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ABSTRACT 
Steam flows passing through the last stage of a low-

pressure steam turbine is accompanied by phase transition. 
Fine droplets formed as a result of phase transition affect the 
main flow fields and machine performance through inter-
phase mass, momentum, and energy exchanges and latent 
heat release involved in a condensing process. Therefore, it is 
needed to consider the phase transition phenomena in a 
simulation of condensing wet-steam flow. In this study, 
numerical simulations of wet-steam flows in various 
convergent-divergent nozzles involving nucleation and 
condensation of the steam are performed using the 
compressible Reynolds-Averaged Navier-Stokes (RANS) in-
house code T-Flow with an Eulerian-Lagrangian method for 
coupling two different phases of vapour and liquid. Three 
different growth models are applied with the change of 
correction factors in nucleation and growth models, and their 
influences are studied in different nozzle geometries. 

INTRODUCTION 
Rapidly expanding steam flows in the last stage of a 

low-pressure steam turbine experiences the condensation 
through homogeneous nucleation processes. The vapour 
freed from foreign materials and surface contact does not 
condense at the saturation point but becomes super-cooled 

into a metastable state, and this metastable vapour requires a 
certain level of super-cooling to form fine droplets. Fine 
droplets formed as a result of phase transition affect the main 
flow fields and machine performance through inter-phase 
mass, momentum, and energy exchanges and latent heat 
release involved in a condensing process. This process 
termed homogeneous nucleation requires a non-equilibrium 
wet-steam model to study such flows numerically. Although 
research on the wet-steam model has an old history, there are 
still uncertainties in the model, so calibration depending on 
the case is often necessary.  

In this study, wet-steam flows are simulated using an 
Eulerian-Lagrangian method that treats the continuous 
vapour phase in the Eulerian frame using the compressible 
Reynolds-Averaged Navier-Stokes (RANS) in-house code T-
Flow and the dispersed droplet phase in the Lagrangian 
frame as a particle. Since the created droplets affect vapour 
through mass exchange with phase transition, the two-way 
coupling is applied. Two phases are coupled by adding 
source terms in mass, momentum, and energy conservation 
equations. They are solved in an unsteady way because of the 
inherent unsteady characteristic of the Lagrangian approach. 
In order to treat an enormous number of droplets, parcel 
concept which groups multiple droplets into one is adopted. 
In this way, numerical studies on various stationary 
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convergent-divergent nozzles that have different expansion 
rates and conditions are conducted with three different 
growth models and changing the correction factors. Then, 
their influences on the main concerns of the pressure field 
and the droplet size at the exit, and on the flow fields such as 
wetness and super-cooling level are analyzed. 

T-FLOW 
The in-house code T-Flow used in this study was first 

developed in the 1990s to simulate the 3-D internal flow 
fields in rotating machinery. It has been used and validated in 
the studies of tip leakage flows, clocking effects, and 
stator/rotor interactions in centrifugal, axial compressors 
(Park et al., 2003; Choi et al., 2005; Baek and Choi, 2007) 
and axial turbines (Park and Baek, 2002; Park et al., 2006). 
T-Flow uses the compressible RANS equations (eq. (1)): 
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    Here, the vector 𝑄𝑄 consists of conservative variables, 
𝐸𝐸~𝐺𝐺  are the inviscid flux vectors and 𝐸𝐸𝑣𝑣~𝐺𝐺𝑣𝑣  are the 
viscous flux vectors. 𝑥𝑥~𝑧𝑧 are the three directions in the 
cartesian coordinate system, and 𝑢𝑢~𝑤𝑤  are the velocity 
components in each direction. T means transpose of a matrix, 
𝑡𝑡 is the time, 𝑒𝑒 is the total internal energy, 𝑞𝑞 is the heat 
flux and τ is the Reynolds stress. The governing equations 
are discretized in space using a finite-volume method and in 
time using an Euler implicit time-marching scheme. Flux 
difference splitting method suggested by Roe (or flux vector 
splitting method by Van-Leer) along with the upwind scheme 
and the MUSCL technique are used for the inviscid flux 
terms. The central difference scheme is used for the viscous 
flux terms. A local time stepping method based on the CFL 
number and a MPI technique are used for rapid calculation. 

TWO-PHASE FLOW MODELING 
Steam flows passing through the expanding section of a 

convergent-divergent nozzle, a blade cascade, or a low-
pressure steam turbine experience condensation. The pure 
vapour freed from foreign materials and surface contact does 
not condense immediately after crossing the saturation line 
but instead becomes excessively cooled into a metastable 
state. At the limit point of the super-saturation level known 
as Wilson point, the vapour condenses and forms fine liquid 

droplets. This process termed homogeneous nucleation 
process predominates the condensation of rapidly expanding 
steam flow. The homogeneous nucleation occurs in the non-
equilibrium state apart from the saturation state, so the 
models appropriate to simulate the condensing wet-steam 
flow are needed. At the early stage of droplet dynamics in a 
nozzle, a cascade and a low-pressure steam turbine, droplet 
formation due to the homogeneous nucleation and droplet 
growth due to the additional condensation are usaully 
considered in a simulation. Therefore, in the simulation of a 
condensing wet-steam flow, it is required to calculate the 
newly nucleated droplet size (𝑟𝑟∗), the droplet nucleation rate 
(J), and the droplet growth rate (𝑑𝑑𝑟𝑟/𝑑𝑑𝑡𝑡).  

The droplet size (𝑟𝑟∗) and the nucleation rate (J) are 
calculated using the models based on the classical nucleation 
theory (eqs. (2) and (3)) (Kantrowitz, 1951). The newly 
created droplet radius (𝑟𝑟∗) is represented using the critical 
radius at the given super-cooling level which is the ratio of 
the local vapour pressure (P) and the saturation pressure (𝑃𝑃𝑠𝑠). 
The nucleation rate (J) is the number of droplets created 
during unit time in unit volume, and Φ (eq. (4)) is a non-
isothermal correction factor. The correction factor (f) in the 
exponential term is used to calibrate the nucleation rate 
artificially.  
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The droplet growth rate (𝑑𝑑𝑟𝑟/𝑑𝑑𝑡𝑡) is calculated using three 
different models of Hill (eq. (5)) (Hill, 1966), Gyarmathy 
(eq. (6)) (Gyarmathy, 1962), and Young (eq. (7)) (Young, 
1982). Young’s model has the correction factors, α and β 
in the additional equation to calculate the correction value (ν, 
eq. (8)). In this study, we assumed that β has a fixed value 
of zero, so it is not included in the equation.  
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The temperature of a droplet (eq. (9)) is calculated using 
the droplet size dependent equation which is applicable for a 
small droplet less than 1µm (Moore and Sieverding, 1976; 
Gerber, 2008). 

r
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An Eulerian-Lagrangian method is applied for the 
purpose of coupling two different phases of vapour and 
liquid with the non-equilibrium condensation models for the 
calculation of droplet formation and growth. In the Eulerian-
Lagrangian method, the continuous vapour phase is 
calculated in the Eulerian frame with a control volume 
approach, the dispersed liquid droplets are handled in the 
Lagrangian frame as particles. In order to deal with the 
droplet phase as particles, it is required to calculate equations 
of motion for tracking them (eq. (10)). The size of droplet is 
within the sub-micron scale, slip between the phases can be 
ignored. Therefore, the droplet velocity is equivalent to the 
vapour velocity at the droplet position (eq. (11)), and the 
motion of droplet is calculated using it. The vapour velocity 
is composed of mean component (𝑈𝑈𝑔𝑔 ) and fluctuating 
component ( 𝑢𝑢𝑔𝑔′ ). To describe a dispersion due to the 
turbulence, the fluctuating component is calculated using the 
turbulence kinetic energy (k) and normalized random 
function (Π) as in eq. (12) (Gerber, 2002; Fakhari, 2006). 
The vapour properties at the droplet position are required to 
consider the growth and motion of a droplet, so that they are 
interpolated using the values at neighbour nodes.  
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The mass, momentum, and energy exchanges between 
the liquid and vapour phases occur, and a large amount of 
latent heat is released during the nucleation and growth 
processes. Therefore, they are reflected in the vapour phase 
using the source terms in the control volumes. The source 
term part collects all exchange terms generated from new 
droplets created in the control volume, and from the droplet 
growth while passing through the corresponding control 
volume. The source terms of mass, momentum in i direction, 
and energy are 𝑆𝑆𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠 , S𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖 , 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔𝑒𝑒 , respectively (eqs. 
(13)-(15)).  
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All source terms collected during a single time-step are 
added at the vapour equations and reflected in a calculation. 
It is repeated in every time-step, so that interaction between 
the vapour phase and the droplet phase can be considered. 

CONVERGENT-DIVERGENT NOZZLES 
In order to validate the non-equilibrium wet-steam 

model implemented using the Eulerian-Lagrangian method, 
the simulations on four different convergent-divergent nozzle 
cases (Moses & Stein nozzle 252, 257 and Moore nozzle B, 
and C) are conducted (Moses and Stein, 1978; Moore et al., 
1973). Each nozzle has a different expansion ratio and an 
inlet condition. The main concerns in the nozzle cases are the 
pressure increase also known as condensation shock due to 
the latent heat release during the phase transition, and the 
droplet size at the exit.  

For the boundary conditions of the nozzles, the total 
pressure and total temperature conditions were used at the 
inlet, the static pressure condition is imposed at the outlet, 
the no-slip and adiabatic conditions were used on the walls, 
and the symmetric boundary condition is given in the 
spanwise direction. The incoming droplets in the inflow were 
not allowed, so the incoming flow is in the pure vapour 
condition. To simulate turbulent flow, the original k − ω 
turbulence model is used.  

In the cases of condensing wet-steam flows, different 
from single phase flows, the pressure dose not continuously 
decrease in the expanding section, but the local pressure 
increase known as condensation shock is appeared due to the 
latent heat release during a phase transition. The pressure 
characteristics of wet-steam flows were verified in the 
following simulation results of four convergent-divergent 
nozzles cases.  

Moses & Stein nozzle 252, 257  
 

 
Figure 1 Moses & Stein nozzle 

 
The Moses & Stein nozzle 252 and 257 cases share the 

computational geometry (fig. 1), but different inlet 
conditions were imposed in each case. The computational 
grid and experiment data of Moses & Stein nozzle cases are 
taken from International Wet Steam Modelling Project 
(Starzmann et al., 2016). The 252 case has the total pressure 
of 40.05kPa and total temperature of 374.30K, and the 257 
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case has the total pressure of 67.66kPa and total temperature 
of 376.70K at the nozzle inlet. The computational grid is 
composed of 95,000 ( 350 × 90 × 3 ) nodes in a 3-D 
structured format (hexahedral).  

In the 252 case, the pressure distributions were obtained 
from the simulation results using three different growth 
models without modification of correction factors, and they 
were compared with the experiment result (fig. 2). In all 
cases, the characteristics of condensing wet-steam flows 
(pressure rise) were appeared, but they had different pressure 
profiles. The Hill’s model gives reasonable agreement, but 
the other models show the delayed condensation shock 
position in the downstream. In the comparison of droplet 
sizes, all models underestimated the droplet size compared to 
the experimental data (fig. 3).  

In the 257 case, the pressure distributions were also 
obtained using the same models applied in the 252 cases, and 
they were compared with the experiment result in fig. 4. In 
the 257 case, different from the 252 case, the Hill’s model 
overestimated the pressure increase while the other models 

 
Figure 2 Pressure (Moses & Stein 252) 

 
Figure 3 Droplet radius (Moses & Stein 252) 

show reasonable results. However, all models under-
estimated pressure in the downstream (fig 4). In the 
comparison of droplet sizes, all three models underestimated 
the droplet size compared to the experimental data (fig. 5). 
The comparison results in the pressure and droplet size in the 
252 and 257 cases show that the Hill’s model predict a 
condensation shock early compared to the others, but the 
droplet size is underestimated in common.    

 
Figure 4 Pressure (Moses & Stein 257) 

 
Figure 5 Droplet radius (Moses & Stein 257) 

Moore nozzle B  
 

 
Figure 6 Moore nozzle B 
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Similar to Moses & Stein nozzle, the computational grid 
and experiment data of a Moore nozzle B (fig. 6) are taken 
from International Wet Steam Modelling Project (Starzmann 
et al., 2016). Total pressure of 25kPa and total temperature of 
358.1K are imposed at the inlet. The computational grid 
consists of 120,000 ( 400 × 100 × 3 ) nodes in a 3-D 
structured format (hexahedral).  

The pressure distributions obtained from the simulation 
results using three different growth models are compared 
with the experiment result (fig. 7). All three models show the 
tendency to develop an excessive pressure undershoot and 
overshoot compared to the experimental data. The position of 
condensation shock is predicted reasonably in three cases. In 
the droplet size comparison, all three cases give an 
underestimated droplet radius at the nozzle exit which is 
similar to the Moses & Stein nozzle (fig. 8). 

 
 
 

Figure 7 Pressure (Moore nozzle B) 

Figure 8 Droplet radius (Moore nozzle B) 

Moore nozzle C  

 
Figure 9 Moore nozzle C 

 
The computational grid of a Moore nozzle C (fig. 9) is 

generated using ICEM CFD 13.0. Total pressure of 25kPa 
and total temperature of 359.11K were imposed at the inlet. 
The computational grid consists of 80,000 (200 × 80 × 5) 
nodes in a 3-D structured format (hexahedral). 

The pressure distributions of the three models show 
reasonable agreement with the experiment result (fig. 10). 
However, in the droplet size comparison, the tendency of 
underestimated droplet radius is captured which is similar to 
the other nozzle cases (fig. 11).   

Figure 10 Pressure (Moore nozzle C) 

Figure 11 Droplet radius (Moore nozzle C) 
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In addition, the influences of correction factors on the 
flow field were studied by changing their values in a Moore 
nozzle C. 

The correction factor (f) in the nucleation rate equation 
reduce the nucleation rate exponentially as it increases. As 
the factor increases, the position of condensation shock is 
delayed and the peak value decreases (fig. 12). For the case 
of droplet size, the increased correction factor leads to a 
larger droplet size until the factor is larger than 1.00 (fig. 13). 
This tendency in the pressure and droplet size is due to the 
reduced nucleation rate (fig. 14). The low nucleation rate 
leads to the smaller number of droplets in the region after the 
nucleation region, so it becomes the reason of the reduced 
pressure peak by reducing released latent heat, and it also 
leads to the large droplet size because the super-cooling level 
is maintained highly. 

 
 

Figure 12 Pressure, changing correction      
factor f (Moore nozzle C) 

Figure 13 Droplet radius, changing correction 
factor f (Moore nozzle C) 

 

The correction factor (α) used in Young’s growth model 
plays a role in increasing the growth rate as it increases. 
Therefore, a larger droplet size is captured at the exit as a 
result of the increased growth rate (fig. 16). As the factor 
increases, the position of condensation shock moves forward 
and the pressure peak increases (fig. 15). The increased 
correction factor suppresses the nucleation rate at the rear 
side of the nucleation region (fig. 17). However, the pattern 
of changing the nucleation rate is different from the previous 
nucleation rate correction case, and there is an only small 
change in the peak value. The increased growth rate causes 
an increase in a phase transition rate at the downstream of the 
nucleation region, so it accelerates the pressure rise and the 
recovery in the super-cooling level through increasing the 
amount of latent heat released during a condensation. The 
reduced super-cooling level at the rear side of the nucleation 
zone suppresses the nucleation rate.   

 

Figure 14 Nucleation rate, changing correction 
factor f (Moore nozzle C) 

Figure 15 Pressure, changing correction      
factor 𝛂𝛂 (Moore nozzle C) 
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As a consequence, both the nucleation and growth 
correction factor (f and α) affect the pressure distribution 
and the droplet size. They increase the pressure by increasing 
their values, but droplet radius is decreased and increased by 
increasing f and α, respectively. Therefore, it is possible to 
modify the exit droplet size by controlling both factors while 
maintaining the pressure. The predicted pressure profile 
coincides with the experimental data by using Young’s 
growth model with the following combinations of the factors 
(α, f); (0, 1.00), (3, 1.02), (5, 1.04), (7, 1.06), Gyarmathy’s 
model with the f value 1.00, and Hill’s model with the f value 
1.02 (fig. 18). However, without correction in the growth 
rate, the exit droplet size is quite underestimated as in the 
other nozzles (fig. 19). Therefore, only the case using 
Young’s model with a larger growth rate gives comparable 
results both in the pressure and the droplet size.  

 

Figure 16 Droplet radius, changing correction 
factor 𝛂𝛂 (Moore nozzle C)

Figure 17 Nucleation rate, changing correction 
factor 𝛂𝛂 (Moore nozzle C) 

 

Although the usages of different models and correction 
factors give considerable variations on the nucleation rate 
(fig. 20) and the droplet size (fig. 19), similar trends of the 
super-cooling level and wetness are obtained, when the 
pressure profiles are similar to each other (figs. 21 and 22). 

Figure 18 Pressure, changing correction     
factors 𝛂𝛂, f (Moore nozzle C) 

Figure 19 Droplet radius, changing correction 
factors 𝛂𝛂, f (Moore nozzle C) 
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Figure 20 Nucleation rate, changing correction 
factors 𝛂𝛂, f (Moore nozzle C) 

Figure 21 Wetness, changing correction     
factors 𝛂𝛂, f (Moore nozzle C)

Figure 22 Super-cooling level, changing correction 
factors 𝛂𝛂, f (Moore nozzle C) 

CONCLUSIONS 
In order to simulate condensing wet-steam flow, the 

non-equilibrium wet-steam model is implemented in the in-
house code T-flow using the Eulerian-Lagrangian method. 
Then, the steam flows are simulated in the four different 
convergent-divergent nozzle cases; Moses & Stein nozzle 
252, 257, Moore nozzle B, and C. In each case, three 
different growth models of Young, Gyarmathy, and Hill are 
applied, and the simulation results are compared.  

In all simulation cases, the condensation shock which 
can represent the characteristic of the condensing wet-steam 
flow is obtained, but there are discrepancies in the shock 
position and the peak value depending on the used growth 
model. The Young’s and Gyarmathy’s models show the 
similar result in the prediction of condensation shock, and 
they gave reasonable agreement except for the Moses & 
Stein nozzle 252 case which shows a delayed shock position. 
The Hill’s model give reasonable agreement for the Moses & 
Stein nozzle 252 case, but pressure is overestimated in the 
other nozzle cases. However, the droplet size is under-
estimated compared to the experimental data in all cases 
considered.  

The nucleation and growth correction factor (f and α) 
affect the pressure distribution and the droplet size in the 
different ways. They increase the pressure by increasing their 
values, but droplet radius is decreased and increased by 
increasing f and α, respectively. Therefore, it is possible to 
obtain the increased exit droplet size while maintaining the 
pressure. As a consequence, only the Young’s growth model 
shows comparable results both in the pressure and the droplet 
size when applying the correction factors (α, f); (5, 1.04), (7, 
1.06) in the Moore nozzle C case. 

NOMENCLATURE 
𝛾𝛾   Specific heat ratio (-) 
𝛿𝛿𝛿𝛿   Cell volume (𝑚𝑚3) 
𝜆𝜆   Conductivity (W/𝑚𝑚 ∙ K) 
𝜌𝜌   Density (kg/𝑚𝑚3) 
σ   Surface tension (N/𝑚𝑚) 
𝐶𝐶𝑝𝑝   Isobaric heat capacity (J/kg ∙ K) 
𝐻𝐻𝑡𝑡𝑚𝑚𝑡𝑡    Total enthalpy (J/kg) 
ℎ𝑓𝑓𝑔𝑔   Condensation latent heat (J/kg) 
J   Nucleation rate (/𝑚𝑚3𝑠𝑠) 
𝑘𝑘   Turbulence kinetic energy (𝑚𝑚/𝑠𝑠) 
𝑘𝑘𝐵𝐵   Boltzmann constant (J/K) 
𝐾𝐾𝐾𝐾   Knudsen number (-) 
𝑚𝑚𝑚𝑚   Water molecular mass (kg) 
𝑁𝑁𝑑𝑑   Droplet number in a cell (-) 
𝑃𝑃   Pressure (N/𝑚𝑚2) 
𝑃𝑃r   Prandtl number (-) 
𝑅𝑅   Gas constant (J/Kg ∙ K) 
𝑟𝑟   Droplet radius (𝑚𝑚) 
𝑟𝑟∗   Critical droplet radius (𝑚𝑚) 
𝑅𝑅𝑒𝑒   Reynolds number (-) 



9 

𝑇𝑇   Temperature (K) 
𝑈𝑈   Averaged velocity vector (𝑚𝑚/𝑠𝑠) 
𝑢𝑢   Velocity vector (𝑚𝑚/𝑠𝑠) 
𝑢𝑢′   Fluctuating velocity vector (𝑚𝑚/𝑠𝑠) 
𝑥𝑥   Position vector (K) 
  
 Subscripts 
𝑓𝑓   Liquid phase, droplet  
𝑔𝑔   Gas phase, steam  
𝑠𝑠   Saturated  
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