bakhtar et al. [1–3] concentrate on a mixed Eulerian/Lagrangian method in which
the conservation equations of gas dynamics were solved in Eulerian formulation
while the liquid phase was treated in Lagrangian coordinates. Other authors such
as Young [4], Skillings and Jackson [5], Guha and Young [6] adopted the same mixed
Eulerian/Lagrangian method to study the condensing flows. In this paper, a fully
Eulerian method resolving the wet steam flows with spontaneous condensation is
presented. The most important character of the method is to describe the liquid
phase in wet steam with two conservation equations in Eulerian form. The knowledge
of the flow path of water droplets is of less consequence and the wet steam flows can
be solved using the same numerical arrangements as those in simulation of single-
phase flows. Also, it is more straightforward to extend to 3D calculation of wet steam
flows. A numerical simulation of condensing flow in a plane cascade is performed; the
numerical results are presented and compared with experimental measurements.

2. Governing equations of wet steam flow

Considering the two coupled systems of steam and water droplets in wet steam,
the governing equations for steam phase are the general gas dynamics equations with
mass transfer, momentum transfer and energy transfer between phases. In Cartesian
coordinates, the conservative equations can be written as:
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where ρg is the density of the vapour; u and ν are velocity components in x and y

directions respectively; p is the pressure; E is the total energy; and the subscript g

denotes the vapour phase. The source term Sg counts in transfers of mass, momentum
and energy between the phases. In the source term, ṁ is the condensed mass per unit
time; ρ is the density of wet steam; hfg is the latent heat and ρṁ(hfg−ht) is the
latent heat released to the vapour during the condensing process. The condensed mass
per unit time can be expressed as

ṁ= (i−Y )Jρl
4πr3

c

3
+4πr2 dr

dt
ρlN. (2)

Here, J is the nucleation rate; dr/dt is the growth rate; ρl is the density of water; rc
is the critical radius; N is the water droplet number contained in unit mass of wet
steam and r is the droplet radius. This formula can be deduced from the fact that the
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condensed mass involves the mass coming from the nucleation at the critical radius
and from droplets growth on surfaces of existing droplets.

The liquid phase can be treated as a continuum due to the very large number of
minute water droplets contained in the wet steam flows. Under the zero slip hypothesis
between the steam and water droplets, the momentum equations for these droplets
are unnecessary. Here, two extra conservation equations are added to characterize
the liquid phase. One describes the water droplets number distribution and the other
describes the wetness distribution. In Cartesian coordinates these two equations can
be written as follows:
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=Sl, (3)
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Here Y is the wetness. According to the definition of wetness Y , the following
expression can be obtained:

r3 = 3Y/(4πρlN). (4)

This expression can be used to calculate the water droplet radius after the parameters
N and Y are resolved at each time step in the time-marching method.

Before the calculation can be started, the nucleation rate J and water droplet
growth rate dr/dt must be determined. Though the classical nucleation theory and
water droplet growth theory have been widely disputed, they are still the most
competent selection in the calculation of wet steam flows. The expressions for the
nucleating rate J and water droplet growth rate dr/dt adopted here are those
described by Guha and Young [6]:
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In the wet steam flows, the sudden condensation can lead to a very sharp variation
of flow parameters. For example, in a very short distance, the water droplet number
may increase from zero to a very large figure, say 1018 or more. This makes it not
easy to get a convergent numerical result. However, the development of TVD schemes
provides the possibility of handling such flow fields since they were originally proposed
to capture shock waves. In the present work, Harten’s TVD scheme [7] is adopted.
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3. Numerical results and discussion
In this paper the wet steam flow was investigated in a cascade of turbine rotor

tip section, for which Bakhtar et al. conducted a series of 2D experiments in a blow-
down facility [8].

Two numerical simulations were performed. One calculation aimed at investig-
ating the superheated flow, and the other, the wet steam flow. The flow conditions
are shown in Table 1.

Table 1. Flow conditions

P0 T0−Ts(P0) P0/Ps2

Superheated flow 0.997Bar 419.3K 2.36

Condensing flow 1.015Bar 370.1K 2.33

The flow inlet angle between the stream and the tangential direction was 128̊
in both superheated flow and wet steam flow. An ‘H’ type grid was used and the grid
number was 491×91.

Figure 1 shows the surface pressure distributions for both superheated flow
and wet steam flow. The numerical results agree well with those of the experimental
measurements. Compared to the pressure distribution in superheated flow, the surface
pressure in wet steam flow is significantly different at the suction surface from 40% of
the axial length to the trailing edge. A pressure knee is also observed on the suction
surface in wet steam flow, and this contributes to the rapid condensation.

(a) (b)

Figure 1. Surface pressure distributions: (a) superheated flow; (b) wet steam flow

In Figure 2 the Mach number distributions for both superheated flow and wet
steam flow are presented. Besides the knee in the Mach number contours of wet steam
flow at about 40% axial length, the structure of trailing edge shock waves in wet steam
flow is different from that in the superheated flow. Bakhtar has illustrated it as a λ
shock. The most marked difference between the superheated flow and wet steam flow
may exist in the wakes. Referring to Figure 3, the patterns of velocity vectors near
the suction surface in wet steam flow are different from those in superheated flow.
In the wet steam flow vortices are observed along the suction surface. At the trailing
edge these vortices separate from the blade and move with the stream into the wake
leading to different structures of wakes as shown in Figure 2. Thus, besides the wetness
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(a) (b)

Figure 2. Mach number distributions: (a) superheated flow; (b) wet steam flow

(a) (b)

Figure 3. Velocity vectors on the suction surface near the trailing edge:
(a) superheated flow; (b) wet steam flow

losses the condensing flow produces additional aerodynamic losses by changing the
flow pattern behind the rapid condensation zone. It can also be predicted that the
changes of flow pattern will have effects on the next cascade. Therefore, to design wet
steam stages with a wet steam flow solver is practically necessary. Figure 4 shows a
comparison between the entropy distributions in superheated flow and wet steam flow.
It indicates that in the wet steam flow the rapid condensation occurring at the cascade
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(a)

(b)

Figure 4. Entropy distributions: (a) superheated flow (b) wet steam flow

throat leads to a very fast increase of the entropy, compared to the superheated flow.
The total entropy increase in wet steam flow is also larger than that in superheated
flow.

The distribution of the degree of supercooling in wet steam flow is shown in
Figure 5. The supercooling degree increases during the course of expansion. It reaches
the maximum at the throat. Then the steam suddenly condenses. In the meantime,
the supercooling degree drops rapidly and the steam returns to the equilibrium state.
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Figure 5. Supercooling degree distribution Figure 6. Water droplet number distribution

Figure 7. Water droplet radius distribution Figure 8. Wetness distribution

Referring to Figure 6, in the rapid condensation zone, the water droplet number
increases very quickly from nearly zero to a very large figure. It can also be seen
that there are more droplets in the wake than in the main stream. Figure 7 shows
the distribution of the water droplet radius. It should be noted that the radius of
droplets in the wake is smaller than that in the main stream. This is just contrary to
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the distribution of the water droplet number. In Figure 8 the wetness distribution
is presented. The wetness in the rapid condensation zone increases quickly to a
meaningful value. Though the number of water droplets in the wake is more than
that in the main stream, the smaller droplet size in the wake leads to the fact that
the wetness in the wake is smaller than that in the main stream.

4. Conclusions
A numerical simulation of the wet steam flow in a plane turbine cascade was

performed with an Eulerian/Eulerian model. This model was designed to investigate
the two-phase wet steam flows with spontaneous condensation.

The numerical simulation showed significant differences between the super-
heated flow and condensing flow. Compared to the superheated flow, the wet steam
flow gives a pressure knee on the suction surface where the rapid condensation oc-
curs. The condensation of steam produces wetness losses. It also brings vortices along
the suction surface of the blade. In this case, the existence of vortices significantly
changes the flow pattern of the wake region in wet steam flow and leads to additional
aerodynamic losses. The investigation shows that it is really important to design a
wet steam turbine stage with a wet steam flow solver.

Acknowledgements
The first author is very grateful for the support of the Doctorate Fundation of

Xi’an Jiaotong University (Fundation No. DFXJU 2000-18).

References
[1] Bakhtar F and Mohammadi Tochai M T 1980 Int. J. Heat Fluid Flow 2 5
[2] Bakhtar F and Zidi K 1990 Proc. Instn. Mech. Engrs., Part A, J. Power and Energy 204 223
[3] Bakhtar F, Webb R A, Shojaee-Fard M H and Siral M A 1993 ASME J. Fluids Engineer-

ing 115 128
[4] Young J B 1982 PCH PhysioChem. Hydrocarbons 3 57
[5] Skillings S A and Jackson R 1987 Int. J. Heat Fluid Flow 8 139
[6] Guha A and Young J B 1991 Proc. Conf. Turbomachinery: Latest development in a Changing

Scene, London, UK, pp. 167–177
[7] Harten A 1983 J. Comp. Phys. 49 357
[8] Bakhtar F, Ebrahimi M and Webb R A 1994 Proc. Instn. Mech. Engrs., Part C, J. Mech.

Eng. Science 209 115

tq0106l7/216 26I2002 BOP s.c., http://www.bop.com.pl


