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Abstract 

Numerical simulation is performed in this study to explore film-
cooling enhancement by injecting mist into the cooling air with a focus 
on investigating the effect of various modeling schemes on the 
simulation results.  The effect of turbulence models, dispersed-phase 
modeling, inclusion of different forces (Saffman, thermophoresis, and 
Brownian), trajectory tracking, and mist injection scheme is studied.  
The effect of flow inlet boundary conditions (with/without air supply 
plenum), inlet turbulence intensity, and the near-wall grid density on 
simulation results is also included.  Using a 2-D slot film cooling 
simulation with a fixed blowing angle and blowing ratio shows a 2% 
mist injected into the cooling air can increase the cooling effectiveness 
about 45%. The RNG k-ε model, RSM and the standard k-ε turbulence 
model with the enhanced wall treatment produce consistent and 
reasonable results while the turbulence dispersion has a significant 
effect on mist film cooling through the stochastic trajectory 
calculation.  The thermophoretic force slightly increases the cooling 
effectiveness, but the effect of Brownian force and Saffman lift is 
imperceptible.  The cooling performance is affected negatively by the 
plenum in this study, which alters the velocity profile and turbulence 
intensity at the jet exit plane.  The results of this paper can serve as the 
qualification reference for future more complicated studies including 
3-D cooling holes, different blowing ratios, various density ratios, and 
rotational effect. 

 
Keywords:  film cooling, gas turbine cooling, mist cooling, two-phase 
flow simulation 
 
Nomenclature 

b slot width (m) 
C concentration (kg/m3) 
cp specific heat (J/kg-K) 
D mass diffusion coefficient (m2/s) 
d droplet diameter (m) 
F force (N) 
k turbulence kinetic energy (m2/s2) 
kc mass transfer coefficient (m/s) 
h convective heat transfer coefficient (W/m2-K)  
hfg latent heat (J/kg) 
M blowing ratio, (ρu)c/(ρu)g 
m mass (kg) 

Nu Nusselt number, hd/λ 
P  pressure (N/m2)  
Pr  Prandtl number, ν/α 
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 coordinates 
 
Greek 
α thermal diffusivity (m2/s) 
ε  turbulence dissipation rate (m2/s3) 
η  film cooling effectiveness, (Tg-Tc)/(Tg-Taw) 
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) 

 
Subscript 
aw adiabatic wall 
c coolant or jet flow 
g hot gas/air 
p particle or droplet 
t turbulent 
0 air film cooling without mist 
∞ far away from droplets 
 
Introduction 

For more than half a century [1-2], air film cooling has been 
commonly applied to cool gas turbine hot components such as 
combustor liners, combustor transition pieces, turbine vanes (nozzles) 
and blades (buckets).  Numerous studies have been performed to make 
film cooling more effective by optimizing the compound injection 
angles and blowing ratios and designing different injection hole 
configurations. 
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Open literature shows that the optimal injection angle of forward 
inclination is about 30~35o.  Jia et al. [3] verified that the recirculation 
bubble downstream the jet vanishes when the angle is 30° or less.  The 
injection angle in Bell et al. [4] and Brittingham and Leylek [5] is 35o.  
Taslim and Khanicheh [6] conducted experimental and numerical 
studies with an injection angle of 25o.  The blowing ratio is another 
important parameter in film cooling.  As found in [3], it has a large 
effect on the size of recirculation.  Kwak and Han [7] measured heat 
transfer coefficients and film-cooling effectiveness on a gas turbine 
blade tip.  Their results showed that heat transfer coefficient decreased 
as blowing ratio increased, while film effectiveness increased.  
Mayhew et al. [8] measured the adiabatic cooling effectiveness of film 
cooling with compound angle holes using thermochronic liquid 
crystal.  Their photographs show that large blowing ratios lower the 
cooling performance.   

Since the mixing between the coolant and main flow is partially 
controlled by turbulence diffusion, the inlet turbulence intensity of 
coolant jet also affects the film cooling.  As shown in Mayhew et al. 
[8], low inlet turbulence intensity keeps the coolant close to the wall 
when the blowing ratio is low; while high inlet turbulence intensity 
helps bring the coolant back to the wall when the blowing ratio is high.  
To consider the effect of upstream flow conditions on film cooling, an 
inlet plenum as well as the flow arrangement is included in numerical 
studies by Brittingham and Leylek [5], Adami et al. [9], etc.  It is 
concluded that an accurate prediction of coolant discharge and wall 
coverage of cooling film requires computation of flow field in the 
cooling air supply plenum and duct. 

Many studies have been conducted on the shaped holes with 
various configurations. For example, Bell et al. [4] found laterally 
diffused compound angle holes and forward diffused compound angle 
holes produce higher effectiveness over much wider ranges of blowing 
ratio and momentum flux ratio compared to the other three simple-
angle configurations tested.  Brittingham and Leylek [5] concluded 
that the compound-angle shaped holes could be designed to eliminate 
crossflow line-of-sight between adjacent holes, and thus somewhat 
mimic slot-jet performance.  To eliminate nonuniform cooling pattern 
inherent in the discrete injection holes, Wang et al. [10] conducted 
experiments by embedding the discrete injection holes in a slot 
recessing beneath the surface.  Premixing inside the slot makes the slot 
film cooling more uniform than discrete injection holes. 

Although these technologies can continuously improve the 
performance of conventional air film cooling, the increased net 
benefits seem to be incremental and approaching their limit.  In view 
of the high contents of H2 and CO in the synthetic fuels for next 
generation turbines, the increased flame temperatures and flame 
speeds from those of natural gas combustion will make gas turbine 
cooling more difficult and more important.  Therefore, development of 
new cooling techniques is essential for surpassing current limits.  One 
potential new cooling technique is to inject small amounts of tiny 
water droplets (mist) into the cooling air to enhance the cooling 
performance.  The key mist cooling enhancement mechanism is 
attributed to the latent heat that droplet evaporation will absorb when 
moving along the coolant air.  The second cooling enhancement 
mechanism is contributed by direct contact between water droplet and 
the wall.  Other minor cooling enhancement mechanisms include 
increased temperature gradient and augmented mixing induced by 
droplet-air interactions. Furthermore, continuous droplets evaporation 
can last longer and go farther into the downstream region where 
single-phase air film cooling becomes less effective.  

Mist has been used to enhance heat transfer in gas turbine 
systems in different ways.  Gas turbine inlet air fog cooling [11] is a 
common application where the droplets evaporate to lower the 

compressor air inlet temperature until the relative humidity reaches 
100%.  In addition, fog overspray is used in industry to provide 
evaporative cooling inside the compressor. Petr [12] reported the 
results of thermodynamic analysis of the gas turbine cycle with wet 
compression based on detailed simulation of a two-phase compression 
process.  In 1998, Nirmalan et al. [13] applied water/air mixture as the 
impingement coolant to cool gas turbine vanes.  To explore an 
innovative approach to cooling future high-temperature gas turbines, 
the authors’ research group has conducted a series of mist/steam 
cooling experimental studies by injecting 7 μm (average diameter) of 
water droplets into steam flow, e.g., [14-17].  For a straight tube [14], 
the highest local heat transfer enhancement of 200% was achieved 
with 1~5% (weight) mist, and the average enhancement was 100%. In 
a 180o tube bend [15], the overall cooling enhancement ranged from 
40% to 300% with the maximum local cooling enhancement being 
over 800%, which occurred at about 45o downstream of the inlet of the 
test section.  For jet impingement cooling over a flat surface [16], a 
200% cooling enhancement was shown near the stagnation point by 
adding 1.5% mist (in mass).  In jet impingement on a concave surface 
[17], enhancements of 30 to 200% were achieved within five-slot 
distance with 0.5% (weight) mist. 

Besides experiments, numerical simulation is frequently used to 
study film cooling.  Jia et al. [3] employed the V2F k-ε turbulence 
model to investigate slot jet film cooling.  The standard k-ε model with 
generalized wall function was used by Brittingham and Leylek [5] to 
simulate film cooling with compound-angle shaped holes.  Taslim and 
Khanicheh [6] also used the standard k-ε model with generalized wall 
function in their study.  Heidmann et al. [18] employed a k-ω model, 
which does not require a specified distance to the wall for the near-
wall grids.  Tyagi and Acharya [19] used the large eddy simulation 
(LES) to reveal the anisotropic characteristics in the wake region of 
the cooling jet.   

To simulate the flow and heat transfer of a discrete phase, such as 
droplets in mist film cooling, one approach is to track the particles in a 
Lagrangian frame of reference, and at the same time compute the heat 
transfer between the discrete phase and the continuous flow.  The 
effect of discrete phase on flow and heat transfer of the continuous 
phase is incorporated as a source term to the governing equations.  The 
Lagrangian method has been used in many studies such as dispersion 
of post-dryout dispersed flow [20], evaporating droplets in a swirling 
jet [21], and evaporating spray in turbulent gas flow [22].  Li and 
Wang [23] conducted a numerical simulation of mist film cooling 
using the standard k-ε turbulence model with enhanced wall function. 
Three different holes are used in their study including a 2-D slot, a 
round hole, and a fan-shaped diffusion hole.  A comprehensive study 
is performed on the effect of flue gas temperature, blowing angle, 
blowing ratio, mist injection rate, and droplet size on the cooling 
effectiveness with 2-D cases. Significant cooling enhancements 
(30~50%) were predicted. 

Since the accuracy and validity of simulation depends on the 
accuracy of numerical modeling, this paper focuses on investigating 
the various modeling schemes on the simulated results of mist film 
cooling, including effects of turbulence models, different flow-droplet 
interactions (Saffman force, Brownnian lift, and thermophoresis), 
discrete-phase modeling, mist injection locations, and trajectory 
tracking.  The results of this paper will serve as the qualification 
reference for more complicated studies including 3-D cooling holes, 
various blowing ratios, various density ratios, and rotational effect. 

 
Numerical Model 

Geometrical Configuration   
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A 2-D slot is selected for this study.  Its configuration and the 
main dimensions are shown in Fig. 1.  The slot width (b) is 4 mm.  The 
injection angle is 35o, which is considered as the optimal value by [4, 
5].  The length of the film slot is 3b.  The computational domain has a 
length of 80b and a height of 20b.  The slot jet is set to 20b from the 
entrance of the mainstream.  To study the effect of upstream 
conditions of coolant on the film cooling performance, a 7.0b×3.5b 
extended air supply plenum upstream of the film cooling slot is added 
later. The cooling air enters the plenum parallel to the main flow.  
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Figure 1 Computational Domain 
 

Governing Equations   
 The 2-D, time-averaged, steady state Navier-Stokes equations as 
well as equations for mass, energy and species transport are solved.  
The governing equations for conservation of mass, momentum, and 
energy are given as: 

( ) mi
i

Sρu
x

=
∂
∂  (1) 

( ) ( ) jjiij
ij

jji
i

Fu'u'ρ-τ
xx

Pgρuρu
x

+
∂
∂

+
∂
∂

−=
∂
∂ v

 (2) 

( ) hip
ii

ip
i

SμΦT'u'ρc-
x
Tλ

x
Tuρc

x
++⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∂
∂

∂
∂

=
∂
∂    (3) 

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 
from the dispersed phase.  μΦ is the viscous dissipation and λ is the 
heat conductivity.   
 In mist film cooling, water droplets evaporate and the vapor 
diffuses into its surrounding flow. The flow mixture consists of three 
main components: 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. 

Notice 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.  
The Reynolds number of the main flow (based on the duct height and 
the inlet condition specified later) is about 30,000 in this study.  
Therefore, turbulence model needs to be included. 
 
Turbulence Models 

 Standard k-ε Model –  The standard k-ε model, which, 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 

ε/kρCμ 2
μt =  (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 [24].  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,   

ν/ykRe 1/2
y =  (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 [25] 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.  
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lt,tenhancedt, θ)μ(1θμμ −+=  (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. 

Reynolds Stress Model –  In film cooling, the interaction between 
the injected coolant flow and the approaching main flow could be 
anisotropic and nonequilibrium with multiscaled integral and 
dissipation length scales.  Therefore, the Reynolds stress model 
(RSM), a second-moment closure, is considered in this study. The 
Reynolds stress transport equation can be given as 
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The diffusive term on the right-hand side can be modeled as 

( )

( )⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂

∂
∂

∂
=

⎥
⎦

⎤
⎢
⎣

⎡
∂

∂
+++

∂
∂

−

ji
kk

t

k

ji
k

jikikjkjik
k

u'u'
xσ

μ
x

u'u'
x

μ)u'δu'P(δu'u'u'ρu
x

 (15) 

The second term on the right-hand side of Eq. (14) is the production 
term, and it is notated as Gij 
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The third term is the pressure-strain term, which can be modeled as 
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and 0.6, respectively. The last term in Eq. (14) can be approximated by 
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and assumes this dissipation term isotropic. 
Modeling of the turbulent heat flux and mass flux are similar as 

in the k-ε model.  The turbulent kinetic energy and its dissipation rate 
can be calculated from the Reynolds stresses. 

Other Models -- Ignoring details here, the turbulent models 
adopted in this study also include the RNG k-ε model, k-ω model, and 
the shear-stress transport (SST) k-ω model.  RNG k-ε model was 
derived using renormalization group theory [26]. It has an additional 
term in the ε-equation to improve the accuracy for rapidly strained 
flows.  It uses the effective viscosity to account for low-Reynolds-
number effects.  Theoretically, this model is more accurate and 
reliable than the standard k-ε model.  The standard k-ω model is an 
empirical model based on transport equations for the turbulence 
kinetic energy (k) and the specific dissipation rate (ω), which can also 

be considered as the ratio of ε to k [27].  The low-Reynolds-number 
effect is accounted for in the k-ω model.  The SST model is mixture of 
the k-ω model and the k-ε model: close to the wall it becomes the k-ω 
model while in the far field the k-ε model is applied [28].  
 
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  

∑= F/v p dtdm p  (19) 

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 
normally includes the hydrodynamic drag, gravity and other forces 
such as the “virtual mass” force, thermophoretic force, Brownian 
force, and Saffman's lift force, etc.   
 Without considering the radiation heat transfer, droplet’s heat 
transfer depends on convection and evaporation as given in the 
following equation. 
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where hfg is the latent heat.  The convective heat transfer coefficient 
(h) can be obtained with an empirical correlation [29-30]:  
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λ
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where Nu is the Nusselt number, and Pr is the Prandtl number. 
 The mass change rate or vaporization rate in Eq. (20) is governed 
by concentration difference between droplet surface and the air stream,   

)C(Ckπd
dt

dm
sc

2p
∞−=−  (22) 

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, obtained by solving the transport equations.  The values 
of kc can be given from a correlation similar to Eq. (21) by [29-30]. 

0.330.5
d

c
d Sc0.6Re2.0

D
dkSh +==  (23) 

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 [31]: 
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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 vapor diffuses into the main flow 
and is transported away.   
 Stochastic Particle Tracking - The turbulence effect on droplets 
dispersion is considered by using stochastic tracking.  Basically, the 
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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: 

( )0.5
0.5

2 2k/3ςu'ςu' =⎟
⎠
⎞⎜

⎝
⎛=  (25) 

where ζ is a normally distributed random number [31].  This velocity 
will apply during the characteristic lifetime of the eddy (te), a time 
scale calculated from the turbulence kinetic energy and dissipation 
rate.   After this time period, the instantaneous velocity will be updated 
with a new ζ value until a full trajectory is obtained.  Note when the 
RSM model is used, the velocity fluctuation is independently decided 
in each direction.    
 
Boundary Conditions 

Continuous Phase – The main flow is assumed to be dry air (zero 
humidity). Uniform velocity (10 m/s) and temperature (400K) are 
assigned to the mainstream inlet.  Coolant flow is assigned as saturated 
air (100% relative humidity).  Without the plenum, jet inlet velocity of 
the coolant slot is 10 m/s, and the temperature is 300K.  For cases with 
the plenum, the inlet velocity of coolant flow at the plenum inlet is 
2.87 m/s, which gives an average jet velocity of 10 m/s.  The inlet 
condition of the turbulence is specified by providing the turbulence 
intensity and the turbulence length scale (half of the hydraulic 
diameter times 0.07). The turbulent intensity of both mainstream inlet 
and coolant flow inlet is 1% for most of the cases, while a turbulent 
intensity of 10% is assigned to study its effect on cooling performance. 

The flow exit (outlet) of main computational domain is assumed 
to be at a constant pressure.  The backflow (reverse flow), if any, is set 
to 400 K.  All the walls in the computational domain are adiabatic and 
have a non-slip velocity boundary condition.  

Note that the above assigned temperature and velocity conditions 
are referenced in several previous studies of air-film cooling, for 
example [4] and [5], although they are not corresponding to the real 
conditions in gas turbine applications.  For the convenience of 
comparing the results of this study to other published work, these 
values used by the previous published work are adopted in this study.  
While the current paper serves as a conceptual study on film cooling 
with mist injection, further research is to be performed with more 
realistic parameters for gas turbine applications.   

Disperse Phase The droplet size is uniformly given as 10 μm.   
The mass ratio of mist over cooling airflow is 2%, which is about 
7.0×10-4 kg/s for the 2-D slot with a unit depth of one meter.  Mist is 
injected at 25 locations uniformly distributed along the jet inlet or the 
inlet of the air plenum.  To examine the effect of the number of mist 
injection location, cases with different injection locations are 
considered.  The effect of turbulent dispersion on droplet trajectories is 
calculated by tracking a number of trajectories with the stochastic 
method.  The trajectory number is chosen to be 50 in most cases.  
Several test runs are conducted to check the effect of this trajectory 
number.  The boundary condition of droplets at walls is assigned as 
“reflect”, which means the droplets elastically rebound off once 
reaching the wall. At the outlet, the droplets just simply flee/escape 
from the computational domain.  A more complex model is to be 
developed to determine if the droplets breakup, rebound, or are 
trapped by (or wet) the wall when they hit the wall. 

 
Numerical Method  

The commercial software package Fluent (version 6.2.16) from 
Fluent, Inc. is adopted in this study.  The simulation uses the 
segregated solver, which employs an implicit pressure-correction 

scheme [32].  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.  Lagrangian 
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 
is calculated.  
 As shown in Fig. 2, structured but nonuniform grids are 
constructed in this study.  The grids near the jet wall and the bottom 
wall of the main domain are denser than the other area.  The grid 
number is 400 in the x-direction and 120 in the y-direction.  Different 
meshes are tested for grid dependence.  Furthermore, the near-wall 
grid is adapted twice to test its effect on calculated results for both 
single-phase and mist film cooling cases.  
 
 

 
 
 
 
 
 

 
 

 

 
 
 

(a) Meshes of 2-D domain (400×120)

(b) Grids close to the 2-D slot 
(400×120) 

(d) Grids close to 2-D slot 
(400×120 with 2-time near-wall adaptation)  

(c) Grids close to 2-D slot 
(400×120 with near-wall adaptation) 

 
Figure 2 Meshes 

 
 Iteration proceeds alternatively between the continuous and 
discrete phases. Ten iterations in the continuous phase are conducted 
between two iterations in the discrete phase.  Converged results are 
obtained after the specified residuals are met.  A converged result 
renders mass residual of 10-4, energy residual of 10-6, and momentum 
and turbulence kinetic energy residuals of 10-5. These residuals are the 
summation of the imbalance for each cell, scaled by a representative of 
the flow rate. Typically, 1000 to 2000 iterations are needed to obtain a 
converged result, which takes about 1~2 hours on a 2.8 GHz Pentium 
4 personal computer. 
 
Results and Discussion 

Baseline Case 
The baseline case is run with the basic mesh (400×200) shown in 

Fig. 2 (a).  The inlet velocity is 10 m/s for both the mainstream and jet 
flow.  The temperatures are 400 and 300 K for the mainstream and jet 
flow, respectively.  Considering the density difference, the blowing 
ratio, defined as M=(ρu)c/(ρu)g, is 1.3 in this case, while the ratio of 
velocity is 1.  Here the subscript “c” represents the coolant flow, and 
“g” represents the main flow.  The standard k-ε turbulence model with 
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enhanced wall treatment is used with an inlet turbulence intensity of 
1%.  Mist mass ratio is 2%, and the droplet size is 10-μm.  The mist is 
injected into the jet flow uniformly at 25 locations of the inlet.  
Stochastic tracking is used with a trajectory number of 50.  Therefore, 
the total number of trajectories is 1250 (50×25). 

The adiabatic cooling effectiveness (η) is used to examine the 
performance of mist film cooling.  The definition of η is: 
  )T-T/()T-(Tη cgawg=  (26) 

where Tg is the mainstream hot gas temperature, Tc is the temperature 
of the coolant (jet), and Taw is the adiabatic wall temperature.  η ranges 
from 0 (no cooling) to 1 (ideal case).  Figure 3 shows the effectiveness 
along the cooling surface.  Note that the hydraulic diameter of the slot 
(2b) is used to scale the distance downstream.  It can be seen that film 
cooling is significantly enhanced by mist injection, especially in the 
downstream region, where the evaporation of droplets becomes 
stronger because of deterioration of air film cooling and the resulted 
higher flow temperature.  Due to continuous mixing between the main 
flow and coolant, film cooling inevitably becomes less effective 
downstream.  It has been a serious challenge to enhance cooling 
downstream of x/2b=15.  The injection of water droplets works very 
well to meet this challenge.  Also shown in Fig. 3 is the cooling 
enhancement ratio with and without mist (ηmist/η0).  The cooling 
enhancement can be defined as (ηmist/η0-1).  It can be seen that the 
maximum enhancement can reach 42% further downstream (x/2b=30) 
with an average cooling enhancement of 15.5%. 
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Figure 3 Baseline cooling effectiveness and enhancement 

 
Effect of Near-Wall Grid  

To apply the enhanced wall treatment in resolving the viscosity-
affected near-wall region, the near-wall mesh should be constructed to 
have y+ at the order of 1.  It is also reported that a higher y+ is 
acceptable as long as it is well inside the viscous sublayer (y+ < 4 to 
5).  Figure 4 shows the y+ value along the wall in the current study.  It 
can be seen that y+ ranges from 3~4.5 for the basic grid.  The y+ value 
of film cooling with mist is almost the same as the case without mist.  
To examine the effect of the near-wall grid on mist film cooling 
simulation, the near-wall grid is refined twice – each time the density 
of 10 grids close to the wall are doubled in both directions:  The first 
doubling brings the y+ value to 1.5~2, and the second doubling makes 
the y+ value lower than 1 at most of the locations.   

The effect of near-wall grids on film cooling is shown in Fig. 5.  
The results of all the three single-phase film cooling cases show 
identical values. This indicates that the first near-wall grid could be 
placed at  y+ = 5 and do not affect the results for the air-film cases.  As 
to the mist film cooling, there is a 3~5 percentage points increase of 

the cooling effectiveness when the finer grids are adopted.  A possible 
reason is that the source terms contributed by droplet evaporation 
become more important to smaller control volumes near the wall.  The 
low velocity close to the wall keeps the droplets in the viscous layer 
longer.  Evaporative cooling is more effective near the wall because 
the droplets are physically present near the wall when finer near-wall 
grids are present in the computational domain. However, the wall 
function treatment could represent the velocity profile adequately but 
does not include the discrete phase if no-grids are present near the 
wall.  

Due to the low velocity close to the wall, more time steps are 
needed to calculate the droplets’ trajectories and the CPU time 
increases significantly (3~5 times). 
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Figure 4  y+ along the wall with different grid systems 
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Figure 5  Cooling effectiveness with different grid systems 

 
Effect of Turbulence Models 

To study the effect of turbulence models on film cooling 
simulation, different turbulence models, including the RNG k-ε, k-ω, 
and Reynolds stress model, are employed.  Figure 6 shows the cooling 
effectiveness from different models.  Basically, the standard k-ε, RNG, 
and RSM models give very similar results:  The cooling effectiveness 
differs only by 0.02, which is slightly higher than the test data in [33].  
However, the k-ω and SST give results significantly deviating from 
the former group; the difference of cooling effectiveness can be as 
large as 0.2.  The extremely high cooling effectiveness could indicate 
either a large downstream separation occurs or a very low mixing or 
diffusion rate is calculated in terms of low turbulence viscosity.   
Further analysis shows that the flow structure near the jet exit also 
varies with the turbulence model used.  It is speculated that the 
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different flow patterns predicated by various turbulence models could 
shed some light on explaining the different cooling performance.  
Figure 7 shows that the standard k-ε model predicts a small 
recirculation region induced by flow separation downstream the jet, 
while all the other models, including both the SST model and RSM 
model, predict a larger flow separation.  Since both RNG and RSM 
predict similar cooling performance as the standard k-ε model, the 
effect of the different sizes of separation region seem to not be 
predominant on cooling effectiveness in this study.  An even smaller 
vortex located immediately upstream of the jet exit is predicted.  Its 
effect on cooling effectiveness could be ignored.  The downstream 
separation is expected to exert a negative impact on aerodynamic 
efficiency. 
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Figure 6  Effect of turbulence models on single-phase film 
cooling performance  
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Figure 7  Flow field close to the jet exit predicted by different 
turbulence models 
 

Figure 8 shows the effect of turbulence models on mist film 
cooling.  Since both the k-ω and SST models could not predict a 
reasonable result for single-phase film cooling, these two models are 
not applied for mist cooling cases.  The RNG model gives a similar 
result as the standard k-ε model does.  The cooling effectiveness result 
of RSM model is consistently lower than the other two turbulence 
models by 0.05.  The explanation can be sought by looking into the 
prediction of turbulence characteristics in Figs. 9 and 10.    

Figure 9 shows the distribution of the Reynolds stresses in 
contour plots, and Fig. 10 presents the Reynolds stress values at y/2b = 
0.125.  As expected, the turbulence is anisotropic near the jet exit and 
the adiabatic wall.  The Reynolds stress of u'u'  is larger than v'v'  in 

most cases, and even far downstream the anisotropy index (ratio of u'u'  
and v'v' ) can be as high as 5. Compared to other models, RSM predicts 
smaller turbulence fluctuations in the y-direction, and that makes the 
droplets move at a lower speed towards the wall.  Therefore, the 
droplets effect predicted by RSM model becomes relatively weaker.  
The Reynolds stresses become very small in the field far away from 
the wall (not shown in the figure), and the ratio of Reynolds stresses 
( u'u'  / v'v' ) is close to 1, which means the flow is close to isotropic in 
the far field.  Rigorous turbulence transport, represented by the value 
of v'u' , seems to present in the region of x/2b<5 as shown in Fig. 10.  
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Figure 8  Effect of turbulence models on mist film cooling 
performance 
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Figure 9  Distribution of Reynolds stresses close to the jet exit 
predicted by the RSM model 
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Figure 10  Reynolds stresses predicted by the RSM model 



 8 Copyright © 2005 by ASME

Effect of the Number of Injection Locations  
In a real application, the droplets are expected to be premixed 

uniformly in the coolant before entering the plenum.  In simulation, 
the droplets are uniformly injected into the flow from a limited number 
of locations with a specified flow rate.  It is understandable that the 
simulation results will be more accurate when more injection locations 
are applied in simulation.  However, more injection locations will 
require more computational time.  To examine how the injection 
number affects the numerical results, Fig. 11 shows the effect of three 
different injection numbers on the cooling effectiveness.  The results 
show that the average cooling effectiveness is similar for all the three 
injection numbers.  The smaller injection number at 10 has caused 
unrealistic numerical jiggles.  The highest injection number at 100 
locations gives the smoothest cooling effectiveness distribution.  To 
save computational time, injection number at 25 locations is selected 
for all cases because the overall results are sufficiently comparable 
within one percentage point to that predicted by employing 100 
injection locations. 
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Figure 11 Effect of number of injection locations  

 
Effect of Number of Stochastic Tracking 
 To take into account the effect of turbulence on the dispersion of 
droplets by using stochastic tracking scheme, trajectories are 
calculated and traced multiple times for each droplet injection and the 
averaged effect is applied to the main flow.  It is desirable to know 
how many times the trajectories should be traced and how important 
the turbulence dispersion is on mist film cooling.  Figure 12 shows the 
results with different tracking numbers. Without random tracking, the 
effectiveness of mist film cooling is about 10 percentage points lower 
because all the droplets follow the streamline closely and theoretically 
never have a chance to move closer or touch the wall. The 
instantaneous, unsteady droplet dynamics induced by instantaneous 
turbulence fluctuations is not included in the Reynolds average 
equation.  Random tracking scheme creates a distributed random 
number to simulate the instantaneous random turbulence fluctuations 
and apply the random fluctuations to droplets only (see Eq. 25). The 
turbulence calculation is not affected. Although the droplets’ trajectory 
is not the same as the streamline, they are very close when the droplet 
size is small.  By considering the turbulence dispersion, the droplets 
derivate from the streamline and some of them move towards the 
surface, leading to a significantly increased effectiveness downstream 
of x/2b=5. The random effect of the turbulence on the droplets can be 
reasonably predicted only if a sufficient number of trajectories are 
calculated.  Fewer trajectories will show a non-smooth distribution of 
the effectiveness, which does not correctly reflect the actual effect 

from numerous droplets.  In this study, the trajectory number for the 
baseline case is chosen to be 50 at each injection location.  The total 
trajectory number is 50×25=1250, which gives a reasonable smooth 
curve.   
   It should be noted that the iteration convergence becomes 
difficult after introducing the stochastic tracking, especially with a 
small number of trajectories.  As seen in Fig. 13, after activating the 
mist injection, the residuals drop first, followed by fluctuation at a 
certain level.  The fluctuation does not exist in the case of mist film 
cooling without stochastic tracking.  This is because with stochastic 
tracking, the trajectories change each time the discrete phase 
information is updated and the source terms contributed by the 
droplets change accordingly, even though the flow field of continuous 
phase keeps the same.  Therefore, the residuals increase each time the 
droplets are re-tracked.  Tracking more trajectories from a large 
number of injections reduces the level of residuals fluctuations.   
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Figure 12  Effect of number of stochastic tracking 
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Figure 13  Residual histories 

 
Effect of Inlet Turbulence Intensity 

Figure 14 presents the effect of inlet turbulence intensity between 
1% and 10%.  Four cases have been conducted: 1% for both main flow 
and jet flow; 1% for main flow and 10% for jet flow; 10% for main 
flow and 1% for jet flow; and 10% for both main and jet flow.  Higher 
turbulence intensity reduces the cooling effectiveness due to a higher 
mixing rate between the main flow and coolant.  The maximum 
reduction of cooling effectiveness is about 0.05 under the conditions of 
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this study.  It is found that the coolant inlet turbulence intensity mainly 
affects the cooling performance close to the jet exit and the main flow 
inlet turbulence intensity affects the result far downstream.  As to the 
mist film cooling, the higher inlet turbulence intensity enhances the 
mixing of the coolant and main flow, but at the same time it can 
augment the droplet turbulence dispersion towards the wall.  The 
combined effect produces a little bit lower cooling effectiveness 
(0.01~0.02) in this study, which is also shown in Fig. 14. 

Mayhew et al. [9] reported that higher jet inlet turbulence 
intensity produces a lower cooling effectiveness when the blowing 
ratio is low (0.5).  However, at high blowing ratio (1.5), higher jet inlet 
turbulence intensity helps bring the coolant towards the wall and 
improves the cooling performance.  The cases in [9] are for three-
dimensional holes, and the 3-D effect can contribute to this difference. 
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Figure 14  Effect of inlet turbulence intensity 

 
Effect of Inlet Plenum  

Several numerical studies, for example, [5] and [9], included a 
plenum with different flow arrangements to account for the effect of 
flow entering the jet hole on film cooling. They reported that the 
plenum geometry could largely affect film cooling flow pattern and 
cooling performance.  The effect of plenum is also examined for mist 
film cooling in this study.  The plenum has a size of 7.0b×3.5b, and its 
inlet is parallel to the main flow. 

As shown in Fig. 15, under the parameters of the current study, 
the plenum does play an important role for both the single-phase and 
mist film cooling.  With the plenum considered, the effectiveness 
decreases by 0.03~0.04 for single-phase and 0.07~0.1 for mist film 
cooling, respectively.  Figure 16 gives the details of flow fields close 
to the injection slot.  It can be seen that the flow separates inside the 
coolant supply passage.  The turbulence intensity of the coolant flow 
increases significantly due to flow separation inside the film slot.  The 
high turbulence results in reduced cooling effectiveness due to a rapid 
mixing between the coolant and main flow.  As seen in the Fig. 16, the 
droplets trajectories significantly deviate from the case without the 
plenum.  When the turbulence dispersion is not considered by applying 
stochastic tracking, all the droplets tend to merge into a finite string 
after leaving the plenum, which is the typical “roping” phenomenon.  
The turbulent fluctuation can make the droplets “string” loosened.  
However, compared to the case without plenum, the average trajectory 
of the droplets moves away from the cooling wall, which degrades the 
cooling performance.  The effect of plenum on mist film cooling 
performance is more than on single-phase film cooling performance.  
More studies are needed to determine optimizing plenum geometries 
for mist film cooling applications. 
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Figure 15 Effect of inlet plenum on film cooling performance 
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Figure 16 Velocity vector and droplet trajectories near the jet 
slot with inlet plenum for mist film cooling 
 
Effect of Saffman Lift, Thermophoretic and Brownian Forces 

Recognizing that the motion of droplets in film cooling is subject 
to additional forces such as Thermophoretic force, Saffman lift, and 
Brownian force, cases are run to investigate the importance of these 
forces with one force exclusively activated each time.  Saffman force 
[34] concerns a sphere moving in a shear field.  It is perpendicular to 
the direction of flow, originating from the inertia effects in the viscous 
flow around the particle. It can be given as 

0.5
pg

0.5
saff )(du/dn)u(u1.615ρF −= ν  (26) 

 where du/dn is the gradient of the tangential velocity.  It is valid 
only when Rep<<1.   

The thermophoretic force is arisen from asymmetrical 
interactions between a particle and the surrounding fluid molecules 
due to a temperature gradient.  This force tends to repel particles or 
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droplets from a high temperature region to a low temperature region.  
The following equation can be used to model this force. 

n
T

Tm
1KF
p

n ∂
∂

−=  (27) 

Where K is a thermophoretic coefficient, and more details can be 
found in Talbot et al. [35]   

Brownian force is to consider the random motion of a small 
particle suspended in a fluid, which is resulted from the instantaneous 
impact of fluid molecules.  It can be modeled as a Gaussian white 
noise process with spectral intensity given by [36] 

Results indicate that the effect of Saffman lift and Brownian force 
is imperceptible.   The Thermophoretic force, which tends to move the 
droplets towards the cold wall, increases the cooling effectiveness by 
0.01 on average.  Since all the curves collapse into the baseline case, 
no figure is given here.  

 
Concerns and Future Research  

 The main objective of this study is to explore the concept of mist 
film cooling and disparity induced by applying various models and 
schemes on mist film cooling simulation.  Although numerical 
simulation shows promising results by employing mist film cooling, 
experimental studies are needed to verify these simulated results.  
Once the experimental data are available, numerical models will be 
modified.  For example, the interaction of droplet with heated wall 
could be more complicated than the simple reflection applied in this 
study.  The importance of droplet collision and coalescence could be 
evaluated in the future studies.  There is a concern on the potential 
erosion and corrosion introduced by the water droplets on the gas 
turbine airfoils.  This concern needs to be investigated before 
implementing the mist film cooling scheme. 
 
Conclusions 

By injecting a small amount of droplets (mist) into the cooling 
air, the performance of film cooling could be improved significantly.  
This paper conducts numerical simulation to explore this new concept, 
focusing on the effect of turbulence models, and numerical modeling 
schemes of the dispersed-phase. The effects of inlet turbulence 
intensity as well as the grid density on numerical results are also 
studied.  The conclusions are:  

• Injecting 2% mist into the coolant can increase the cooling 
effectiveness downstream about ~ 45%.   

• Near-wall grids within a y+ of 5 show little effect on the single-
phase film cooling result.  Refined grids close to the wall are 
needed to provide more accurate predictions for mist film cooing.  

• Results given by the RNG k-ε model, RSM, and the standard k-ε 
model with enhanced wall treatment are consistent.  Both the k-ω 
and SST models show unrealistic high cooling effectiveness.  
RSM model shows that the lower normal Reynolds stress ( v'v' ) in 
the y-direction results in a lower cooling effectiveness than other 
turbulence models. 

• The turbulence dispersion shows a significant effect on mist film 
cooling by using the stochastic tracking scheme. Approximately 
10 percentage points cooling effectiveness enhancement are 
resulted in addition to the enhancement from the mist film 
cooling without considering turbulence dispersion. Random 
tracking makes the calculation convergence difficult.  Adequate 
cooling effectiveness distribution can be obtained with 
calculation of 50 or more trajectories at each injection locations. 

• 25 injection locations of droplets are enough to catch the effect of 
the mist on film cooling in this study.  Numerical jiggles on the 
cooling effectiveness curve appear when fewer injection locations 
are employed. 

• Increasing the inlet turbulence intensity from 1% to 10% gives a 
5 percentage points decrease of cooling effectiveness in this 
study.  The effect of inlet turbulence intensity on single-phase and 
mist film cooling is similar.  

• The plenum changes the coolant velocity profile and turbulence 
intensity at the injection slot exit. The cooling performance is 
adversely affected when the plenum is included in this study due 
to a flow separation in the film slot and roping phenomenon of 
droplets.   

• The cooling effectiveness increases by 1 percentage point on 
average when the thermophoretic force is included, which tends 
to move the droplets towards the wall.  The effect of Brownian 
force and Saffman lift is imperceptible. 
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