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Abstract
This study addresses the phenomenon of wet steam formation in the last stage
of steam turbines, analyzing the governing equations and physical model for
non-equilibrium condensation flow of wet steam. Computational analysis is per-
formed on the Moses and Stein nozzle, revealing characteristics of the wet steam
formation process; comparison with experimental results verifies the validity of
the numerical calculation model and method. Finally, numerical calculation is
conducted on a steam turbine stator blade to analyze the moisture and sub-
cooling distributions, and a novel moisture removal structure for stator blades
is proposed and evaluated through computational analysis. The results demon-
strate that as the channel diameter increases, the average moisture content at
the stator blade exit decreases, resulting in reduced wet steam loss.
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Abstract

This paper investigates the wet steam formation phenomenon in the final stage
of steam turbines by analyzing the governing equations and physical models of
non-equilibrium condensation flow in wet steam. Numerical calculations were
performed on the Moses and Stein nozzle to characterize the wet steam forma-
tion process, and the correctness of the numerical model and methodology was
verified through favorable comparison with experimental results. Finally, nu-
merical simulations were conducted on a steam turbine stator blade to analyze
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the distributions of humidity and supercooling, and a novel stator dehumidifica-
tion structure was proposed with its effectiveness evaluated through computa-
tional analysis. The results demonstrate that as the channel diameter increases,
the average humidity at the stator outlet decreases and wetness loss is reduced.
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0 Introduction
Steam turbines are critical energy conversion devices that play a significant role
in the national economy. However, in the final stages of steam turbines, steam
expansion work causes the steam temperature to drop below the saturation
temperature, resulting in non-equilibrium condensation and the generation of
numerous droplets. These droplets are highly detrimental to stage performance,
not only reducing turbine stage efficiency but also causing severe erosion of rotor
blades as they continue to grow.

The formation of droplets carried by wet steam in turbine flow passages rep-
resents an extremely complex problem involving phase change and two-phase
flow. The difficulty in studying wet steam lies in the fact that steam humidity
is not uniformly distributed along either the circumferential or radial directions
of the blades, and heat and mass transfer occur continuously between droplets
and steam, involving intricate phase change phenomena. Stodola and Wilson
pioneered investigations of this phenomenon in 1920 using supersonic Laval noz-
zles, followed by similar studies from Yellott and colleagues in 1930. Bakhtar
and Zidi experimentally investigated nucleation phenomena in two-dimensional
nozzles with three different expansion rates, obtaining data on pressure ratio
and droplet size along the nozzle axis, and subsequently conducted theoretical
studies on the subject. Gerber et al. developed a numerical model based on
the Eulerian-Lagrangian method and applied it to calculations for a Moore low-
pressure nozzle, achieving good agreement between numerical and experimental
results. Gerber and Kermani later developed an Eulerian-Eulerian numerical
method for non-equilibrium condensation under high-pressure, transonic condi-
tions, which also showed excellent agreement with experimental data. Never-
theless, wet steam flow in low-pressure turbine stages remains a highly relevant
research topic today, particularly concerning various losses caused by wet steam,
as detailed in the work of Moore and Sieverding.
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With advances in computer technology and maturation of two-phase flow the-
ory, numerical simulation has become a viable approach for investigating wet
steam flow in steam turbines. By establishing mathematical models for wet
steam condensation flow, researchers can accurately determine wet steam pa-
rameters such as droplet radius, droplet number, and humidity. Current steam
turbine dehumidification methods are primarily divided into internal and exter-
nal approaches. External dehumidification improves steam parameters through
regeneration to achieve moisture removal, while internal dehumidification con-
sists of three categories: stator dehumidification, rotor dehumidification, and
diaphragm dehumidification between stator and rotor rows. This paper focuses
on stator dehumidification.

Existing stator dehumidification methods primarily involve manufacturing hol-
low stator blades and using cavities with purging, suction, or wall heating to
remove water films deposited on vane surfaces or large droplets concentrated
at trailing edges. However, these methods feature complex structures and fail
to fundamentally eliminate wet steam formation. A well-designed stator dehu-
midification structure can remove most water droplets from wet steam, thereby
improving turbine efficiency and safety. This paper first analyzes wet steam for-
mation within steam turbines, then employs a two-phase flow model to perform
numerical calculations on the Moses and Stein nozzle, comparing results with
experimental data to ensure computational reliability. Finally, a novel dehu-
midification structure is proposed and evaluated through numerical simulation
and result analysis.

1 Wet Steam Phase Transition Process and Mathematical
Model
The transformation from dry to wet steam flow in turbine stator blades involves
three primary stages. In the first stage, saturated steam crosses the satura-
tion line and condensation occurs, generating a small number of extremely fine
droplets. In the second stage, as the steam continues to expand, supercooling
increases, causing the fine droplets formed in the first stage to suddenly grow
larger. However, since their number remains limited, the droplets absorb heat
from the steam, their radius decreases, and supercooling increases further. In
the third stage, as steam expansion continues, supercooling gradually decreases,
the nucleation rate diminishes and eventually stabilizes, the droplet number
becomes nearly constant, and droplet radius increases slightly. Throughout
this flow process, a non-equilibrium two-phase flow model can be applied for
calculations, with droplet diameters typically ranging from 0.1 to 1 �m.

1.1 Governing Equations

The small droplets formed in wet steam within steam turbines move with the
steam flow. For this study, we assume no relative motion between droplets and
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steam, meaning both phases share a common velocity. Consequently, the gov-
erning equations encompass both the continuous vapor phase and the discrete
droplet phase.

The continuous phase mass equation can be expressed as:

𝜕𝜌𝑐𝑟𝑐(𝜌𝑐𝑢𝑖𝑟𝑐) = −𝑖 = 1(𝑆𝑑 + 𝑚∗𝑟𝑐𝐽𝑑)
where the right-hand side represents the source term, indicating the total mass
of all droplets formed from the steam.

The discrete phase droplet mass equation is given by:

𝜕𝜌𝑑𝑟𝑑(𝜌𝑑𝑢𝑖𝑟𝑑) = 𝑆𝑑 + 𝑚∗𝑟𝑐𝐽𝑑

For each individual droplet, a corresponding mass equation exists, as shown in
Equation (3):

𝜕𝜌𝑑𝑁𝑑(𝜌𝑑𝑢𝑖𝑁𝑑) = 𝜌𝑑𝑟𝑐𝐽𝑑

In the above equations, 𝐽𝑑 represents the nucleation rate, defined as the number
of droplets formed per unit volume of steam per unit time; 𝑟𝑐 is the vapor volume
fraction, which relates to the single droplet volume fraction 𝑟𝑑 as follows:

𝑖 = 1
𝑟𝑑 = 1

The continuous phase energy equation is presented in terms of total enthalpy:

ℎ𝑐𝑙𝜌𝑙2𝜋𝑅𝑇
where 𝑇𝑑 denotes droplet temperature.

𝛾 + 1𝐶𝑝(𝑇𝑑 − 𝑇 )

Given the previous assumption of a common velocity for all phases, the mo-
mentum equation needs to be solved only for the continuous phase (vapor),
with interphase momentum changes represented by the source term 𝑆𝑑. The
momentum equation is:

𝜕(𝑟𝜌𝑢𝑖)𝑐𝜕(𝑟𝜌𝑢𝑗𝑢𝑖)𝑐 = −𝑟𝑐𝜕(𝑟𝜏𝑗𝑖)𝑐𝑖 = 1

𝜕(𝑟𝜌ℎ)𝑐𝜕(𝑟𝜌𝑢𝑗ℎ)𝑐𝜕𝑥𝑗)𝑐 + 𝜕(𝑟𝜏𝑗𝑖)𝑐𝑖 = 1𝜕𝑥𝑗(𝑟𝑘𝑡

In the above equation, 𝑆𝑑 incorporates the effects of mass and heat transfer.
According to Gyarmathy’s research, when droplet diameters are small, Equation
(14) can be used for calculation:

𝑇𝑑 = 𝑇𝑠𝑎𝑡(𝑝) − Δ𝑇 (𝑟∗
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1.2 Nucleation and Droplet Growth Models

The mass generation rate 𝑚∗ in the non-equilibrium condensation process is
determined by both nucleation and droplet growth (or evaporation). The sum
of their mass increase constitutes the mass generation rate. Therefore, 𝑚∗ can
be expressed as:

𝑚∗ = 𝜋𝜌𝑙𝐽𝑑𝑟3∗ + 4𝜋𝜌𝑙𝜂𝑟2𝜕𝑟

where 𝜂 represents the average droplet radius, 𝜌𝑙 is droplet density, 𝑟∗ is the
critical droplet radius, and 𝐽𝑑 is the number of droplets per unit volume.

Accounting for non-isothermal effects, the nucleation rate expression from
Kantrowitz’s correction to classical nucleation theory is employed:

−(4𝜋𝑟3𝑘𝑇 )1 + 𝜃(𝜌2𝜌𝑙)2𝜎

where: 𝛼 is the condensation coefficient (typically valued at 1), 𝑘 is the Boltz-
mann constant, 𝑚 is the mass of a single water molecule, 𝜎 is droplet surface
tension, 𝜌𝑙 and 𝜌𝑐 are the densities of droplets and steam at temperature 𝑇
respectively, and 𝜃 is the non-isothermal correction coefficient expressed as:

𝜌𝑙𝜌𝑐2(𝛾 − 1)𝛾 + 1𝑅𝑇 (ℎ𝑐𝑙

where ℎ𝑐𝑙 represents the latent heat of phase change at pressure 𝑝, and 𝛾 denotes
the specific heat ratio.

After condensation nuclei formation, the small nuclei droplets continuously ex-
change heat and mass with surrounding steam. When the droplet radius exceeds
the critical radius, droplets grow; when smaller, they evaporate. The critical
radius expression is:

𝑟∗ = 𝜌𝑙𝑅𝑇 ln 𝑆

where 𝑆 denotes supersaturation, defined as the ratio of actual vapor pressure
to saturation pressure at equilibrium phase change:

𝑃𝑠𝑎𝑡(𝑇 )

where 𝑝 is steam pressure and 𝑃𝑠𝑎𝑡(𝑇 ) is the saturation pressure of water vapor
at that temperature.

Supercooling characterizes the degree to which gas temperature falls below sat-
uration temperature, expressed as:

Δ𝑇 = 𝑇𝑠𝑎𝑡 − 𝑇

Droplet growth involves two mechanisms: first, mass transfer from steam con-
densation, and second, heat transfer between droplets and steam in the form
of latent heat. This energy transfer relationship, first proposed by J.B. Young,
can be written as:
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2 Model Validation and Analysis
Steam turbine stator blades represent a special type of nozzle. Due to mea-
surement difficulties, their internal flow characteristics can be studied through
nozzle analysis. This paper investigates the Moses and Stein nozzle to validate
the correctness of the two-phase flow model, providing a foundation for the
dehumidification calculations in the following section.

2.1 Moses and Stein Nozzle Calculation and Result Analysis

The nozzle geometry is shown in Figure 1 [Figure 1: see original paper]. The
converging-diverging nozzle wall consists of two circular arcs: a subsonic re-
gion with radius R=0.053 m and a supersonic region with radius R=0.684 m,
smoothly connected. From the formula, the nozzle expansion rate is determined
to be 8230 sec�¹. The nozzle throat is located at x=0.0822 m with a square cross-
section of 10×10 mm.

𝑒𝑥 = −(𝑢/𝑝)(𝑑𝑝/𝑑𝑥)

represents the mass generation rate in the non-equilibrium condensation process.
In classical nucleation theory, the mass generation rate 𝑚∗ is determined by both
nucleation and droplet growth (or evaporation). Their combined mass increase
constitutes the total mass generation rate. Therefore, 𝑚∗ can be written as:

𝑚∗ = 𝜋𝜌𝑙𝐽𝑑𝑟3∗ + 4𝜋𝜌𝑙𝜂𝑟2𝜕𝑟

Moses conducted multiple sets of experiments, from which seven cases were
selected for numerical calculation in this study. The boundary conditions and
measurement data are presented in Table 1 .

Table 1 Boundary conditions and Wilson point parameters in different
experimental numbers

Grid density significantly impacts numerical calculation reliability. This paper
validated grid independence by comparing calculations with different mesh den-
sities against experimental values. The final mesh is shown in Figure 2 [Figure
2: see original paper].

This section first presents numerical calculations for Experiment No. 193 com-
pared with experimental measurements, as shown in Figure 3.

Figure 3 Pressure ratio distribution

As shown in Figure 3, the computational results demonstrate excellent agree-
ment with experimental values, confirming the correctness of the calculation
model and methodology.

To explain the droplet formation process in steam, parameters including droplet
mass fraction, supercooling, droplet number, diameter, and nucleation rate
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along the nozzle centerline were extracted, as shown in Figure 4 [Figure 4: see
original paper].

Figure 4 Droplet parameters distribution along nozzle center line

The droplet parameters along the nozzle centerline can be divided into three
regions: Region I before the nozzle throat, Region II from the throat to the
Wilson point location, and the remaining Region III. To better analyze Figure
4, the Wilson point concept must first be explained. Discovered and proposed
by Wilson, the Wilson point represents the location of maximum supercooling.
Based on the previous equations, maximum supercooling corresponds to maxi-
mum nucleation rate. In Region I, steam expands continuously before reaching
the nozzle throat. However, due to relatively high steam temperature and low
supercooling, the nucleation rate remains low, producing only a small number
of droplets and resulting in very low steam humidity. Figure 4 also reveals that
nucleation does not occur at low supercooling; the nucleation rate only begins to
increase significantly when supercooling reaches approximately 18 K. Steam car-
rying a small number of droplets passes through the throat into Region II, where
it continues to expand. As the expansion rate decreases, the saturation temper-
ature changes minimally, while droplet radius reduction due to heat absorption
causes steam temperature to decrease, ultimately increasing steam supercooling
to its maximum at the Wilson point. Both nucleation rate and droplet number
increase with supercooling temperature, but steam humidity remains nearly con-
stant due to decreasing droplet diameter. Upon entering Region III, the steam
expansion rate increases, causing the saturation temperature to decrease more
rapidly. The large number of droplets generated in Region II grow in radius,
releasing latent heat that raises steam temperature, reduces supercooling, and
decreases nucleation rate until equilibrium is reached.

To further validate the mathematical model and computational methodology,
multiple experimental cases were calculated, with the Wilson point locations
and corresponding supercooling values compared as shown in Figure 5 [Figure
5: see original paper]. The predicted Wilson point locations show excellent
agreement with experimental values, with a maximum error of approximately
2.5%, demonstrating high prediction accuracy. For supercooling at the Wilson
point, the difference between calculated and experimental values is less than
4 K, which is acceptable. Through numerical calculations on the Moses and
Stein nozzle and comparison with experimental results, the causes and influ-
encing factors of droplet formation were analyzed, validating the mathematical
model and computational methodology to provide theoretical assurance for the
dehumidification analysis in the following section.

Figure 5 Comparison of supercooling between simulation and exper-
iment in different numbers
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3.1 Model Introduction

This section examines the final stage stator blades of a specific steam turbine.
The stage contains 60 blades total, with only one flow passage selected for
calculation. The hub and shroud diameters are 762 mm and 910 mm respectively,
with the computational model shown in Figure 6 [Figure 6: see original paper].
Total pressure and total temperature inlet conditions (26.5 kPa, 340.15 K) and
static pressure outlet condition (6.62 kPa) were applied. Grid independence was
verified prior to calculation.

Figure 6 Model of computation

3.2 Calculation Result Analysis

Two indicators are generally used to evaluate humidity distribution within flow
passages: supercooling, which causes droplet formation, and humidity itself,
which represents the result of droplet formation. Therefore, this study investi-
gates dehumidification methods based on these two characteristics.

Figures 7 and 8 present the supercooling distribution and humidity distribution
at 50% blade span for the original blade profile.

Figure 7 Supercooling distribution at 50% span
Figure 8 Mass fraction of H2O at 50% span

Comprehensive analysis of Figures 7 and 8 reveals that the location of maxi-
mum supercooling does not coincide with the location of maximum humidity.
Maximum supercooling occurs near the throat region downstream of the blade
passage, while humidity begins to increase in the region after the throat, consis-
tent with the characteristics described in Figure 4.

3.3 Dehumidification Structure and Calculation Result Analysis

Based on the analysis in Section 3.2, two dehumidification approaches are pos-
sible: first, reducing supercooling to decrease nucleation rate and achieve de-
humidification; second, more directly converting generated humidity back to
steam by supplying heat. This paper focuses on the first approach.

A novel dehumidification structure is proposed, as shown in Figure 9 [Figure
9: see original paper]. High-temperature steam from the blade leading edge is
injected into regions with high nucleation rates to achieve dehumidification. The
red line represents the blade camber line, the front endpoint of the black line is
tangent to the camber line, and the rear segment targets the region of maximum
supercooling. The parameter 𝑑 represents the diameter of the channel. This
structure’s advantage lies in fundamentally achieving dehumidification without
requiring additional steam flow.

Figure 9 The structure of dehumidification
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For convenience, the diameter 𝑑 of the blade without a channel (original blade) is
defined as 0. This section investigates five different stator blade structures with
channel diameters of 1 mm, 1.5 mm, 2 mm, 2.5 mm, and 3 mm. Calculations
were performed for these five models, with humidity changes and wetness losses
shown in Figure 10 [Figure 10: see original paper].

Figure 10 Wetness loss and Mass fraction for different diameters

Figure 10 clearly shows that as the channel diameter increases, wetness loss
decreases and humidity is reduced. At a 3 mm channel diameter, humidity
decreases by nearly 0.01%. Although this may appear modest, increasing the
number of flow channels would yield further substantial humidity reduction.

4 Conclusions
Focusing on wet steam formation in the final stage of steam turbines, this paper
analyzed the governing equations for wet steam formation and flow, performed
numerical calculations on a nozzle with existing experimental data, analyzed the
complete wet steam formation process, and validated the model and methodol-
ogy. Finally, calculations were performed on a steam turbine stator blade, a
novel dehumidification structure was proposed, and its effectiveness was eval-
uated. The results demonstrate that classical nucleation theory and droplet
growth models can accurately describe the phase transition process of sponta-
neous steam condensation. The nucleation rate only increases significantly when
steam supercooling reaches approximately 18 K, with the maximum nucleation
rate location occurring downstream of the nozzle throat. The proposed dehu-
midification structure can fundamentally achieve dehumidification, and as the
channel diameter increases, dehumidification effectiveness improves and wetness
loss decreases.
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