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1. Introduction

An effective method for improve the engine power and
thermal efficiency of modern gas turbines is increasing the
turbine inlet temperature, although, due to thermal
stresses, this method may lead to the failure of high
temperature components. Film cooling is a common
technique of external cooling which plays an important
role to prevent overheating of the hot section components.
In film cooling, cooling air is ejected through the holes in
the desired surface to generate a layer of insulation over
the surface, which helps in maintaining the surfaces at the
desired temperature.

The process of manufacturing a cylindrical hole is
convenient, so these holes are widely used in film cooling
techniques. But due to the jet lift off and the undesirable
effects of the counter-rotating vortex pair (CRVP) of
cylindrical holes especially at high blowing ratios, other
shape of holes have been considered to improve the film
cooling effectiveness. Many studies considered the
impacts of various geometric parameters on the cooling
performance of fan-shaped holes. In recent years, some
researcher have developed novel ideas to optimize the film
cooling effectiveness without using holes by shaped exits.

The interaction between coolant flow and hot
mainstream leads to the formation of complicated vortical
structures. These vortexes have a significant impact on the
performance of film cooling. RANS numerical approaches
are fraught with modeling uncertainties and give time-
averaged results, while LES can more accurately capture
the flow physics. Some researchers have demonstrated that
the inaccuracies inherent in turbulence models result in
inaccurate predictions, the flow fields, and surface heat
transfer. They showed that LES solutions predicted mean
velocities and turbulent stresses better than RANS models.

The present study introduces a novel multi-hole with
cylindrical shapes for increasing the film cooling
effectiveness. The flow structure and adiabatic cooling
effectiveness of the multi-holes were compared with a
single cylindrical hole. Numerical results (RANS and
LES) of the present study confirm that applying the multi-
holes with shaped arrangement significantly increase the
film cooling effectiveness in comparison with a single
cylindrical hole.

2. Computational domain

A single cylindrical hole with 11.1 mm diameter is utilized
as the reference case for further comparisons with multi
cylindrical holes. The hole geometry has an injection angle
and length to diameter ratio of 35° and 4.0, respectively.
The computational domain of the multi-hole is obtained by
replacing the single cylindrical hole with 14 cylindrical
holes with the same diameter of 2.97 mm. Multi-holes was
arranged in fan shaped configurations. The center-to-
center spacing of adjacent holes in these configurations
was set to 1.5 D (Figure 1).

Cooling flow

Figure 1. Computational domain of present study.

3. Large eddy simulation

The multi-block structural meshes (Figure 2) were
constructed with Ansys ICEM and grid nodes considerably
refined in the near-wall region to make sure that Y*<1. The
stretching factor in the wall-normal direction is 1.05. A
fully developed turbulent profile (1/7th law, boundary
thickness 6=0.5D) is used at the mainstream inlet. The
simulation is performed at the operating parameters of the
experimental study of Schmidt et al. at M=1.25. The time
step is set to 2x10-° which provides the CFL lower than 1.
Time-averaging values are calculated after a semi-steady
state operating condition is reached (ten times sweep of the
domain by the mainstream velocity) and continued until
acceptable  statistical ~convergence is  achieved.
Smagorinsky turbulent model with Smagorinsky constant
Cs=0.1 is used to model the large eddy subgrid.

4. Results

Figure 3 compares the centerline film cooling
effectiveness of single cylindrical hole and fan-shaped
multi-holes which obtained from the RANS and LES
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(time-averaged) numerical studies. This figure indicates
that the multi-holes have a significant impact on the film
cooling. Based on the Sakai et al., as the blowing ratio
increases (M > 0.5), the coolant jet penetrates into the
mainstream, thus, the film cooling effectiveness
immediately downstream of the hole exit decreases. Then,
the coolant jet reattaches to the wall surface and the film
cooling effectiveness recovers. This is clearly shown in
Figure 3(a). It seems that by using multi-holes, this
phenomena take place at farther region downstream of the
holes (X/D>10) and effectiveness near the hole exits is in
ideal condition.

e i

Figure 2. Computational grid for fan-shaped multi-holes in LES
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Figure 3. Centerline adiabatic effectiveness of a) single
cylindrical and b) fan-shaped multi-holes

Q-criterion method is used for identifying coherent
structures. Figure 4 shows the coherent structures of single
cylindrical hole and fan-shaped multi-holes. The
entrainment effects of hairpin vortexes, especially the
vortexes’ horizontal legs correspond to CRVPs, promotes
mixture of mainstream and coolant, and deteriorates
cooling performance.
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Figure 4. Coherent structures for a) single cylindrical hole,
and b) fan-shaped multi-holes (Value of iso-surface: 1x106)

The scale of these hairpin vortexes for fan-shaped
multi-holes is smaller than that for single hole and
formation of them take place in farther downstream region
of the hole. Because of the shear effect in the boundary
layer, the roller vortexes gradually grow horizontal legs,
and eventually evolve into hairpin vortexes. This evolve
for single hole occurs immediately near the hole exit, but
for multi-holes it goes to farther downstream region of the
hole exits.

The formation of anti-CRVP is the most difference
between the coherent structures of two cases of the study.
The rotation direction of these vortex pair is contrary to
that of jet vortex pair, so, is named anti-jet vortex pair. The
entrainment effect of anti-CRVPs forms a low temperature
region below the vortexes which leads to increasing the
film cooling effectiveness.

Figure 5 shows instantaneous distribution of film
cooling impact on the test surface. The entrainment effect
of horseshoe vortexes results in the formation of high-
effectiveness leg pair wrapped around the round hole. At
downstream of the jet, reattachment of jet is occur at
X/D=2~3. Due to the jet lift-off and mixing the coolant
with hot mainstream, the values of cooling effectiveness in
both streamwise and spanwise directions is very low for
the single hole. When the multi-holes are used, the mixing
of coolant and mainstream air decreases and consequently
the lateral and streamwise effectiveness increases. As
shown in Figure 5, the coverage of coolant for fan-shaped
multi-holes is better in streamwise and spanwise
directions, especially at near of the hole exits.

X/D
Figure 5. Instantaneous distribution of film cooling
effectiveness on the test surface for a) single cylindrical hole,
and b) fan-shaped multi-holes

5. Conclusion

Numerical investigation with RANS and large eddy
simulations are performed to enhance the cooling
effectiveness over a flat plate by applying shaped multi-
holes. A single cylindrical film cooling hole with 11.1 mm
diameter was replaced with 14 small holes with 2.97 mm
diameter. The multi-holes (14 small holes) were arranged
in fan-shaped configuration. Large eddy simulation is
performed by using Smagorinsky turbulent model at
M=1.25 to investigate the vortex structures. It was
observed that replacing a single hole with the multi-hole
leads to a considerable increase in film cooling
effectiveness in both axial and lateral directions.

This study showed that the multi-hole configurations
have a notable impact on the flow structure and heat
transfer. Roller vortexes or heads of hairpin vortexes
which promote the mixture between mainstream and
coolant, in single cylindrical hole are stronger than that for
fan-shaped multi-holes. Moreover, the scale of hairpin
vortexes for fan-shaped multi-holes is smaller than that for
single hole and formation of them occures in farther
downstream region of the hole.
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Large Eddy Simulation of Film Cooling in Single Hole and Multi-holes

Yaser Taheri Mehran Rajabi Zargarabadi Mehdi Jahromi

Abstract In this research, numerical studies have been performed by Reynolds averaged Navier Stokes (RANS) and
large eddy simulations (LES) to investigate the effect of a novel film cooling design multi-holes on the film cooling
effectiveness over a flat surface. A single cylindrical hole with 11.1 mm diameter and multi-holes (14 holes with a
diameter of 2.97 mm) with fan configuration are considered for simulations. Numerical simulations are performed at a
fixed density ratio of 1.6, length-to-diameter of 4, an inclined angle of 35° and blowing ratio 1.25. The results of the
present study show that replacing a single hole with multi-holes results in a considerable increase in film cooling
effectiveness in both axial and lateral directions, so that leads to an increase of about 94 percent in the area-averaged
film cooling effectiveness. In the fan-shaped configuration, the scale of hairpin vortices is smaller than the single
cylindrical hole, and forming of the vortices occurs in farther regions downstream of the hole. A pair of anti-jet vortices
is formed in the structure of the multi-holes and the rotation direction of these vortices is opposite to the CRVP
direction.

Keywords film cooling, multi-holes, large eddy simulation, coherent structures.
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