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Abstract: The objective of this study is to investigate the effects of oscillations in the main flow
and the coolant jets on film cooling at various frequencies (0 to 2144 Hz) at low and high average
blowing ratios. Numerical simulations are performed using LES Smagorinsky–Lilly turbulence
model for calculation of the adiabatic film cooling effectiveness and using the DES Realizable k-epsilon
turbulence model for obtaining the Stanton number ratios (St/Sto). Additionally, multi-frequency
inlet velocities are applied to the main and coolant flows to explore the effects of multi-frequency
unsteady flows and the results are compared to those at single frequencies. The results show that
at a low average blowing ratio (M = 0.5) if the oscillation frequency is increased from 0 to 180 Hz,
the effectiveness decreases and the Stanton number ratio increases. However, when the frequency
goes from 180 to 268 Hz, the effectiveness sharply increases and the Stanton number ratio increases
slightly. If the frequency changes from 268 to 1072 Hz, the film cooling effectiveness decreases and
the Stanton number ratio increases slightly. If the frequency goes from 1072 to 2144 Hz, the film
cooling effectiveness climbs up and the Stanton number ratio decreases. The results show that at
high average blowing ratio (M = 1.0) the trends of the film cooling effectiveness are similar to those at
low blowing ratio (M = 0.5) except from 0 to 90 Hz. If the frequency goes from 0 to 90 Hz at M = 1.0,
the film cooling effectiveness increases and the Stanton number ratio decreases. It can be said that
it is important to include the effects of oscillating flows when designing film cooling systems for a
gas turbine.
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1. Introduction

The gas turbine industry made an effort to increase the turbine inlet temperature and modern
advanced gas turbines have a turbine inlet temperature near 1600 ◦C [1], which is about 200 degrees
hotter than the melting point of nickel-iron alloys which are frequently used as the material of gas
turbines [2]. In order to avoid damage and the thermal stresses in the inner liner material of the
combustor, the material temperature should be maintained below a tolerable limit. Film cooling is
one of the widely used cooling techniques to protect the gas turbine components from hot main flow
gases [3].

The coolant is injected through holes on the turbine blade surface or the inner surface of the
combustion chamber as shown in Figures 1 and 2. The injected coolant is bent by the main flow
momentum and forms a thin coolant film on the surface resulting in the protection of the surface from
the hot main flow. The film cooling reduces the adiabatic wall temperature, the temperature of the
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fluid immediately above the wall under the adiabatic condition at the wall [4]. The adiabatic film
cooling effectiveness η is defined in Equation (1).

η =
(TG − Taw)

TG − TC
(1)

where, Taw is the adiabatic wall temperature, TG represents the main flow temperature and TC is the
coolant temperature in Figure 3. In FLUENT, Taw is calculated automatically. The node values on the
boundary zones are calculated by weighted averaging of the cell data.
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However, film cooling injection increases the Stanton number by generating high-intensity
turbulence. The Stanton number (Stf) is a non-dimensional heat transfer coefficient and is obtained
using a constant heat flux on the wall. It is defined in Equation (2).

St f =
h f

ρuCp
(2)

where ρ is the density, u is the flow velocity, Cp represents the specific heat of fluid, and h f is the film
heat transfer coefficient which is defined as the following:

h f = qw/(Taw − Tw) (3)

where qw is the heat flux, Taw represents the adiabatic wall temperature, Tw is the temperature of the
fluid-solid interface surface as illustrated in Figure 3. The Stanton number ratio is defined as (Stf/Sto),
where Sto is the baseline Stanton number on a flat plate with no film cooling and no flow oscillations.
Therefore, the Stanton number ratio (St/Sto) shows how the Stanton numbers are affected by film
cooling. As mentioned earlier, a film cooling injection increases the Stanton number by the generation
of high-intensity turbulence. However, generally, the heat transfer from the hot main flow to the wall
is reduced by film cooling since the effect of the increase in the Stanton number is much lower than the
effect of the decrease in the adiabatic wall temperature, as shown by many experimental studies [7–9].
The film cooling performance could be evaluated in terms of the heat flux ratio which is defined in
Equation (4) below [8].

q′′f
q′′o

=
h f (Taw − Tw

)
ho (TG − Tw)

=

(St f

Sto

)
×
(

1− η

φ

)
=

heat f lux into the wall with f ilm cooling
heat f lux into the wall without f ilm cooling

(4)

where, Φ represents the non-dimensional metal temperature and is defined as Φ = TG−Tw
TG−TC

, which is
almost a constant value [8]. Therefore, it is important to predict the film cooling effectiveness (η) and
the Stanton number ratio (Stf/Sto) accurately in order to evaluate the film cooling performance.

There have been numerous research articles on the effect of steady main flow on film cooling.
However, in the film cooling flow field, the main flow is not always steady. An unsteady main flow
could be induced by periodic unsteady passing wakes which are generated from the trailing edges
of the stator or rotor blades in a turbine, the freestream turbulence generated in the combustion
chamber, or the combustion instabilities in a combustion chamber [7,10]. Due to the generation
of the wakes at the trailing edge, the exit flow of the upstream vane could be non-uniform [11].
The passing wake increases the turbulence intensity in the main flow resulting in more mixing
between the main flow and the injected coolant. Thus, the adiabatic temperature on the blade
surface increases and the film cooling effectiveness decreases [12]. Additionally, the Nusselt number
increases because of the generation of more disturbances in the main flow. The Strouhal number
(Sr), non-dimensional frequency, of unsteady flow is proportional to the rotation speed of the blades
(RPM) [12]. If the Strouhal number is increased, the film cooling effectiveness is further decreased
and the Nusselt number increases [11–14]. The freestream turbulence can also affect the film cooling
performance and it has a full frequency spectrum [15]. When high freestream turbulence is applied at
a low blowing ratio M,

(
M = ρcUc

ρGUG
= injectant density × injectant velocity

mainstream density × mainstream velocity

)
, the adiabatic film cooling

effectiveness decreases because of the increased mixing between the coolant and the main flow
leading to decrease of the adiabatic wall temperature [16]. Combustion instabilities have been a major
concern for the gas turbine research community and designers since the instabilities cause overall
gas turbine performance degradation such as flame flashback or blow off and more heat transfer to
inner liners [10]. Combustion instabilities are created by a feedback cycle between heat release and
acoustic oscillations [10]. Nowadays, gas turbines are often operated on lean burn premixed mode
to save the fuel leading to the generation of unstable fuel and air ratios resulting in the generation of
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oscillations in the heat release in the combustor. Then, the heat release disturbances excite acoustic
oscillations and the generated sound radiates away from the combustion region and keeps reflections
because the combustor is closed acoustically. The generated sound affects the heat release since
the flame is very sensitive to acoustic sound. This sequence is repeated and a feedback cycle is
created. Generally, in the combustor, the frequencies of the combustion instabilities range from 200 to
3000 Hz [17]. The instabilities consist of irregular waveforms that are expressed by the rate of heat
release or oscillations in pressure as shown in Figure 4. The current study will focus on the effects of
the combustion instabilities on the film cooling performance.Inventions 2018, 3, x FOR PEER REVIEW  4 of 33 
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a combustor [18].

Computational fluid dynamics (CFD) is a cost-effective method for the study of film cooling.
Strong turbulence is generated in the film cooling flow field and the turbulence needs to be modeled
by Reynolds Averaged Navier–Stokes (RANS), Unsteady Reynolds Averaged Navier–Stokes (URANS),
Detached eddy simulation (DES), or Large eddy simulation (LES) turbulence models. LES turbulence
models predict the mixing between the hot main flow and the coolant jet better than the RANS
models [19–21], even though the computational cost such as running time and storage is higher.
There have been numerous studies using CFD methods to investigate the flow structures and to predict
the adiabatic film cooling effectiveness and the Stanton number. Understanding the effect of the
instabilities in the main flow on film cooling in the combustion chamber is critical to better design a
gas turbine. However, there have been a few studies on the effect of unsteady main flow caused by the
instabilities on film cooling.

Seo and Ligrani (1998) reported the effect of the main flow oscillations in a sinusoidal form at
frequencies of 0, 2, 16 and 32 Hz on a flat plate experimentally [7]. The instability wave patterns in
a combustion chamber are much more complicated than the simple sinusoidal form. However, the
patterns of unsteady main flow velocity are more similar to the sinusoidal waveform than simple
pulsations. They stated that higher frequencies of oscillation in the main flow at M = 0.5 resulted in a
lower adiabatic film cooling effectiveness and higher Stanton number ratio. Coulthard et al. (2000)
studied the effects of cooling jet pulsing on flat plate flows experimentally [22]. They showed that
pulsations applied to the coolant jet caused a lower adiabatic film cooling effectiveness at higher
frequencies of pulsing and stated that the best film cooling performance was obtained at the steady
coolant injection without pulsation for M = 0.5. Ekkad et al. (2006) reported the effect of coolant jet
pulsations on film cooling using the blade leading edge model experimentally [23]. They discussed
that the effect of jet pulsation was negligible at the blowing ratio of M = 0.75, while the film cooling
effectiveness was increased and the heat transfer coefficients were slightly decreased at high blowing
ratios of M = 1.0, 1.5, or 2.0. They reported that a pulsing jet at the high blowing ratios of M = 1.0, 1.5
and 2.0 weakened the coolant jet lift-off and helped the coolant to spread more laterally on the test wall,
which means the jet pulsations had a positive effect on the film cooling performance at high blowing
ratios. Numerically, Nikitopoulos, and Acharya (2009) showed that the film cooling performance can
be improved and controlled by the coolant jet pulsing [24]. They reported that three parameters related
to pulsation (frequency, blowing ratio, and duty cycle) affect the film cooling performance. El-Gabry
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and Rivir (2012) investigated the effect of coolant jet pulsation on a leading edge surface experimentally
and reported that the film cooling effectiveness was decreased by a factor of 2 compared to that at
a steady state [25]. The blowing ratios were 1.0 and 2.0, the frequency of the pulsation was 10 Hz
and the duty cycle was set as 50%. Behrendt and Gerendas (2012) discussed the effects of pressure
fluctuations in the main flow caused by combustion instabilities on the cooling performance of double
skin perforated liners at high blowing ratios of M = 1.7 to 5.8 experimentally [26]. They showed that
the pressure oscillations decreased the cooling effectiveness considering the effects of the conduction
through the wall material. They stated that the cooling effectiveness of the wall material with a low
thermal conductivity was more affected by the pressure oscillations, indicating the importance of
conjugate heat transfer.

The current study investigates the effects of oscillations in the main flow and coolant jet on film
cooling on a flat plate geometry with an inline cylindrical hole with a 35◦ inclined injection angle
for average blowing ratios of M = 0.5 and 1.0 using numerical simulations. The main purpose is to
observe the effect of unsteady mainstream flow on the adiabatic film cooling effectiveness and the
Stanton number at various frequencies (0 to 2144 Hz) and to understand and explain the results based
on fundamental processes. A real combustion chamber has a more complex geometry than a flat plate,
however, the results from a simple geometry like the flat plate could be applied to a complex geometry
with some corrections [11]. Further, multi-frequency velocities obtained from the data of gas turbine
combustion chamber instabilities are applied to the main and coolant flow using the Fourier Series
and the results are compared to those at single frequencies in order to see what would happen if real
conditions with many frequencies are applied.

2. Test Cases

This study investigates the effects of oscillations in the main flow and the coolant jet on film
cooling on a flat plate at average blowing ratios of M = 0.5 and 1.0. For validation, experimental data
at frequencies of 0, 2, 16, and 32 Hz for M = 0.5 from Seo et al. [7] and experimental data at 0 and 32 Hz
for M = 1.0 from Seo et al. [27] are chosen for comparisons with the numerical results. The geometry
and the operating conditions are taken from Seo et al. [7]. A three-dimensional mesh is used for this
study and the computational domain is illustrated in Figure 5. The computational domain extends
24 hole diameters downstream from the cooling hole center. The black dashed line represents the
domain including a full hole, consisting of 2.04 million structured hexahedron cells for LES and DES
calculations. Figures 6 and 7 show the side view of the mesh and the close-up side view of the mesh
near the coolant injection region respectively. In Figure 6, the black regions represent fine grid zones,
where complicated flow fields are generated by the interaction between the mainstream and the coolant
jet and the boundary layer regions. Boundary conditions for the computational domain are shown in
Table 1. The boundary condition for outflow is a steady uniform pressure outlet with a gauge pressure
of 0 pascals. In the streamwise direction, the mesh spacing values range from 6 near the cooling hole to

35 near the end of the domain in x+ units
(

x+ = x
ν

√
νU
y

)
. In the spanwise direction, the mesh spacing

values are about 20 throughout the domain in z+ units
(

z+ = z
ν

√
νU
y

)
. In the wall normal direction,

the value of y+
(

y+ = y
ν

√
νU
y

)
of the first cell above the wall was about 1 and 25 cell layers are made

up to y+ = 30 in order to capture the wall normal velocity gradient in the viscous sublayer and other
near wall features accurately. The hole diameter of the cylindrical tube is 0.025 m, the ratio of the tube
length to the hole diameter (L/D) is 1.6, the inline injection angle is 35◦, and the ratio of pitch to hole
diameter (P/D) is 3. Five film cooling holes are placed in a row in the experiment. However, a mesh
having a single hole is used to reduce the computational costs. The initial turbulence intensity of the
main flow is 0.2% and the oscillations in the main flow would not be affected by the initial turbulence
intensity because the level of free stream turbulence 0.2% is considered to be very low. The mainstream
velocity is 10 m/s, the temperature of the main flow is 300 K and the coolant temperature is 293 K.
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The Freestream Reynolds number is based on the freestream velocity UG and hole diameter D, ReD is
16,005.

(
ReD = DUG

ν

)
.
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Table 1. The boundary conditions for the computational domain [28].

Surface Boundary Condition

Main inlet Velocity inlet
Coolant lower inlet Velocity inlet

Top Symmetry
Test wall Wall
Outflow Pressure outlet

Main sides Symmetry
Sides of plenum Wall

Delivery tube Wall

Figure 8 illustrates the results of a mesh sensitivity study for the steady case. In Figure 8, ηc is
the adiabatic film cooling effectiveness at the centerline (z = 0, y = 0) for the steady case (0 Hz) and
M = 0.5. Results are obtained using LES Smagorinsky–Lilly turbulence model. Five different grids are
investigated and the descriptions of the grids used are shown in Table 2. It is found that the third grid
with 2.04 million cells shows almost the same result for the centerline film cooling effectiveness as the
two finer meshes of the fourth and the fifth grids. Therefore, the mesh with 2.04 million cells is used in
all LES calculations to obtain the film cooling effectiveness. At the main flow and the plenum coolant
inlets, the velocity inlet is used as the boundary condition and uniform velocity profiles are applied as
the experiment. The velocity at the main flow inlet is set as the following:

Vmain_inlet = A sin(2πft) + 10 m/s (5)

where 10 corresponds to the velocity at the steady state. A values and the amplitudes of the main
flow velocity oscillation are taken from Seo et al. [7] and available up to 32 Hz. They are illustrated in
Table 3. In the table, A values are shown as a function of frequency (f ) and the Strouhal number (Sr).
The Strouhal number (Sr)—the non-dimensional frequencies—are defined as the following:

Sr =
2π f D

UG
=

angular f requency × hole diameter
mainstream velocity

(6)

Inventions 2018, 3, x FOR PEER REVIEW  7 of 33 

 

Figure 8 illustrates the results of a mesh sensitivity study for the steady case. In Figure 8, ߟ௖ is 
the adiabatic film cooling effectiveness at the centerline (z = 0, y = 0) for the steady case (0 Hz) and M 
= 0.5. Results are obtained using LES Smagorinsky–Lilly turbulence model. Five different grids are 
investigated and the descriptions of the grids used are shown in Table 2. It is found that the third 
grid with 2.04 million cells shows almost the same result for the centerline film cooling effectiveness 
as the two finer meshes of the fourth and the fifth grids. Therefore, the mesh with 2.04 million cells is 
used in all LES calculations to obtain the film cooling effectiveness. At the main flow and the plenum 
coolant inlets, the velocity inlet is used as the boundary condition and uniform velocity profiles are 
applied as the experiment. The velocity at the main flow inlet is set as the following: 

Vmain_inlet = A sin(2πft) + 10 m/s  (5) 

where 10 corresponds to the velocity at the steady state. A values and the amplitudes of the main 
flow velocity oscillation are taken from Seo et al. [7] and available up to 32 Hz. They are illustrated 
in Table 3. In the table, A values are shown as a function of frequency (f) and the Strouhal number 
(Sr). The Strouhal number (Sr)—the non-dimensional frequencies—are defined as the following: ܵݎ = ଶగ௙஽௎ಸ = 	 ௔௡௚௨௟௔௥	௙௥௘௤௨௘௡௖௬	×	௛௢௟௘	ௗ௜௔௠௘௧௘௥௠௔௜௡௦௧௥௘௔௠	௩௘௟௢௖௜௧௬   (6) 

 
Figure 8. The grid Sensitivity Study for the LES calculation. 

Table 2. The specifications of grid arrangements in the cross-flow block for the grid sensitivity study. 

Grid 
Number of Cells 

in X Direction 
Number of Cells 

in Y Direction 
Number of Cells 

in Z Direction 
Number of Cells 

in Cross-Flow Block 
Number of 
Total Cells 

First 320 50 32 0.52 million 1.14 million 
Second 334 60 48 0.98 million 1.6 million 
Third 352 80 50 1.42 million 2.04 million 

Fourth 364 94 56 1.94 million 2.56 million 
Fifth 390 110 64 2.78 million 3.4 million 

Table 3. The values of A up to 32 Hz in Equation (5) as a function of frequency [7]. 

Frequency (f) (Hz) 0 2 16 32 
Strouhal number (Sr) 0 0.03142 0.25133 0.50265 

A 0 1.82 0.57 0.44 

The velocity at the coolant plenum inlet is expressed as  

Vplenum_inlet = B sin(2πft+α) + 0.164 m/s  (7) 

where 0.164 corresponds to the velocity at the steady state for M = 0.5 and α is the phase difference 
between the main flow velocity oscillation at the main inlet and the coolant flow velocity oscillation 
at the plenum inlet. In this study, no phase difference (α = 0) is assumed since the phase difference 

Figure 8. The grid Sensitivity Study for the LES calculation.

Table 2. The specifications of grid arrangements in the cross-flow block for the grid sensitivity study.

Grid Number of Cells
in X Direction

Number of Cells
in Y Direction

Number of Cells
in Z Direction

Number of Cells in
Cross-Flow Block

Number of
Total Cells

First 320 50 32 0.52 million 1.14 million
Second 334 60 48 0.98 million 1.6 million
Third 352 80 50 1.42 million 2.04 million

Fourth 364 94 56 1.94 million 2.56 million
Fifth 390 110 64 2.78 million 3.4 million
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Table 3. The values of A up to 32 Hz in Equation (5) as a function of frequency [7].

Frequency (f) (Hz) 0 2 16 32

Strouhal number
(Sr) 0 0.03142 0.25133 0.50265

A 0 1.82 0.57 0.44

The velocity at the coolant plenum inlet is expressed as

Vplenum_inlet = B sin(2πft+α) + 0.164 m/s (7)

where 0.164 corresponds to the velocity at the steady state for M = 0.5 and α is the phase difference
between the main flow velocity oscillation at the main inlet and the coolant flow velocity oscillation at
the plenum inlet. In this study, no phase difference (α = 0) is assumed since the phase difference (α)
only affects a very narrow region near the hole, as illustrated in Figure 9. The LES results showed how,
when the phase difference (α) was 0, π/4 or π/2, there was no difference in the film cooling centerline
effectiveness for X/D > 4. The B values, amplitudes of the coolant flow velocity oscillation, are shown
in Table 4. B values are not given in Seo et al. [7] but P2-P1 static pressure variation plots in terms of
time were provided where P1 and P2 represent the static pressure around the hole exit and the tube
inlet, respectively, as shown in Figure 7.
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Figure 9. The effect of phase difference between the mainflow and coolant oscillation for M = 0.5, 2 Hz
using FLUENT, LES, Smagorinsky–Lilly.

Table 4. The B values in Equation (7) as a function of frequency.

Frequency (f) (Hz) 0 2 16 32

Strouhal number
(Sr) 0 0.03142 0.25133 0.50265

B 0 0.04 0.05 0.16

B values were obtained by the FLUENT code using the given P2-P1 values in plots employing a
“trial and error” technique. By guessing B values in Equation (7), the values were adjusted to match
the P2-P1 values. The experimental data from Seo et al. [7] is available up to 32 Hz and no other data at
higher frequencies is available at this point. However, the combustion instability frequencies range
from 200 to 3000 Hz [17]. The data at higher frequencies than 32 Hz are obtained by using extrapolation.
Although the P2-P1 plots are not perfectly sinusoidal, they can be fitted with the following sinusoidal
form in Equation (8) satisfactorily.

P2 − P1 = C sin(2πft) + D (8)
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Figure 10 illustrates the C and D values in terms of frequency and it is found that C and D values
up to 32 Hz are approximately linear with the frequency in a log-log plot. Therefore, C and D values at
higher frequencies than 32 Hz are extrapolated by using this linear characteristic. Then, A and B values
up to 2144 Hz in Equations (5) and (7) are obtained by the FLUENT code using the “trial and error”
technique, which means A and B values are adjusted to match plots of the Equation (8) by guessing
the A and B values. A and B values at various frequencies from 90 to 2144 Hz are shown in Table 5.
As discussed later, small variations of the A and B values in Equations (5) and (7) have little effect
on the determination of the film cooling effectiveness because at high frequencies the film cooling
effectiveness is dominated by the oscillating frequency and the convection speed of the vortices (main
flow speed). Therefore, it could be justified that the C and D values in Equation (8) at high frequencies
are extrapolated by using the linear characteristic as shown in Figure 10. Further, since no data is
available at these frequencies, in this case, this is the best that can be done and can be corrected if the
future data shows that it is not correct. Although everything is not resolved, it is a start and will help
future researchers who would like to study this topic. The results here can help them to open many
areas that can be investigated.
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Table 5. The A and B values from 90 to 2144 Hz in Equations (5) and (7) as a function of frequency.

Frequency (Hz) Sr A B

90 1.41372 0.37 0.176
180 2.82743 0.32 0.187
268 4.20973 0.29 0.194
536 8.41947 0.23 0.203
804 12.6292 0.2 0.209
1072 16.8389 0.19 0.211
1340 21.0487 0.185 0.213
1608 25.2584 0.18 0.215
1876 29.4681 0.175 0.217
2144 33.6779 0.17 0.22
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3. Numerical Modeling

Numerical simulations are carried out using LES Smagorinsky–Lilly model for the film cooling
effectiveness and using the DES Realizable k-epsilon model for the Stanton number ratios (Stf/Sto).
The Large Eddy Simulation (LES) approach resolves large-scale eddies of the turbulent flow while it
models small-scale eddies. Unsteady Reynolds-Averaged Navier–Stokes Equations (URANS) approach
models all turbulence length scales and solves for ensemble-averaged quantities for unsteady flow.
The Detached Eddy Simulation (DES) model is a hybrid turbulence model of unsteady RANS and LES
models. It works as unsteady RANS models in the boundary layer region whereas a LES model is
employed in the freestream region. The computational costs in DES calculations are less than those in
LES but still greater than those in the RANS calculations. All governing equations are marched using
second order implicit schemes. For pressure-velocity coupling, the SIMPLE algorithm is used.

Generally, URANS results over-predict the film cooling effectiveness and the Stanton number
compared to the experimental data while the LES results show more accurate predictions and LES can
simulate the problem’s physics better [19,29]. The over-prediction is attributed to low mixing predicted
between the mainstream and the coolant compared to the experiment. Even though URANS results
can be obtained much faster (over about 20 times) than the LES simulations, commercial URANS
turbulence models have a limitation to exactly predict the interaction between the mainstream and the
coolant jet since it is associated with the anisotropic turbulence [20]. Additionally, it was shown that
the LES Smagorinsky-Lilly showed the best results for film cooling effectiveness compared with the
results by other LESs [19].

In this study, the Stanton number ratios are obtained using DES calculations instead of LES
because LES results for the Stanton number ratios are not ready at this point in time. Good results in
the Stanton number ratio are strongly dependent on the prediction of the turbulence in the near wall
region while it is important to predict various flow structures generated by the interaction between the
mainstream flow and the coolant jet in order to obtain the film cooling effectiveness accurately [30].
Therefore, a mesh with very high resolution near the wall region is necessary for LES calculations
and the computational cost will be much expensive since this mesh requires a much longer run time.
LES results for the Stanton number ratios are not ready at this point in time. In the current study, the
grid used to obtain the Stanton number ratio by using DES calculations is the same mesh used to
obtain the film cooling effectiveness by using LES simulations. DES results show better predictions
than the URANS results even though they are not better than LES results [31]. In the current study,
ANSYS FLUENT v.14 [32] is used for the CFD calculations and Pointwise v.16 [33] is used for mesh
generation. For LES calculations, the time step was between 4.0 × 10−6 s and 1.0 × 10−5 s depending
on the frequency. The time step of 1.0 × 10−5 s corresponds to the time for the main flow to convect
the length equal to the hole diameter with 250 time steps [34], and the time step was decreased as
the frequency increased. After statistically steady state conditions were achieved, the statistics were
collected for multiples of oscillation period over at least 0.25 s [35]. Especially, the statistics were
accumulated for 1.0 s for 2 Hz oscillation. For each time step, 10–20 sub-iterations which are additional
explicit pseudo time steps are performed in order to make sure that the data at each physical time step
is well resolved [21]. For LES calculations, the run time was about 2–3 months by using 16 cores of the
Intel Xeon E5-2665 processor. For DES calculations, the time step was 1.0 × 10−5 s [36] and the run
time was about 3 weeks.

3.1. Governing Equations and Turbulence Models

In this study, it is assumed that the fluid is Newtonian, incompressible, with temperature
dependent variable properties. The compressibility effects are negligible and the incompressible
Navier–Stokes equations can be used because the main flow velocity is 10 m/s (Mach 0.029) and the
averaged coolant injection velocity is 5 m/s (Mach 0.015) [37]. The governing equations consist of the
continuity, the momentum, and the energy equations.
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3.2. Unsteady Reynolds-Averaged Navier-Stokes Equations (URANS) Approach

The Navier–Stokes equations are the conservation of momentum and the continuity equations in
differential form. RANS approach ensemble-averages all turbulent fluctuations in the flow. In this
study, an unsteady RANS approach was used because unsteady flow structures could be predicted
only by unsteady turbulence models, such as Unsteady RANS, LES, or DES. The ensemble averages
of conservation of mass (Equation (9)), momentum (Equations (10)–(12)) and energy Equations
(Equation (13)) for turbulent flows are expressed as follows [38–40]:

Conservation of Mass (Continuity equation):

∂ρ

∂t
+ ∇·(ρu) = 0 (9)

Conservation of Momentum:

∂(ρu)
∂t

+ ∇·(ρuu) = −dp
dx

+ ∇·(µ∇u) +

−∂
(

ρu′u′
)

∂x
−

∂
(

ρu′v′
)

∂y
−

∂
(

ρu′w′
)

∂z

 (10)

∂(ρv)
∂t

+ ∇·(ρvu) = −dp
dy

+ ∇·(µ∇v) +

−∂
(

ρv′u′
)

∂x
−

∂
(

ρv′v′
)

∂y
−

∂
(

ρv′w′
)

∂z

 (11)

∂(ρw)

∂t
+ ∇·(ρwu) = −dp

dy
+ ∇·(µ∇w) +

−∂
(

ρw′u′
)

∂x
−

∂
(

ρw′v′
)

∂y
−

∂
(

ρw′w′
)

∂z

 (12)

Conservation of Energy:

ρcp
DT
Dt

= k∇2T − ρcp
∂

∂x
T′u′ − ρcp

∂

∂x
T′v′ − ρcp

∂

∂x
T′w′ (13)

Six Reynolds stresses, −ρu′u′, −ρu′v′, −ρu′w′, −ρv′v′, −ρv′w′ and −ρw′w′ in Equations (10)–(12)
and T′u′, T′v′ and T′w′ in Equation (13) need to be modeled [38]. The overbar represents the
mean components and u′, v′, w′ and T′ are fluctuating velocity components and the temperature.
A closure for the equations could be obtained through the Boussinesq hypothesis, which is expressed
as follows [40]:

− ρui
′uj
′ = µt

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
∂uk
∂xk

δij

)
− 2

3
ρkδij (14)

where, µt is the turbulent viscosity and needs to be modeled as the following [40]:

µt =
ρCµk2

ε
(15)

The turbulent viscosity µt is assumed to be the same in all directions and shows good
results for many simple turbulent flows even though the assumption is not generally true [40].
The Equations (9)–(13) cannot be solved analytically. Thus, CFD is the only method to obtain solutions
of the equations and requires a turbulence model in order to close the equation mathematically.
In this study, the Realizable k-ε model was used for DES calculations and “Realizable” means this
turbulence model satisfies certain mathematical constraints for Reynolds stresses which are consistent
with a turbulent flow physics [41]. The Realizable k-ε model has the same equation of the turbulent
kinetic energy as the standard k-ε model, though this model uses an improved equation for turbulent
dissipation rate (ε). The Realizable k-ε model predicts the spreading rate of both round and planar jets
more accurately than other URANS models and is suitable for flows having a large rotation, strain
rate, and recirculation and flows with separation and high-pressure gradients [32].
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The turbulent kinetic energy k transport equation is expressed as follows [42]:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xi

{(
µ +

µt

σk

)
∂k
∂xj

}
+ Gk + Gb − ρε− YM + Sk (16)

The turbulent dissipation rate ε transport equation is set as the following [42]:

∂(ρε)

∂t
+

∂(ρεui)

∂xi
=

∂

∂xi

{(
µ +

µt

σε

)
∂ε

∂xj

}
+ ρC1Sε −

C2ρε2

k +
√

vε
+

ε

k
C1εC3εGb + Sε (17)

where, C1 = max

[
0.43,

√
2Sil Sijk

ε√
2Sil Sijk

ε +5

]
, C3 = tan h

∣∣ v
u

∣∣. Gk, Gb represent the turbulent kinetic energy

production terms because of the mean velocity gradient and buoyancy, respectively. YM is the
dilatation dissipation term to prevent the over-prediction of s the spreading rate in a compressible flow.
The model constants are 1.44, C2 = 1.9, = 1.0, 1.2. Sk and Sε represent user-defined source terms. In the

plot of U+ (U+ = U
√

y
vU ) versus Y+, the mean velocity profiles in the inner region of the boundary

layer obtained by using the Realizable k-ε model are well represented by the law of the wall and the
logarithmic law.

3.3. Large Eddy Simulation (LES) Approach

The Large Eddy Simulation (LES) resolves large eddies directly, whereas small eddies are modeled.
Direct Numerical Simulation (DNS) resolves the whole turbulent scales and no modeling is necessary,
however, the computational cost for DNS is too expensive and DNS requires a much finer mesh than
LES. Therefore, DNS is still not feasible for the flows with high Reynolds number. LES filters out
the eddies whose length scales are smaller than grid spacing and LES only resolves large eddies,
however, this is reasonable since mass, energy, and momentum are mostly transported by large eddies.
Additionally, large eddies are non-isotropic and are strongly dependent on the geometry and the
boundary conditions while small eddies are nearly isotropic except very near walls and thin shear
layers and are less dependent on the geometry [32]. Therefore, the LES model requires a finer mesh
than the RANS model. LES calculations have to be run for a long flow time to reach statistically steady
state conditions and its computational cost is much higher than that of RANS calculations in terms of
the memory requirements and CPU time. Filtered Navier–Stokes equations for LES calculations are
expressed as the following [32]:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (18)

∂(ρu)
∂t

+
∂

∂xj

(
ρuiuj

)
=

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3
µ

∂ul
∂xl

δij

]
− dp

dx
+

∂τij

∂xj
(19)

where, τij is the sub-grid scale turbulent stress and it is expressed as the following:

τij = ρuiuj − ρuiuj (20)

The sub-grid scale turbulent stress (τij) needs modeling as the following and the Boussinesq
hypothesis is employed like the RANS models [32].

τij −
1
3

τkkδij = −2µtSij (21)

where,

Sij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(22)
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µt is the subgrid-scale turbulent viscosity and Sij represents the rate of strain tensor for the resolved
scale. In the current study, the Smagorinsky–Lilly model was used and the turbulent viscosity is
modeled as the following:

µt = ρLs
2
√

2Sij Sij (23)

where, Ls represents the mixing length for the subgrid scales and is calculated as the following [32]:

Ls = min(κd, Cs∆) (24)

where, κ is the von Karman’s universal constant whose typical value is 0.41, d is the distance to the
closest wall, Cs represents the Smagorinsky constant, and ∆ represents the local grid scale [43].

3.4. Fourier Analysis of the Combustion Instability Data

Unstable fuel/air ratios create disturbances in a gas turbine combustor during operation on lean
premixed mode [44]. Combustion instabilities could be expressed by oscillations in flow rate, pressure,
or heat release [10]. Experimentally measured pressure oscillations as a function of time in a combustor
are illustrated in Figure 11 and the data consists of irregular waveforms.
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Figure 11. An example of time series data of pressure (p’) showing instability in a combustor [18] and
the curve fit obtained using Fourier transforms [28].

The current study discusses the effects of oscillations and covers the full frequency range of
the combustion instabilities. Various frequencies (268, 536, 804, 1072, 1340, 1608, 1876, and 2144 Hz)
were identified as the dominant frequencies from a Fourier analysis of the experimental combustor
instability data in Figure 11 by using MATLAB. Small humps of the red fitted curve at 0.0015 s, 0.005 s,
and 0.0087 s in Figure 11 are acceptable because their pressure amplitudes are low and they have little
effect on the determination of the dominant frequencies.

The resulting equation for pressure is expressed by Equation (25) and Table 6 [28].

P = −536 + Σ8
n=1

[
cn cos(2π × 268× n× t)
+ sn sin(2π × 268× n× t)

]
(25)

Table 6. The coefficients at dominant frequencies [28].

Frequency (Hz) n Coefficients for Cosine Terms (Cn) Coefficients for Sine Terms (Sn)

268 1 60 115
536 2 24 52
804 3 −286 30

1072 4 3993 −1364
1340 5 263 −141
1608 6 190 74
1876 7 −124 151
2144 8 18 −2207
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In Figure 11, the curve fit is given in Equation (25) shows a good match to the experimental data.
Under-prediction of the peak pressures is acceptable since it has little effect to determine dominant
frequencies. However, Equation (25) cannot be directly used in the CFD simulation for this study
because the experimental geometry and operating conditions such as blowing ratio, flow velocity, and
turbulent intensity are different from those of the current study. Instead, the pressure Equation (25)
could be used to determine the dominant frequencies to form velocities at the main inlet and the
plenum inlet and could be used for calculating the weights at each dominant frequency. The weights at
each dominant frequency are used to create realistic multi-frequency inlet velocities under the current
operating conditions. The weights for cosine terms (WCm) and sine terms (WSm) are calculated by
Equations (26) and (27), respectively, and the values are seen in Table 7 [28].

WCm =
|Cm|

∑8
n=1|Cn|

(26)

WSm =
|Sm|

∑8
n=1|Sn|

(27)

Table 7. The weights at the dominant frequencies [28].

Frequency (Hz) m Weight for Cosine Terms (WCm) Weight for Sine Terms (WSm)

268 1 0.0121 0.02782
536 2 0.00484 0.01258
804 3 0.05768 0.00726

1072 4 0.80537 0.3299
1340 5 0.05304 0.03411
1608 6 0.03832 0.0179
1876 7 0.02501 0.03653
2144 8 0.00363 0.53387

The following velocities are applied to both the main and the coolant plenum inlets using the
weights for each dominant frequency in Table 6. Thus, the flow velocities at the main inlet (Vmain_inlet)
and the coolant plenum inlet (Vplenum_inlet) are expressed as the following [28]:

Vmain_inlet = 10 + 0.29 × wc1 × cos(2π × 268t) + 0.29 × ws1 × sin(2π×268t) + . . . .+
0.17 × wc8 × cos(2π × 2144t) + 0.17×ws8×sin(2π × 2144t) (m/s)

(28)

Vplenum_inlet = 0.164 + 0.194 × wc1 × cos(2π × 268t) + 0.194 × ws1 × sin(2π × 268t) +
. . . ..+ 0.22 × wc8 × cos(2π × 2144t) + 0.22 × ws8 × sin(2π × 2144t) (m/s)

(29)

where 10 and 0.164 correspond to the main flow inlet and coolant plenum inlet velocities at the steady
state, respectively. The values 0.29, . . . , 0.17 and 0.194, . . . , 0.22 correspond to the values of A and B at
each dominant frequency in Equations (5) and (7) as given in Table 5.

4. Results and Discussion

4.1. Average Blowing Ratio of M = 0.5

Figure 12 illustrates the results of the spanwise-averaged film cooling effectiveness at X/D = 7 as a
function of frequency at the average blowing ratio of M = 0.5. Based on this figure, four distinct regimes
(Regime I, II, III, and IV) could be identified for the behavior of the adiabatic film cooling effectiveness.
When the oscillation frequency rises from 0 to 180 Hz (Regime I), the effectiveness decreases while
when the frequency climbs from 180 to 268 Hz (Regime II), the effectiveness is sharply increased.
However, when the frequency is increased from 268 to 1072 Hz (Regime III), the effectiveness drops,
whereas when the frequencies exceed 1072 Hz (Regime IV), the effectiveness increases. Figure 13
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shows the results of the spanwise-averaged Stanton number ratio at X/D = 7 as a function of frequency
at the average blowing ratio of M = 0.5. In the Regime I, II, and III, which are identified by the behavior
of the film cooling effectiveness in Figure 12, if the frequency rises, the Stanton number ratio increases.
However, in Regime IV, when the oscillation frequency increases, the Stanton number ratio decreases.
The details will be discussed later in the manuscript.Inventions 2018, 3, x FOR PEER REVIEW  15 of 33 
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Figure 12. The variation of the spanwise-averaged effectiveness in terms of frequency (Hz) at X/D = 7
for M = 0.5 obtained by FLUENT, LES, Smagorinsky–Lilly model. The orange color point is the result
for the multi-frequency unsteady flow. It represents the spanwise-averaged film cooling effectiveness
when Equations (28) and (29) are used instead of individual frequencies [28].
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Figure 13. The variation of the spanwise-averaged Stanton number ratio in terms of frequency (Hz)
at X/D = 7 for M = 0.5 obtained by the FLUENT, DES, Realizable k-epsilon model. The orange color
point is the result for the multi-frequency unsteady flow. It represents the spanwise-averaged Stanton
number ratio when Equations (28) and (29) are used instead of individual frequencies.

4.2. Regime I for M = 0.5: 0–180 Hz

4.2.1. Film Cooling Effectiveness

When the frequencies of the main flow and the coolant jet goes from 0 to 180 Hz at the average
blowing ratio of M = 0.5, the centerline and the spanwise-averaged effectiveness decrease, as seen
in Figures 14 and 15 respectively. As illustrated in Figure 12, the spanwise-averaged film cooling
effectiveness at X/D = 7 shows a slight decrease between 0 and 16 Hz and a large decrease between 16
and 32 Hz. If the oscillation frequency is increased up to 16 Hz, the mixing of the coolant with the hot
mainstream fluid increases, however, as seen in Figure 16(a1–e1), the coolant almost stays attached to
the wall leading to a slight decrease of the film cooling effectiveness. As seen in Table 4, the amplitude
of the coolant velocity oscillation at the plenum inlet increases remarkably at 32 Hz, resulting in
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jet lift-off at the high-velocity magnitude part of the cycle and entrainment of hot main flow under
the cooling jet as shown in Figure 16(a2–e2). Therefore, the centerline and the spanwise-averaged
effectiveness decreases significantly from 16 to 32 Hz. As shown in Figure 12, the spanwise-averaged
effectiveness drops at a slower rate from 32 to 180 Hz since the film cooling effectiveness in Regime
I (0–180 Hz) are mostly governed by the jet lift-off at the high-velocity magnitude part of the cycle
and further jet lift-off does not bring as much decrease in film cooling effectiveness as between 16
and 32 Hz. These observations could be confirmed from the mean temperature contours illustrated in
Figure 17a–e. If the oscillation frequency goes from 16 to 32 Hz, less coolant contact with the wall is
illustrated in Figure 17c,d, whereas there is no significant difference for the coolant contact with the wall
between 32 and 180 Hz, as shown in Figure 17d,e. The experimental data from Seo et al. [7] is available
up to 32 Hz and the LES results over-predict the centerline effectiveness and the under-predict the
spanwise-averaged effectiveness as seen in Figures 14 and 15, even though the trends of the adiabatic
film cooling effectiveness are close to the experimental data. The difference between the experimental
data and the LES results for the centerline effectiveness are about 4–16%. Generally, LES results report
much better predictions than the URANS results, however, even LES could not capture all the flow
physics generated by the film cooling since complex vortical structures are generated by the mixing
process between the main flow and the coolant jet in the narrow region near the film cooling hole.
In Regime I (0–180 Hz), when the oscillation frequency goes from 0 to 2, 16, 32, 90, or 180 Hz, the
centerline effectiveness decreases by about 10%, 12%, 47%, 58%, or 71% and the spanwise-averaged
effectiveness drops by about 11%, 12%, 45%, 62%, or 75% respectively.
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Figure 16. (a1–e1) The instantaneous temperature contours for the central cross section using the
FLUENT, LES, Smagorinsky–Lilly model for M = 0.5, 2 Hz [28]. (a2–e2) The instantaneous temperature
contours for the central cross section using the FLUENT, LES, Smagorinsky–Lilly model for M = 0.5,
32 Hz [28]. (a3–e3) The instantaneous temperature contours for the central cross section using
the FLUENT, LES, Smagorinsky–Lilly model for M = 0.5, 180 Hz [28]. (a4–e4) The instantaneous
temperature contours for the central cross section using the FLUENT, LES, Smagorinsky–Lilly model
for M = 0.5, 268 Hz [28]. (a5–e5). The instantaneous temperature contours for the central cross section
using the FLUENT, LES, Smagorinsky–Lilly model for M = 0.5, 536 Hz [28]. (a) t/period = 0 (b) t/period
= 0.2 (c) t/period = 0.4 (d) t/period = 0.6 (e) t/period = 0.8.
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Figure 17. (a) The mean temperature contours for the central cross section using the FLUENT, LES,
Smagorinsky–Lilly model for M = 0.5, 0 Hz [28]. (b) Mean temperature contours for the central
cross section using the FLUENT, LES, Smagorinsky–Lilly model for M = 0.5, 2 Hz [28]. (c) Mean
temperature contours for the central cross section using the FLUENT, LES, Smagorinsky–Lilly model
for M = 0.5, 16 Hz [28]. (d) Mean temperature contours for the central cross section using the FLUENT,
LES, Smagorinsky–Lilly model for M = 0.5, 32 Hz [28]. (e) Mean temperature contours for the central
cross section using the FLUENT, LES, Smagorinsky–Lilly model for M = 0.5, 180 Hz [28]. (f) Mean
temperature contour for the central cross section using the FLUENT, LES, Smagorinsky–Lilly model
for M = 0.5, 268 Hz [28]. (g) Mean temperature contour for the central cross section using the FLUENT,
LES, Smagorinsky–Lilly model for M = 0.5, 536 Hz [28]. (h) Mean temperature contour for the central
cross section using the FLUENT, LES, Smagorinsky–Lilly model for M = 0.5, 1072 Hz [28]. (i) Mean
temperature contour for central cross section using the FLUENT, LES, Smagorinsky–Lilly model for
M = 0.5, 1608 Hz [28]. (j). Mean temperature contour for central cross section using the FLUENT, LES,
Smagorinsky–Lilly model for M = 0.5, 2144 Hz [28].

4.2.2. Stanton Number Ratio

When the oscillation frequency goes from 0 to 32 Hz, the mixing between the main flow and the
coolant increases, resulting in the increase of the centerline and the spanwise-average Stanton number
ratios as shown in Figures 18 and 19. In this frequency range (0–32 Hz), if the oscillation frequency
increases, the amplitude of the static pressure oscillation between and around the film cooling hole exit
and around the delivery tube inlet in the plenum increases. This leads to an increased amplitude of the
coolant flow rate oscillations and more shear between the coolant jet and the main flow. Thus, the heat
transfer coefficient and the Stanton number ratio increase. However, when the frequency increases
from 32 to 180 Hz, the centerline and the spanwise-averaged Stanton number ratios increase slightly as
illustrated in Figures 18 and 19. The coolant jet lift-off is the dominant phenomenon in this frequency
range (32–180 Hz) and the entrainment of the main flow underneath the jet does not lead to the increase
of mixing near the wall. As illustrated in Figure 18, the centerline Stanton number ratio could be
partially less than 1. At a low average blowing ratio of M = 0.5, the coolant injection decreases the
velocity gradients near the wall in the centerline. This leads to less turbulence production resulting in
the centerline Stanton number ratios of less than 1. If the frequency is increased from 0 Hz to 2, 16, 32,
or 180 Hz, the DES results show the centerline Stanton number ratio increases by about 3%, 5%, 8%, or
10% and the spanwise-averaged Stanton number ratio increases by about 0.3%, 1%, 3.7%, or 4.1% and
the trends of the effectiveness are close to the experimental data.
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Figure 19. The spanwise-averaged Stanton number ratio obtained using the DES Realizable k-ε model
for M = 0.5 for the 0, 2, 16, 32, and 180 Hz oscillations.

4.3. Regime II for M = 0.5: 180–268 Hz

4.3.1. Film Cooling Effectiveness

When the oscillation frequencies of the main flow and coolant jet are increased from 180 to
268 Hz, the centerline and the spanwise-averaged effectiveness increase significantly as illustrated in
Figures 20 and 21. Figure 12 also shows the spanwise-averaged film cooling effectiveness at X/D = 7
increases sharply between 180 and 268 Hz. At 268 Hz, the large vortices of coolant created during
the high-velocity magnitude of the cycle overlap the thin coolant film near the wall created during
the low-velocity magnitude part of the cycle [24]. At 180 Hz, large vortices could be distinguished at
enough intervals as shown in Figure 16(a3–e3). The large vortices of coolant move closer together at
268 Hz and prevent the thin coolant film from mixing with the hot main flow, as seen in Figure 16(a3–e3,
a4–e4). The entrainment of the main flow under the jet is not induced and the film cooling effectiveness
increases. These observations could be confirmed from the mean temperature contours in Figure 17e,f,
where, if the oscillation frequency increases in Regime II (180–268 Hz), coolant contact with the wall
increases. When the frequency goes from 180 to 268 Hz, the centerline effectiveness increases by about
150% and the spanwise-averaged effectiveness climbs up by about 210%.
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Figure 21. The spanwise-averaged effectiveness obtained using the LES Smagorinsky–Lilly model for
M = 0.5 for the 180 and 268 Hz oscillations [28].

4.3.2. Stanton Number Ratio

If the frequency goes from 180 to 268 Hz, the centerline and the spanwise-averaged Stanton
number ratios increase slightly as illustrated in Figures 22 and 23. As mentioned earlier, the coolant
jet lift-off is the dominant phenomenon in this frequency range (32–536 Hz) and the entrainment of
the hot main flow under the coolant jet does not lead to the increase of mixing near the wall. If the
frequency is increased from 180 to 268 Hz, the DES results show the centerline Stanton number ratio
increases by about 2% and the spanwise-averaged Stanton number ratio increases by about 1%.
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4.4. Regime III for M = 0.5: 268–1072 Hz

4.4.1. Film Cooling Effectiveness

If the oscillation frequencies of the main flow and the coolant jet goes from 268 to 1072 Hz, the
centerline and the spanwise-averaged film cooling effectiveness decrease as seen in Figures 24 and 25.
If the velocity oscillation frequency is increased at the main and the plenum inlets, the frequency of
the coolant injection frequency at the hole exit increases. In Regime III (268–1072 Hz), if the coolant
injection frequency is increased, the large vortices of the coolant catch up with each other up to a certain
downstream location because of the convection velocity of the vortices (the velocity of the main flow) is
the constant. After this location, the large vortices are merged and could not be distinguished anymore,
therefore, they behave like a layer as seen in Figures 16(a4–e4, a5–e5) and 26a. The component of the
jet momentum at the high-velocity magnitude of the cycle lifts the merged vortices of the coolant up.
Therefore, the entrainment of the hot main flow under the jet is induced leading to a decrease of the
film cooling effectiveness. When the oscillation frequency is increased, the coolant injection frequency
increases and the location where large vortices start merging gets closer to the trailing edge of the film
cooling hole leading to decrease of the film cooling effectiveness because of the lift up of the merged
vortices of the coolant as seen in Figures 16(a4–e4, a5–e5) and 26a. When the frequency goes from
268 Hz to 536, 804, or 1072 Hz, the centerline effectiveness decreases by about 45%, 52%, or 57% and
the spanwise-averaged effectiveness drops by about 59%, 63%, or 67% respectively.
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4.4.2. Stanton Number Ratio

When the frequency is increased from 268 to 804 Hz, the centerline Stanton number ratios are
almost the constant and the spanwise-averaged Stanton number ratios increase slightly as illustrated
in Figures 27 and 28 since the entrainment of the main flow underneath the jet does not lead to a
great increase of mixing near the wall. If the frequency is increased from 268 Hz to 536, or 804 Hz, the
DES results show that the centerline Stanton number ratio increases by about 0.4%, or 0.6% and the
spanwise-averaged Stanton number ratio increases by about 2.0%, or 2.1%.
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Figure 28. The spanwise-averaged Stanton number ratio obtained using the DES Realizable k-ε model
for M = 0.5 for the 268, 536, and 804 Hz oscillations.

4.5. Regime IV for M = 0.5: 1072–2144 Hz

4.5.1. Film Cooling Effectiveness

If the oscillation frequency of the main flow and coolant jet goes from 1072 to 2144 Hz, the
centerline and the spanwise-averaged film cooling effectiveness increase, as illustrated in Figures 29
and 30. When the frequency exceeds 1072 Hz, the coolant jet could not respond to the flow oscillations
as quickly due to tiny period compared to the time for the main flow to cross the hole exit. The time
for the jet to lift the merged vortices of the coolant up at the high-velocity magnitude of the cycle
gets reduced leading to decreased jet lift-off. If the frequency goes from 1072 to 2144 Hz, the injected
coolant touches the wall more at the low-velocity magnitude of the cycle leading to an increase of
film cooling effectiveness. These observations could be confirmed from Figures 17h–j and 26. In these
figures, if the frequency increases from 1072 to 2144 Hz, more coolant contact with the wall is observed.
Thus, the behavior of the cooling jet at 2144 Hz is very similar to that at 0 Hz leading to the difference
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in the film cooling effectiveness with that at 0 Hz decreases. When the frequency goes from 1072 Hz to
1340, 1608, 1876, or 2144 Hz, the centerline effectiveness climbs up about 4%, 45%, 97%, or 105% and
the spanwise-averaged effectiveness increases by about 7%, 97%, 192%, or 273%.
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Figure 30. The spanwise-averaged effectiveness obtained using the LES Smagorinsky–Lilly model for
M = 0.5 for the 268, 536, 804, and 1072 Hz oscillations [28].

4.5.2. Stanton Number Ratio

If the frequency exceeds 804 Hz, the centerline and spanwise-averaged Stanton number ratio
decrease as shown in Figures 31 and 32 since the coolant responds less to the oscillations and
disturbances are generated. If the frequency is increased from 1072 Hz to 1340, 1608, 1876, or 2144 Hz,
the DES results show the centerline Stanton number ratio decreases by about 0.3%, 0.5%, 0.6%, or 0.8%
and the spanwise-averaged Stanton number ratio decreases by about 1%, 2%, 2.3%, or 3%.
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In Equation (8), the C and D values at high frequencies are extrapolated with by using the linear
characteristic as shown in Figure 10 since the experimental data from Seo et al. [7] is available up to
32 Hz and no other experimental data at higher frequencies is available at this point. As discussed up
to this point, in the Regimes II, III, and IV, the film cooling effectiveness is dominated by the coolant
injection frequency and the convection velocity of the vortices (=main flow velocity). Therefore, small
variations of A and B values in Equations (5) and (7) have little effect on the film cooling effectiveness.
Thus, it could be justified that the C and D values in Equation (8) at high frequencies are extrapolated
with using the linear characteristic.

4.6. Average Blowing Ratio M = 1.0

Figure 33 shows that the results of the spanwise-averaged film cooling effectiveness at X/D = 7 as
a function of frequency at the average blowing ratio of M = 1.0 and four distinct regimes (Regime I,
II, III, and IV) can be identified for the behavior of adiabatic film cooling effectiveness like M = 0.5.
The trends of the effectiveness at the average blowing ratio M = 1.0 are similar with those at the average
blowing ratio M = 0.5, except from 0 to 90 Hz (Regime I) as shown in Figures 34 and 35. When the
oscillation frequency rises from 0 to 90 Hz (Regime I), the spanwise-average film cooling effectiveness
increases. Figure 36 shows the results of the spanwise-averaged Stanton number ratio at X/D = 7 as a
function of frequency at the average blowing ratio of M = 1.0. The trends of the Stanton number ratio
at the average blowing ratio M = 1.0 are also similar with those at the average blowing ratio M = 0.5
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except from 0 to 90 Hz (Regime I). In Regime I, when the oscillation frequency increases, the Stanton
number ratio decreases. The details will be discussed in the next sections. As illustrated in Figure 33,
at M = 1.0, if the oscillation frequency is increased in Regime IV, the film cooling effectiveness becomes
similar to that at 0 Hz like M = 0.5 in Figure 12. However, the film cooling effectiveness at 1072 Hz at
M = 1.0 is already similar to that at 0 Hz as shown in Figure 33. Therefore, the film cooling effectiveness
is almost constant in Regime IV.
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Figure 33. The variation of the spanwise-averaged effectiveness in terms of frequency (Hz) at X/D
= 7 for M = 1.0 obtained by the FLUENT, LES, Smagorinsky–Lilly model. The orange color point is
the result for the multi-frequency unsteady flow. It represents the spanwise-averaged film cooling
effectiveness when Equations (28) and (29) are used instead of individual frequencies.
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Figure 34. (a) The mean temperature contours for the central cross section using the FLUENT, LES,
Smagorinsky–Lilly model for M = 1.0, 0 Hz. (b) The mean temperature contours for the central cross
section using the FLUENT, LES, Smagorinsky–Lilly model for M = 1.0, 2 Hz. (c) The mean temperature
contours for the central cross section using the FLUENT, LES, Smagorinsky–Lilly model for M = 1.0,
16 Hz. (d) The mean temperature contours for the central cross section using the FLUENT, LES,
Smagorinsky–Lilly model for M = 1.0, 32 Hz. (e) The mean temperature contours for the central
cross section using the FLUENT, LES, Smagorinsky–Lilly model for M = 1.0, 90 Hz. (f) The mean
temperature contour for the central cross section using the FLUENT, LES, Smagorinsky–Lilly model
for M = 1.0, 268 Hz. (g) The mean temperature contour for the central cross section using the FLUENT,
LES, Smagorinsky–Lilly model for M = 1.0, 536 Hz. (h) The mean temperature contour for the central
cross section using the FLUENT, LES, Smagorinsky–Lilly model for M = 1.0,1072 Hz. (i) The mean
temperature contour for the central cross section using the FLUENT, LES, Smagorinsky–Lilly model
for M = 1.0, 1608 Hz. (j) The mean temperature contour for the central cross section using the FLUENT,
LES, Smagorinsky–Lilly model for M = 1.0, 2144 Hz.
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Like M = 0.5, if the oscillation frequency of the main flow and the coolant jet increases at the average 
blowing ratio of M = 1.0, the amplitude of the static pressure difference between the mainstream and 
the coolant plenum increases and the coolant flow rate oscillation amplitude also increases [45]. 
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Figure 35. (a) The instantaneous temperature contour at the central cross section obtained using
FLUENT, LES, Smagorinsky–Lilly model for M = 1.0, 1072 Hz. (b) The instantaneous temperature
contour for the central cross section obtained using FLUENT, LES, Smagorinsky–Lilly model for
M = 1.0, 1608 Hz. (c) The instantaneous temperature contour for the central cross section obtained
using FLUENT, LES, Smagorinsky–Lilly model for M = 1.0, 2144 Hz.
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Figure 36. The variation of the spanwise-averaged Stanton number ratio in terms of frequency (Hz) at
X/D = 7 for M = 1.0 obtained by the FLUENT, DES, Realizable k-epsilon model. The orange color point
is the result for the multi-frequency unsteady flow. It represents the spanwise-averaged film cooling
effectiveness when Equations (28) and (29) are used instead of individual frequencies.

4.7. Regime I for M = 1.0: 0–90 Hz

4.7.1. Film Cooling Effectiveness

At the average blowing ratio of M = 1.0, if the frequencies of the mainstream and the coolant
jet increase from 0 to 90 Hz, the centerline and the spanwise-averaged film cooling effectiveness
increase as seen in Figures 37 and 38, respectively. As shown in Figure 33, the spanwise-averaged
effectiveness at X/D = 7 shows a very slight increase between 0 and 16 Hz and a large jump between
16 and 32 Hz. Like M = 0.5, if the oscillation frequency of the main flow and the coolant jet increases
at the average blowing ratio of M = 1.0, the amplitude of the static pressure difference between the
mainstream and the coolant plenum increases and the coolant flow rate oscillation amplitude also
increases [45]. Because of the oscillating momentum of the coolant jet, the angle of the coolant jet
after it comes out of the hole changes periodically and coolant flapping is generated. If the frequency
is increased, the possibility of coolant contact with the wall increases. However, up to 16 Hz, the
possibility of the contact is still low and the film cooling effectiveness very slightly increases as shown
in Figures 36 and 37. If the oscillation frequency goes from 16 to 32 Hz, the oscillation amplitude of
the angle of the coolant injection becomes higher and the possibility of the cooling jet contact with
the wall increases significantly and it touches the wall periodically. Therefore, a sharp increase in the
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effectiveness is observed between 16 to 32 Hz in Figures 39(a2–e2) and 34d. Between 32 and 90 Hz, the
increase of the film cooling effectiveness continues at a slower rate because, in this frequency range,
the effectiveness values are mostly governed by the coolant flapping and further coolant flapping does
not bring as much increase in the film cooling effectiveness as between 16 to 32 Hz. These observations
can also be confirmed from the mean temperature contours in Figure 34d,e. Figures 39(a2–e2) and 34d
show that if the frequency is increased from 16 to 32 Hz, there is more coolant contact with the
wall. However, there is no substantial difference for the coolant contact between 32 and 90 Hz as
seen in Figures 39(a3–e3) and 34e. In this regime, when the frequency goes from 0 Hz to 2, 16, 32,
or 90 Hz at M = 1.0, the centerline effectiveness increases by about 8%, 19%, 320%, or 332% and the
spanwise-averaged effectiveness increases by about 10%, 29%, 330%, or 345% respectively.
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mainstream and increases the heat transfer coefficients and the Stanton number. At high average 
blowing ratios of M = 1.0, the spanwise-averaged Stanton number ratio shows the maximum values 
at the downstream region as seen in Figure 41 since the maximum disturbance is created around the 
region where the injected coolant re-attaches to the wall periodically. Since the most disturbance is 
generated in the downstream region, the spanwise-averaged Stanton number ratio increases as X/D 
increases. If the oscillating frequency of the main flow and the jet increases from 0 to 180 Hz, the 
spanwise-averaged Stanton number decreases as shown in Figure 41.  

Figure 39. (a1–e1) The instantaneous temperature contours for the central cross section using the
FLUENT, LES, Smagorinsky–Lilly model for M = 1.0, 2 Hz. (a2–e2) The instantaneous temperature
contours for the central cross section using the FLUENT, LES, Smagorinsky–Lilly model for M = 1.0,
32 Hz. (a3–e3) The instantaneous temperature contours for the central cross section using the FLUENT,
LES, Smagorinsky–Lilly model for M = 1.0, 90 Hz. (a4–e4) The instantaneous temperature contours
for the central cross section using the FLUENT, LES, Smagorinsky–Lilly model for M = 1.0, 268 Hz.
(a5–e5) The instantaneous temperature contours for the central cross section using the FLUENT, LES,
Smagorinsky–Lilly model for M = 1.0, 536 Hz. (a) t/period = 0 (b) t/period = 0.2 (c) t/period = 0.4
(d) t/period = 0.6 (e) t/period = 0.8.

4.7.2. Stanton Number Ratio

The centerline and the spanwise-averaged Stanton number ratios obtained using the DES model
as a function of X/D at the high average blowing ratio of M = 1.0 are illustrated in Figures 40 and 41.
The coolant injection causes a disturbance in the main flow by the interaction between the jet and
the mainstream and increases the heat transfer coefficients and the Stanton number. At high average
blowing ratios of M = 1.0, the spanwise-averaged Stanton number ratio shows the maximum values
at the downstream region as seen in Figure 41 since the maximum disturbance is created around the
region where the injected coolant re-attaches to the wall periodically. Since the most disturbance is
generated in the downstream region, the spanwise-averaged Stanton number ratio increases as X/D
increases. If the oscillating frequency of the main flow and the jet increases from 0 to 180 Hz, the
spanwise-averaged Stanton number decreases as shown in Figure 41.
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Figure 40. The centerline Stanton number ratio obtained using the DES Realizable k-ε model for M = 0.5
for the 0, 2, 16, 32, and 180 Hz oscillations.
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As mentioned earlier, at a high blowing ratio of M = 1.0, the coolant jet lift-off is generated under
steady flow conditions (0 Hz), resulting in the entrainment of hot mainstream gases underneath the
jet. The entrainment does not lead to much mixing near the wall [46]. If the oscillation frequency
is increased from 0 to 90 Hz, more entrainment is induced under the cooling jet resulting in less
disturbance and a lower increase of the heat transfer coefficient or the Stanton number ratio. However,
if the frequency goes from 0 to 90 Hz, the centerline Stanton number stays almost constant, as seen in
Figure 40, because the mixing between the main flow and the coolant is no longer increased near the
wall at the centerline. When the frequency goes from 0 Hz to 2, 16, 32 or 90 Hz at M = 1.0, the centerline
Stanton number ratio decreases by about 0.2%, 0.3%, 0.5%, or 0.5% and the spanwise-averaged Stanton
number ratio decreases by about 1%, 1.2%, 7%, or 8%.

4.8. Effects of Multi-Frequency Unsteady Flow

Multi-frequency velocities at the main inlet and the plenum inlet at the average blowing ratios of
M = 0.5 and 1.0 given by Equations (28) and (29) are applied to explore the effects of multi-frequency
unsteady flows. The results at X/D = 7 for the spanwise-averaged film cooling effectiveness obtained
by the LES, Smagorinsky–Lilly model and the Stanton number ratio obtained by the DES, Realizable
k-epsilon model at M = 0.5 and 1.0 are plotted with orange color points in Figures 12, 13, 33, and 34
respectively and compared to those at single frequencies. In these figures, the spanwise-averaged
effectiveness and the Stanton number ratio for the multi-frequency flow is almost the average of the
spanwise-averaged effectiveness and the Stanton number ratios obtained for single frequency flows at
1072 and 2144 Hz. This is somewhat expected because the Fourier analysis showed that the range of
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the most dominant frequencies of the combustor unsteady pressure data was in between 1072 and
2144 Hz. The total weights calculated by the Fourier analysis of the experimental data in Figure 11 for
cosine terms between 1072 and 2144 Hz are 92.5% and for sine terms between 1072 and 2144 Hz are
95.2%, as indicated in Table 7. The most important factor governing the dominant frequencies is the
mass flow rate through the combustor, which is closely related to the gas turbine power [47]. In the
experiment, the inner diameter and the length of the combustion chamber were 0.12 m and 0.85 m,
respectively, and the air mass flow rate was 30 g/s [18]. It seems like this air mass flow rate and the
size of the combustion chamber governed the dominant frequencies.

5. Conclusions

The effects of oscillations in the main flow and the coolant jet on film cooling at various frequencies
from 0 to 2144 Hz at the average blowing ratio of M = 0.5 and 1.0 are investigated. Numerical
simulations for a 35◦ inline injection with a cylindrical hole on a flat plate are conducted using the
LES model for the film cooling effectiveness and the DES model for the Stanton number ratio. At the
average blowing ratio of M = 0.5, the frequency range is classified into four regimes, I, II, III, and IV
based on the behavior of the film cooling effectiveness. In Regime I (0–180 Hz) (Sr: 0–2.827), if the
frequency is increased, the film cooling effectiveness decreases because of the enhancement of the
jet lift-off and the entrainment of the hot mainstream fluid under the jet. In Regime II (180–268 Hz)
(Sr: 2.827–4.21), if the frequency goes up, the effectiveness increases because of the large vortices of
coolant prevent the thin coolant film near the wall from mixing with the hot main flow by forcing the
thin coolant film downward towards the wall. In Regime III (268–1072 Hz) (Sr: 4.21–16.839), when
the frequency increases, the effectiveness drops because the vertical component of the jet force lifts
the coolant from the wall and the entrainment of the hot main flow underneath the jet is induced.
In Regime IV (1072–2144 Hz) (Sr: 16.839–33.678), if the frequency is increased, the effectiveness
increases because the jets cannot respond to the flow oscillations as quick and the coolant behaves like
at 0 Hz gradually. The trends of the effectiveness at high blowing ratio of M = 1.0 are similar with
those at M = 0.5 except for Regime I. In Regime I (0–90 Hz) at M = 1.0, if the frequency is increased, the
effectiveness increases due to an increased generation of the coolant flapping.

In terms of Stanton number ratio, at M = 0.5, if the frequency rises from 0 to 804 Hz, the
spanwise-averaged Stanton number ratio goes up due to an increased flow disturbance near the
wall. When the frequency exceeds 804 Hz, the spanwise-averaged Stanton number ratio is reduced
since the jets do not respond to the high frequencies and return to the steady flow condition. The trends
of the spanwise-averaged Stanton number ratio at M = 1.0 are similar to those at M = 0.5 except from
0 to 90 Hz. At M = 1.0, if the frequency is increased, the spanwise-averaged Stanton number ratio
decreases because more entrainment of the main flow by the coolant flapping leads to less mixing
near the wall. When multi-frequency unsteady flow obtained from a real combustor data is applied to
the flow field, the film cooling effectiveness and the Stanton number ratio is almost the same as the
average of the film cooling effectiveness and the Stanton number ratios for the dominant frequencies.
Some representative results are as follows: at M = 0.5, if the oscillation frequency goes from 0 to 2, 16,
32, 90 or 180 Hz, the centerline effectiveness decreases by about 10%, 12%, 47%, 58%, or 71% and the
spanwise-averaged effectiveness drops by about 11%, 12%, 45%, 62%, or 75% respectively. On the other
hand, at M = 1.0, when the frequency goes from 0 Hz to 2, 16, 32, or 90 Hz, the centerline effectiveness
increases by about 8%, 19%, 320%, or 332% and the spanwise-averaged effectiveness increases by
about 10%, 29%, 330%, or 345% respectively. It can be said that it is important to include the effects of
oscillating flows when designing film cooling systems for gas turbines.
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Nomenclature

Cp Specific heat of fluid (J/kg·K)
Cµ Coefficient of eddy viscosity
D Diameter of injection hole (m)
f Frequency of oscillation (Hz)
hf Film heat transfer coefficient
K Turbulent kinetic energy (W/m2 K)
L Delivery tube length (m)
M Blowing ratio
qw Heat flux (W/m2)

ReD Freestream Reynolds number based on the freestream velocity and hole diameter
Sr Strouhal number (non-dimensional frequency)
Stf Stanton number with film cooling
StC Centerline Stanton number
Stm Spanwise-averaged Stanton number
St0 Baseline Stanton number with no pulsations and no film cooling
Taw Adiabatic wall temperature (K)
Tw Temperature of fluid-solid interface surface (K)
u flow velocity (m/s)
u’ root-mean-square of the turbulent velocity fluctuations (m/s)
uC injectant velocity (m/s)
UG mainstream velocity (m/s)
u* Friction velocity (m/s)
V Velocity (m/s)
Vmain_inlet Velocity at the main inlet (m/s)
Vplenum_inlet Velocity at the plenum inlet (m/s)
x Streamwise coordinate (m)
x+ Dimensionless grid spacing in the x-direction
y Wall-normal coordinate (m)
y+ Dimensionless wall distance
z Spanwise coordinate (m)
z+ Dimensionless grid spacing in the z-direction
Greek symbols

α
Phase difference between the main flow velocity oscillation at the main inlet and the
coolant flow velocity oscillation at the plenum inlet

ε Dissipation rate of turbulent kinetic energy (m2/s3)
η Adiabatic film cooling effectiveness
ηC Centerline film cooling effectiveness
ηm Spanwise-averaged film cooling effectiveness
ρ density (kg/m3)
ρC injectant density (kg/m3)
ρG mainstream density (kg/m3)
Φ non-dimensional metal temperature
ν Local kinematic viscosity (m2/s)
Subscripts
aw Adiabatic wall
c Centerline
G Main flow gas
m Spanwise-averaged
Abbreviations
DES Detached eddy simulation
LES Large Eddy Simulation
RANS Reynolds-Averaged Navier–Stokes
URANS Unsteady RANS
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