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ABSTRACT 

Gas turbine inlet fog / overspray cooling is considered as 
a simple and effective method to increase power output. To 
help understand the water mist transport in the compressor 
flow passage, this study conducts a 3-D computational 
simulation of wet compression in a single rotor-stator 
compressor stage using the commercial code, Fluent. A 
sliding mesh scheme is used to simulate the stator-rotor 
interaction in a rotating frame. Eulerian-Lagrangian method is 
used to calculate the continuous phase and track the discrete 
(droplet) phase respectively. Models to simulate droplet 
breakup and coalescence are incorporated to take into 
consideration the effect of local acceleration and deceleration 
on water droplet dynamics.  Analysis on droplet history 
(trajectory and size) with stochastic tracking is employed to 
interpret the mechanism of droplet dynamics under the 
influence of local turbulence, acceleration, diffusion, and 
body forces. An liquid-droplet erosion model is included. The 
sensitivity of turbulence models on the results is conducted by 
employing 6 different turbulence models and 4 different time 
constants.  

The result shows that the local thermal equilibrium is not 
always achieved due to short residence time and high value of 
latent heat of water. Local pressure gradients in both the rotor 
and stator flow passages drive up the droplet slip velocity 
during compression. The erosion model predicts that the most 
eroded area occurs in leading edge and one spot of trailing 
edge of the rotor suction side.  
 
NOMENCLATURE 
C Concentration (kg/m3) 
Ct Particle stochastic tracking time constant 
cp Specific heat (J/kg-K) 
D Mass diffusion coefficient (m2/s) 
d Droplet diameter (m) 
dsp Spring Damping Coefficient (N-s/m) 
F Force (N) 
Fsp Spring force (N) 

k Turbulence kinetic energy (m2/s2) 
kc Mass transfer coefficient (m/s) 
ksp Spring Constant (N/m) 
h Convective heat transfer coefficient (W/m2-K)  
hfg Latent heat (J/kg) 
m Mass (kg) 
Nu Nusselt number, hd/λ 
P  Static pressure (N/m2)  
Po  Total pressure (N/m2)  
Pr  Prandtl number, ν/α 
RH Relative humidity (%) 
Re  Reynolds number, ud/ν 
Sc  Schmidt number (ν/D) 
Sh  Sherwood number (kcd/D) 
T  Temperature (K, oF) 
t  Time (s) 
u Streamwise velocity component (m/s) 
u', T', C'  Turbulence fluctuation terms 
v Spanwise velocity component (m/s) 
x, y, z Coordinates (m) 
 
Greek 
α Thermal diffusivity (m2/s) 
ω Specific dissipation rate (1/s) 
ε  Turbulence dissipation rate (m2/s3) 
λ Heat conductivity (W/m-K) 
μ  Dynamic viscosity (kg/m-s) 
ν  Kinematic viscosity (m2/s) 
ρ  Density (kg/m3) 
τ Stress tensor (kg/m-s2) 
σ Surface Tension (N/m) 
 
Subscript 
a Air 
aw Adiabatic wall 
c Coolant  
g Hot gas/air 
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i,j,k Indices of direction 
in Inlet 
p Particle or droplet 
t Turbulent  
w Water phase 
x x-direction (axial) 
o Cooling without mist 
∞ Far away from droplets 
 
INTRODUCTION 

It is always extremely important and required by law for 
a utility company to meet the peak-load demand during hot 
weather conditions. Land based gas turbines (GT) are often 
used to meet these demands. However, power output and 
efficiency of gas turbines are reduced significantly during the 
summer because the air becomes lighter (which results in less 
mass flow rate), and the compressor's power consumption 
increases with increased ambient temperature.  

It has been estimated that every 1°F rise of ambient air 
temperature reduces the gas turbine output by approximately 
0.3 to 0.5% [1]. To increase the power output as well as 
thermal efficiency, gas turbine inlet air-cooling is considered 
as the most convenient and cost-effective method. Among 
various cooling schemes, fog cooling (a direct evaporative 
cooling) has gained increasing popularity due to its simplicity 
and low installation cost at approximately $40-60/kW. During 
fog cooling, demineralized water is atomized to micro-scaled 
droplets (or mist in the size of 10-20 μm diameter) and 
introduced to the inlet airflow. The following is a brief 
summary of related studies. 

Bhargava and Meher-Homji [2] presented the results of a 
comprehensive parametric analysis on the effect of inlet 
fogging on a wide range of existing gas turbines. They 
analyzed both evaporative and overspray fogging conditions. 
They showed that the performance parameters indicative of 
inlet fogging effects have a definitive correlation with key gas 
turbine design parameters. In addition, they indicated that 
aero-derivative gas turbines, in comparison to the industrial 
machines, have a higher performance improvement due to the 
inlet fogging effects. 

Chaker et. al. [3-5] presented the results of extensive 
experimental and theoretical studies conducted over several 
years and coupled with practical aspects learned in the 
implementation of nearly 500 inlet fogging systems on gas 
turbines ranging from 5 to 250 MW. They studied the 
underlying theory of droplet thermodynamics and heat 
transfer and provided practical points relating to the 
implementation and application of inlet fogging to gas turbine 
engines. They also described the different measurement 
techniques (for droplets) available to design nozzles and 
provided experimental data on different nozzles. They 
strongly recommended that a standardized nozzle testing 
method for gas turbines be established by the industry.  

To improve understanding of the fundamental physics of 
gas turbine inlet fogging, several studies have been conducted 
via two-phase flow simulation. Payne and White [6] 
developed a computational method to solve two-phase (air-
water mixture) flow, including the evaporative cooling. Their 
results show that the axial velocity in the compressor is 
reduced due to the progressive droplet evaporation, which 

affects the flow incidence onto successive blade rows, and as 
a result, the blade pressure distributions are changed. From 
the global point of view, stage pressure increases under wet 
compression. 

Bianchi et. al. [7] showed the influence of water droplet 
diameter and surface temperature effect on gas turbine 
performance. They redrew the performance maps for axial 
compressor under the influence of water injection. They have 
shown that the GT power output increases as the diameter of 
droplets decreases and water temperature increases.  

As the interest in burning alternative clean fuels 
increases, Khan and Wang [8] specifically investigated the 
inlet fogging on the gas turbine system performance by using 
low calorific value (LCV) synthetic fuels derived from 
biomass and coal gasification.    

Khan and Wang [9, 10] further extended the program to 
develop stage-by-stage wet-compression theory for overspray 
and interstage fogging that includes the analysis and effect of 
pre-heating and pre-cooling at each small stage inside the 
compressor. An algorithm has been developed using the 
thermal equilibrium method to calculate local velocity 
diagram and perform one-dimensional stage-by-stage analysis 
of the inlet and interstage fogging effect on airfoil 
aerodynamics and loading. Khan and Wang [11] extended the 
equilibrium model to the non-equilibrium model in which the 
water droplets evaporation depends on the hydrodynamic and 
thermal residence times and may not reach saturation at the 
end of stage.  

Considering the large variation of the CFD results due to 
various two-phase and turbulence models incorporated in a 
typical computational code. Li and Wang [12] conducted a 
study focusing on examining the effects of these models on 
mist/air film cooling effectiveness on the turbine blade. They 
have tested the cooling by changing turbulence models, 
turbulence intensity, different forces acting upon the droplets, 
droplet sizes, particle tracking numbers, etc.  They found the 
RSM (Reynolds Stress Model) and standard k-ε turbulence 
models produced consistent results. Stochastic tracking of 
droplets provided significant change of the heat transfer and 
cooling effectiveness. 

Wang and Dhanasekaran [13] calibrated a CFD model for 
mist/steam impinging jet to the cool turbine blade, by 
employing different turbulence models, computational cells, 
wall y+ values, and selection of near-wall functions using the 
laboratory results. They also studied the effect of different 
forces (e.g. drag, thermophoretic, Brownian, and Saffman’s 
lift force). They found that the standard k-ε and RSM 
turbulence models had produced the closest results to the 
experimental data. 

Zheng et. al. [14] conducted a wet compression 
simulation over one stage of a compressor using the CFD 
software FLUENT with different amounts of water injection 
and different water droplet diameters. Their result showed 
that under fogging, the pressure ratio increased a little (1.0273 
vs. 1.0269), and the compressor exit temperature decreased. 
They showed that the cooling effect was better for smaller 
droplets. They did not consider droplet breakup, coalescence 
and droplet erosion. The spray points were not documented.  

Khan and Wang [15] investigated 2-D study of wet 
compression using the blade geometry of Hsu and Wo [16]. 
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They incorporated droplet break-up and coalescence models 
and also propose a liquid particle erosion model. Although the 
2-D CFD analysis is very informative, a 3-D analysis can 
provide more insight into droplet dynamics inside a rotating 
compressor stages.  To this end, the objective of this paper is 
to use 3-D CFD simulation to investigate (a) the mechanism 
of droplet dynamics and air-droplet interactions in the 
compressor flow passage including droplet breakup and 
coalescence, (b) the effect of wet compression on local flow 
and thermal properties over the compressor blade, (c) 
sensitivity of using different turbulence models and different 
time constant for stochastic particle tracking, and (d) the 
potential erosion on blades. 
 
NUMERICAL MODEL 
Geometrical Configuration   

Figure 1 shows the meshes of inlet, rotor and stator of the 
3D computational domain. The mesh number is reduced for 
visual clarity in this figure. The 2-D geometries of rotor and 
stator are adopted from Hsu and Wo [16] and then extruded 
from the base up to the blade height. A 2% of the tip 
clearance for rotor is imposed here according to Chima [17] 
and Gerolymos and Vallet [18]. Figure 2(a) shows the 
periodic meshes of inlet, rotor and stator, and Fig. 2(b) shows 
the close-up view of one pitch (i.e. one periodic 
computational domain) of inlet, rotor and stator.  Structured 
mesh is used in the inlet sub-domain and on the blade 
surfaces; tetrahedral meshes are used in rotor and stator sub-
domains. To investigate grid sensitivity on the results, four 
different sizes of meshes are used for the baseline case (no 
fogging) and only one size of mesh is used for the fogging 
case due to limitation of existing computational capacity to 
track all the droplets. 0.225 million elements are used for both 
cases and 0.45, 0.9 and 1.7 million meshes are used for 
baseline case with no fogging. 

 
 

Inlet 
Subdomain 

Rotor 
Subdomain 

Stator 
Subdomain 

 
Figure 1 Meshes for rotor and stator. (The mesh number 
is reduced for visual clarity.) 
 
 

Rotation Direction 

  
Figure 2(a)  Periodic Meshes 

 

Tip 
Clearance

 
Figure 2(b) Close-up view of one pitch of inlet, rotor and 
stator 

 

Figure 3 Selected surfaces for analysis (3 radial, 3 axial 
and one circumferential plane). The cross marks show the 
water injection locations 
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Figure 3 shows how the computational domain has been 
divided into three sub-domains: inlet sub-domain, rotor sub-
domain and stator sub-domain. This figure also shows the 
selected surfaces for analysis and discussion including three 
radial surfaces (y-z planes at 25%, 50% and 75% of blade 
height respectively), three axial surfaces (x-y planes in the 
middle of each sub-domains) and one vertical circumferential 
surface (x-z plane) slicing through the middle of the pitch. 
The radial surfaces are named as radial-25, radial-50 and 
radial-75; axial surfaces are named as the developing-plane, 
rotor-plane and stator-plane; and the x-z vertical slicer is 
named as the pitch-plane. Fifty-six cross marks at the inlet of 
the domain show the locations of water injections. The 
domain extends axially from z = 0 to z = 0.18m (3 times the 
chord length), radially from x = –0.45m to x = –0.36m (1½ 
times the chord length) and circumferentially from  –3.6° to 
+3.6° (or an angular span of 7.2°) for one pitch. A total of 50 
pairs of rotors and stators is modeled by applying the periodic 
boundary on one pitch.  

Water is sprayed at 56 points (8 radial × 7 
circumferential), which are equally distant in radial and 
longitudinal directions at the inlet as shown in Fig. 3. The 
planes for three axial surfaces (maroon, orange and brown) 
are at z = 0.03m, z = 0.09m, and z = 0.15m respectively. 
These axial surfaces are axisymmetric to y = 0 plane and 
shown in Fig. 3. Two more planes are adopted for the analysis 
of secondary flow, which are colored as red and black in Fig. 
3. Red plane is perpendicular to the stator at 20% of its chord 
length from the leading edge. The black plane is an axial 
plane (z = 0.165), which lies very close to the exit. 

Figure 4 shows the velocity diagram of the blades used in 
this study according to one-dimensional mean line 
calculations. The rotor turning angle is 34.6° and stator 
turning angle is 49°.     
 
Governing Equations   

The 3-D, time-averaged, periodically steady-state Navier-
Stokes equations as well as equations for mass, energy and 
species transport are solved. The transient governing 
equations for conservation of mass, momentum, and energy 
are given as: 
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where τij is the symmetric stress tensor defined as  
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The source terms (Sm, Fj and Sh) are used to include the 
contributions of water vapor mass, droplet forces, and 
evaporation energy from the dispersed phase (water droplets).  
μΦ is the viscous dissipation, and λ is the heat conductivity. 
The specific heat (cp) in the eq. (3) is calculated from the 
mass-weighted value of specific heat of the gas and liquid 
components present in the domain.  The effect of temperature 

on cp values is negligible within the studied range between 
288 and 321oC.   
 
 

59.9°

25.6° Rotor

Rotor Turning Angle
= 59.9 – 25.6 = 34.6°

49.5° 

0.5°

Stator Turning Angle
= 49.5 – 0.5 = 49° 

Stator

61.2°

V1 = 52.1m/s

W1 = 108.1m/s
U = 94.72m/s

U = 94.72m/s 
31.4° 

W2 = 61.5m/s 

V2 = 81.73m/s 

50° 

V3 = 56.2m/s 

6°

 
Figure 4  Flow and blade angles and the velocity diagrams 
at the mean diameter 
 

During fog cooling, water droplets evaporate into vapor 
and the water vapor diffuses and transported into its 
surrounding flow. The flow mixture consists of three main 
species: water vapor (H2O), oxygen (O2) and nitrogen (N2).  
The equation for species transport is   
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where Cj is the mass fraction of the species (j) in the mixture, 
and Sj is the source term for this species.  Dj is the diffusion 
coefficient. 

Note that the terms of ρ ji u'u' , ρcp T'u'i , and ρ ji C'u'  
represent the Reynolds stresses, turbulent heat fluxes and 
turbulent concentration (or mass) fluxes, which should be 
modeled properly for a turbulent flow.   
 
Turbulence Models 

Wang and Dhanasekaran [13] investigated the effect of 
different turbulence models on the two-phase mist transports 
in the slot impinging jet on a flat surface. They reported that  
the RSM turbulence model provided the results most 
consistent with the experimental data and the standard k-ε 
turbulence model was proven robust with good results only 
next to the RSM model. In this paper, a sensitivity study of 
using six different turbulence models is conducted and results 
are consistent with Dhanasekaran and Wang’s finding. Since 
the RSM model requires an order of magnitude of 
computational time over the k-ε model, the standard k-ε 
model is therefore used with the enhanced near-wall treatment 
to significantly reduce the computational time but maintain 
the uncertainty within acceptable range of ±10 ~15 %.   

  
Standard k-ε Model –  The standard k-ε model,  based on the 
Boussinesq hypothesis, relates the Reynolds stresses to the 
mean velocity as 
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where k is the turbulent kinetic energy, and μt is the turbulent 
viscosity given by 
 μt  = ρCμk²/ε (7) 
where Cμ is a constant, and ε is the dissipation rate. The 
equations for the turbulent kinetic energy (k) and the 
dissipation rate (ε) are:  
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The term Gk is the generation of turbulence kinetic energy 
due to the mean velocity gradients.  

The turbulent heat flux and mass flux can be modeled 
with the turbulent heat conductivity (λt) and the turbulent 
diffusion coefficient (Dt), respectively. 
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The constants C1ε, C2ε, Cμ, σk, and σε used are: C1ε = 1.44, C2ε 
= 1.92, Cμ = 0.09, σk = 1.0, σε =1.3 [19].  The turbulence 
Prandtl number, Prt, is set to 0.85, and the turbulence Schmidt 
number, Sct, is set to 0.7.   
Enhanced Wall Function – The above k-ε model is mainly 
valid for high Reynolds number fully-turbulent flow.  Special 
treatment is needed in the region close to the wall. The 
enhanced wall function is one of several methods that model 
the near-wall flow. In the enhanced wall treatment, the two-
layer model is combined with the wall functions.  The whole 
domain is separated into a viscosity-affected region and a 
fully turbulent region by defining a turbulent Reynolds 
number, Rey,   
 Rey = yk½/ν (12) 
where k is the turbulence kinetic energy and y is the distance 
from the wall.  The standard k-ε model is used in the fully 
turbulent region where Rey > 200, and the one-equation 
model of Wolfstein [20] is used in the viscosity-affected 
region with Rey < 200.  The turbulent viscosities calculated 
from these two regions are blended with a blending function 
(θ) to smoothen the transition.  
 μt,enhanced = θμt + (1 – θ)μt,1 (13) 
where μt is the viscosity from the k-ε model of high Reynolds 
number, and μt,l is the viscosity from the near-wall one-
equation model.  The blending function is defined; so it is 
equal to 0 at the wall and 1 in the fully turbulent region.  The 
linear (laminar) and logarithmic (turbulent) laws of the wall 
are also blended to make the wall functions applicable 
throughout the entire near-wall region. 
 
Dispersed-Phase Model (Water Droplets) 
Droplet Flow and Heat Transfer – Based on the Newton’s 2nd 
Law, droplets motion in the airflow can be formulated by  
 

sPgDp FFFFdtdm +++== ∑F/vp&  (14) 

where mp is the droplet mass, and vp is the droplet velocity 
(vector).  The right-hand side is the combined force acted on 
the droplets, which are FD (drag force), Fg (gravity and 
buoyancy force), FP (pressure force), FS (Saffman lift force) 
etc. The following are the parameters for magnitude order of 
various forces for the present study. The density ρp and size dp 
of particle are 998.2 kg/m3 and 10μm, respectively. The air 
density ρa is 1.23 kg/m3, and its dynamic viscosity coefficient 
μ are 1.85×10-5 kg/(m·s). The average value of pressure 
gradient ∂p/∂x is about 2.4×104 Pa/m. The maximum value of 
(ua-up) is near 50 m/s, where up and ua the velocity of particle 
and air, respectively; the average value d(ua-up)/dt is about 
50,000 m/s². f(Rep) ~ 4.76. Taking the above conditions into 
account, the magnitude order of various forces can be 
acquired following Wang et. al.’s [21] study. 
 
 FD =  –3πdpµ(up – ua) f(Rep) ~ 4.6 × 10–7  (15.1)
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where, g is the gravitational acceleration, Rep is the droplet 
Reynolds number and f(Rep) is the correction factor for 
Stokes-drag force, which are expressed as, 

 
μ

−ρ
= ppaa

p

duu
Re  (16) 

and   
 f(Rep) = CD Rep / 24 (17) 
According to the Stokes law for Rep < 1, CD Rep/24 =1. There 
are many models to formulate the term CD Rep/24 for higher 
particle Reynolds number. Schiller and Naumann [22] 
correlated the expression up to Re = 800 as, 
 687.0

P
PD Re15.01

24
ReC

+=  (18) 

Without considering the radiation heat transfer, droplet’s heat 
transfer depends on convection, and evaporation is given as 

 fg
p2

pp h
dt

dm
 T)-h(Tπd

dt
dTcm += ∞  (19) 

where hfg is the latent heat.  The convective heat transfer 
coefficient (h) can be obtained with an empirical correlation 
[23-24]:  
 33.05.0

pd PrRe6.00.2
λ

hdNu +==  (20) 

where Nu is the Nusselt number, and Pr is the Prandtl 
number.  

The mass change rate or vaporization rate in Eq. (19) is 
governed by concentration difference between droplet surface 
and the air stream,   

 )C(Ckπd
dt

dm
sc

2p
∞−=−  (21) 

where kc is the mass transfer coefficient, and Cs is the vapor 
concentration at the droplet surface, which is evaluated by 
assuming the flow over the surface is saturated.  C∞ is the 
vapor concentration of the bulk flow, and is obtained by 
solving the species transport equations.  The values of kc can 
be given from a correlation similar to Eq. (21) by [23-24]. 
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where Sh is the Sherwood number, Sc is the Schmidt number 
(defined as ν/D),  and D is the diffusion coefficient of vapor 
in the bulk flow.   
 When the droplet temperature reaches the boiling point, the 
following equation can be used to evaluate its evaporation 
rate [25]: 
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where λ is the gas/air heat conductivity, and cp is the specific 
heat of the bulk flow. 
 Theoretically, evaporation can occur at two stages: 
(a) when the temperature is higher than the saturation 
temperature (based on local water vapor concentration), water 
evaporates, and the evaporation is controlled by the water 
vapor partial pressure until 100% relative humidity is 
achieved; (b) when the boiling temperature (determined by 
the air-water mixture pressure) is reached, water continues to 
evaporate. After the droplet evaporates due to either high 
temperature or low moisture partial pressure, the water vapor 
is transported away due to convection and diffusion as 
described in the water vapor species transport equation (5).   
Stochastic Particle Tracking - The turbulence effect on 
droplets dispersion is considered by using stochastic tracking.  
Basically, the droplet trajectories are calculated by using the 
instantaneous flow velocity ( u' u + ) rather than the average 
velocity (  u ).  The velocity fluctuations are then given as: 
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where ζ is a normally distributed random number [25].  This 
velocity will apply during the characteristic lifetime of the 
eddy (te = Ct (k/ε)), where Ct is a time constant to be specified 
according to the turbulent flow structure and the behavior of 
droplet dynamics. After this time period, the instantaneous 
velocity will be updated with a new ζ value until a full 
trajectory is obtained.   
Droplet Dynamics – Khan and Wang [15] made a 2-D CFD 
simulation for wet compression. They incorporated models to 
simulate droplet breakup and coalescence to take into 
consideration the effect of local acceleration and deceleration 
on water droplet dynamics. Taylor Analogy Breakup (TAB) 
model [26] was employed in that study and is adopted in the 
present study as well. The TAB model is a classic method for 
calculating droplet breakup, which is applicable to many 
engineering sprays. This method is based upon Taylor's 
analogy [26] between an oscillating and distorting droplet and 
a spring mass system, where the surface tension forces, 
droplet drag force and droplet viscosity forces are analogized 
with restoring, external, and damping forces.  

Khan and Wang [15] used the O’Rourke coalescence 
model [27] in their study, which is also adopted in this study. 
O'Rourke considered coalescence as an outcome of collision. 
O'Rourke's algorithm assumes that two droplets may collide 
only if they are in the same continuous-phase cell. This 
assumption can prevent droplets that are quite close to each 
other, but not in the same cell, from colliding, although the 
effect of this error is lessened by allowing some droplets that 
are farther apart to collide. The overall accuracy of the 

scheme is second-order in space. Once it is determined that 
two parcels collide, the outcome of the collision is 
“coalescence” if the droplets collide head on, and “bouncing” 
if the collision is more oblique. Droplet coalescence model 
improves discrete phase calculation when strong local 
acceleration or deceleration presents in the flow field such as 
over the airfoil surface.    
 
Erosion Model 

 When the droplet flows in the air stream and hits the 
compressor blades (stator and rotor), the blades may 
encounter erosion or accretion. Studying potential water 
droplet induced erosion can borrow the experience 
encountered in the steam turbine. Water droplet erosion poses 
a serious potential threat to the critical path of maintenance 
outages in steam turbine. Lam et. al. [28] estimated erosion 
rate in steam turbines from empirical formula. They presented 
two applications for the demonstration of erosion rates. Their 
results showed that the large droplets impact on the leading 
edge suction side due to insufficient axial clearance for the 
droplets to break up. Their other case handled with extremely 
wet steam, which was developed by a film of water 
accumulated on the stationary blades.  Although the film got 
enough space for breaking up, higher liquid droplet density 
had caused the premature erosion nonetheless. 

Erosion is significantly dependent on the attack angle. 
Haugen et. al. [29] tested a total of 28 materials at impact 
angles of 22.5° and 90°, and some at 7.5°, with test air 
velocities at 22, 55 and 320 m/s. Carbon Steel was selected as 
a reference material and was, as such, subject to more 
extensive examination than the other materials.  Additional 
tests were also performed at impact angles of 15°, 30° and 
45°. The maximum erosions were found at impact angles 
22.5° and 90° for ductile and brittle materials, respectively. 
The basic premise was that the cutting action of the particles 
is more important for ductile materials and deformation (or 
displacement) is more significant for brittle materials. Of the 
28 materials, the most erosion resistant were found to be the 
three solid tungsten carbide materials and two of the 
ceramics, Si3N and B4C. Only one coating, a Degun tungsten 
carbide layer, was found to give significantly improved 
erosion characteristics as compared with the reference 
material, Carbon Steel.  

Nokleberg et. al. [30] studied the erosion of the choke 
valve used in oil and gas industry. They used a Lagrangian 
trajectory calculation with stochastic tracking to account for 
the effect of local turbulence quantities predicted in the 
continuous phase (k-ε model) for their erosion model. The 
forces on the particles included drag force, gravity and 
pressure. Three different choke openings were simulated with 
flow, particle tracking and erosion: 10%, 12.5% and 25% 
open. In addition the flow field was simulated for 50% choke 
opening. A velocity restitution factor after wall impact 
(normal velocity ratio) of 90% was used. The erosion tests in 
both the modified Needle & Seat choke and the External 
Sleeve choke gave peak erosion rates only 2-3 times larger 
than calculated. This was near the uncertainty of the erosion 
model alone. Other uncertainties were particle sharpness and 
reflection velocities after several impacts in the chokes. The 
predicted behavior was thus satisfactory for such complex 
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flow geometries, especially since there was such a large 
difference in the maximum erosion rate for the two types of 
chokes for the same test condition.  

Considering all the above mentioned effects, the rate of 
erosion (kg/m2s) is formulated as,  
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Where, K is a Material constant, α is the impact angle of the 
particle path with the wall face, f(α) is a function of impact 
angle, V is the relative particle velocity, n is a constant, and 
Aface is the area of the cell face at the wall. Nokleberg and 
Sontvedt [30] used this model and found the erosion tests 
gave peak erosion rates 2-3 times larger than calculated as 
mentioned earlier. They reasoned that this large difference 
was contributed by the variations of surface geometry, 
particle sharpness and reflection velocities after several 
impacts in the chokes. They suggested the value of f(α) in a 
piecewise linear manner between three data points for ductile 
materials as: f(0°) = 0, f(20°) = 1.0, and f(90°) = 0.3 and two 
points linear relationship for brittle materials between f(0°) = 
0 and f(90°) = 1.0.  

Most of the published data have been for solid-particle 
erosion. The data related to erosion caused by liquid-droplet 
impact is scarce.  Bowden and Field [31] showed that the 
stress pulse produced by high-speed liquid impact is intense 
and of a duration of only 1 or 2μs. On the other hand, a solid-
to-solid impact has, by comparison, a much longer impact 
time by hundreds of microseconds. Based on this discovery, it 
is assumed in the present study that the K value for the liquid 
droplets is about two orders of magnitude less than solid’s K 
value. Therefore, K is selected as 2×10-11, which is 1/100th of 
the steel’s K value. n is selected as 2.6 and f(α) is modeled by 
the piecewise linear approach between three data points: f(0°) 
= 0, f(20°) = 1.0, and f(90°) = 0.3 as stated earlier.  

Keating and Nesic [32] explained that the normal 
velocity is responsible for liquid particle erosion.  They also 
introduced a critical threshold velocity for which erosion 
initiates, below which no erosion takes place. Based on their 
study, the present model further incorporates the normal 
component of velocity (VSinα) and the critical threshold 
velocity (Vcr) into Eq (25) as.  
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Vcr is the critical velocity below which erosion does not take 
place. The critical velocities for erosion initiation for different 
materials were reported by Bitter [33, 34] and the critical 
velocity for steel was 0.668m/s. Erosion model built in the 
FLUENT is a solid particle erosion model, so an user defined 
function (UDF) is written to incorporate Eq. 26 into our 
model.  
 
Boundary Conditions 
Continuous Phase – The stagnation condition of the inlet main 
flow is assigned as 1 atm air at 304.2K (to maintain a static 
temperature of 300K), and 60% RH (or with the absolute 
humidity at 0.01369 kg/kg dry air) moving at a uniform 

velocity of 92 m/s. The inlet condition is assigned by fixing 
the total pressure as 101.325 kPa and total temperature at 
304.2 K, and the exit condition is assigned by fixing the static 
pressure at a value that will give the inlet velocity of 92 m/s. 
Since the exit static pressure is not known, iteration will take 
place to try different exit pressures until the inlet velocity 
reaches an average value of 92 m/s.  Under these assigned 
conditions, the inlet static pressure, static temperature, and 
velocity will be calculated cell by cell and will not be 
uniform, but the stagnation pressure is always uniformly 
maintained at the initialized value of 101.325 kPa. There was 
an attempt to assign a uniform velocity at the inlet. However, 
if a uniform velocity was assigned as the inlet condition, the 
total pressure would be calculated cell-by-cell and would not 
be uniform, which is not consistent with reality. 

The chilled water at 288K (58oF) is atomized and 
injected at a velocity of 25 m/s. The calculated mass flow rate 
is 0.472 kg/s per pitch, which is used to determine the amount 
of water, 0.00472 kg/s, needed for achieving 1% overspray 
fogging case.  

The static pressure at the inlet is calculated mesh by 
mesh, so it is nonuniformly distributed, with an average value 
of  96.4 kPa  to have the desired inlet velocity (92m/s) with a 
flow coefficient of 0.6. Since there are 50 rows of blades, the 
rotational periodic (or cyclic) boundary condition is set to 
simulate 50 rows of rotors and stators. The total mass flow 
rate for the entire compressor inlet is (0.472 × 50) = 23.6 kg/s 
for fogging.  

The backflow (reverse flow) temperature (if any) is set to 
310 K. All the walls (rotor and stator) in the computational 
domain are assigned as adiabatic with the non-slip velocity 
boundary condition, i.e zero velocity at all walls. As the 
compressor has 50 rows of blades, the included angle between 
two consecutive blade rows is 7.2°. Again, all the parameters 
are set with rotational periodic boundary conditions, which 
carry the information from the downward edge to the forward 
edge along the rotating direction.  
Dispersed Phase -- The droplet size is uniformly given as 
10μm. Although in the real overspray applications, the water 
droplet sizes posses a nonuniform distribution, for the purpose 
of a easy tracking of droplet size variations during the course 
of evaporation, using uniform droplet size provides a 
convenient controlling tool.  

The boundary condition for droplets at the walls can be 
assigned as either reflected, trapped, or maintaining as a 
liquid film.  Usually, when the wall temperature is 28°C 
(=50°F) above the water saturation temperature (i.e. at 28oC 
superheat), the water droplets do not stick to the wall surface; 
it reflects from the surface. This situation occurs in the later 
stages of the compressor, but not in the first stage as 
simulated in the present study. However, since the blade 
surfaces move very fast, the impact force induced when the 
droplets collide with the surface may bounce off the droplets.  
In the meantime, the water droplets could also stick to the 
surface and form a liquid film [35]. Since all three conditions 
could occur in the real application but Fluent code only 
allows one condition to be assigned at a time, this study 
employs both reflected and filmed boundary conditions at 
separated cases and the results are compared. The results of 
the trapped condition should be between the results of 
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reflected and filmed conditions because it allows water 
droplets to evaporate when they hit the surfaces. At the outlet, 
the droplets just simply flee/escape from the computational 
domain.  
 
Numerical Method  

The commercial software package FLUENT (version 
6.2.16) from Ansys, Inc. is adopted for this study. The 
simulation uses the segregated solver, which employs an 
implicit pressure-correction scheme and decouple the 
momentum and energy equations according to  the FLUENT 
manual [36]. The SIMPLE algorithm is used to couple the 
pressure and velocity. Second order upwind scheme is 
selected for spatial discretization of the convective terms and 
species. Langrangian trajectory calculations are employed to 
model the dispersed phase of droplets. The impact of droplets 
on the continuous phase is considered as source terms to the 
governing equations. After obtaining an approximate flow 
field of the continuous phase (airflow in this study), droplets 
are injected, and their trajectories are calculated. At the same 
time, drag, heat and mass transfer between the droplets and 
the airflow are calculated. 

Iteration proceeded alternatively between the continuous 
and discrete phases. Twenty iterations in the continuous phase 
are conducted between two consecutive iterations in the 
discrete phase. Converged results were obtained after the 
specified residuals are met. A converged result renders mass 
residual of 10-3, energy residual of 10-6, and momentum and 
turbulence kinetic energy residuals of 10-3. These residuals 
are the summation of the imbalance for each cell and scaled 
by a representative of the flow rate. The transient time step is 
set for 0.1 millisecond for a total of 100 steps. For 3600 RPM 
rotating speed, this gives a total period of 0.01 second with a 
progress of 30 pitch passing. The time step is set in such a 
way that it becomes shorter than the time requires for the 
rotor to rotate a single pitch, which is 33.33 ms. Otherwise the 
discrete phase data won’t be continuous in two consecutive 
pitch passings. Typically, 400 to 500 iterations are needed to 
obtain a converged result in each time steps, which takes 
about 90 hours in a cluster of 9 dual-core parallel personal 
computers. 
 
Comparison of Different Turbulence Model and Time 
Constant  

Comparison has been made among different turbulence 
model for baseline case and presented in Table 1. Static 
pressure and static temperature rise have been chosen as the 
comparing parameters. The computed result of static pressure 
rise is fairly consistent among different turbulent models, 
while the temperature rise calculations vary within  7%. 
According to Wang and Dhanasekaran [37], the time constant 
(Ct) used in stochastic tracking may significantly affect the 
results of particle tracking in certain flow conditions, so a 
sensitivity study is conducted to inspect its influence on the 
CFD results.  Four different time constants, ranging from 0.15 
to 0.0001, are used.  Table 2 shows the results are consistent.  
The value of 0.15 is therefore used for all cases in this paper.  

 
 
 

Table 1  Comparison among different turbulence models  
 

Models 

Parameters 
Inlet 
Static 
Press. 
(kPa) 

Exit 
Static 
Press. 
(kPa) 

Static 
Pressure 

Ratio 

Inlet 
Static 
Temp. 

(K) 

Exit 
Static 
Temp. 

(K) 

Temp. 
Diff (K)

Spalart Almaras 95.85 108.00 1.12672 299.40 311.46 12.06 
k-ε Standard 96.30 108.00 1.12154 299.79 311.88 12.09 
k-ε RNG 95.77 108.00 1.12770 299.32 311.31 11.98 
k-ε Realizable 95.72 108.00 1.12828 299.28 311.24 11.96 
k-ω Standard 96.09 108.00 1.12389 299.61 311.52 11.91 
k-ω SST 95.66 108.00 1.12904 299.22 311.19 11.97 

 
Table 2  Comparison among different time constants used 
in stochastic particle tracking scheme 
 

Models 

Parameters 
Inlet Static 

Press. 
(kPa) 

Exit Static 
Press. 
(kPa) 

Static 
Pressure 

Ratio 

Inlet Static 
Temp. (K)

Exit Static 
Temp. (K)

Temp. 
Diff (K) 

Ct = 0.15 96.37 107.90 1.11966 299.89 310.95 11.06 
Ct = 0.01 96.37 107.90 1.11960 299.89 310.96 11.06 
Ct = 0.001 96.38 107.90 1.11958 299.89 310.97 11.07 
Ct = 0.0001 96.37 107.90 1.11959 299.89 310.96 11.06 

 
Comparison of Results using Different Mesh size 

A grid sensitivity study is made for the baseline case. 
Four different sizes of mesh are used, e.g. 0.25, 0.47, 0.9 and 
1.67 million elements are used, i.e. each time the mesh size 
has been doubled, which gives almost 25% excess nodes than 
the smaller one. Table 3 shows the sensitivity result. Pressure 
rise is almost grid independent (only 0.05% off from coarsest 
grid). However, temperature rise is little off from the coarsest 
grid. It is found that the temperature rise is 3% off for 0.47 
million elements than the coarsest (0.25 million) one. It is 
6.2% off for 0.9 million elements than the coarser (0.47 
million) one and so on. Due to the computational limitations, 
it was not possible to increase the grid size. 
 
Table 3  Comparison among different mesh numbers 
 

Number 
of mesh 
elements

Parameters 
Inlet 
Static 
Press. 
(kPa) 

Exit 
Static 
Press. 
(kPa) 

Static 
Press. 
Ratio 

Diff. 
from 

smaller 
mesh 

Inlet 
Static 
Temp. 

(K) 

Exit 
Static 
Temp. 

(K) 

Temp. 
Diff. 
(K) 

Diff. 
from 

smaller 
mesh 

252,733 96.30 108.00 1.1215  299.79 311.88 12.09  
467,392 96.24 108.00 1.1222 0.05% 300.31 312.76 12.45 3.02%
906,761 96.21 108.00 1.1226 0.04% 300.28 313.50 13.22 6.19%

1,670,128 96.18 108.00 1.1229 0.03% 300.26 314.71 14.45 9.28%

 
RESULTS AND DISCUSSION 
Studied Cases  
1. Baseline case:  No fogging. Moist air compression 

(conventionally called dry compression even though 
there is moisture in the air) with the ambient air at 300K, 
60% RH, and 1 bar pressure. 

2. Fog cooling case: Ambient condition is the same as the 
baseline case with 1% overspray of 288K water.  

 
In this study, the term "fogging" indicates the action of 

generating the fog. Depending on the amount of injected 
water, "saturation fogging" implies the process of saturating 
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the air to 100% relative humidity and "overspray" implies the 
process of injecting more than the water amount required to 
achieve saturated air. Strictly speaking, a 1% overspray 
implies the amount of water that weighs 1% of the dry air 
flow is injected, in addition to the amount required to saturate 
the air. However, for simplicity, overspray fogging also 
includes saturation fogging in this study. For example, 1% 
water overspray with an ambient condition of 300K and 60% 
RH implies that 0.245% water is needed to saturate the air, 
and  (1 – 0.245) = 0.755% is actually used for overspray.  

The term "moist air compression" indicates that no liquid 
is in the air, but the air humidity is not zero. "Wet 
compression" means liquid droplets present in the air during 
compression. 
 
Static Pressure Result 

Compressor’s static pressure increases from 96.2 kPa to 
108 kPa with a static pressure ratio 1.123 for the baseline case 
as shown in Fig. 5(a). The lowest static pressure (suction 
peak) at 81 kPa is found on the suction side of the rotor near 
the leading edge. The stagnation pressure in the range of 113 
and 128 kPa is found at the stagnation region of rotor shown 
in Fig. 5(b). The static pressure in 3 different radial planes for 
baseline case does not show any significant difference and 
neither does in the fogging case. 
 As fogging is applied, compressor’s static pressure 
increases from 96.4 kPa at inlet to 107.9 kPa with a static 
pressure ratio of 1.119 as shown in Fig. 5(c), a bit lower than 
baseline case. When fogging is applied, the stagnation line 
has not been shifted significantly (see Fig. 5(d)). The 
stagnation pressure ranges from 115 to 128 kPa for baseline 
case (Fig. 5(b)) and 110 to 121 kPa for the fogging case at the 
stagnation line. The isobar contours for the fogging case and 
baseline case do not show any significant difference. The 
intuition says that the pressure ratio should increase due to 
fogging according to thermodynamic study. The fogging case 
in this study does not complete evaporation, so the pressure 
ratio is not improved in this single stage. 
 

Direction of 
rotation 

Figure 5 (a)  Static pressure distribution for baseline case 
in different radial planes 
 

 
Figure 5 (b)  Stagnation pressure distribution on the rotor 
surface for baseline on suction surface, leading edge, and 
pressure surface. 

 
Figure 5 (c)  Static pressure distribution for fogging case 
on different radial planes and over the hub. 
 
 

 
Figure 5 (d)  Stagnation pressure distribution for fogging 
case across the rotor surface 
 
Static Temperature Results 

The temperature distribution without and with water 
spray is shown in Figs. 6(a) and (b). For baseline case (dry air 
with 60% relative humidity without fogging), a wide range of 
temperature distribution is noticed. Inlet portion is more 
uniform (in the range of 300 to 304K). Temperature 
significantly drops to 288K at the leading edge of suction side 
of rotor due to strong acceleration and pressure drop 
downstream of the stagnation region (see Fig. 5a). 
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Temperature increases from 288K to 308K along the suction 
side and from 304K to 311K along the pressure side. As 
expected, the static pressure is higher on the pressure 
(convex) side and lower on the suction (concave) side as 
shown in Fig. 5(a), and due to the nature of compression, air 
temperature is higher on the pressure side and lower on the 
suction side (Fig. 6). The average temperature is 314.7K at 
the exit. 
For the fogging case (Fig. 6b), the temperature drops from the 
baseline case. The temperature is higher on the pressure side 
and lower on the suction side for both the rotor and stator for 
the fogging case. In addition, the temperature reduces to 311K 
at the exit. The temperature significantly drops to 289K at the 
leading edge of suction side of rotor due to strong 
acceleration and pressure drop downstream of the stagnation 
region (see Fig. 5b). Also, the temperature increases from 
289K to 305K along the suction side and from 305K to 309K 
along the pressure side. 
 

 
 
Figure 6 (a)  Static temperature distribution for baseline 
case (no fogging) on three radial planes  
  
 

 
 
 
Figure 6 (b)  Temperature distribution for fogging case on 
different radial planes and hub surface 
 
Velocity Results 

The inlet velocity at rotor is 92 m/s for the baseline case 
and 93.5 m/s for fogging case. The exit velocity at the rotor is 

approximately 136.5 m/s for baseline case and 137 m/s for 
fogging case. There is a secondary flow moving from the 
pressure side towards the suction side as shown in Fig 7(a) 
and (b).  

 

 
Figure 7(a) Secondary flow moving towards the suction 
surface at 20% chord length from the stator leading edge 
Data points are reduced for clarity. The main flow is 
moving into the paper. The plane of projection in this 
figure is the red (3rd) plane shown in Fig. 3.   

 

 
Figure 7(b) Secondary flow near the stator exit. Data 
points are reduced for clarity. The main flow is moving 
into the paper. The plane of projection in this figure is the 
black  (rightmost) plane shown in Fig. 3.  
 
Slip Velocity and Reynolds Number 

Water droplets are injected at the inlet with the velocity 
of 25m/s along with the continuous phase (air) flowing at a 
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velocity of 92m/s. Initially the droplets have a slip velocity of 
-66m/s, which keeps decreasing (i.e. tends to zero) along the 
domain. This slip velocity affects the droplet Reynold’s 
number and the associated drag and droplet evaporation rate. 
The variation of droplet Reynolds number is shown in Fig. 8. 
The droplet Reynolds number starts at around 15 at the inlet 
and reduces to almost zero at the end of the inlet sub-domain. 
As soon as the droplets enter the rotor sub-domain, they 
accelerate due to additional momentum from the rotational 
motion of the rotor and the induced centrifugal motion. As a 
result the droplet slip velocity increases from 0 to 40 m/s (as 
they move from leading to trailing edge of rotor) and a few 
particles are found to have a slip velocity more than 100m/s 
(droplet is faster than the air in rotor subdomain). Therefore, a 
slip Reynolds number in the range of 0 to 90 is observed.  
When the droplets enter the stator sub-domain, the slip 
velocity again decreases (as low as 5 m/s) and results in 
reduced droplet Reynolds number down to 7.  

 
 
Figure 8  Water droplet trace with droplets’ relative 
Reynolds number (one in every five droplets have been 
shown) 
  

 
 
Figure 9(a)  Contour of pressure coefficient on rotor and 
stator surfaces on three radial planes  for the fogging 
case 
 

 
Figure 9(b) Variation of pressure coefficient across rotor 
and stator surfaces for the baseline case 

 
Figure 9(c)  Variation of pressure coefficient across rotor 
and stator surfaces for the fogging case 
 
Coefficient of Pressure 

Figure 9(a) shows the contour of pressure coefficient [(P-
Po)/(½ρv²)] on three radial planes in the fogging case and 
Figs. 9(b) and (c) show the pressure coefficient variation 
across the rotor and stator for all radial locations. It is obvious 
that the pressure side has higher pressure and suction side has 
less pressure. Only one line near the tip region in Figs. 9 (b) 
and (c) show relatively low pressure on the upper plane of the 
rotor pressure side due to the pressure leakage across the tip 
clearance. Only a slight difference in the distribution is 
observed between the dry and fogging cases. 
 
Droplet Breakup and Coalescence 

Droplet breakup and coalescence are considered in this 
study. Water droplet evaporation can occur anywhere in the 
domain. Droplet coalescence and break-up usually occur as a 
result of droplet collisions due to flow field changes through, 
for example, local acceleration/deceleration, centrifugal force, 
scattered movement of droplets or even turbulent dispersion. 



  Copyright © 2010 by ASME 12

Turbulent dispersion is noticed from the very beginning in the 
inlet domain, so the probability of collisions starts 
immediately after the water droplets are injected. It is obvious 
to observe that the droplet diameter does not increase without 
incorporating the coalescence model, the comparison with 
and without coalescence was presented by Khan and Wang 
[15]. The biggest size of the droplet found is 64.95µm (Fig. 
10), which is created by the coalescence of 335 droplets of 
10µm. 

Figure 11 shows the liquid droplet concentration. At this 
periodic position, most of the liquid droplets hit the suction 
side and leave the pressure side uncooled. A little downward 
movement of the droplets is seen close to the exit of the rotor 
sub-domain (shown in Fig. 11a) and at the beginning of the 
stator sub-domain probably due to the secondary flow motion, 
which is clear from the secondary flow in Fig. 7(b). 

 
 
 

 

Coalescence 

 
 
Figure 10 Water droplet trace with diameter. Red dots 
shows coalescence. 

 
 
 
Figure 11(a)  Liquid concentration on four different axial 
planes 

 
 
 

 
 

Figure 11(b)  Liquid concentration on three different radial 
planes 
 
Droplet Erosion 

Figure 12 (a) shows the erosion on the rotor suction side 
and stator pressure side and Fig. 12(b) shows the erosion level 
on the rotor pressure side and stator suction side and the 
maximum erosion is quantified as 3.55×10–9 kg/m²s, which is 
equivalent to 14μm loss of material in one year given that the 
compressor runs 24 hours in 365 days  a year. Based on 
current model, this erosion is pretty negligible. According to 
the boundary conditions, the spray is arranged at eight 
equidistant locations in radial direction. It is noticed that 
eroded areas are seen on the suction side in the rotor leading 
edge and a big pit on the trailing edge due to a secondary 
flow, which is clear from Fig. 7(b). Some droplets hit the 
stator's pressure side before leaving the domain (as shown by 
the secondary flow in Fig. 7a and 7b) and results in some 
erosion close to the trailing edge of the stator pressure side. 
Erosion on stator occurs mostly on the leading edge of the 
stator pressure side, as the rotor splashes the droplets towards 
the pressure side of the stator.  

 
Rotor Stator

 
Figure 12 (a)  Blade erosion on suction side of rotor and 
pressure side of stator. Red arrows show the flow 
direction. 
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Rotor 
Stator 

Figure 12 (b)  Blade erosion on pressure side of rotor and 
Suction side of stator. Red arrows close to the surfaces 
show the flow direction. 
 
CONCLUSIONS 

CFD simulation has been performed on one rotor-stator 
stage of a compressor 3-D configuration with and without 
fogging. The summary of the findings is:  

Under fogging, the temperature reduces, and the overall 
temperature distribution in the compressor becomes more 
uniform. The compressor exit temperature decreases from 
314.7K to 311K with 1% overspray fogging. Under fogging, 
pressure ratio decreases from 1.123 to 1.119 and the axial 
velocity increases from 92 to 93.5m/s due to increased mass 
flow rate.  

Most of the droplets reach main flow velocity (i.e. zero 
slip). Local pressure gradients in both the rotor and stator 
flow passages drive up the droplet slip velocity during 
compression. Most of the droplet relative Reynolds numbers 
are in the range of 30 to 50.  

The CFD erosion model predicts that the most eroded 
area occurs in leading edge and one spot of trailing edge of 
the rotor suction side. The largest erosion rate is predicted as 
3.55×10-9 (kg/m2-s) or 0.112 (kg/m2-yr), which is 
approximately equivalent to a loss of 14 μm thickness of 
metal layer per year, which is not significant, however this 
data needs validation from further experiments.  

Consistency is obtained among six different turbulent 
models and four different stochastic tracking time constants 
except the k-ω Standard model is a bit off from all other 
models.  
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