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Technology, Shanghai, China

In order to improve the film cooling efficiency of the cooling gas on the hot
side wall of the plate, the flow field, temperature field and the average film
cooling efficiency of the cylindrical hole, rectangular hole and waveform hole
near the wall were compared and analyzed by numerical calculation method.
Compared with cylindrical holes, the average spanwise film cooling efficiency of
rectangular hole is improved by 100%, and the average spanwise film cooling
efficiency of waveform hole is improved by 130%. In addition, the effects of
the amplitude A of the waveform hole and the initial phase ϕ on the cooling
efficiency are compared and analyzed. The results show that: Within the scope
of this study, when the blowing ratio M = 1, lifting the initial phase ϕ of the
waveform hole can effectively improve the film cooling efficiency of the cooling
gas on the wall. When the amplitude A of the waveform hole is raised, the film
cooling efficiency of the cooling gas on the wall will first increase and then
decrease, reaching the maximum at the amplitude A = 0.4D. At low blowing
ratio, the geometric structure ofwaveformhole has little influence on the cooling
effect of wall surface. Under high blowing ratio, when the geometric structure
of waveform hole is changed, the influence of secondary flow on the average
spanwise cooling efficiency of wall surface is great.
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1 Introduction

With the improvement of the performance requirements of aeroengine, the inlet
temperature of hot end components also gradually increases. At present, the gas temperature
of advanced aeroengine has far exceeded the temperature resistance limit of materials.
In order to ensure the service life of the structure, appropriate cooling methods must
be adopted. Air film cooling is a kind of cooling method with high efficiency and
wide application range. It is the main external cooling method at present and has been
widely used in engine cooling design so far in the researches of Han et al. (2012), Bunker
(2017), Baldauf et al. (2002), Miller and Crawford (1984). Many scholars at home and
abroad have studied the effect of air film orifice pattern on cooling efficiency. Compared
with the traditional cylindrical holes, the special-shaped holes can effectively reduce the
adverse effects of renal vortex in the researches of Okita and Nishiura (2007), Walters
and Leylek (2000). Gritsch demonstrated through experiments that the film cooling
effect of the simplestspecial-shaped hole is obviously better than that of the cylindrical
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hole in the research of Gritsch et al. (2000). Baheri compared and
analyzed the cooling effects of circular gas film holes, expanded gas
filmholes, circular gas filmholeswith shallow grooves and expanded
gas film holes with shallow grooves. The results showed that the
shape of holes can significantly affect the formation of gas film in
the research of Baheri et al. (2008). Yang’s research shows that at low
blow air ratio, the film cooling efficiency ratio of the special-shaped
hole has little change compared with that of the cylindrical hole,
but at high blow air ratio, the reverse pair vortex generated by the
special-shaped hole helps to improve the film cooling efficiency in
the research of Yang et al. (2015). Colban discussed the influence of
geometric parameters of sector air film holes on cooling efficiency
and gave an empirical formula for predicting the average spanwise
cooling efficiency of sector air film holes downstream in the research
of Colban et al. (2008). Karsten proposed the nekomimi-shaped
film hole, and carried out preliminary experimental and numerical
simulation studies. The results show that the nekomimi-shaped film
hole inhibits the formation of CRVP, and the wall effect of the
jet is improved, thus improving the film cooling efficiency in the
research of Kusterer et al. (2012). SCHMIDT D L compared the
round hole with the compound angle hole, and the results showed
that the compound angle hole has better cooling performance in
the research of Schmidt et al. (1996). Shengchang Zhang concluded
that the structure can significantly improve the uniformity and
effect of air film cooling through the numerical simulation of a
cat’s ear shaped air film hole in the research of Zhang et al. (2021).
In addition, R.S. Boker, Yu.G. Gorelova, KUSTERER K and others
have also proposed the optimal design of a variety of gas film
pore structures and carried out relevant analysis and discussion
in the researches of Bunker (2011), Gorelov and Tyul’kov (2018),
Kusterer et al. (2013). Although a large number of studies have
been carried out at home and abroad on the influence of different
shapes of air film holes on the cooling efficiency of air film, few
scholars have explored the influence of geometric structure of
corrugated holes on the cooling efficiency of air film on hot side
wall, and the flow heat transfer mechanism of waveform holes
is still unclear. Therefore, the commercial software Fluent 2020
was used in this paper for numerical calculation to analyze the
influence of the amplitude and phase angle of waveform holes on
the cooling efficiency of the air film on the flat wall, and to compare
the cooling effect with that of rectangular holes and cylindrical
holes.

2 Numerical solution method and
mesh generation

2.1 Geometric model

Figure 1 shows the geometric model of the computational
domain, which is divided into the cooling air cavity and the
mainstream channel. The secondary flow enters the mainstream
through the film hole structure in the cooling air cavity. The
diameter of the cylindrical hole is D, and the secondary flow inlet,
the mainstream inlet and the outlet are set. Considering that the
structure has a spanwise periodic flow, the hole spacing (3D) is taken
as the periodic length, and one of the holes is taken as the calculation
object.

Figure 2 shows the geometric size of the waveform hole, which is
the minimum positive period of the cosine function in the spanwise
direction (T = 2D). In order to ensure that the opening area of a
single waveform hole is equal to that of a standard cylindrical hole,
the width of the waveform hole along the flow direction is specified
to be 0.4D. In order to facilitate the research, the corresponding
phase angle of the trigonometric function at the edge is defined as the
initial phaseφ, themaximumdistance from the equilibriumposition
in the spanwise direction is the amplitude A, the farthest point away
from the equilibrium position along the flow direction is the peak,
and the other extreme point is the trough.

2.2 Parameter definition

Blowing ratio:

M =
ρcuc
ρgug

(1)

In the formula: ρc is the secondary flow density, kg/m3; ρg is the
mainstream density, kg/m3; uc is the secondary flow velocity, m/s; ug
is the mainstream speed, m/s.

Temperature ratio:

K =
Tg

Tc
(2)

In the formula: Tc is the secondary flow temperature, K; while
Tg is the mainstream temperature, K.

Adiabatic cooling efficiency:

η =
Tg −Taw

Tg −Tc
(3)

In the formula: Tc is the secondary flow temperature, K; Tg is the
mainstream temperature, K; Taw is adiabatic wall temperature, K.

Average spanwise cooling efficiency:

ηave =
1
n

n

∑
i=1

ηi (4)

In the formula, ηi is the cooling efficiency of the spanwise ith
grid, and n is the number of spanwise grids.

2.3 Mesh subdivision

The computational domain uses the commercial software ICEM
CFD 2020 to divide the structured grid and set the boundary
layer and periodic surface, while ensuring that the y+ < 3 near
the wall, and the grid near the intersection of the secondary flow.
In addition, through the verification of grid independence, the
numerical calculation is carried out for different numbers of grids
under the same working conditions, and the number of grids is
finally determined to be 1.2 million. At this time, the calculation
errorwith the number of grids of 2.4million and 4.8million iswithin
3%, indicating that the number of grids used has high accuracy, as
shown in Figure 3, whereX is the distance between themeasurement
position and the center of the waveform hole.
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FIGURE 1
Geometry model.Q16

FIGURE 2
Geometric dimensions of waveform hole.

FIGURE 3
Comparison of film cooling efficiency with different mesh numbers.

2.4 Mesh subdivision

The mathematical model of steady-state flow and heat transfer
between solid structures and hot or cold fluids is as follows:

Continuity equation:

∇ • (ρU⃗) = 0 (5)

Momentum equation:

∇ • (ρ ⃗UU) = −∇p+∇ • τ+ ∂
∂xj
(−ρ ⃗ui ⃗uj) (6)

Energy equation:

∇ • [U⃗ (ρE+ p)] = ∇ • (k f∇T+ τ • U⃗) (7)

In the formula, ρ is density, U is speed, p is pressure, τ is
shear stress, kf is the thermal conductivity of the fluid, and T is
temperature.
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TABLE 1 Boundary conditions.

Mainstream velocity/(m/s) Mainstream temperature/K Secondary flow velocity/(m/s) Secondary flow temperature/K Blowing ratio

30.0 390 11.5 300 0.5

30.0 390 23.0 300 1.0

30.0 390 46.0 300 2.0

2.5 Boundary conditions

The selection of turbulence model is an important factor
affecting the numerical results. For the flow separation and heat
transfer details, the boundary layer needs to be solved with high
precision. To ensure the accuracy of the solution, the SST k-ω
turbulence model is selected in this paper. Both the main inlet and
the secondary inlet are velocity inlets, and the outlet is pressure
outlet. Specific parameters are shown in Table 1. The fluid domain
material is incompressible ideal gas, the turbulence degree is 3%, and
the others are adiabatic boundaries without heat exchange with the
outside world. The coupled algorithm is used to solve the coupling
of pressure and velocity, and convergence is based on the residual
value less than 10−6.

3 Calculation results and analysis

3.1 Feasibility analysis of calculation

In order to verify the feasibility of the calculation method,
the numerical calculation is carried out according to Yhenc’s
experiment, and the experimental data are compared with the
numerical simulation data in the research of Yuen and Martinez-
Botas (2003). Figure 4 shows the comparison of the spanwise average
cooling efficiency at the downstream of the standard cylindrical
hole when the blowing ratio M = 1 and the incident angle of the
cooling air flow is 30°. The error between the experimental data
and the simulation results is within 5%, indicating that the adopted
calculation method is feasible.

3.2 Comparison of cooling efficiency of
different types of film holes

Figure 5 shows that when the blowing ratio M = 1, the
temperature ratio K = 1.3 and the opening angle θ = 45°, the shape
of the film hole is the velocity vector and temperature distribution
of the cylindrical hole, the rectangular hole and the waveform
hole at the downstream X/D = 5, respectively. The diameter of the
cylindrical hole is D, the length of the rectangular hole is 2D, the
width is 0.4D, the initial phase of the waveform hole is 180°, the
amplitude is 0.2D, and the width is 0.4D. It can be seen from
the figure that kidney-shaped vortices are formed downstream of
the film hole center. At this position, the kidney-shaped vortex
downstream of the cylindrical hole is the largest, the spanwise
cooling airflow coverage is the smallest, the kidney-shaped vortex
downstream of the waveform hole is the smallest, the spanwise

FIGURE 4
Comparison between experimental data and numerical simulation
data.

cooling airflow coverage is the largest, and the downstream of the
rectangular hole is between the two.

Figure 6 shows the comparison of film cooling efficiency of
three different shapes of film holes at different positions along the
flow direction when the blowing ratio M = 1, the temperature ratio
K = 1.3 and the opening angle θ = 45°. It can be seen from the
diagram that the cooling effect of the film hole with cylindrical hole
structure in the spanwise direction is poor, and the cooling air fails to
diffuse effectively in the spanwise direction under the suppression of
the mainstream, and the adhesion effect is poor. Compared with the
rectangular hole, the waveform hole structure weakens the energy
of the kidney vortex, and the cooling airflow diffuses more evenly in
the spanwise direction, and the cooling effect is more significant.

As shown in Figure 7, when the blowing ratio M = 1, the
temperature ratio K = 1.3, and the opening angle θ = 45°, the shape
of the film hole is the comparison of the spanwise average cooling
efficiency of the cylindrical hole, the rectangular hole and the
waveform hole at different downstream positions. It can be seen
from the figure that comparedwith the cylindrical hole, the spanwise
average cooling efficiency of the rectangular hole and the waveform
hole at the same measurement position is greatly improved. The
spanwise average film cooling efficiency of the rectangular hole
structure is increased by about 100%, and the spanwise average film
cooling efficiency of the waveform hole structure is increased by
about 130%. Compared with the rectangular hole, the waveform
hole structure has a better spanwise cooling effect downstream of
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FIGURE 5
Velocity vector and temperature distribution of film holes with three shapes at X/D = 5.

FIGURE 6
Comparison of cooling efficiency of three shapes of film holes along
the flow direction.

the film hole, especially when 5 < X/D < 15, the cooling effect of the
waveform hole structure is more significant.

3.3 The influence of the initial phase of the
waveform hole on the cooling efficiency

Figure 8 shows the velocity vector and temperature distribution
of waveform holes with different initial phases at downstream
X/D = 5 when blowing ratio M = 1, temperature ratio K = 1.3,
opening angle θ = 45°, and amplitude A = 0.2D. It can be seen from
the figure that a kidney-shaped vortex is formed downstream of
the film hole outlet. When the initial phase ϕ = 0°, the trough is
at the center of the film hole, the kidney vortex generated at the
convergence of the secondary flow and the mainstream reaches the

FIGURE 7
Comparison of cooling efficiency of three shapes of film holes.

maximum, and the coverage of the cooling air flow in the spanwise
direction is the smallest. When the initial phase ϕ = 90°, the peak
and trough are at Y/D = ±0.5. It can be seen that the vortex at
the downstream of the trough is significantly larger than that at
the downstream of the peak. The cooling effect of the cooling air
flow at Y/D > 0 is better than that at Y/D < 0. When the initial
phase ϕ = 180°, the kidney vortex generated at the convergence of
the secondary flow and the mainstream is the smallest, and the
coverage of the cooling air flow in the spanwise direction reaches
the maximum.

Figure 9 shows the comparison of film cooling efficiency at
different positions along the flow direction of the wavy holes
with different initial phases when the blowing ratio M = 1, the
temperature ratio K = 1.3, the opening angle θ = 45°, and the
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FIGURE 8
Velocity vector and temperature distribution at X/D = 5 for waveform holes with different initial phases.

FIGURE 9
Comparison of cooling efficiency along the flow direction of
waveform holes with different initial phases.

amplitude A = 0.2D. It can be seen from the figure that when the
initial phase ϕ = 0°, the cooling air flow is unevenly distributed in
the spanwise direction, and the cooling effect is the worst. When
the initial phase ϕ = 90°, due to the peaks and troughs on both
sides of the center of the film hole, the spanwise pressure difference
is uneven, which makes the secondary flow spread faster to the
downstream side of the trough. When the initial phase ϕ = 180°, the
distribution of the cooling airflow in the spanwise direction is more
uniform, and the cooling effect is the best.

Figure 10 shows that when the blowing ratio M = 1, the
temperature ratio K = 1.3, the opening angle θ = 45°, and the
amplitudeA = 0.2D, the mass flow rate at the outlet of the waveform
hole with different initial phases is compared. It can be seen
from the figure that with the increase of the initial phase ϕ, the

flow rate of the cooling gas flowing from the trough gradually
decreases, and the flow rate of the cooling gas flowing from
the peak gradually increases. This is mainly due to the friction
and viscosity between the wall surface of the film hole and the
cooling gas, resulting in a slow flow rate of the fluid near the hole
wall.

Figure 11 shows the comparison of the spanwise average cooling
efficiency of the waveform holes with different initial phases at
different downstream positions when the blowing ratio M = 1,
the temperature ratio K = 1.3, the opening angle θ = 45°, and the
amplitude A = 0.2D. When 0 < X/D < 3 near the wall, the cooling
efficiency of the cooling air flow on the hot side wall increases
with the increase of the initial phase. This is mainly because the
trough is farther away from the same measuring point on the hot
side wall surface than other positions on the waveform hole, so the
cooling gas flowing from the trough has more sufficient time and
distance to be fully adhered to the wall after being suppressed by the
mainstream. Due to the existence of viscosity, the average flow rate
of the secondary flow flowing from the central area of the film hole
is larger. Therefore, when the trough is at the most central position
of the waveform hole (ϕ = 0°), the mainstream can suppress more
flow of cooling gas in the area of 0 < X/D < 3 downstream of the
film hole outlet, and the cooling efficiency in this area will be higher.
Similarly, when the trough is at the most marginal position of the
waveform hole (ϕ = 180°), the average flow rate of cooling gas from
the trough is the smallest, and the cooling efficiency is the lowest in
the region of 0 < X/D < 3 downstream of the film hole outlet. When
near the wall X/D > 3, the cooling efficiency of the cooling air flow
on the hot side wall decreases with the increase of the initial phase.
This ismainly because the cooling gas flowing from the trough is first
suppressed by the mainstream to the near wall and diffuses in the
spanwise direction.Therefore, when the trough is at themost central
position of the waveform hole (ϕ = 0°), the cooling gas dissipates
too much at the near wall 0 < X/D < 3, resulting in lower cooling
efficiency at the near wall X/D > 3. In the same way, when the
trough is at the most edge position of the waveform hole (ϕ = 180°),
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FIGURE 10
Comparison of mass flow at the outlet of waveform holes with different initial phases.

FIGURE 11
Comparison of cooling efficiency of waveform holes with different
initial phases.

the cooling gas dissipates the least at the near wall 0 < X/D < 3,
resulting in the highest cooling efficiency at the near wall
X/D > 3.

Figure 12 shows the comparison of the spanwise average cooling
efficiency of the waveform holes with different initial phases at
different downstream positions when the temperature ratio K = 1.3,
the opening angle θ = 45°, the amplitude A = 0.2D, and the blowing
ratio M is 0.5, 1, and 2, respectively. It can be seen from the figure
that when the blowing ratioM = 0.5, the change of the initial phase
of the waveform hole has little effect on the spanwise average cooling
efficiency of each measured position on the downstream wall of the
film hole outlet, but the overall cooling efficiency increases with the

increase of the initial phase ϕ. When the blowing ratio M ≥ 1, the
initial phase ϕ of the waveform hole has a great influence on the
spanwise average cooling efficiency of the downstream wall of the
filmhole outlet, and the difference ismore obviouswhen the blowing
ratioM = 2.

3.4 The influence of the amplitude of the
waveform hole on the cooling efficiency

Figure 13 shows the velocity vector and temperature distribution
of the waveform holes with different amplitudes at the downstream
X/D = 5 when the blowing ratio M = 1, the temperature ratio
K = 1.3, the opening angle θ = 45°, and the initial phase ϕ = 180°.
It can be seen from the figure that the kidney-shaped vortex formed
downstream of the center of the waveform hole gradually flattened
with the increase of amplitude A, which effectively inhibited the
mixing of mainstream gas and cooling gas. In addition, when the
amplitude A is 0.6D, two symmetrical vortices are formed on both
sides of the kidney-shaped vortex, which weakens the area of the
kidney-shaped vortex. In the temperature distribution, when the
amplitude A increases from 0.1D to 0.4D, the distribution of the
cooling airflow in the spanwise direction gradually tends to be
uniform, and the full coverage of the cooling airflow is achieved
when A = 0.4D. When the amplitude A increases from 0.4D to
0.6D, although the cooling air flow is fully covered in the spanwise
direction, when the amplitude A = 0.6D, two symmetrical vortices
at Y/D = ±1.25D aggravate the mixing of the mainstream and
the secondary flow, which makes the cooling effect near the wall
worse.

Figure 14 shows the comparison of film cooling efficiency at
different positions along the flow direction of the wavy holes with
different amplitudes when the blowing ratioM = 1, the temperature
ratio K = 1.3, the opening angle θ = 45°, and the initial phase
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FIGURE 12
Comparison of cooling efficiency of waveform holes at different initial phases under different blowing ratios.

FIGURE 13
Comparison of cooling efficiency of waveform holes at different initial phases under different blowing ratios.

ϕ = 180°. It can be seen from the figure that when 0 < X/D < 5,
the smaller the amplitude A, the better the cooling effect of the
cooling air flowon the hot sidewall.WhenX/D > 5, as the amplitude
A increases, the cooling air flow cools the hot side wall more

evenly. However, when the amplitudeA increases from 0.4D to 0.6D,
although the cooling air flow cools the hot side wall more evenly, at
the samemeasurement position, the spanwise film cooling efficiency
is the highest when the amplitude A = 0.4D.
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FIGURE 14
Comparison of cooling efficiency of waveform holes with different
amplitudes along the flow direction.

Figure 15 shows the comparison of the spanwise average cooling
efficiency of the waveform holes with different amplitudes at
different downstream positions when the blowing ratio M = 1, the
temperature ratio K = 1.3, the opening angle θ = 45°, and the initial
phase ϕ = 180°. It can be seen from the diagram that when the
amplitude A increases from 0.1D to 0.4D, the cooling efficiency of
the secondary flow to the wall surface gradually increases. This is
mainly because as the amplitude A increases, the relative distance
between the peak and trough of the waveform hole also increases.

FIGURE 15
Comparison of cooling efficiency of waveform holes with different
amplitudes.

Therefore, the velocity difference of the cooling gas flowing from the
peak and trough to the same position near the wall surface gradually
increases, so the diffusion speed of the cooling gas flowing from
the peak in the spanwise direction also increases, which can cool
the hot side wall faster and more evenly. When the amplitude A
increases from 0.4D to 0.6D, the cooling efficiency of the secondary
flow on the wall surface gradually decreases. Although the increase
of the amplitude A will accelerate the diffusion of the cooling air
flow in the spanwise direction, it also widens the distance between
the trough and the hot side wall surface, so that the cooling air flow
from the vicinity of the trough has lost too much when it reaches
each measurement position, and the acceleration of the cooling air
diffusion speed in the spanwise direction cannot compensate for this
loss. In the scope of this study, when the amplitude A = 0.4D, the
waveform hole structure has the best cooling effect on the hot side
wall.

4 Conclusion

Through the numerical simulation results and analysis of the
flow and heat transfer under the waveform holes with different
geometric structures, the following conclusions can be drawnwithin
the scope of this study:

1. At the same blowing ratio M = 1, compared with the cylindrical
hole, the average spanwise cooling efficiency of the rectangular
hole and the waveform hole at the same measurement position
is greatly improved. The average spanwise film cooling efficiency
of the rectangular hole structure is increased by about 100%, and
the average spanwise film cooling efficiency of the waveform hole
structure is about 130%.

2. At the same blowing ratio M = 1, due to the fluctuation of the
waveform hole in the spanwise direction, the cooling gas flowing
from the trough is first suppressed by the mainstream, and
because of the friction and viscosity between the wall surface of
the film hole and the cooling gas, the cooling efficiency decreases
with the increase of the initial phase ϕ in the region of 0 < X/D < 3
near the wall surface downstream of the film hole. In the region of
X/D > 3, the cooling efficiency increases with the increase of the
initial phase ϕ.

3. At a small blowing ratio, the geometric structure of the waveform
hole has little effect on the cooling effect of the wall. When
the geometric structure of the waveform hole is changed,
the wall cooling effect will change greatly at a large blowing
ratio.

4. At the same blowing ratio M = 1, with the increase of the
amplitude A, the relative distance between the peak and the
trough also increases, and the velocity difference at the same
measurement position downstream of the film hole will also
increase, and the diffusion speed of the cooling gas in the spanwise
direction will be accelerated. However, when the amplitude A
increases from 0.4D to 0.6D, the cooling gas flowing from the
trough dissipates too much, and the acceleration of the cooling
gas diffusion rate cannot compensate for this loss. The spanwise
average cooling efficiency of the cooling gas near the wall reaches
the maximum at A = 0.4D.
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