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ABSTRACT 

A gas turbine which operates in humid conditions shows 

degraded performance, especially due to lower efficiency in 

the compressor. This degradation is primarily due to the 

temperature increase from the condensation in the inlet duct 

and stage mismatch from the re-evaporation in the 

compressor. Yet, there has been little research focusing on 

compressor aerodynamic characteristic changes due to 

humidity. Therefore, this paper presents numerical analysis 

part of a numerical/experimental investigation of the humidity 

effects on compressor blade loading, deviation, and loss 

coefficient. Eulerian multiphase equations governing air, 

vapor and liquid phases have been formulated by 

incorporating the Classical Nucleation Theory model to 

ANSYS FLUENT. Calculations have been conducted for 

relative humidity ranging from 0 to 80% at Mach number 0.9 

and incidence angle of +4°. As relative humidity increases, 

blade loading is decreased. Deviation does not change much, 

but the loss coefficient increases by 57%. 

INTRODUCTION 

Phase transition is a thermodynamic process that changes 

into different states depending on the temperature and pressure 

of the material. The beginning of the transition to a new 

thermodynamic state begins with the formation of a small 

nucleus. The nucleation process is sensitive to the purity of the 

system and is classified as heterogeneous or homogeneous 

depending on the presence of foreign particles such as dust or 

ions. In flows with high cooling rates (O(106) 𝐾 𝑠⁄ ), as in 

supersonic nozzles, the gas state departs from the equilibrium 

state to a supersaturation state, and water droplets form 

directly from the vapor itself. This phenomenon is called non-

equilibrium homogeneous condensation (Kashchiev, 2000).  

The release of latent heat accompanying the condensation 

process can have a strong influence on the flow field. This 

process was first described in detail by Oswatitsch 

(Oswatitsch, 1941), and his work was followed by many 

experimental studies using thermal diffusion cloud chambers 

(Heist et al., 1994), expansion cloud chambers (Muitjens, 

1996), nozzles (Wegner, 1974, Frank, 1985, Adam et al., 

1997, Delale et al., 1993, Lamanna, 2000), and airfoils 

(Schnerr, 1989, Schnerr and Dohrmann, 1990, 1994).  

Theoretically, Delale et al. (Delale et al., 1993) 

constructed a 1-D asymptotic theory. Frank (Frank, 1985) 

derived similarity rules for condensation onset Mach number. 

Hill (Hill, 1966) constructed theoretical model for liquid 

phase, and Volmer (Volmer, 1939) constructed the Classical 

Nucleation Theory. In industry, condensation research has 

been mostly focused on steam turbines (Mashmoushy et al., 

2004, Bakhtar, 2014).  

Since gas turbines operating in humid environment can 

experience condensation, it is necessary to study the effect of 

phase transition on the compressor flow field. Yet, there has 

been little research on this topic. Fishbeyn and Pervyshin 

(Fishbeyn and Pervyshin, 1970) and Blake (Blake, 1975) 

reported deterioration of the performance in compressors and 

gas turbines operating in humid environments. However, 

physical understanding is still lacking. Therefore, this study 

has been conducted to investigate the effects of humidity on 

the compressor flow field. This paper numerically investigates 

the impact of relative humidity on the aerodynamic 

characteristics - blade loading, deviation, loss coefficient - of 

a compressor cascade. 
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NUMERICAL METHOD 

Young et al. (Young et al., 1991) stated that, at high 

cooling rates (O(106) 𝐾 𝑠⁄ ), flow-driven changes occur more 

quickly than the thermal changes caused by phase transition. 

Therefore, the mechanics and thermodynamics of gas and 

liquid states can be uncoupled, and such flows can be 

simulated as single-phase gas flows. Following Young and 

other researchers (Lamanna, 2000, Put, 2003, Xiuling et al., 

2014), Euler-Euler equation has been used for the gas phase, 

and mass and energy changes in the phase transition have been 

treated as source terms. The liquid phase has been simulated 

using the Hill’s method of momentum (Hill, 1966). 

There are various nucleation models - Classical 

Nucleation Theory (CNT), Internally Consistent Classical 

Theory (ICCT) - and droplet growth models - Hertz-Knudsen 

(HK) model, Gyarmathy (Gya82) model (Gyarmathy, 1982), 

Young model (Young, 1993) - to simulate phase transition. 

Luijten (Luijten, 1998) suggested that the CNT model 

underpredicts and the ICCT model overpredicts nucleation 

rates relative to experiments. Peeters et al. (Peeters et al., 

2000) compared the Gya82 and Young models with 

experimental results and found that the Gya82 model’s 

predictions are more accurate for a wider range of Knudsen 

numbers. On the other hand, Lamanna (Lamanna, 2000) 

compared combinations of various nucleation models and 

droplet growth models. The combination of ICCT-Gya82 

models and CNT-HK models showed good agreement with 

experimental results. In this study, the CNT-HK model 

combination has been adopted. For surface tension, the 

Schnerr-Dohrmann (SD) fit (Schnerr et al., 1990) has been 

adopted, and the calculation has been performed with ANSYS 

FLUENT Version 17.0. Spherical droplets, no-slip velocity, 

negligible temperature difference between gas and droplets, 

and ideal gas have been assumed. The governing equations 

and thermodynamic parameters are given in Appendix A. 

NUMERICAL VALIDATION 

To verify the numerical method, 2-dimensional 

calculations for a NACA 0012 airfoil (c=0.1 m) have been 

conducted and compared with the numerical results of Schnerr 

et al. (Schnerr and Dohrmann, 1994). Scherr et al.’s code has 

been verified via experiments on a circular arc airfoil. Due to 

the symmetry about x-axis, symmetric boundary condition has 

been given to the x-axis to calculate only the upper half flow 

field and the computation domain of the 20 by 10 chord 

lengths has been constructed on the x-axis and the y-axis, 

respectively. The mesh has been designed using the ICEM 

with total number of 300,000. Detailed mesh geometry is 

shown in Fig. 1. 

Calculations have been conducted for inviscid conditions, 

and relative humidity of 0% and 50% at inlet Mach number of 

0.8, inlet stagnation pressure of 100000 Pa, and inlet 

stagnation temperature of 293.15 K. The chord-wise 

distributions of nucleation rate and pressure coefficient are 

shown in Figs. 2 and 3, respectively. Although there is a slight 

shift in nucleation rate distribution, results show good 

agreement with the results of Schnerr et al.  

 

 

 
 

 

 
 

 

 

RESULTS AND DISCUSSION 

To analyse the effect of relative humidity on a compressor 

flow field, a 2-D cascade computation domain has been 

implemented by applying a periodic boundary condition to a 

single passage. The mesh is constructed using the ICEM with 

total number of elements of 150,000, and a maximum 𝑦+ 

value of 1. Detailed mesh geometry is shown in Fig. 4. 

Computation has been performed while varying relative 

humidity for a given Mach number and incidence angle. The 

boundary conditions which have been adopted in the 

calculations are listed in Table 1. 

 

Figure 1 Mesh geometry 

Figure 2 Nucleation rate distribution at RH=50% 

Figure 3 Pressure coefficient distribution (RH=0, 
50%) 
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Table 1 Boundary conditions 

Variable Value 

Inlet stagnation pressure 100,000 Pa 

Inlet stagnation temperature 293.15 K 

Inlet Mach number 0.9 

Incidence angle 4° 

Relative humidity, (RH) 0, 40, 80% 

Turbulence model SST 

 

A. Blade loading 

Blade loading is directly coupled with degree of reaction 

and is a key performance parameter because it affects the stage 

output. Figure 5 shows the blade loading distributions for 

varying relative humidity. As the relative humidity increases, 

the Cp value increases near the leading edge of the suction 

surface. Especially, in the case of 80% relative humidity, the 

location of the shock moves downstream similar to that for a 

single airfoil (Schnerr et al., 1994). Near the leading edge of 

the suction surface, flow accelerates rapidly and experiences 

high cooling rate. Thus, the flow becomes supersaturated and 

undergoes condensation. The latent heat released by 

condensation is added to the surrounding supersonic flow, 

retarding the flow. Thus, the pressure (i.e, Cp value) increases 

on the suction surface, and the shock is pushed downstream 

and weakened. Released latent heat contour of Fig. 6 

illustrates this phenomenon. There is a large latent heat release 

from condensation near the leading edge of suction surface, 

and heat absorption due to evaporation at the shock location. 

Due to the latent heat release, Cp value increases in this region. 

Especially, for relative humidity case of 80%, flow even 

becomes sonic at x/c𝑎𝑥=0.1, and flow is then re-accelerated. 

Thus, shock is moved downstream. The heat removal from the 

flow (due to evaporation at the shock location), accelerates the 

flow downstream of the shock. Thus, the condensation-

evaporation processes reduce blade loading. 

 

 

 
 

 

 
 

B. Deviation 

Deviation indicates flow turning, and thus blade 

performance. Table 2 lists the mass-averaged deviation at 

x/c=0.3 downstream from the trailing edge. The effect of 

humidity on deviation is weak. When condensation occurs, the 

released latent heat retards the flow and weakens the shock. 

Thus, deviation can be expected to decrease due to the reduced 

shock-induced separation. However, Fig. 7 shows the Mach 

number contour for the dry case, and the shock-induced 

separation region is small. Therefore, humidity has little effect 

on flow turning. 

 

 

 

Figure 4 Mesh geometry 

Figure 5 Blade loading distribution (RH=0, 40, 80%) 

Figure 6 Released latent heat contour of RH 40% 
(left) and 80% (right) 

Figure 7 Mach number contour of dry case 
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Table 2 Mass-averaged deviation at x/c=0.3 downstream 

RH, (%) 0 40 80 

Deviation, (°) 3.1 3.0 2.9 

 

C. Loss coefficient 

Figure 8 shows the pitch-wise distribution of loss 

coefficient at x/c=0.3 downstream from the trailing edge. As 

the relative humidity increases, the loss coefficient increases 

near the suction surface because local entropy increases due to 

the latent heat release (Fig. 9). The mass averaged loss 

coefficient value at this location is listed in Table 3. The loss 

coefficient increases by 57% in case of the relative humidity 

of 80%. Thus, relative humidity strongly impacts the loss 

coefficient via condensation. 

 

 

 
 

 

Figure 9 Entropy generation contour (RH=40% 
(left), 80% (right)) 

 

Table 3 Mass-averaged loss coefficient at x/c=0.3 

downstream 

RH, (%) 0 40 80 

Loss coefficient, 𝑌𝑝 0.0388 0.0434 0.0613 

CONCLUSIONS 

How humidity degrades compressor performance has 

been numerically analysed. As the relative humidity increases, 

more condensation occurs on the blade suction surface. The 

new conclusions are  

1) Pressure coefficient near the leading edge of suction 

surface increases as the released latent heat retards the 

supersonic flow.  

2) Humidity has negligible effects on the deviation 

because the shock-induced separation region is small under 

current flow conditions.  

3) The loss coefficient increases as the relative humidity 

increases because latent heat addition increases entropy. 

However, since the water droplets do not completely 

evaporate at the cascade outlet, the amount of increased loss 

coefficient in this study can be said to be overestimated. Thus, 

the degradation of the compressor performance can be mainly 

attributed to reduced loading and blade loss. 

NOMENCLATURE 

 

𝑎0  Molecular surface area 

c Chord 

CNT Classical Nucleation Theory 

e  Specific energy 

g   Condensate mass fraction, 𝑀𝑙 𝑀⁄  

G  Gibbs free energy 

Gya82  Gyarmathy droplet growth model 

HK  Hertz-Knudsen droplet growth model 

ICCT  Internally Consistent Classical Theory 

J   Nucleation rate 

K  Kinetic coefficient 

Bk   Boltzmann constant 

Kn  Knudsen number 

L   Latent heat 

m  Mass of a vapor molecule 

M Mass 

Ma Mach number 

n  Number of molecules in a cluster 

p  Pressure 

rv,p   Vapor pressure at droplet surface 

P.S. Pressure side 

r  radius 

ṙ   Droplet growth rate 
Q  Auxiliary parameter, 

 ρ𝑄𝑖 = ∫ 𝜌(𝑡)
𝐽(𝜏)

𝜌(𝜏)
𝑟(𝑡, 𝜏)𝑛𝑑𝜏

𝑡

−∞
 

R   Specific gas constant 

RH Relative humidity 

S  Supersaturation rate, 𝑝𝑣 𝑝𝑣,𝑒𝑞(𝑇)⁄  

s  Pitch 

S.S. Suction side 

t  Time 

T  Temperature 

u   Cartesian speed component in the x-

direction 

v  Cartesian speed component in the y-

direction 

yx,  Cartesian coordinates 

Y p  Loss coefficient, (𝑝01 − 𝑝02) (𝑝01 − 𝑝𝑠1)⁄  

  

Figure 8 Loss coefficient distribution at x/c=0.3 
downstream (RH= 0, 40, 80%) 
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Greek symbols 

  Condensation coefficient 

  Difference 

Gn  Formation energy of a cluster with n 

molecules, σ𝑎0𝑛2 3⁄ − 𝑛𝑘𝐵𝑇 ln S 

θ  Dimension less surface tension, 𝜎𝑎0 𝑘𝐵𝑇⁄  

ρ  Density 

  Surface tension 

τ  Shear stress 

  

Subscripts: 

0  Stagnation condition 

1  Inlet condition 

2  Outlet condition 

ax  Axial location 

eq  Equilibrium value  

l  Liquid  

s  Static value 

v  Vapor 

  

Superscripts: 

* Value of the critical cluster 
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APPENDIX A – Numerical method/thermodynamic 
model 

To describe the fluid dynamic behavior of the two-phase 

system of air/vapor and droplets, conservation equations 

supplemented with heat addition have been adopted. For a 

steady and two-dimensional viscous compressible flow, the 

governing equations of mass, momentum, and energy can be 

written in the vectorial form as: 
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where U is the vector of the dependent variables, and F, G are 

the conservative flux vectors. Q is the source vector which 

contains the effect of adding latent heat, L, from the 

condensation process. To compute the condensate mass 

fraction g, Hill’s Method of Momentum and Classical 

Nucleation Theory have been adopted and Hertz-Knudsen 

model for droplet growth rate. 

 

Liquid phase equation: 
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Classical Nucleation Theory: 
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Hertz-Knudsen growth rate: 
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Surface tension: LD-fit 
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Calculations have been conducted using ANSYS FLUENT. 

Euler equations (1) are solved by FLUENT solver then, the 

flow variables, ρ, P, T, u, and v are transferred to the liquid 

phase equation (2). After liquid equation has been solved, the 

condensate mass fraction, g, is obtained and nucleation rate, 

droplet growth rate, and other thermodynamic properties are 

updated. By iterating this sequence, transonic non-equilibrium 

condensation flow field can be obtained. 

 


