
applied  
sciences

Article

Effects of Bulk Flow Pulsations on Film Cooling with
Two Sister Holes

Seung Il Baek and Joon Ahn *

����������
�������

Citation: Baek, S.I.; Ahn, J. Effects of

Bulk Flow Pulsations on Film Cooling

with Two Sister Holes. Appl. Sci. 2021,

11, 1537. https://doi.org/10.3390/

app11041537

Academic Editor: Francesca Scargiali

Received: 31 December 2020

Accepted: 3 February 2021

Published: 8 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

School of Mechanical Engineering, Kookmin University, Seoul 02707, Korea; greenjet50@gmail.com
* Correspondence: jahn@kookmin.ac.kr; Tel.: +82-2-910-4833

Abstract: In a triple-hole system comprising a primary hole and two sister holes, when the sister
holes are positioned slightly downstream of the main hole under steady flow conditions, their jets
generate an anti-counter-rotating vortex pair. Vortex interactions between the jets increase the
effectiveness of adiabatic film cooling. In this study, a series of large-eddy simulations were conducted
to understand how pulsations in the main flow affect film cooling in a triple hole. To understand
the effects of pulsations on film cooling performance is important for better cooling design of the
gas turbine engines. The numerical simulations were carried out on a flat plate geometry with a
triple cylindrical hole system at 35◦ injection angle. The pulsations were approximately sinusoidal,
and their effect on film cooling was investigated at several frequencies (2, 16, and 32 Hz) and Strouhal
numbers (Sr = 0.1005, 0.8043, and 1.6085) at an average blowing ratio of 0.5. The results for the
triple-hole system were compared with those for a single hole for the same amount of cooling
air and the same cross-sectional area of the holes. Increasing the Strouhal number of the main
flow decreased η in both systems. However, at each Strouhal number, η was higher in the triple
hole. Furthermore, the triple-hole system was found to be better for film cooling than a single-hole
system for higher values of the pulsation Strouhal number. Contours of time-averaged film cooling
effectiveness and dimensionless temperature, instantaneous film cooling effectiveness contours on a
test plate, mean velocity magnitude contours in the hole, and Q-contours for the triple holes under
the application of pulsations to the flow were investigated.

Keywords: large-eddy simulation; turbine blade cooling system; adiabatic film cooling effectiveness;
bulk flow pulsation; triple cooling hole configuration

1. Introduction

The efficiency of the gas turbine can be improved by raising the inlet temperature [1].
However, the turbine blade temperature should remain below the acceptable limit [2].
Film cooling is a widely used in gas turbines [3]. The physics of film cooling under a steady
main flow has been widely investigated. Especially, intended vortex interactions could
be induced between cooling jets by using specific cooling hole arrangements instead of
the single hole. Heidmann et al. [4] numerically showed that compared with a one-hole
system, the use of three holes (a primary hole and two side holes) increased the film cooling
effectiveness at M = 1.0. They also reported that manufacturing triple cylindrical holes
was more economical than manufacturing holes with other shapes. Using square sister
holes, Javadi et al. [5] controlled the vortex interactions between injectant and main flow
at the blowing ratio, M of 0.5. They numerically found that two sister holes reduced the
mixing between the coolant injectant and the crossflow, thereby increasing η. Ely et al. [6]
numerically investigated the increase in η after forming two sister holes [3]. They varied the
blowing ratio among the values 0.2, 0.5, 1.0, and 1.5 and reported an obvious improvement
in η at high M. Choi et al. [7] numerically investigated performance of the film cooling
for double holes by changing design variables such as the lateral ejection angles and
streamwise and lateral distances between the holes. They found that the lateral distance
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and lateral ejection angles significantly influenced the film cooling performance while the
effect of the streamwise distance on the film cooling effectiveness was considerably less.
Wu et al. [8] determined the cooling performance of three types of sister hole configurations
by using experimental and numerical methods. They stated that the effectiveness of the
film cooling was considerably higher for the triple-hole configurations compared with that
for a single-hole configuration under steady flow conditions.

However, in real flow fields, the mainstream flow could be unsteady. It could be
disturbed by many reasons such as potential flow interactions, and freestream turbulence
generated in the combustor or passing wakes [9]. The effect of flow instabilities on the
film cooling performance for the triple hole system has not been studied. Understanding
the effect of main flow pulsation on the film cooling for the triple holes would help for
making better cooling design of the gas turbine engines. Kim et al. [10] observed that most
previous computational fluid dynamics (CFD) studies on film cooling had been conducted
under steady flow conditions. Few studies have considered the effect of pulsations, caused
by flow instabilities, in the main flow. Gau et al. [11] experimentally studied the effect
of swirling flow in mainstream flow on η. They showed that if the swirling number,
which represents the axial flux of the swirl momentum, is increased, η decreases due to
improved mixing between the main flow and cooling jet. Coulthard et al. [12] studied
the film cooling effect of a pulsating injectant by using experimental method, and they
reported that steady coolant injection maximized η [2]. When the coolant injection was
pulsed, η reduced with increase of Strouhal number at M = 0.5.

Nikitopoulos et al. [13] reported that coolant pulsation can control the film cooling
performance. To understand the physics in the pulsed film-cooling flow field, researchers
have investigated the optimal parameter range of coolant pulsation. Ekkad et al. [14]
experimentally studied the effect of cooling jet pulsation on the film cooling in a turbine
blade model. They found that jet propulsion weakened the jet liftoff at high blowing ratios,
increasing the spread of the coolant on the wall. However, when the main flow velocity
is disturbed by flow interactions, shock waves, turbulence generated in the combustion
chamber, or passing shock waves on the turbine blade, the disturbance patterns are more
similar to sinusoidal waves than pulses [9]. In an experimental study, Seo et al. [9] showed
how sinusoidal mainstream pulsations influence film cooling. They reported that for a
small L/D ratio, increasing the pulsation frequency from 0 to 32 Hz at the blowing ratio,
M of 0.5 decreased the adiabatic film cooling effectiveness and increased the iso-energetic
Stanton number ratio. Gao et al. [15] reported the effect of vane passage vortex generation
on film cooling by using a pressure-sensitive paint. The strength of the vortex was adjusted
by changing the attack angle of the main flow to the delta wing. They found that a stronger
vortex resulted in increased the mixing, leading to a decreasing η.

Xiao et al. [16] showed a fractal solution to study the Kozeny-Carman constant and
permeability for fibrous porous media. They stated that if the particle diameter was
increased, the absolute permeability was increased and if the tortuosity fractal dimension
was increased, the Kozeny-Carman constant was increased, however, the dimensionless
permeability was decreased. Liang et al. [17] proposed that a fractal theory of porous media
in order to quantify the porous media’s effective electrolyte diffusivity. The analytical
results showed a good match with the experimental data.

In this study, an analysis was performed using a large-eddy simulation (LES). Al-
though a LES incurs higher computational cost than Reynolds-averaged Navier–Stokes
(RANS), the RANS approach cannot accurately predict complex flow interactions because
it involves ensemble-averaging the turbulent fluctuations in the flow. By contrast, the LES
approach resolves large-scale turbulent eddies, enabling accurate predictions of complex
flows [2,18]. Johnson et al. [19] found that an LES model showed considerably more spread-
ing of the coolant jet compared with RANS turbulence models and that the LES results were
similar to real film cooling fields. Baldauf et al. [20] found that at the low blowing ratios,
the effectiveness of the film cooling decreased rapidly as the coolant travelled downstream,
despite high film cooling effectiveness around the cooling hole. This can be attributed to the
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small mass flow rate of the coolant. Furthermore, low blowing ratios cause the detrimental
ingestion of the hot mainstream gas into the hole [9,21]. Bogard [22] reported that the
overall film cooling effectiveness increases with the blowing ratio up to the blowing ratio
of 0.6. He observed that when the blowing ratio exceeds 0.85, the overall effectiveness
decreases because of the separation of the coolant jet from the wall. Therefore, in this
study, the average blowing ratio was fixed at 0.5. A sinusoidal pulsation in the main flow
causes the difference between the static pressures around the inlet and the exit of the hole
to oscillate, which in turn makes the coolant jet oscillate. Therefore, in the current study,
a sinusoidal waveform was simultaneously applied to the main flow inlet and the plenum
inlet with the same frequency.

By performing an LES, the current study investigated the effect of oscillating the
main flow at various Strouhal numbers on film cooling with cylindrical triple holes on
a flat plate. The numerical results were compared with the numerical and experimental
results for a single cylindrical hole on a flat plate. As a baseline, the effect of the main
flow pulsation on contours of film cooling effectiveness and dimensionless temperature
was first investigated for single-hole and triple-hole systems. Next, the time-averaged
effectiveness of the film cooling was compared between these two systems. Instantaneous
contours of η on the wall were also investigated. Contours of the time-averaged velocity
magnitude in the cooling hole were compared between the single-hole and triple-hole
systems. Finally, Q-criterion iso-surfaces were compared and studied. The pulsations
were sinusoidal, and the Strouhal number, non-dimensional frequency ranged from 0 to
1.6085. These numbers matched the pulsation frequency range of Seo et al. [9], allowing a
comparison with their experimental results.

2. Geometry, Boundary Conditions

The geometry of the single-hole system, which was considered as the baseline, was ob-
tained from the investigation of Seo et al. [9]. In their experimental apparatus, five cooling
holes were positioned along a row. Here, the computational cost was reduced by apply-
ing periodic boundary conditions on the sidewalls [3]. The computational domains are
displayed in Figure 1.

The triple holes consisted of two small holes located downstream of main hole
(Figure 2b), as stated by Ely et al. [6]. In the triple-hole configuration, D of the primary
hole and the sister hole were calculated to match the total cross-sectional areas of the triple
holes to the cross-sectional area of the single hole [3]. When the two small holes are located
downstream of the main hole, the coolant jets generate an anti-counter-rotating vortex pair
(anti-CRVP), and η is increased through the generation of vortices interactions between
the injectants and a reduction in the intensity of the main Counter Rotating Vortex Pair [3].
The hole-length-to-hole-diameter ratio (L/D) for the single-hole system was 1.6, the ratios
for the primary hole and each sister hole in the triple hole were 1.8 and 3.6, respectively,
the injection angle of the coolant (α) was 35◦. The turbulence intensity was set as 0.2%
at main inlet (as reported for the experiment in [9]), and the velocity of the main flow
was 10 m/s. The temperatures of the mainstream and injectant at the inlets were 300 and
293 Kelvin, respectively. The boundary conditions were specified in Table 1. Figure 2
presents schematics of the cooling holes in each case.
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Figure 1. Computational domains.

Figure 2. Schematics of hole systems [3].

Table 1. Boundary conditions.

Surface Boundary Condition

Main inlet Velocity inlet
Plenum inlet Velocity inlet

Top Symmetry
Test plate Adiabatic wall
Outflow Pressure outlet

Main sides Periodic
Sides of plenum Wall

Tube wall Wall
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The main flow velocity profile was uniform at the main inlet, similar to [9]. The main
flow velocity at the inlet was:

Vmain inlet = A sin(2π · f · t) + 10 m/s. (1)

The values of the amplitude A of the mainstream velocity pulsation considered here
were identical to those used by Seo et al. [9]. The A and frequency values at the different
Strouhal numbers (Sr) are presented in Table 2. The Sr values for the single-hole system
and the main and sister holes in the triple-hole configuration were identical, even though
their L/D values were different.

Table 2. Pulsation amplitude A and frequency in Equation (1) at different Strouhal numbers (Sr).

Frequency (Hz) 0 2 16 32

Sr 0 0.1005 0.8043 1.6085
A 0 1.82 0.57 0.44

The coolant velocity at the plenum inlet was calculated from the expression:

Vplenum inlet = B sin(2π · f · t) + 0.164 m/s. (2)

While the values of the amplitude B of the pulsations in the plenum inlet flow velocity
were not specified by Seo et al. [9], they can be extracted from the P2–P1 variation plots
for different frequencies, which are presented in their paper. Here, P2 and P1 are the static
pressures at the inlet and outlet of the hole. The B were acquired by matching P2–P1 plots
to numerical calculations through trial and error. In Equation (2), 0.164 corresponds to the
plenum inlet velocity on the steady state. Table 3 shows the B values and frequencies at
different Strouhal numbers. Increasing the pulsation frequency of the main flow increased
the pressure difference between P2 and P1 since the phase shift increased [9], and this led
to an increase in the amplitude of the coolant velocity pulsation, as is evident in Table 3.

Table 3. Pulsation amplitude B and frequency in Equation (2) at different Strouhal numbers (Sr).

Frequency (Hz) 0 2 16 32

Sr 0 0.1005 0.8043 1.6085
B 0 0.04 0.05 0.16

The Strouhal number is defined as St = 2π f L
UC

= L/Uc
1/2π f , and it denotes the ratio of

the time needed for the coolant to pass through the hole to the duration of one pulsation
cycle. If it is greater than 1, the coolant is significantly affected by the pulsation during
its passage through the hole [23]. Therefore, in this case, the trajectory of the injectant jet
differs considerably from that in the steady state and the B value at 32 Hz sharply increases
compared with that at 2 and 16 Hz (Table 3).

3. Numerical Methods

Numerical solutions were obtained by using ANSYS Fluent v.19 [3,24]. The CFD
meshes were created in Pointwise v.18 [3,25]. CFD simulations were performed in the LES,
Smagorinsky–Lilly model. The LES approach helps resolve large-scale eddies in turbulent
flow and facilitates the modeling of small-scale eddies with length scales smaller than the
grid spacing. The time step was 6.25 × 10−6 s, implying that the main flow convected the
diameter of the single hole after 400 time steps [26,27]. In each time step, approximately
10 sub-iterations were executed to obtain well-resolved data [28]. The fluid was assumed
as Newtonian and incompressible. The mainstream velocity was 10 m/s and the mean
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injectant velocity was 5 m/s, showing that both velocities were far below Mach = 0.3 [3,29].
The governing equations were as shown in [24]:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (3)

∂(ρu)
∂t

+
∂

∂xj

(
ρuiuj

)
=

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3
µ

∂ul
∂xl

δij

]
− dp

dxi
+

∂τij

∂xj
(4)

Here, τij, which denotes the subgrid scale turbulent stress, required modeling by using
the Boussinesq hypothesis, similar to RANS turbulence models, as follows:

τij −
1
3

τkkδij = −µt

(
∂ui
∂xj

+
∂uj

∂xi

)
(5)

where µt represents the turbulent viscosity.
Figures 3 and 4 illustrate the meshes in the xy and yz planes, respectively [3]. The com-

putational domains of the single-hole and triple-hole systems were composed of 2.04
and 2.69 million hexahedron cells, respectively [3]. Figure 5 illustrates a close-up of the
mesh near hole. P2 and P1 represent the static pressures at the inlet and outlet of the
hole, respectively.

Figure 3. Computational fluid dynamics grids in the xy plane [3].

Figure 4. Grids in the yz plane [21].
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Figure 5. Close-up view of the grid near the injection region [3].

In [3], grid sensitivity tests were conducted in the steady case (Sr = 0) and at the
blowing ratio, M of 0.5 for the single-hole and triple-hole systems.

4. Results & Discussion
4.1. Contours of Time-Averaged η and Dimensionless Temperature

Figures 6 and 7 show contours of time-averaged η on the wall for the ordinary and
triple hole, respectively, at various frequencies and Strouhal numbers. The contours for the
single-hole system at 0 and 32 Hz are compared to the contours with the experimental data
of Jung [30]. The effectiveness is slightly over-predicted by LES, however, the contours
obtained in the experiment were similar to those predicted by the LES. The coolant’s
contact with the plate is hardly affected by an increase in the frequency from 0 to 16 Hz.
However, it is significantly reduced by the 32 Hz pulsation owing to increased mixing.
The Strouhal number for the 32 Hz pulsation is 1.6085, and as stated earlier, if the Strouhal
number is greater than 1, the coolant is significantly affected by the pulsation during its
passage through the hole. For each frequency of the pulsation, coolant spreading and
contact with the test plate is considerably better in the triple-hole system compared with
the ordinary hole system, as shown in Figures 6 and 7. The improvement is attributable
to the anti-CRVPs generated by the sister holes, leading to weak main CRVP and weak
entrainment of hot gas under the injectant.
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Figure 6. Contours of time-averaged η on the wall for single-hole system for 0 (Sr = 0), 2 (Sr = 0.1005), 16 (Sr = 0.8043) and
32 Hz (Sr = 1.6085).

Figure 7. Contours of time-averaged η on the wall for the triple hole for 0 (Sr = 0), 2 (Sr = 0.1005), 16 (Sr = 0.8043) and 32 Hz
(Sr = 1.6085).

Figure 8 illustrates the cross-sectional dimensionless mean temperature contours at
x/D = 2.5, 5, and 10 for 0 and 32 Hz pulsations and a comparison of the contours with the
experimental data of Jung [30]. If there is 32 Hz pulsation in the flow, a smaller injectant
comes in contact with the wall compared with at the case of 0 Hz. However, as shown in the
mean effectiveness contours of the film cooling on the wall in Figures 6 and 7, the coolant
spreading and contact with the test plate is considerably better in the triple-hole compared
with the single-hole system.
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Figure 8. Cross-sectional time-averaged dimensionless temperature distributions at M = 0.5.

As shown in the contours of the experimental data in Figure 8, there is no data for the
dimensionless temperature near the test plate because it could not be measured through
cold-wire measurement. However, except near the test plate, the contours obtained in the
experiment were similar to those predicted by the LES. The small difference between the
LES results and the experimental data is because the experimental data were measured
using an apparatus with a single hole with L/D = 4 while the LES results were obtained
with a single hole with L/D = 1.6. The dimensionless temperature near the plate decreased
as the mainstream flow travelled downstream, and x/D increased because of the intense
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mixing of the mainstream flow and coolant jet by the turbulence. Thus, at x/D = 10,
the temperatures near the wall in the triple hole configuration and the single cooling hole
configuration becomes similar because of the strong mixing. Figures 9 and 10 show the
contours for the time-averaged dimensionless temperature at x/D = 2 for the single-hole
and triple-hole systems for 0, 2, 16, and 32 Hz pulsations. The anti-Counter Rotating Vortex
Pairs weakened the main Counter Rotating Vortex Pair and reduced the lift off of the
coolant jet, decreasing the entrainment of the hot gas of main flow under the injectant [3].
Therefore, the temperature near the test plate remained similar to the temperature of the
coolant-core part and the film cooling effectiveness increased. Figures 9 and 10 display
cross-sectional contours of the mean dimensionless temperature and the mean velocity
vectors at x/D = 2 for the single-hole and triple-hole systems, respectively. As shown
in Figure 10d, the entrainment of the hot gas of the main flow under the injectant in the
triple cooling hole at 32 Hz was weaker than the entrainment in the single hole at 32 Hz
in Figure 9d. The mean velocity vectors were superimposed on the cross-sectional views
of mean contours of the temperature at x/D = 2. In the triple cooling hole, the velocity
vectors going upward were less concentrated at z = 0 compared with the single cooling
hole, and the liftoff of the injectant was weakened by the generation of anti-CRVPs.

Figure 9. Contours of time-averaged dimensionless temperature and velocity vectors at x/D = 2 for the single cooling hole
system: (a) 0 Hz, Sr = 0; (b) 2 Hz, Sr = 0.1005; (c) 16 Hz, Sr = 0.8043; and (d) 32 Hz, Sr = 1.6085.
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Figure 10. Contours of time-averaged dimensionless temperature and velocity vectors at x/D = 2 for the triple-hole system
(a) 0 Hz, Sr = 0; (b) 2 Hz, Sr = 0.1005; (c) 16 Hz, Sr = 0.8043; and (d) 32 Hz, Sr = 1.6085.

4.2. Time-Averaged Effectiveness

When the mainstream flow and injectant oscillated in the single and triple-hole con-
figuration, the spanwise-averaged effectiveness showed identical trends. As shown in
Figure 11, increasing the flow frequency reduced ηm. For the single hole, when the fre-
quency was increased from 0 to 2, 16, and 32 Hz and the Strouhal number (Sr) from 0 to
0.1005, 0.8043, and 1.6085, the spanwise-averaged film cooling effectiveness decreased
by approximately 11%, 12%, and 45%, respectively. For the triple-hole system, identical
increases in the frequency and Strouhal number decreased the spanwise-averaged effective-
ness by approximately 4%, 5%, and 39%, respectively. When the frequency was increased
from 16 to 32 Hz, the sharp decrease in ηm was because when the Strouhal number is
greater than 1, the trajectory of the injectant is considerably different from that in the steady
state and the B value in Equation (2) at 32 Hz sharply increases compared with that at
2 and 16 Hz. Nevertheless, the triple-hole system showed higher effectiveness than the
single-hole system, regardless of the frequency and Strouhal number, as shown in Figure 12.
Experimental data [9] were available only for the single-hole system, and ηm obtained
by the LES matched well with the experimental data, even though the LES results were
slightly underestimated. Figure 13 depicts the ratios of ηm in the triple-hole configuration
to ηm in the single-hole, for various Strouhal numbers; the ratios were obtained through
LES analyses.
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Figure 11. ηm under unsteady conditions.

Figure 12. Laterally-averaged effectiveness under unsteady conditions: (a) 0 Hz, Sr = 0; (b) 2 Hz, Sr = 0.1005; (c) 16 Hz,
Sr = 0.8043; and (d) 32 Hz, Sr = 1.6085.
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Figure 13. Ratios of ηm,triple to ηm,single at 0 Hz (Sr = 0), 2 Hz (Sr = 0.1005), 16 Hz (Sr = 0.8043),
and 32 Hz (Sr = 1.6085).

Increasing the pulsation frequency and Strouhal number increased the ratio of the
spanwise-averaged effectiveness. While the increase was small between 0 Hz (Sr = 0) and
16 Hz (Sr = 0.8043), it was sharp from 16 Hz (Sr = 0.8043) to 32 Hz (Sr = 1.6085). This in-
dicated that under unsteady main flows and higher pulsation frequencies and Strouhal
numbers, configuring a primary hole and two small holes is better than configuring a
single hole for film cooling. The coolant injection generated large disturbances in the main
flow at 32 Hz because under these conditions, the amplitude of the cooling air velocity
pulsation increased remarkably at the inlet of the plenum, as evident in Table 3, and a
high jet liftoff was generated as mentioned earlier. Anti-CRVPs reduce the intensity of the
main CRVP more effectively when high disturbances are generated in the main flow. Addi-
tionally, the ratio of the spanwise-averaged effectiveness was almost independent of the
Strouhal number at x/D > 13 because the disturbances induced by the coolant jet pulsation
weakened in this x/D range, reducing the film cooling effectiveness of the anti-CRVPs.

4.3. Instantaneous Effectiveness Contours on the Wall

Figure 14 shows contours of instantaneous film cooling effectiveness on the test plate
obtained through LES at 0 and 32 Hz. The variable t* in Figure 14a,b represents the
dimensionless time defined by the mainstream flow velocity and hole diameter, and it
indicates t* = 1 as the time required for the main flow to travel across the hole diameter.
Figure 14a shows LES contours of instantaneous η for the single-hole configuration under
steady conditions at t* = 2, 4, 6, 8, and 10, and each contour does not show a big difference.
Figure 14c,d shows the LES-derived instantaneous effectiveness of the film cooling on
the test plate for each phase with 32 Hz flow pulsation. The figures show the periodic
formation of a coolant covering on the plate when the coolant injection velocity varies
periodically. When the frequency of the mainstream and coolant jet was increased, higher
jet liftoff was generated, leading to the coolant periodically touching the test plate; the
coolant could not cover the test plate efficiently as it did for 0 Hz. However, the contours
for the triple-hole system showed a wider coolant spread in the spanwise direction than
those for the single hole. Furthermore, the coolant covered the test plate much better
through the generation of anti-CRVPs. The horseshoe vortex is shown in all contours for
0 Hz in Figure 14a,b, whereas the vortex is visible in the contours periodically at 32 Hz
pulsation in Figure 14c,d. The horseshoe vortex is formed when the vortices generated in
the boundary layer of the main flow are blocked by coolant injection and roll-up [31,32].
Therefore, for 32 Hz pulsation, when the injectant velocity is high magnitude velocity part
of the cycle, the vortices in the boundary layer of the main flow are blocked by the injection
of the coolant, resulting in a horseshoe vortex being generated as can be seen at t/τ=0.2 in
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Figure 14c,d. If the injectant velocity is low, the horseshoe vortex is not generated easily,
and it is not clearly visible on the contour.

Figure 14. Contours of instantaneous η on the wall obtained by an LES: (a) Single hole at 0 Hz, (b) triple holes at 0 Hz, (c)
single hole at 32 Hz, and (d) triple holes at 32 Hz.

4.4. Time-averaged Velocity Magnitude in the Hole

Figure 15 illustrates time-averaged velocity magnitude contours at the hole exit for
0 and 32 Hz, obtained by an LES, and Figure 16 depicts contours of the time-averaged
velocity magnitude in the hole in the z = 0 plane. The ratio of L to D in the single-hole
configuration was set as 1.6, and the ratios of L to D for the primary and sister hole in the
triple hole were 1.8 and 3.6, respectively. Therefore, in the triple hole, the mean velocity
magnitude at the main hole exit shows distinct high and low momentum regions because
of the small L/D value, while that at the sister hole exit indicates a more developed and
uniform flow velocity [3]. The cooling jet with more uniform velocity is better for η due
to less injectant lift off. Therefore, small hole in the triple-hole system improve η through
the generation of an anti-CRVP and by increasing the L/D ratios. The same concept holds
for 32 Hz pulsation. When the flow oscillates at 32 Hz, the contours of time-averaged
velocity magnitude at the hole exit of the single-hole system show more uniform injectant
velocity magnitude than those at 0 Hz since the amplitude of the coolant velocity at the hole
exit varies periodically and thereby generates large disturbances and mixing. However,
the contours of the mean velocity magnitude in the sister holes show flow that is more
developed than that in the main hole, even at 32 Hz pulsation. Thus, the small holes
increase η through the formation of anti-Counter Rotating Vortex Pair and by increasing
the L/D ratios. In Figure 16d,e, the main flow can be inferred to invade into the windward
side of the hole exit because when the flow oscillates at 32 Hz, the hot main flow in the hole
reverses periodically, which is detrimental to the hole material.



Appl. Sci. 2021, 11, 1537 15 of 18

Figure 15. Mean velocity magnitude at the hole exit.

Figure 16. Contours of time-averaged velocity magnitude in the hole at the centerline.

Figure 17a,b shows profiles of the mean coolant velocity magnitude at the hole exit in
the streamwise direction for L/D ratios around 1.6 and 4, respectively. As stated earlier,
the mean velocity magnitude at the hole exit shows large variations for L/D values of
1.6 or 1.8, while that for L/D values of 3.6 or 4 is more uniform. Specifically, for the L/D
value of 1.8, the mean velocity magnitude shows smaller variations compared with those
for the L/D value of 1.6. Further, when there is 32 Hz pulsation in the flow, the mean
velocity magnitude becomes more uniform than that in the steady state. The difference
in the coolant velocity magnitude between the LES results and the experimental data for
the leeward side of the hole (0 < x/D < 0.8) is attributed to the experimental operating
conditions [9]. The experimental data were measured in the absence of the main flow.

Figure 17. Profiles of the mean coolant velocity magnitude at the hole exit in the streamwise direction.
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4.5. Q-Criterion Contour

Q-criterion represents the dominance of the rotation rate over the strain rate [33,34].
The instantaneous contours of the Q-criterion for the single and triple hole configurations
at 0 and 32 Hz are shown in Figure 18.

Figure 18. Q-criterion contours (level: 80,000).

The instantaneous Q-contours at 32 Hz were captured when the coolant velocity at the
exit was higher than its average value, and therefore, it illustrated various vortex structures
like the kidney vortex, Kelvin-Helmholtz vortices, hairpin and horseshoe vortices more
clearly than at 0 Hz. However, Q-criterion contours for the triple-hole configuration at 0 and
32 Hz showed smaller hairpin and Kelvin-Helmholtz vortices than those for the single-hole
configuration. These smaller hairpin vortices were related to weakened Counter Rotating
Vortex Pair [35]. A weakened Counter Rotating Vortex Pair increased η on the wall.

5. Conclusions

The mainstream of film cooling can be disturbed by several factors. The specific goal of
the current study is to investigate the effects of the main flow pulsation on the film cooling
performance for the triple holes system in order to help for making better cooling design of
the gas turbine engines. Film cooling in a triple hole system was numerically simulated in
an LES. Contours of η on the wall and cross-sectional views of the mean dimensionless
temperature contours for the single-hole and triple-hole systems showed that the triple-hole
configuration exhibits better film cooling performance for 0, 2, 16, and 32 Hz pulsations.
In the triple-hole system, increasing the frequency to 32 Hz or Strouhal number from 0
to 1.6085 decreased the film cooling effectiveness to a lesser extent compared with the
single-hole system. As the frequency increased from 0 to 2, 16, and 32 Hz in the single-hole,
laterally averaged η decreased by approximately 11%, 12%, and 45%, respectively, and this
trend was confirmed in the experimental data. In the triple hole, increasing the frequency
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from 0 to 2, 16, and 32 Hz decreased the spanwise-averaged film cooling effectiveness by
approximately 4%, 5%, and 39%, respectively. The film cooling effectiveness was always
higher in the triple-hole system because of the generation of an anti-CRVP. Furthermore,
increasing the pulsation frequency or Strouhal number increased the ratio of ηm, triple hole
to ηm, single hole, indicating that at higher pulsation frequencies or Strouhal numbers in the
main flow, the triple holes were more effective for film cooling compared with the single
hole. Contours of time-averaged velocity magnitude in sister holes showed that the flow
was more developed than that in the main hole, even at 32 Hz pulsation. This indicated
that the sister holes improved the film cooling effectiveness through the generation of an
anti-CRVP and by increasing the L/D ratios. Q-contours for triple hole at 0 and 32 Hz
showed smaller hairpin and jet shear layer vortices compared with those for the single-hole
system, indicating a weakened CRVP. In the contours of the instantaneous film cooling
effectiveness, the horseshoe vortex was visible periodically at 32 Hz pulsation because
this vortex was generated when the vortex in the boundary layer of the main flow was
blocked by strong coolant injection and roll-up. This paper only covered the cylindrical
hole, however, the effects of the main flow pulsations on film cooling for the shaped hole
such as the forward expansion hole will be covered in future studies. Moreover, the effects
for the two sister holes positioned more downstream of the primary hole and the optimized
length between the sister hole and the primary hole will be investigated to obtain the best
film cooling performance. For the parametric study, the CFD results of this study could be
used as the baseline.
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Abbreviations

D diameter of single hole
L hole length
M blowing ratio = (ρCUC)/(ρGUG)

Sr Strouhal number = 2π f L
UG

U flow velocity
Greek symbols
η film cooling effectiveness
ηC effectiveness at the centerline
ηm laterally-averaged effectiveness
Θ dimensionless temperature = (TG−T)

TG− TC
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