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Abstract 

 

Numerical Analysis of the Effect 

of Droplet Size Distribution on 

Steam Turbine Performance 
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School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

 
Condensation occurs inside low pressure steam turbine and it 

affect negatively on turbine performance. Many researches have 

been conducted numerically and experimentally. However, the effect 

of various size of inlet droplet on steam turbine performance has not 

been conducted although various droplet can enter blade row in real 

turbine. In this paper, the effect of size distribution on steam turbine 

performance has been conducted numerically. Simulation is 

conducted with ANSYS CFX 17.0. Setting 5 different size of droplet 

to predict the effect of various size of inlet droplet. As inlet droplet 

size range increases, condensation less occurs inside blade passage. 

At the surface of inlet droplet, condensation more occurs, but 

condensation on inlet droplet suppress nucleation, leads to less 
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condensation inside blade passage. Different droplet mass fraction 

leads to different shock strength. Due to condensation latent heat, 1st 

shock strength increases as inlet droplet size increase, but 

downstream condensation leads less pressure drop at the 

downstream, leads to 2nd shock strength weaker.  

 

Keyword : CFD, multiphase flow, Nucleation, Condensation, Steam 

turbine 
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r*  Droplet critical radius 

T  Temperature 

p  Pressure 

m  Mass of a water molecule 

qc  Condensation coefficient 

qe  Evaporation coefficient 

kB  Boltzmann constant 

L  Latent heat 

SΦ  Source term 

S  Shock 

N  Number of droplet for each size 

nd  Number of droplet phase 

β  Correction factor by Young [8] 

σ  Droplet surface tension 
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λ  Vapor thermal conductivity 
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subscript  

sat  Saturation 

d  Droplet 

v  Vapor 
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Chapter 1. Introduction 
 

 

1.1. Study Background 
 

Steam turbine has been used in power generation. Steam turbine 

includes high pressure turbine, intermediate pressure turbine and low 

pressure turbine. In low pressure turbine especially, condensation 

can occur while low temperature vapor enters the turbine and 

expands inside the turbine. Condensed vapor exists as droplet form, 

and these droplets have negative effects on turbine performance such 

as blade erosion, efficiency drop.  

Condensation inside turbine involves a non-equilibrium phase 

change, different with a normal phase change. Unlike the normal 

phase change, the non-equilibrium phase change means that the 

phase change does not occur immediately beyond the saturation 

curve, but the phase change occurs beyond that, which is difficult to 

predict. Several models for accurate prediction have been studied, 

including experiments and CFD calculations. 
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1.2. Previous Research 
 

To predict non-equilibrium condensation, many researches have 

been conducted about condensation model. There are two types of 

condensation model, one is nucleation model where vapor molecules 

cluster and form new droplet, and the other is droplet growth model, 

where condensation occurs on the surface of droplet and droplet 

grows. McDonald [1,2], Frenkel [3], Wegner [4], Hill [5], Gyarmathy 

[6], Campbell [7], Young [8] suggested nucleation model and droplet 

growth model. There model will be announced chapter 2.  

The flow with condensation was studied experimentally. Moore 

[9] measured pressure and droplet size along the center line at the 

expansion nozzle and compared with numerically calculated value 

from the condensation model. Bakhtar [9, 10] conducted experiment 

at turbine rotor tip cascade and measured pressure along blade and 

took Schlieren image with various inlet droplet size and pressure 

ratio. White [11] also conducted experiment at turbine stator cascade 

and measured pressure along blade and took Schlieren image with 

dry inlet condition (no droplet at inlet) and wet inlet condition 

(droplet exists at inlet).  

For numerical researches, Grubel et al [12] conducted numerical 

simulation in their steam turbine rig. He compared wetness and 
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pressure with non-equilibrium condensation and equilibrium 

condensation cases showed change of nucleation area with adding 

empirical factor. 

Droplet formed in front blade row can enter the back blade row 

and can affect the flow at the back blade row. To investigate the 

effect of inlet droplet, Gerber [13] conducted numerical simulation 

with White [11] cascade with changing inlet droplet size. As inlet 

droplet size increasing, Gerber showed blade loading change and 

nucleation location change as inlet droplet size increasing. Grubel 

[14,15] conducted simulation with their own steam turbine rig and 

White [11] cascade each. Grubel classified loss component into wake 

loss, boundary layer loss, condensation with nucleation, condensation 

at inlet droplet and showed each portion in total loss.  
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1.3. Research Objective 
 

Until now, many researches about condensation, especially about 

wet inlet condition have been conducted. Still, their assumption is 

uniform droplets enter the cascade. However, in real turbine, non-

uniform size of droplets can enter the blade row due to droplet formed 

at the front blade row. The effect of non-uniform size of inlet droplet 

on turbine has not investigated yet.  

The objective of research is to investigate the effect of non-

uniform size on flow inside turbine numerically.  

1) Condensation behavior change 

2) Blade loading change 

3) Shock strength change 
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Chapter 2. Condensation Model 
 

 

2.1. Non-Equilibrium State 
 

Due to rapid expansion in turbine or nozzle, the change of 

temperature cannot follow the change of pressure. As a result, 

although vapor state crosses saturation line, phase change does not 

occur and vapor stay gas phase with lower temperature then 

saturation temperature. This state is called non-equilibrium state or 

subcooled vapor. ΔT  is indicator which tells how vapor is non-

equilibrium state and definition of ΔT is ΔT = Tsat(𝑝) − 𝑇. Figure 1 

shows non equilibrium state area which is blue area.  

This non-equilibrium state vapor creates new saturation line 

called Spinodal line which is dash line at the figure 1. This new 

saturation line is determined by Gibbs energy comparison.  

When non-equilibrium state vapor changes phase or condenses, 

vapor molecules cluster and form a sphere shape droplet and this 

process is called nucleation.  
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Figure 1 Non-equilibrium state  
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2.2. Nucleation Model 
 

When vapor molecules cluster and form new droplet, Gibbs 

energy changes as droplet diameter. Equation (1) is Gibbs energy 

change with droplet radius and figure 2 shows Gibbs energy change 

with droplet radius. For equation (1), first term is due to surface 

tension of droplet and second term is the change of Gibbs energy due 

to isothermal expansion of vapor.  

 
Figure 2 Gibbs energy – droplet radius relation 

 

𝜟𝑮 = 𝟒𝝅𝒓𝟐𝝈 −
𝟒

𝟑
𝝅𝒓𝟑𝝆𝒅𝑹𝑻𝒗𝒍𝒏[

𝒑𝒗

𝒑𝒔𝒂𝒕(𝑻𝒗)
]  (1) 

  

When vapor is under non-equilibrium state, vapor pressure pv 

is larger than saturation pressure psat, radius – Gibbs energy graph 
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goes like figure 2. Then when droplet formed with certain radius r, it 

behaves differently whether r is larger than r*, local minimum point 

or not. For thermodynamic stability, process occurs to reduce Gibbs 

energy. When formed droplet radius is smaller than r*, droplet radius 

decreases to reduce Gibbs energy and disappear when radius goes 

to 0. On the other hand, when formed droplet radius is larger than r*, 

droplet tends to grow, increase size to reduce Gibbs energy. 

Consequently, droplets formed by clustering vapor molecules have 

radius of r* and grow. So when droplets are formed, assuming all the 

droplets have r* of radius, or called critical radius r* and their Gibbs 

energy are ΔG∗. 

 

𝑱 =
𝒒𝒄

𝟏+𝝂
√

𝟐𝝈

𝝅𝒎𝟑

𝝆𝒗
𝟐

𝝆𝒅
𝒆𝒙𝒑(−

𝜟𝑮∗

𝒌𝑩𝑻𝒗
)  

(2) 

 

 

Equation (2) is model for nucleation rate, number of droplet 

formation rate per unit volume. In equation (2), ν is non-isothermal 

factor, to consider different temperature between vapor and droplet 

and qc is condensation coefficient, often considered as unity. This 

model is suggested by Frenkel [3].  
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2.3. Droplet Growth Model 
 

Droplet growth model is different with droplet size and mean free 

path of vapor molecules. A different model is set according to the 

dimensionless parameter Kn. Kn is defined as Kn =
l

2r
.  

 

2.3.1 Free Molecular Transfer Process 
 

This region is Kn> 1 where the radius of the droplet is smaller 

than the mean free path. Hertz-Knudsen [16] presented the 

following model. 

𝝆𝒅
𝒅𝒓

𝒅𝒕
= [𝒒𝒄

𝒑

√𝟐𝝅𝑻𝒗
− 𝒒𝒆

𝒑𝒔𝒂𝒕(𝑻𝒅,𝒓)

√𝟐𝝅𝑻𝒅
]  

(3) 

 

 

qc  is condensation coefficient. It is empirical coefficient and 

usually assumed to be 1. qe  is evaporation coefficient, and also 

assumed to be 1. Equation (3) shows droplet growth rate is 

determined by difference between incoming flux of vapor molecules 

and outgoing flux of vapor molecules. 

 

2.3.2 Continuum Transfer Process 
 

This region is Kn<1 and the radius of the droplet is larger than 

mean free path of vapor. From the energy transfer equation [5], the 

following equation (4) is derived. 
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𝑳𝝆𝒅
𝒅𝒓

𝒅𝒕
=

𝝀

𝒓
(𝑻𝒅 − 𝑻𝒗)   (4) 

 

 

 

2.3.3 Gyarmathy Model 
 

Gyarmathy [6] interpolated the two equations and derived the 

following equation. 

 

𝑳𝝆𝒅
𝒅𝒓

𝒅𝒕
=

𝝀

𝒓

𝟏

𝟏+𝟑.𝟏𝟖𝑲𝒏
(𝑻𝒅 − 𝑻𝒗)  (5) 

 

 

2.3.3 Young Model 
 

Young [8] added Kn~1 area and to Gyarmathy model and 

modified Gyarmathy model.  

 

𝑳𝝆𝒅
𝒅𝒓

𝒅𝒕
=

𝝀

𝒓

𝟏
𝟏

𝟏+𝟐𝜷𝑲𝒏
+𝟑.𝟕𝟖𝑲𝒏

(𝑻𝒅 − 𝑻𝒗)  (6) 
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Chapter 3. Numerical Simulation 
 

 

3.1. Geometry 
 

Geometry for CFD is from Birmingham (Bakhtar [9]), steam 

turbine rotor tip cascade. Figure 3 is test facility and table 1 and table 

2 is cascade geometry and experiment condition. Pitch is 36.92mm 

and axial chord is 19.17mm. The test condition is from Bakhtar [10].  

For calculation, 3rd blade passage is selected and calculation 

domain is one blade passage.  

 

 
Figure 3 Experiment facility 
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Blade geometry 

Specification value 

Pitch (mm) 36.92 

Axial chord (mm) 19.17 

Table 1 Experiment geometry 

 

 

Property value 

Total Pressure (bar) 1.25 

Pressure ratio 3.61 

Main 0.24 

Incidence angle ( °) 0 

Table 2 Experiment condition 
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3.2. Grid 
 

Grid in domain has been generated with using ANSYS ICEM. 

Hexahedral mesh is used for grid. Outlet is located in downstream 

than outlet location in measurement due to convergence issue. O grid 

is used at leading edge area and H grid is used at trailing edge area. 

Figure 4 shows blocks for grid in CFD domain, and figure 5 and figure 

6 show grid at leading edge and trailing edge each.  

In this study, 2D calculation has been conducted with 1 blade 

passage. Translational periodicity has been used for considering 

several blade row and symmetry condition is used for 2D simulation.  

Figure 7 shows grid independence test result. Y axis shows 

generated entropy normalized by generated entropy at 600k grid 

case and as a result of grid independence test, 500k case is selected.  
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Figure 4 Calculation domain 
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1) 

 
Figure 5 Grid at leading edge 

2) 

 
Figure 6 Grid at trailing edge 
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Figure 7 Grid independence test 

 

 

 

3.3. Numerical Setup 
 

2D, steady CFD has been conducted for the effect of non-

uniform size inlet droplet. For simulation for non-uniform size of inlet 

droplet, 5 different size of droplets enter the blade row. Figure 8 is 

schematic of CFD setting. Assuming 5 different size of inlet droplet 

enter the blade row and also one more droplet phase is added 

considering nucleation. Nucleation is simulated by considering Gibbs 

free energy of vapor and droplet. Euler-Euler method implemented 

for calculation. 
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Figure 8 Schematic of CFD 

 

 

 Diameter (μm) 

Uniform 1 

Case 1 0.2 0.5 1 2 5 

Case 2 0.1 0.25 1 4 10 

Table 3 Inlet size distribution 

 

Table 3 is droplet size distribution table. 5 different droplets or 

phases are set and for comparison, uniform case is also calculated. 

Total mass fraction or sum of all the droplets at inlet is fixed to 1.7% 

and mean diameter is also fixed for 1μm. Mean diameter is calculated 

by Sauter mean diameter D32 which is used for measuring droplet 

size experimentally.  

𝑫𝟑𝟐 =
𝚺𝑫𝟑𝑵

𝚺𝑫𝟐𝑵
  

(6) 
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In experiment, measured inlet droplet is 0.15μm. 0.15μm case is 

used for validation case, and mean diameter 1μm cases are 

investigated in this research.  

 

3.3.1 Assumption for CFD 
 

Some assumptions are based on simulating condensation inside 

turbine flow. Below are the assumptions 

 

1) Droplet velocity is same with vapor velocity. 

 

2) Droplet always maintains its shape and it is perfect sphere. 

 

3) There are no interactions between droplet. No merge or 

separation of droplet. 

 

4) Vapor-droplet interact with phase change on the surface of 

droplet. 

 

 

Size of droplets are order of 1μm, which is very small size, so it 

is assumed that droplet velocity is not much different with vapor 

velocity. Also droplet always maintain perfect sphere shape and no 

merging or detaching for simplicity. And finally vapor-droplet 

interact only with condensation or evaporation on the surface of 

droplet due to above assumptions. 
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3.3.2 Governing Equation 
 

multiphase flow CFD is calculated each phase, vapor and droplet 

phases like 1 phase flow. One difference is that vapor and droplet 

share source term by phase change.  

 

𝝏(𝝆𝜶𝝓)𝒗

𝝏𝒕
+

𝝏

𝝏𝒙𝒋
(𝝆𝜶𝒖𝒋𝝓)𝒗

= 𝑺𝒗𝝓𝟏 − ∑ 𝑺𝒅𝝓𝟐
𝒏𝒅
𝒅=𝟏 

(𝝓 = 𝟏,  𝒖𝒋,  𝑯) 

 

 

(7) 

𝝏(𝝆𝜶𝝓)𝒅
𝝏𝒕

+
𝝏

𝝏𝒙𝒋
(𝝆𝜶𝒖𝒋𝝓)𝒅

= 𝑺𝒅𝝓𝟏 + 𝑺𝒅𝝓𝟐    

  (𝒅 = 𝟏,…𝒏𝒅) (𝝓 = 𝟏,  𝒖𝒋,  𝑯) 

 

(8) 

 

Equation (7) is governing equation for vapor phase and equation 

(8) is governing equation for droplet phases. In equation (8), nd is 

number of droplet phases, here 5 different phases enter the blade 

row and 1 additional phase exists by nucleation, so 6 droplet phases 

exist. By sharing SdΦ2 term, which is due to nucleation and droplet 

growth, calculation is conducted 
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3.4. CFD Validation 
 

For the CFD validation, blade loading data from experiment is 

implemented which is given from Bakhtar [10]. Table 4 is CFD 

boundary condition for validation case. Inlet droplet mass fraction is 

1.7% and its size is 0.15μm, assuming uniform droplets.  

Figure 9 shows comparison between blade loading from CFD and 

experiment. The comparison shows good agreement with CFD and 

experiment.  

 

 

 

 

 

Property  

Total Pressure (bar) 1.25 

Pressure ratio 3.61 

Main 0.24 

Incidence angle ( º) 0 

Inlet droplet size (μm) 0.15 

Inlet droplet mass fraction (%) 1.7 

Table 4 CFD condition for validation 
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Figure 9 Comparison CFD with experiment data for validation 
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Chapter 4. Results and Discussions 
 

 

4.1. Different Condensation 
 

Figure 10 shows total droplet mass fraction inside blade row. 

Droplet mass fraction at inlet is 1.7% for all cases. Droplet mass 

fraction at outlet is 7.20% for uniform case, 6.88% for case 1, 5.78% 

for case 2. 

 

 Inlet Outlet 

Uniform  

1.7% 

7.20% 

Case 1 6.88% 

Case 2 5.78% 

Table 5 Inlet and outlet droplet mass fraction 

 

Since the droplet mass fraction at inlet is fixed, total droplet mass 

fraction can be regarded as condensation quantities. Condensation 

occurs most at uniform case and least at case 2.  
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Figure 10 Total droplet mass fraction contour 



 

 ２４ 

 

Figure 11 Inlet droplet mass fraction contour 



 

 ２５ 

 

Figure 12 Nucleated droplet mass fraction 
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The difference in the amount of condensation is the difference in 

droplet growth rate according to the droplet size. Figure 11 shows 

the mass fraction of inlet droplets only. The difference in the mass 

fraction of the inlet droplets is caused by the difference in growth 

rate depending on the droplet size. Inlet droplet mass fraction at 

outlet is 2.00% for uniform case, 2.77% for case 1, 4.08% for case 2. 

As inlet droplet size distribution range increases, condensation on 

inlet droplet occurs more.  

 

 

 Inlet droplet growth Nucleated 

droplet 

Inlet  Outlet 

Uniform 1.7% 2.00% 5.20% 

Case 1 1.7% 2.77% 4.11% 

Case 2 1.7% 4.08% 1.70% 

Table 6 Droplet mass fraction change 

 

As inlet droplet size range increases, droplet growth rate larger 

as diameter decreases. In equation (4) from Hill [5], droplet growth 

rate increases as droplet size decreases. Condensation on smaller 

droplet in wide range of inlet droplet size affects dominantly, and 

shows different condensation on inlet droplets. 
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Different condensation on inlet droplets occurs different latent 

heat release, and different vapor temperature. As inlet droplet size 

range increases, more latent heat released as a result of condensation 

on inlet droplet, and leads to vapor temperature increases more. 

Increased temperature of vapor suppresses nucleation and nucleation 

starts at downstream and intensity of nucleation rate is smaller as 

inlet droplet size range increase. So more condensation occurs with 

nucleation and growth of nucleated droplet. At outlet, mass fraction 

of nucleated droplet is 5.20% for uniform case, 4.11% for case 1, 

1.70 for case 2. 

So effect of latent heat from condensation on inlet droplet 

suppresses and decrease nucleation, total droplet mass fraction 

reduces as inlet droplet size range increases. 

 

4.2. Blade Loading 
 

Figure 13 shows blade loading change as inlet droplet size range 

increases. Figure 14 shows blade loading from 0.6 to 0.95 chord. 

Pressure decreases from 0.6 to 0.8 chord as inlet droplet size range 

increases. Pressure rise is predicted for 3 cases. The pressure rise 

is due to shock and pressure difference at the upstream of the shock 

is due to condensation difference. Total droplet mass fraction 

decreases as inlet droplet size range increases, then released latent  
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Figure 13 Blade loading 

 
Figure 14 Blade loading from 0.6 to 0.95 chord 
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decreases, pressure rise due to heat also decreases. This pressure 

difference leads shock strength change.  

 

 

4.3. Different Shock Strength 
 

In chapter 4.2, blade loading difference is predicted and pressure 

rise is also predicted due to shock. In cascade flow, two shockwaves 

are predicted, suction side shock, Ss and pressure side shock, Sp. 

Figure 15, 16,17 are Mach number contour for uniform case, case 1, 

and case 2 each. Table 7 shows shock strength difference with inlet 

droplet size range increase 

 

 Shock strength 

(Pressure ratio) 

𝑺𝒑 𝑺𝒔 

Uniform 1.19 1.94 

Case 1 1.37 1.79 

Case 2 1.40 1.73 

Table 7 Shock strength change 

 

 

As inlet droplet size range increases, strength of pressure side 

shock increases. On the other hand, strength of suction side shock 

decreases.  
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Figure 15 Ma contour (uniform case) 
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Figure 16 Ma contour (case 1) 

 

 

 

 

 



 

 ３２ 

 

 
Figure 17 Ma contour (case 2) 
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As inlet droplet size range increases, total condensation occurs 

less, amount of latent heat released also decreases. Then pressure 

increase due to latent heat also decreases, leads to pressure side 

shock strength weaker and goes to upstream.  

On the other hand, inlet droplet growth rates are predicted 

differently, less condensation occurs on inlet droplet as inlet droplet 

size ranges. Then vapor temperature rises and it suppresses 

nucleation, weakening nucleation intensity. Figure 18 shows log scale 

of nucleation rate. As inlet droplet size range increases, maximum 

nucleation rate decreases and the area of nucleation is widening. For 

case 2, nucleation occurs from mid chord to trailing edge. So 

additional condensation occurs near trailing edge as inlet droplet size 

range increases. This additional condensation leads additional latent 

heat, pressure rise near the trailing edge suction side leads shock 

strength weaker.  
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Figure 18 Nucleation area 
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Chapter 5. Conclusion 
 

 

The effect of inlet droplet size distribution on steam turbine flow 

has been investigated numerically. Assuming 5 different sizes of 

droplets enter the blade row and with increasing size range, the 

difference is predicted with comparing uniform case. 

 

(1) As inlet droplet size increases, inlet droplet growth rate 

increases and condensation occurs more. 

 

(2) As inlet droplet size increases, nucleation suppresses and 

nucleated droplet reduces. 

 

(3) As inlet droplet size increases, pressure at blade reduces 

at suction side due to pressure shock strength difference 

from total condensation amount difference 

 

(4) Suction side shock strength weaken as inlet droplet size 

range increases due to downstream nucleation and 

released latent heat. 
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요약문 (국문 초록) 

 

입구 액적 크기 분포에 따른 스팀 

터빈 성능에 관한 수치해석 
 

 

 

유지호 

기계항공공학부 

서울대학교 대학원 

 

 

응축은 저압 증기 터빈 내부에서 발생하며 터빈 성능에 부정적인 

영향을 끼치며 이런 영향을 파악하기 위해서 많은 연구가 수치 적 및 

실험적으로 수행되었다. 그러나 실제 터빈의 블레이드 열에 다양한 액 

적이 유입 될 수 있음에도 불구하고 다양한 크기의 입구 방울이 증기 

터빈 성능에 미치는 영향은 수행되지 않았다. 본 논문에서는 증기 

터빈의 성능에 미치는 크기 분포의 영향을 수치적으로 파악하였으며 

시뮬레이션은 ANSYS CFX 17.0을 이용하였다. 다양한 크기의 입구 

물방울 효과를 예측하기 위해 5 가지 크기의 물방울을 설정했으며 입구 

물방울 크기 범위가 증가함에 따라, 블레이드 통로 내부에서 응축이 덜 

발생함을 예측하였다. 입구 물방울의 표면에서 응축이 더 많이 

발생하지만 입구 물방울의 응축은 핵 생성을 억제하여 총 응축량은 
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감소하게 됨이 예측되었다. 또한 입구 액적 크기 분포가 달라짐에 따라 

블레이드 유동 내부 충격파 강도가 달라지게 됨이 예측되었다. 응축으로 

인한 잠열로 인하여 입구의 물방울 크기가 증가함에 따라 1 차 충격 

강도는 증가하지만 하류의 응축은 하류에서의 압력 강하가 감소하여 2 

차 충격 강도가 약해진다.  
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