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Abstract

Under different working conditions of the aeroengine, the rotating speed
of the turbine blades is diverse, and this causes the high-temperature gas
mainstream to impact the turbine blades at disparate angles of attack. In order
to explore the film cooling mechanism of the pressure surface and suction
surface of aeroengine turbine blade at unusual speed, a 3D model of the
turbine blades and internal runners is constructed, which refers to Pratt &
Whitney PW4084 primary HPT blade. In this model, the high-temperature
gas mainstream is set to attack the turbine blades through three distinct
angles, the turbine blade air film cooling model is established, and the
numerical simulation is conducted at the different blowing ratios. The results
showed that the angle of impact (rotational speed) is the key factor affecting
the cooling efficiency of the blade. The cooling effect of the suction surface is
the best under the positive attack, however, the cooling effect of the pressure
surface under the negative attack angle is the first-rate. With the increase of
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the speed, the surface temperature of the top and tail of the blade pressure
surface will gradually decrease, and as the speed reduces, the surface tem-
perature of the lower part of the suction surface of the blade will slightly
increase. Finally, under three different attack angles, the cooling efficiency of
the air film on the surface of the blade will augment with the increase of the
blowing ratio.

Keywords: Turbine blades, film cooling, numerical simulation, incidence
angle, rotation, blowing ratio.

1 Introduction

In the design of modern advanced aero-engines, the turbine inlet temperature
T3* is constantly increased to obtain higher engine thrust. According to
calculation, when T3∗ is increased by 55 K, engine thrust can be increased by
10% under the same engine size condition [1], which results in the working
environment of turbine blades exceeding its heat tolerance limit. This will
greatly reduce the reliability and life of turbine blades. Film cooling is one of
the most classical and effective methods to protect blades from the influence
of high temperature gas. The principle of the turbine blade film cooling are
cooling air flow through the holes in the blade surface to surface of blade,
under the action of the pressure of the high temperature gas parcel after
blade surface, a layer of cooling gas film with low temperature is formed on
the surface of turbine blade, Separate the direct contact between high main-
stream gas and turbine blade, reduce the heat exchange rate between turbine
blades and gas, the blade surface is cooled and protected [2]. Goldstein [3]
proposed the basic understanding of gas film cooling and gave two evaluation
indexes: cooling efficiency and heat transfer coefficient.

At present, about the turbine blade film cooling are mainly concentrated
in the static condition, Hong-Li Zhao [4] studied in static state, such as
turbulence and blowing ratio for the influence of the blade suction surface
film cooling efficiency, results show that the cooling efficiency decreases
with increasing blow ratio, in the situation of small flow, gas film cooling
efficiency decreases with increasing the mainstream turbulence degrees, in
the situation of big blowing ratio, The film cooling efficiency increases with
the increase of turbulence. Robert et al. [5] compared and analyzed the
temperature field and velocity field at the downstream of the hole under
different blowing ratios and turbulent conditions, and pointed out that the
thermal field with low turbulent intensity showed the initial attachment of
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coolant jet, and the phenomenon of cold air delayed separation from the wall
appeared at the position of X/D = 30. However, this phenomenon did not
occur under the condition of high stagnation. Li Hai-wang et al. [6] studied
the effects of air blowing ratio, density ratio and turbulence degree on the
cooling efficiency of the blade leading edge air film under the rotating state
by experimental method. Under each air blowing ratio, the efficiency value
is monotonous with the increase of the aperture. increase; in the case of the
two film hole diameters, the area efficiency value increases monotonically
with the increase of the blowing ratio; under the same blowing ratio, the
average film cooling efficiency produced by different densities of coolant
gas increases with the increase of the mainstream Reynolds number. large
and increased. The study of Ahn et al. [7] showed that at 2400 rpm, the
coolant from the outlet of the central discharge hole of the leading edge was
deflected toward the suction surface; at 2500 and 3000 rpm, it was deflected
in the direction of the span and pressure surfaces. Li et al. [8] used TCL
technology to study the effect of blowing ratio on the suction and pressure
surfaces of rotating blades. Higher-density coolants can provide a higher level
of film performance on the suction and pressure surfaces; as the blowing ratio
increases, The film coverage increases monotonically on the pressure side
and shows a parabolic trend on the suction side. Li et al. [9, 10] studied the
influence of mainstream Reynolds number, rotational speed and blowing ratio
on rotating and twisted blades. The results show that rotational speed plays
an indispensable role in the film cooling efficiency of the leading edge. When
the blowing ratio is constant, Both the mainstream Reynolds number and the
rotational speed will increase the regional average film cooling efficiency.

The actual working condition of the turbine blade is in rotation state,
according to the study of Schoberiri et al. [11, 12] and with reference to
turbine aerodynamics, when the turbine runs at a lower speed, the main flow
impinges on the leading edge of the blade at a positive Angle of attack and
causes the stagnation line to move to the pressure side, and part of the jet
flows out of the pressure outlet of the leading edge deviates to the suction
side. Similarly, when the turbine runs at a high speed, the main flow impinges
on the leading edge of the blade at a negative angle of attack, making the
stagnation line move to the pressure side and the jet flow deviates to the
pressure side. At present, the film cooling of turbine blades mainly focuses on
static conditions, therefore, in view of different speed conditions, this paper
establishes the gas film cooling model of high temperature gas mainstream
impacting turbine blades at three angles: positive incidence angle, zero inci-
dence angle and negative incidence angle, and analyzes the effects of impact
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Angle of attack and blow ratio on the gas film cooling characteristics of
turbine blade leading edge, suction surface and pressure surface.

2 Blade Geometry and Numerical Modeling

2.1 Blade Geometric Model

In this paper, the turbine blade geometric model is established in two
stages [13]. First, the profile of turbine blade section is established, which
is composed of four surfaces: leading edge, trailing edge, suction surface
and pressure surface, secondly, each blade shape is superimposed radially to
obtain the blade model. The three dimensional blade model is established by
professional blade modeling software Autoblade. In this paper, five sections
of blade root (S1), 1/4 root (S2), average radius (S3), 3/4 tip (S4), and tip
(S5) are selected to construct the blade curve. The edge lines are radially
stacked, as shown in Figure 1(a). The Bezier curves of the suction surface
and the pressure surface are constructed based on the mid-arc line [14].
The construction method is shown in Figure 1(b).

The main structural parameters of the mid-arc are shown in Table 1. In the
table, r1 is the radius of the leading edge, r2 is the radius of the trailing
edge, and φ1 is the wedge angle of the trailing edge. Counterclockwise is
positive. In the figure, β1, β2 and γ are respectively complementary to the
inlet airflow angle, outlet airflow angle, and installation angle in the literature,
Blade height is 70 mm. Figure 2 shows the 3D model of the blade.

Design with reference to the internal flow channel shape of the first-stage
HPT blade of Pratt & Whitney PW4084 aircraft engine, as shown in Figure 3.

      

(a) Blade stacking profile           (b) Key angle of mid-arc construction 
Figure 1 Blade profile and structural key angle.
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Table 1 The parameter values of the arc construction angle
XXXXXXXXXParameter

Section
S1 S2 S3 S4 S5

β1/
◦ 50 56.25 62.5 68.75 75

β2/
◦ −43 −44.25 −45.5 −46.75 −48

γ/◦ −18 −21 −24 −27 −30
r1/mm 1 1 0.9 0.8 0.8
r2/mm 0.5 0.5 0.5 0.5 0.5
φ1/

◦ 4 3.5 3 2.5 2

Figure 2 Three dimensional model of blade.

Figure 3 Blade geometric model runner.

In this study, four flow channels were set up, respectively numbered C1, C2,
C3, C4 and C5, and the gas film holes were arranged on the surface of the
blade to simulate the simulation.

As for the arrangement of air film holes on the blade surface, the air film
holes are arranged on the outer wall of C1–C5 flow passage, the layout of
transverse exhaust film holes at the top of the blade and the narrow slot
cooling at the tail of the blade is not considered temporarily. Six rows of
air film holes are arranged on the pressure surface, called Ps1, Ps2, Ps3, Ps4,
Ps5 and Ps6, and three rows of air film holes are arranged on the suction
surface, called Ss1, Ss2 and Ss3, with a total of 155 air film holes, as shown
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Figure 4 Air film hole location.

in Figure 4. The shape of the air film hole is cylindrical, and the aperture
is set as d = 0.5 mm. Due to the different angle of the air film hole, the
performance on the blade is different.

The gas film hole is defined by the parenthetical position, which is repre-
sented by the dimensionless flow distance lc on the blade pressure surface and
suction surface and the dimensionless radial distance Sc on the blade. Among
them lc = l/lmax, the l represents the transverse distance of the blade from
the center line of the leading edge, Positive and negative values represent
the dimensionless distances from the pressure surface and suction surface to
the center line of the leading edge of the blade respectively. Sc = S/Smax,
the S represents the radial distance from the lower boundary of the blade.
lc and Sc Constitute a two-dimensional coordinate system to represent the
distribution of gas film holes on the blade surface, as showed in Figure 5.

2.2 The Numerical Model

2.2.1 Model and parameter definition
The flow inside and outside the blade is simulated as incompressible turbulent
flow, and the conjugate heat transfer interface of the fluid-solid heat transfer
module is used to combine the heat equation and turbulence in numerical
simulation. The turbulence model adopts the SST model, which is widely
used and high precision in near wall free flow, and can combine k − ε model
and k − ω model. It is very suitable for turbomachinery applications [15].
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pressure surface
suction surface

Sc

lc

Figure 5 Dimensionless position of gas film hole.

The governing equations conjugate heat transfer interface and non-isothermal
flow include:

The expression of the momentum equation for continuity:

∂ρ
∂t

+∇ · (ρu) = 0 (1)

∂u

∂t
+ ρu · ∇u = −∇p+∇ ·

(
µ(∇u+ (∇u)T )− 2

3
µ(∇ · u)I

)
+ F

(2)

In the formula: ρ-Density kg/m3, u-Velocity vector m/s, p-Pressure Pa,
µ-Dynamic viscosity Pa · s, F-Physical strength vector N/m3.

The heat equation for the fluid domain:

ρCp

(
∂T

∂t
+ (u · ∇)T

)
= −(∇ · q) + τ · S

− T

ρ

∂p

∂T

∣∣∣∣
p

(
∂p

∂t
+ (u · ∇)p

)
+Q (3)

In the formula: Cp-Specific Heat Capacity At Constant Pressure J/(kg ·
K), T -Absolute temperature J/(kg · K), q-Conduction heat flux W/m3,
τ -Radiant heat flux Pa, S-Strain rate tensor 1/s, Q-Contains other heat
sources W/m3.
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Heat equations for solid domains and physical interfaces:

ρCp
∂T

∂t
= −(∇ · q) +Q+Qted (4)

In the formula: Qted -Thermoelastic Damped Heat Source W/m3.
The blow ratio is defined as M = (ρcvcv)/(ρgvg), where ρc is the jet den-

sity, vc is the jet velocity, ρg is the mainstream density, vg is the mainstream
velocity; The film cooling efficiency is defined as η = (Tg−Taw)/(Tg−Tc),
where Tg is the mainstream temperature, Taw is the blade adiabatic surface
temperature, Tc is the jet temperature; Density ratio DR = ρg/ρc.

2.2.2 Computing domains and meshing
The computational domain consists of blade, internal flow channel, main flow
channel and gas film hole, In order to simulate the real working condition of
turbine blades, two blades are selected to achieve the flow state of the real
gas main channel, as shown in Figure 6. Two blades were marked B1 and B2
respectively. During the analysis of numerical simulation results, the surfaces
on both sides of the flow passage between the two blades were selected for
analysis, that is, the pressure surface of B1 blade and the suction surface of
B2 blade were analyzed, In order to get closer to the working state of blade
pressure surface and suction surface under the actual working condition of
turbine blade.

The numerical model computing grid is generated by using the simula-
tion computing software grid generator. The grid is selected as tetrahedral
grid, and the grid size is reasonably divided under the requirement of

Figure 6 Calculation domain of numerical model.
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(a)  Blade partial grid 

 

(b)  Gas film hole grid 

Figure 7 Local mesh generation of numerical modeling.

ensuring the calculation accuracy. Set a suitable growth rate by adjusting
the mesh size range of the domain, The minimum mesh size is 0.058 mm,
2.19 × 106 tetrahedral elements, 3.16 × 105 triangular elements, 2.5 × 105

edge elements, 1430 point elements, and the total number of computational
domain meshes is 2.19 × 106, the mesh quality is measured by skewness, and
the average element quality of all meshes is 0.6468, and the grid construction
results are shown in Figure 7.

Figure 8 shows the blade spanwise air film cooling efficiency under the
condition of zero attack angle impact, M = 1.5, and the number of meshes
are 1.85 × 106, 2.19 × 106 and 2.54 × 106, respectively Comparing the
figures, the calculation results of three different grid numbers differ by less
than 0.8%. After comprehensive consideration, a model with a grid number
of 2.19 × 106 was selected for the final calculation.
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T/
K

lc

2.54×106

  2.19×106

1.85×106

lc

2.54×106

  2.19×106

1.85×106

(a) Surface temperature                          (b) Cooling efficiency 

Figure 8 Surface temperature and cooling efficiency with different mesh numbers.

2.2.3 Boundary conditions
In the calculation domain, the interface between the main flow channel and
the blade is set as an adiabatic non-slip boundary condition to realize the
heat exchange between the fluid and the blade. The wall surfaces of the main
flow passage of the blade except the inlet and outlet are set as adiabatic non-
slip boundary conditions. Both the main flow and the coolant flow adopt the
SST turbulence model. The mainstream turbulence degree is set to 10%, the
turbulence intensity of the coolant is 5%, and the typical blowing ratio of a
turbine engine is about 0.5–2.0. In this paper, the air blowing ratio M is set to
be increased from 0.50 to 2.00 at intervals of 0.50, which are 0.50, 1.00, 1.50,
and 2.00, respectively. The initial conditions and boundary conditions are
summarized as follows: Main flow to jet density ratio DR = 2.0; outlets are
set to equal pressure outlets, and the pressure is constant at 1.013 × 105 pa;
the high temperature main flow inlet temperature is set to Tg = 1500 K,
the flow rate is set to Vg = 20 m/s, and the cooling channel inlet is set.
The temperature is set to Tc = 750 and the speed of the internal flow
channel of the blade is calculated by the blowing ratio. In order to ensure
that the outflow gas of all cooling film holes has a similar blowing ratio, the
inlet speed of the C1–C5 flow channel needs to be calculated separately.

3 Results and Discussion

3.1 Influence of Mainstream Incident Angle of Attack
(Rotation Speed)

After learning of the relevant knowledge of turbine aerodynamics and refer-
ring to scholarly et al. [11, 12]. When the turbine blade operates at a lower
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Figure 9 Mainstream impact angle under different rotating speeds (angle of attack) [16].

  

(a) positive incidence angle        (b) zero incidence angle               (c) negative incidence angle 

Figure 10 Temperature of suction surface.

speed, the gas mainstream impacts the leading edge of the blade at a positive
incidence angle and moves the stagnation line to the pressure side, Similarly,
when the turbine blade runs at high speed, the mainstream impacts the leading
edge of the blade at a negative incidence angle, causing the stagnation line to
move to the pressure side, This phenomenon can be explained in Figure 9.

In order to study the influence of incident angle of attack (rotational
speed), the blowing ratio M = 1.50 is set in this study. By changing the angle
of air flow incident on the leading edge of the blade, the leading edge of the
blade is impacted at positive angle of attack, zero angle of attack and negative
angle of attack respectively, The surface temperature distribution nephogram
of blade B1 pressure surface and B2 suction surface is shown in Figures 10
and 11.
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(a) positive incidence angle             (b) zero incidence angle              (c) negative incidence angle 

Figure 11 Temperature of pressure surface.

As showed in Figure 10, when the rotating speed is low, the mainstream
impacts the leading edge of the blade at a positive incidence angle. At this
time, the stagnation line is biased to the side of the pressure surface, so that
the cooling fluid flowing out of the leading edge film hole deflects towards the
suction side. As a result, most of the surface temperature of the suction sur-
face under the impact of positive angle of attack is lower than that under the
impact of negative angle of attack, it is particularly obvious near the suction
side row hole S3. Compared with the negative incidence angle, the deflection
of cooling fluid to the downstream of the blade is more obvious under the
impact of positive incidence angle, So that the temperature of the lower half
of the suction surface is lower than that of the lower half when impacted by
other angles of attack, This benefits from the fact that the outflow agent from
the film hole at the leading edge of the blade tends to the suction side and
deflects downward, however, it will also make the tail surface temperature
slightly higher than the blade tail surface temperature under zero angle of
attack impact. When the rotating speed increases gradually, the stagnation
line will be located in the leading edge film hole area, so that the cooling fluid
flows to the pressure side and suction side respectively, Compared with the
positive and negative incidence angle, the surface temperature and gas film
coverage effect of pressure surface and suction surface are more uniform at
zero incidence angle. As shown in Figure 11, when the rotating speed is high,
the mainstream impacts the leading edge of the blade at a negative incidence
angle, and the stagnation line will be biased to one side of the suction surface,
The cooling fluid flowing out of the leading edge film hole faces the pressure
surface, this makes the surface temperature and gas film coverage effect of
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T/
K

lc

Negative Incidence Angle
Zero Incidence Angle
Positive Incidence Angle

Figure 12 Spanwise surface average temperature at different angles of attack.

the pressure surface under the impact of negative incidence angle better than
that under the impact of positive angle of attack, On the pressure surface,
it is obvious that the cooling flux has an upward deflection trend, and the
upward deflection trend is more obvious with the increase of rotating speed.
The temperature at the top of the blade decreases gradually, which benefits
from the fact that the outflow agent from the film hole at the leading edge of
the blade is biased to the pressure side. With the increase of rotating speed,
that is, in the process of changing from positive incidence angle to negative
incidence angle, the surface temperature at the top and tail of the pressure
surface will gradually decrease; As the speed decreases, that is, in the process
of gradually changing from negative incidence angle to positive incidence
angle, the temperature at the lower part of the suction surface will gradually
increase.

As shown in the figure, Figure 12 shows the average temperature curve of
blade spanwise surface under the condition of impact blade at three different
incidence angle when M = 1.50. The abscissa is the dimensionless slantwise
position lc of the blade with the leading edge point of the blade at zero point,
and the ordinate is the film cooling efficiency η. It can be seen from the figure
that the blade surface temperature fluctuates with the arrangement position of
blade film holes. In the area with film holes, the surface temperature will
have an obvious regional minimum; In the case of three incidence angle
impact, the area where the temperature of the pressure surface is lower than
1150 k is significantly more than that of the suction surface; In the range of
pressure surface and leading edge (−0.1,1.0), the blade surface temperature
under positive incidence angle impact is significantly higher than that under
negative incidence angle impact, while the temperature in the range of one
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(a) positive incidence angle           (b) zero incidence angle              (c) negative incidence angle 

Figure 13 Cooling efficiency of suction surface.

side of suction surface (−1.0,−0.24) is significantly lower than that under
negative incidence angle impact, and there is little difference in the surface
temperature under the three incidence angles impact conditions of leading
edge (−0.24,−0.1), This is because the temperature near the gas film hole
S3 is relatively close due to the existence of the gas film hole S3. Therefore,
with the increase of rotating speed, that is, in the process of changing from
positive incidence angle to negative incidence angle, the average temperature
of suction surface decreases significantly, the average temperature in the
leading edge area of blade does not change significantly, while the average
temperature of pressure surface increases gradually. Therefore, the angle of
attack (rotating speed) is the key factor affecting the effect of film cooling.

As shown in Figure 13, when the rotating speed is low, the mainstream
impacts the leading edge of the blade at a positive incidence angle. At this
time, the stagnation line is biased to one side of the pressure surface, so
that the cooling fluid flowing out of the leading edge film hole deflects
towards the suction side, which makes the cooling effect of the suction
surface under the impact of positive incidence angle better than that under
the impact of negative incidence angle. When the rotating speed increases
gradually, the stagnation line will be located in the leading edge film hole
area, making the cooling fluid flow to the pressure side and suction side
respectively. Compared with the positive and negative incidence angle, the
cooling efficiency and film coverage effect of the pressure surface and suction
surface at zero incidence angle are more uniform.

As showed in Figure 14, when the rotating speed is high, the mainstream
impacts the leading edge of the blade at a negative incidence angle. At this
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(a) positive incidence angle          (b) zero incidence angle             (c) negative incidence angle 

Figure 14 Cooling efficiency of pressure surface.

-1.0 -0.5 0.0 0.5 1.0

lc

 negative incidence angle
 zero incidence angle
 positive incidence angle

Figure 15 Spanwise average film cooling efficiency at different angles of attack.

time, the stagnation line will be biased to one side of the suction surface, and
the cooling fluid flowing out of the leading edge film hole faces the pressure
surface, which makes the cooling effect of the pressure surface under the
impact of negative incidence angle better than that of the suction surface
under the impact of positive incidence angle. Therefore, the incidence angle
(rotational speed) is the key factor affecting the film cooling effect.

Figure 15 is the curve of blade spanwise average film cooling efficiency
under the condition of impacting blades at three different incidence angle
when M = 1.50. The abscissa is the dimensionless slantwise position lc of
the blade with the leading edge point of the blade as the zero point, and the
ordinate is the film cooling efficiency η. It can be seen from the figure that
at low speed, the gas mainstream impacts the blade at a positive angle of
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attack, the film cooling efficiency provided by the pressure surface section
and the leading edge section (−0.24,1.0) is the lowest. For higher speeds
(negative angles of attack), the stagnation line is located on the pressure side,
and the cooling fluid flowing out of the leading edge film hole will tend to one
side of the suction surface. Therefore, the film cooling efficiency provided by
the suction surface section (−1.0,−0.24) is the highest under the negative
incidence angle. When the mainstream impacts the blade at zero incidence
angle, the stagnation line is located at the leading edge film hole, so that the
cooling fluid flowing out of the leading edge film hole flows to the pressure
surface and suction surface respectively. Therefore, the cooling efficiency
under zero incidence angle impact is better than that under negative incidence
angle impact at the pressure surface and part of the leading edge (−0.24,1.0),
however, the cooling efficiency under the impact of negative incidence angle
(−1.0,−0.24) on one side of the suction surface is better than that under the
impact of zero incidence angle. When the mainstream impacts the blade at
a negative incidence angle, the stagnation line is located on one side of the
suction surface, and the cooling fluid flowing out of the leading edge film
hole will be biased to the side of the pressure surface. Therefore, the cooling
efficiency under the negative incidence angle impact in the pressure surface
section and the leading edge section (−0.24,1.0) is better than that under the
zero negative incidence angle impact, however, the film cooling efficiency is
the lowest under the impact of positive incidence angle (−1.0,−0.24) on one
side of the suction surface.

3.2 The Effect of Blower Ratio

Figure 16 shows the cloud diagram of film cooling efficiency distribution
on the pressure surface under different blowing ratios under the impact of

    

(a)M=0.5                       (b)M=1.0                      (c)M=1.5                    (d)M=2.0 

Figure 16 Film cooling efficiency of pressure surface.
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(a)M=0.5                    (b)M=1.0                    (c)M=1.5                    (d)M=2.0 

Figure 17 Film cooling efficiency of suction surface.

zero incidence angle. With the increase of blowing ratio, the film cooling
efficiency of pressure surface increases the area of η > 0.4 is growing [17].

Figure 17 shows the cloud diagram of film cooling efficiency distribu-
tion on suction surface under different blowing ratios under zero incidence
angle impact. With the increase of blowing ratio, the region of film cooling
efficiency η > 0.3 on the suction surface becomes larger. With the increase
of blowing ratio, the cooling fluid flowing out of the film hole can extend
further downstream on the suction surface, reflecting that the film extension
performance of the suction surface is better. This is because the suction
surface is a convex curvature surface, and the cooling flux is easy to separate
from the blade surface after flowing out. When the blowing ratio is low, the
cooling flux is mixed with the main stream to raise the temperature, resulting
in poor cooling effect and small coverage area. With the increase of blowing
ratio, the flow rate and flow rate of cooling flux increase, and a small part is
mixed with the main stream. Most of the remaining cooling flux can continue
to adhere to the blade surface to cool the blade.

Figure 18 shows the blade slantwise average film cooling efficiency
curve under the impact of zero angle of attack and different blowing ratios.
The abscissa is the dimensionless span wise position lc of the blade with the
leading edge point of the blade as zero, and the ordinate is the film cooling
efficiency η. Under different blowing ratios, the film cooling efficiency on
the blade surface fluctuates with the arrangement position of the film holes,
and increases with the increase of blowing ratio. In the range of M = 0.5 to
M = 1.5, the film cooling efficiency increases sharply with the increase of
blowing ratio, while the increase of film cooling efficiency in the range of
M = 1.5 to M = 2 is relatively small, so the blowing ratio of M = 1.5 has the
most severe impact on the blade surface cooling efficiency.
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Figure 18 Span-average film cooling efficiency at different blowing ratios at zero incidence
angle.
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Figure 19 Span-average film cooling efficiency at different blowing ratios at negative
incidence angle.

Figures 19 and 20 show the blade span wise average film cooling effi-
ciency curves under different blowing ratios under the impact of negative
incidence angle and positive incidence angle respectively. The abscissa is the
dimensionless span wise position LC of the blade with the leading edge point
of the blade as the 0 point, and the ordinate is the film cooling efficiency η.
It can be seen from the figure that under impact conditions of negative
incidence angle and positive incidence angle, the film cooling effect on the
blade surface increases with the increase of blowing ratio.
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Figure 20 Span-average film cooling efficiency at different blowing ratios at positive inci-
dence angle.

4 Conclusions

Under conditions of negative incidence angle, zero incidence angle and
positive incidence angle and different blowing ratio, 9 rows of film holes
were arranged to simulate the film cooling of turbine blades. The effects of
different incidence angle and blowing ratio on film cooling are compared
through numerical simulation. The main results are as follows:

(1) With the increase of rotating speed. The attack angle of high-temperature
gas mainstream impact blade changes from positive incidence angle to
zero incidence angle and finally to negative incidence angle. The cooling
efficiency of the suction surface is the best under the condition of
positive incidence angle impact, and the cooling efficiency of the pres-
sure surface is the best under the condition of negative incidence angle
impact. Film cooling efficiency is relatively average under the condition
of zero attack angle impact. Incidence angle (speed) of gas impinging
blade is the key factor affecting the film cooling efficiency.

(2) With the increase of rotating speed, that is, in the process of changing
from positive incidence angle to negative incidence angle, the surface
temperature at the top and tail of the pressure surface will gradu-
ally decrease; As the speed decreases, that is, in the process of gradually
changing from negative incidence angle to positive incidence angle,
the temperature at the lower part of the suction surface will gradually
increase.
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(3) For all incidence angle, the span wise average film cooling effect of
turbine blade surface increases with the increase of blowing ratio.
The increase is more intense in the range of (0.5,1.5).
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