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In order to explore the cooling air film damage mechanism of aero-engine turbine
blades in different blockage states, the air film cooling efficiency, outlet temperature
and flow rate variations have been studied in three typical positions with different
blockage ratios. The results show that the blockage of the air film holes decreases
the air film cooling efficiency in the downstream region of the outlet boundary, and
the decreasing amplitude increases non-linearly. When the temperature of the air
film hole is lower than 1100 K, the cross-section of the air film gradually flattens
out and the air film becomes thinner with the increase of the blocking ratio. When
the blockage is in inlet position A, and B = 0.8, the influence on cooling efficiency
of the air film performs most apparently. Moreover, when the cooling efficiency is
near x/d = 1, the decreasing amplitude of efficiency reaches more than 7%. When
the cooling efficiency is near x/d = 4, the decreasing amplitude of efficiency reach-
es more than 10%. In these two conditions, the effective protective air film area
is the smallest, and the angle between the high temperature mainstream and the
cooling fluid is the smallest, and the cooling fluid and the high temperature main-
stream are the weakest in terms of resistance. Experiments on the effect of cooling
fluid coverage of static blades have been conducted, and the results indicate that in
the case of local air film holes blockage, the trend of damage degree of the cooling
flow field is in good consistency with the analyzed results of the numerical model.
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Introduction

The components of aviation air turbine engines have worked in extreme conditions
of high temperature, high pressure, and high speed rotation for prolonged period [1]. To reduce
the risk of engine failure, air film cooling is widely applied to aviation engines as this technique
can significantly cool the surface of the protected components and the blades. However, when
an aviation turbine engine operates with heavy pollution or other contaminant, the fine particles
inhaled by the engine will deposit on the blade surface, forming deposition blockages in the
cooling structure of the blade. This factor can lead to blockages in the inner air film hole, re-
sulting in a reduction of cooled air coverage and output of air film holes [2]. This deterioration
can give a sharp rise in turbine blade surface temperature, leading to turbine blade fracture [3].
Recent progress has been made in predicting particle deposition on the guide vane of a plated
nozzle through deposition experiments and numerical calculations [4, 5]. The results show that
particles are mainly deposited on the front and pressure surfaces and the deposition efficiency
increases with the increase of wall temperature. There is a potential risk of complete air film
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hole blockage, which changes the flow and heat transfer characteristics of film cooling. The
maximum reduction rate of regional average efficiency caused by blockage can reach above
90%, and when the blocking ratio and the blow ratio are relatively larger, the flow coefficient
and aerodynamic loss increase significantly [6, 7].

The study conducted by Li et al. [8] showed that blocking air film holes make heat
transfer coefficient distribute unevenly and weaken air film cooling performance. Huang et al.
[9] conducted a numerical study on the local blockage of air film holes on a flat plate and found
that the local blockage at the leading edge of the outlet end of the air film hole can improve the
adiabatic film cooling efficiency in the downstream region of the air film hole, while blockages
at the inlet end and middle of the hole exert much less influence to its cooling efficiency. Zhou
and Zhang [10] analyzed the influence of blocking position and ratio on the cooling efficiency
of the blade pressure surface to the blade pressure surface through numerical simulation. In
contrast, Pu et al. [11] studied the effect of air film cooling efficiency on concave surface when
the holes are blocked in accordance with the size of the air film holes, and found that the cool-
ing efficiency and the area covered by the cooling fluid significantly decreases because of the
blockage Sundaram et al. [12] discovered that deposition near the hole outlet could improve
the cooling effect of the leading edge, but the cooling effect worsened with the rising height of
deposition. Yang et al. [13] demonstrated that the pressure side of the blade is more sensitive
to the deposition blockage of air film holes in terms of cooling effect and film coverage area.

In accordance with various studies, the efficiency of air film cooling is influenced
by factors such as blocking ratio, air blow ratio, and density flow rates (DFR). Guo et al. [14]
found that the air film cooling efficiency was significantly affected by the change of the air
blow ratio in the case of low and medium blockage ratio, while in the case of high blockage
ratio, the impact on the air film cooling efficiency caused by the change of the air blow ratio
dilutes. Whitfield et al. [15] observed that blockage with 0.5 times the aperture could reduce
the film cooling efficiency by up to 75%. The height and location of the blockage were also fac-
tors affecting the effect of film cooling. Through experiments, Wei et al. [16] investigated the
effects of different DFR on air film cooling and concluded that, as DFR increases, the cooling
effect on the induction plate improves. Zhang et al. [17] found that the average film efficiency
of the surface decreased significantly when the blocking ratio was high. Finally, several studies
showed that large blockage in the hole reduced the area and uniformity covered by the coolant,
leading to a significant decline in the effect of air film cooling [18-20]. Overall, blockage makes
the flow and heat transfer mechanism of film cooling more complicated and puts forward high-
er requirements for the design and evaluation of film cooling [21].

Huang et al. [22] also investigated the effects of cone blocking on flow coefficient and
film efficiency, finding that blocking in the hole reduces the flow coefficient and decreases efficien-
cy in all forms except leading edge orifice blocking. Furthermore, Jovanovic et al. [23-25] found that
the blocking position of the air film hole had different impacts on cooling characteristics depending
on the blowing ratio, with blocking in the hole even improving cooling effects in some cases. The
size and position of blockages in air film hole channels can be unpredictable, making the study of
blocking characteristics and their influence on flow and cooling effects crucial for optimizing air
film cooling designs and evaluating cooling performance degradation [26]. It is necessary to thor-
oughly investigate this complex issue to ensure the health and longevity of turbine blades.

In accordance with the aforementioned literature, air film hole blockage has been
researched both domestically and internationally, and the current focus is mainly on the outlet
part. However, in complex aero-engine working conditions, the size and position of air film
hole plug are random, and the impact on air film cooling is extremely complicated. As a result,



Gong, M., et al.: Influence Mechanism of Local Air Film Holes Blockage ...
THERMAL SCIENCE: Year 2024, Vol. 28, No. 1B, pp. 641-657 643

the current work aims to analyze how the local air film hole blockage on the acro-engine turbine
blade influences the cooling efficiency of the blade surface cooled by building spherical block-
ing objects with three radii and by building aero-engine turbine blade air film cooling models in
three distinctive blocking positions. Furthermore, through varying the blocking ratios and the
blocking positions, the fact of blade’s air film holes can be further approached, taking further
steps to study the complicated influences on air film holes caused by blockage. Finally, the
current study provides a better understanding of the impact of blockages in different sizes and
positions on the turbine blade film cooling, which helps to judge the airworthiness of turbine
blades and improve flight operation safety.

Computational governing equation

The SST model is used to investigate issues related to air film cooling efficiency [27].
eq. (1) is the RANS equation:

2
pi—?%—anu:—VpI+V[u(Vu+(Vu)T)—g,u(Vu)I}-F (1)
Flow problems need follow the mass conservation law. The continuity equation:
0
L9 (pu)=0 @)

Since this study focuses on weakly compressible flow, op/0t = 0, V(pu) = 0, the vis-
cous force term in eq. (1): (2/3)u(Vu) is equal to O:

p(uV)u:V[—pl+,u(Vu+(Vu)T)]+F 3)

The numerical simulation uses the fluid-structure coupled heat transfer model, and the
conjugate heat transfer interface combines the heat equation with the turbulent N-S equation.
The heat transfer equation in the fluid domain:

pC, (uvT)+(Va)=0 @)
The heat transfer equation in the solid domain:
(Va)=0+0. (&)

At the non-isothermal flow interface, the viscous heat generation term cannot be ne-
glected and the term is controlled by:

de =T Vu + Qturb (6)
The heat equation of the fluid domain:

T op
CuVTl=—-(Vq)+1:S————uVp+
rC, (Va) Sar"VPre (7)

The thermal equation of the solid domain and physical interface:

pC VT =~(Vq)+0+0,, (8)

Numerical simulation
Local blockage geometry model
The blocking ratio is calculated:

B — b, max (9)
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Air film hole boundary B=08  where A, ., 1S the maximum cross-sectional area of
/ Bos the blockage on the plane perpendicular to the axis of
" the air film hole, as shown in fig. 1.

X B=02 In accordance with the formula of the blocking ra-
tio, the numerical value of the blocking ratio represents
the ratio of the maximum cross-section of the blockage
on the plane perpendicular to the axis of the hole to the
cross-section of the air film hole on the same plane.
Changing the diameter of the blocking material makes
the blockage in the hole reach the corresponding block-

ing ratio. The diameter of the air film hole is 0.5 mm.
The data in tab. 1 shows the diameters of hemispherical blockages in different block-
ing ratios. Figure 2 presents the micrograph of the air film hole blocking at the same tempera-
ture and the cross-section of three different blocking ratios of the turbine blade air film hole

blocking model.

Figure 1. Maximum cross-section of clog

Table 1. Diameters of different blocking ratios

Ratio of blockage Diameter of hemispherical blockage [mm)]
0.2 0.34
0.5 0.58
0.8 0.79

Blockage

(b) B=02 B=05 B=038

Figure 2. Air film hole blocking model; (a) SEM photo of blockage [28] and
(b) three sizes of blockage in the air film hole

The selected locations for constructing local blocking holes on the blade are shown in
fig. 3. In fig. 3(b), Position 1 near the blade surface and Position 2 near the inner flow passage
are highlighted. In order to facilitate the discussion of the results, the Position 1 of the blockage
at the inlet end is named as the inlet end Position 1, and the four air film holes at the bottom
of the pressure surface of the blade are selected to construct a local blockage model. Figure 4
shows the 3-D models of hemispherical plug in different positions in the air film holes (B =0.2).
The center of the hemispherical blockage is at the edge of the air film hole, and blocking ratio B,
changes by changing the diameter of the hemispherical blockage. The blockages are set in the
outlet of air film hole 1 (outlet Position 1), the outlet of air film hole 2 (outlet Position 2), and
the inlet of air film hole A (inlet Position A), respectively. In the blockage model with the outlet
position of the air film hole 1, the boundary of the blockage is not directly in contact with the
boundary of the hole and blade (the exit boundary of the air film hole). In the blockage model
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1 -outlet

(@) (b)

Figure 3. Schematic diagram of blade runner and air film hole;
(a) location of the blocked hole and (b) blade inner flow path and geometry model runner

Figure 4. Air film hole local blocking scheme (B = 0.2); (a) outlet Position 1,
(b) outlet Position 2, and (c) inlet Position A

with outlet Position 2 and inlet Position A, the boundary of the blockage is directly in contact
with the intersection boundary of the hole and blade.

Three variable parameters 0.2, 0.5, and 0.8 of blocking ratio B are taken. The higher
the blocking ratio value, the more serious the blocking degree of the air film hole. In consider-
ation of the comprehensive comparison and analysis of the simulation results, three different
blocking rates are preset in each area of the four selected blockage positions. The results are
compared with the numerical simulation results of the blocking rate B = 0 (main comparative
reference).

Parameter definitions and boundary conditions

Local blocking is simulated for each model with a blowing ratio M = 1.5. Except the
inlet and outlet, the walls of the mainstream passage of the blade are set in adiabatic non-slip
boundary conditions. The turbulence intensity of the mainstream is 5%. The inlet temperature
of the mainstream is 7, = 1500 K, the flow rate is set to v, = 20 m/s, the inlet temperature of the
cooling passage is 7. = 750 K, and the density ratio is Dy = 2.0. The outlet is set as the pressure
outlet, and the pressure is constant 1.013 - 10°Pa. In order to ensure that the blow ratio of the air
film holes is 1.5, the flow velocity at the outlet of the air film hole should be calculated at first
from the mainstream flow velocity and blow ratio, and then the flow velocity at the entrance
of the internal flow passage should be calculated based on the principle that the volume of gas
entering the flow passage and the volume of gas-flowing out of the air film holes connected by
each flow passage should be equal.

The inner runner inlet is at the bottom of the blade. In order to simplify the model, the
influence of the blockage on thermal conductivity is not considered, thereby the blockage and
blade are connected as a whole, and the blockage material is the same as the blade material.

The blowing ratio M:

v
M =L (10)
pgvg
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The density ratio Dx:
P,
D, ="t (11)
Pe
The air film cooling efficiency:
T,-T,
n= T (12)

Turbulence model adopts SST model. The computational model convergence criteri-
onis 1 - 107 for the initialized relative tolerance of wall distance and 2 - 103 for the steady-state
energy equation when solving the continuity equation, linear momentum equation and the SST
model equation. Before starting the numerical model study, an independence analysis of the
mesh is required to ensure the accuracy of the calculation.

The dimensionless position of the flow direction is divided in such a way that the
intersection-line of the pressure and suction surfaces of the blade is taken as the centerline, and
the pressure and suction surfaces are flattened into a plane. The co-ordinate value of pressure
surface is positive, and that of suction surface is negative, and the distance from the centerline
to the edge of the blade is 1 unit as shown in fig. 5. Figure 6 shows the comparison diagram of
the average span wise film cooling efficiency under different grid numbers when the blade air
film cooling characteristics are studied at v, = 20 m/s and M = 1.25. When the total number of
grids is 1.85 - 109, the changes are basically identical with those when the total number of grids
is 2.19 - 108, and the calculated results change less than 5%, which is considered to meet the
requirements of grid independence. When the total number of grids is 2.54 - 106, the maximum
error is more than 10%. Therefore, a model with a calculated grid number of 2.20 - 10° is finally
adopted in the study to analyze the air film cooling characteristics and flow field.
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Figure 5. Flow direction dimensionless location description chart Figure 6. Average span wise
film cooling of blocking

The minimum mesh size of internal runner and air film hole is 0.01 mm.The minimum
mesh size of blade is 0.001 mm. The minimum mesh size of the mainstream passage is 4 mm,
and the maximum cell growth rate is 1.5. Besides, the maximum mesh sizes are 20 mm in the
meshing of all parts. Whether the minimum mesh meets the requirements of the turbulence nu-
merical model. Due to the different location and size of the blockage in different models, there
will be some differences in the number of grids in each model. In summary, the number of grid
cells in all models is around 2.20 - 10, and the average cell mass of all models is greater than
0.64 when the skewness is used to measure the grid quality.
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Analysis of the effect of blocking on air film cooling
Effect of blocking on the cooling efficiency of air film

Figure 7 shows the influence of different blocking ratios in different positions on the
cooling efficiency of the air film when the blowing ratio is 1.5. When the air film holes are
blocked, the cooling efficiency of the air film in the downstream region of the outlet boundary
of the air film holes decreases. The blockage of the air film holes changes the state of the flow
field for the formation of the protective air film, leading to a shortening of the extended pro-
tection distance of the cooling air, which is a similar trend to the phenomenon described in [7].
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Figure 7. Air film cooling efficiency of blocking model;

(a) no blockage, (b) outlet Position 1, B =0.2,

(c) outlet Position 1, B = 0.5, (d) outlet Position 1, B=0.8,
(e) outlet Position 2, B = 0.2, (f) outlet Position 2, B = 0.5,
(g) outlet Position 2, B = 0.8, (h) inlet Position A, B = 0.2,
(i) inlet Position A, B = 0.5, and (j) inlet Position A, B = 0.8

As shown in fig. 7, the larger the blocking ratio B, the greater the impact on the cool-
ing efficiency of the air film, resulting in a decrease in the efficiency of local areas. The effect
of blockage is weakest when the blockage is in outlet Position 1. In inlet Position A, the cooling
efficiency of the air film decreases significantly. When the blocking ratio B = 0.8, different
positions have the most obvious effect on the cooling efficiency of the air film, and the cooling
efficiency in inlet Position A performs best. At other blocking ratios, the position of the block-
age has little influence on the cooling efficiency of the air film. To conclude, when the blocking
ratio B = 0.8 and the blockage is located in inlet Position A, the effect on the cooling efficiency
of the air film is the greatest, and the decrease of efficiency is most obvious.

With the increase of the blocking ratio, a large-scale asymmetric inverse vortex will
be formed on the blade surface, which is formed by the interaction between the coolant and
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the mainstream of the boundary-layer. The reverse vortex has two important negative effects.
First is to entrap hot gas under the jet, which makes the hot gas to be close to the blade surface,
reducing the cooling efficiency of the air film. Second is to induce the cooling air film away
from the wall so that the mixing of the cooling flow field and the mainstream increases, and
the cooling efficiency of the air film decreases. When the blocking ratio increases, the size of
the reverse vortex increases and the transverse distance near the wall decreases, and the film
of the coolant flux cannot effectively get close to the blade surface to form a cooling barrier.

-
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The detection position of the cooling efficiency of blade air film is shown in fig. 8(a).
The downstream region of the blocking hole is selected as the research object, and the blade
pressure surface is flattened on a plane. The intersection point between the air film hole axis at
the bottom of the third column of the pressure surface and the blade surface was taken as the
origin point, and the direction of the upward arrangement along the air film hole is the longitu-
dinal axis. The two red lines in the co-ordinate system are the routes to detect the cooling effi-
ciency of air film, with a length of 10 mm and the corresponding horizontal co-ordinates are x/d
=1 and x/d = 4. In order to facilitate observation, in figs. 8(b)-8(g), z/d is taken as the horizontal
co-ordinate, the overall cooling efficiency of air film is taken as the vertical co-ordinate, and 0,
4, 8, and 12 on the horizontal axis are the corresponding positions of blocking holes.

Figure 8 shows that in the range of z/d from 0-14, the unblocked air film cooling effi-
ciency atx/d =1 1s 72.55%, and that of x/d = 4 is 69.50%. Figures 8(b)-8(f) shows that when x/d =
1, z/d is in the range of 0-14, the cooling efficiency is affected by the blocking ratio. In combina-
tion with tab. 2, it can be seen that in the same position, the reduction degree of cooling efficiency
shows a non-linear change with the increase of blocking ratio. At a small blocking ratio (B <0.2),
the effect of blocking in different positions on the cooling efficiency is similar, less than 2%. At
the same time, it can also be seen from fig. 8(e) that under a small blockage ratio, the cooling effi-
ciency of the blockage in outlet Position 2 is more evenly distributed, and the probability of local
overheating damage is relatively small, which is consistent with the research views of literature
[29]. With the increase of the blocking ratio, the blockage in inlet Position A has more obvious
influence on the cooling efficiency of air film. When B = 0.8, the decrease reaches to 7.29%.
Moreover, it can be concluded from the cloud map of cooling efficiency that the damaged area of
the downstream region of cooling air film generated by the blockage in inlet Position A has strong
non-uniformity, which is easy to cause local thermal stress damage.

As compared from tab. 2 and figs. 8(c)-8(g), when x/d = 4, z/d is in the range of 0-14,
the cooling efficiency is affected by the blocking ratio. The results show that the decrease of
cooling efficiency at x/d = 4 is more significant than that at x/d = 1, and the influence rules of
both are similar. When x/d = 4, in the same position, the decrease of cooling efficiency becomes
sharper with the increase of blocking ratio. In the x/d = 4 downstream region of the blocking
hole, the cooling efficiency of the air film is significantly reduced by the blockage in three
positions, and the reducing degree is similar. Combined with tab. 2, only when B = 0.2, the
influence of the three blocking states on the cooling efficiency exceeds 6%, and when B = 0.8,
the cooling efficiency decreases by over 10%. The blockage in inlet Position A causes the most
serious damage to the cooling efficiency of the air film.

Table 2. The x/d = 1, the average reduction of Table 3. The x/d =4, the average reduction of
cooling efficiency at the outlet of the blocking hole cooling efficiency at the outlet of the blocking hole
Blocking position | B=0.2 | B=0.5 | B=0.8 Blocking position | B=0.2 | B=0.5 | B=0.8
Inlet Position 1 1.06% | 2.20% | 5.01% Inlet Position 1 6.46% | 8.67% | 10.54%
Outlet Position 2 1.12% | 3.52% | 5.49% Outlet Position2 | 6.52% | 9.02% | 10.01%
Inlet Position A 1.55% 6.05% | 7.29% Inlet Position A 6.99% 8.78% | 11.38%

Effect of blocking position on outlet temperature

Figure 9 shows the temperature cloud diagram of the cross-section of the blade and the
inner and outer flow channels of the blade, which is perpendicular to the surface of the blade.
The temperature distribution cloud diagram in unblocked condition is shown in fig. 9(a), and
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the temperature distribution cloud diagram in unblocked condition is shown from figs. 9(b)-9(k).
Comparison of figs. 9(a) and 9(b) shows that the temperature in the region between the circled
blade boundary and the temperature color in fig. 9(b) is lower than 1100 K, which is the protec-
tive air film created by the air-flowing out of the air film holes.

It can be seen that the area and covering length of the downstream area with tempera-
ture below 1100 K decrease with the increase of blocking ratio. In the case of A certain blocking
ratio, the relationship between the effective air film coverage area is outlet Position 1> outlet
Position 2 > inlet Position A. In inlet Position A, when the blocking ratio B = 0.8, the length and
area of the cooling air film are most affected.

/
o) ) ®

Figure 9. Temperature cloud of flow cross-section on the axis of blocking hole;
(a) no blockage, (b) no blockage (1100~1240 K),

(c) outlet Position 1, B = 0.2, (d) outlet Position 1, B = 0.5,

(e) outlet Position 1, B = 0.8, (f) outlet Position 2, B =0.2,

(g) outlet Position 2, B = 0.5, (h) outlet Position 2, B = 0.8,

(i) inlet Position A, B = 0.2, (j) inlet Position A, B = 0.5,

(k) inlet Position A, B =0.8
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Effect of blocking position on outlet velocity

Figure 10 shows the velocity cloud diagram of the cross-section of flow channel on
the axis of the blocking hole. When the blocking ratio B = 0.8, the area of air film perpendic-
ular to the blade surface at temperatures from 1100-1240 K is significantly reduced compared
with that without blocking. The blockage changes the direction and size of the air velocity at
the outlet of the hole, which has a great influence on the cooling efficiency of the air film. As a
result, in the same position, with the increase of the blocking ratio, the outlet flow of the air film
hole will gradually become smaller due to high temperature mainstream air mixing, resulting
in shorter acting distance of the cooling fluid-flowing out of the air film hole, which is most
obvious in inlet Position A.

1y v 1 \ ' ; PR "
@ D ) ki i x~ b

Figure 10. Velocity cloud of flow cross-section on the axis of blocking hole;

(a) outlet Position 1, B = 0.2, (b) outlet Position 1, B = 0.5, (c) outlet Position 1, B = 0.8,
(d) outlet Position 2, B = 0.2, (e) outlet Position 2, B = 0.5, (f) outlet Position 2, B = 0.8,
(g) inlet Position A, B = 0.2, (h) inlet Position A, B = 0.5, and (i) inlet Position A, B = 0.8

It is found that for the same blocking ratio, the angle between the high temperature
mainstream and the cooling fluid in different positions is shown outlet Position 1 > outlet
Position 2 > inlet Position A. In inlet Position A, when the blockage ratio B = 0.8, the cooling
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fluid-flow rate at the outlet of the air film hole is significantly reduced, the angle between the
high temperature mainstream and the cooling fluid is the smallest, and the resistance between
the cooling fluid and the high temperature mainstream is the weakest, resulting in the smallest
covering area of the air film on the blade surface.

Test on effect of air film coverage

Section Test on effect of air film coverage mainly focuses on the test on effect of
cooling fluid coverage of the first stage HPT blade of PW4084 aviation engine. Section 7est on
effect of air film coverage provides a detailed introduction the experimental model, experimen-
tal equipment, and experimental results. Based on the experimental parameters, the model is
constructed and analyzed in accordance with the previous numerical model for air film cooling
to verify the reliability of the numerical model proposed earlier in the paper. In this experiment,
water is used as the cooling fluid due to difficulty in controlling and observing the air.

Blade for testing

The experiment uses the first stage HPT blade of the Pratt and Whitney PW4084
aircraft engine used in the previous modelling as the research object. The experimental blade
model is shown in fig. 11, which is consistent with the 3-D model used in the previous numer-
ical model. This experiment only measures the effect of cooling fluid coverage on the pressure
surface of the blade without considering the effect of cooling fluid coverage on the suction
surface and the top transverse exhaust film hole.

= T ™

) ) Throttle  Steady  Anemometer ™~ Camera
Compression Air valve section Test
enging tank X
section
Throttle |
valve ! |m|
@ KA
Centrifugal ~ Throttle  Flowmeter
pump valve Test turbine blade
Figure 11. Test system flow diagram
Test systern

The experimental system mainly consists of a water supply system, an air supply
system, a measuring device, and an experimental section as shown in fig. 12. In this experi-
ment, the water supply system provides cooling fluid for a self-priming booster pump, with a
rotational speed of 2860 rpm and maximum flow rate of 4.8 m® per hour. The cooling fluid is
connected through a pipe-line and entered the interior of the blade for testing. The mainstream
air supply system is provided by an air compressor, which can provide a maximum volume
flow rate of 0.18 m® per minute and a maximum exhaust pressure of 1.5 MPa. The air-flow is
sent to the mainstream channel through a pipe-line to simulate mainstream impact. The mea-
suring device consists of a wind speed measuring device and a camera. The range of the ane-
mometer is 0~70 m/s as shown in fig. 12(a). The experimental section mainly consists of the
mainstream channel and blade clamping device, and the inlet size of the mainstream channel is
length x width = 100 x 60 mm, and the outlet size is also length x width = 100 x 60 mm,
the shape of the main flow channel refers to the mainstream channel model used in the prior
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simulation, and slight adjustments are made in accordance with the processing situation. A
small wind speed stabilizing device is installed in front of the mainstream channel inlet to
ensure that the mainstream impact the blades with stable wind speed as shown in fig. 12(b).
The blade clamping device is made of aluminum, and the size of the clamping device is
length x width x height = 66 x 66 x 150 mm, with the upper part being the blade clamping
device and the lower part being the cooling fluid inlet. The inlet and clamping device are con-
nected with bolts and sealed with rubber gaskets. Figures 12(c) and 12(d) present the blade
clamping device sealed with a sealant, which is used to ensure an even flow of cooling fluid
into the interior of the blade.

(@) (b)

Figure 12. Test device; (a) measurement device, (b) mainstream channel,
(c¢) clamping device model, and (d) clamping device

Analysis of experimental errors

Affected by many factors in the experiment, the errors between the data and the actual
objective values are inevitable. To address these errors, the following measures should be taken:
— Before the experiment, calibrate the speed measuring device and debug the testing equip-
ment to ensure that the equipment is in good operating condition.

— During the installation of the specimen, a standardized process is applied to check the air-
tightness of the pipe-line and ensure a stable supply of cooling fluid and mainstream.

— During the experiment, environmental factors such as temperature and atmospheric pressure
should be recorded and their impact on the test results should be reduced to the minimum.

— During the experiment, minimize human interference such as operational errors, efc.

— When comparing and analyzing data, it is essential to take into account differences in exper-
imental conditions and uncertainty of results, and to avoid over-interpretation and general-
ization of experimental results.

Numerical simulation

The numerical calculation model remains the same as the experimental blade param-
eters, and all boundary conditions remain except for the cooling fluid converted from air to
water. The specific parameters are shown in tab. 4. The calculation model grid is generated with
a simulation software grid generator and encrypted on the blade surface and cooling channel
wall. The total number of grids is 3 million as shown in fig. 13.

Table 4. Test and simulation parameters

Mainstream Jet
Temperature 205K 293 K
Velocity 30 m/s 2.95 m/s
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Figure 13. Computational numerical model;
(a) computational numerical model and (b) grid division

Comparison of test results

Figure 14 exhibits the experimental and numerical simulation results for mainstream
speeds of 0 m/s and 30 m/s, respectively. As shown in fig. 14, the test results show that on the
pressure surface, when the mainstream wind speed is 0 m/s, the cooling fluid-flows out of the
air film hole and shoots straight back along the direction of the air film hole. The velocity di-
rection of cooling fluid is along the direction of the air film hole, and the cooling fluid cannot
form an effective film on the surface of the blade. When the mainstream flow velocity is 30
m/s, the cooling fluid-flows out of the air film hole and it can cover the surface of the blade to
form an effective film and extend backwards under the high speed mainstream action. Under
the mainstream action, the originally irregular flow of the cooling fluid becomes uniform, es-
pecially in the holes near the edge of the blade where the cooling fluid is evenly distributed and
flows backwards.

@ “w

Figure 14. Test and simulation results; (a) wind speed in the main channel is 0 m/s and
(b) wind speed in the main channel is 30 m/s

The simulation results present that on the pressure surface, when the mainstream wind
speed is 0 m/s, the cooling fluid-flows out of the air film hole and deflects in the direction of
the cooling fluid velocity along the air film hole and keeps away from the blade surface. The
cooling fluid cannot form an effective air film on the blade surface, which is consistent with the
experimental results. The outward deflection is due to the small size of the simulated mainstream
flow channel, and the cooling fluid will form eddies in the mainstream flow channel without
the influence of the mainstream, affecting the direction of cooling fluid deflection. When the
mainstream speed is 30 m/s, compared to 0 m/s, the cooling fluid-flow direction bends towards
the blade surface under the high speed mainstream effect and forms an effective film cover-
ing the blade surface, which is basically consistent with the experimental results. As shown in
fig. 15, air film effect experiment when the mainstream wind speed is 30 m/s and the bottom
four holes of the third column of the pressure surface are blocked. In accordance with the
experimental results, when the air film hole is completely blocked, the covering effect of
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the cooling fluid near the area behind the air
film hole changes little. As the cooling fluid
gradually diffuses backward, the air film hole
is blocked, resulting in a decrease in the flow
rate of the cooling fluid, a decrease in the air
film area covered by the blade surface, and a
decrease of the cooling efficiency.

Conclusions

After conducting the simulation, differ-
ent blocking ratios of local air film holes in
blades were studied. Modelling of different
blockage states of air film holes in typical po-

Figure 15. Effect of local blockage coverage

sitions is used to analyze the changes of air film cooling efficiency, temperature field and flow
field. The effect of local blockage on air film flow field is further explored through experiments.

The specific conclusions are as follows.

® The air film cooling efficiency on the downstream region of the exit of the air film holes

decreases due to the blockage, and the decreasing amplitude increases non-linearly. The
blockage of the air film holes changes the state of the flow field where the protective air
film is formed, shortening the protective distance of the cooling air. With the increase of the
blocking ratio, a large-scale asymmetric reverse vortex is formed on the blade surface. This
factor makes the blade surface carry more hot air from the mainstream, prompts the cooling
air film to move away from the blade surface, and facilitates the mixing of the cooling flow
field with mainstream. Eventually, the cooling efficiency of the air film decreased.

For x/d = 1 and blocking rates B < 0.2, the fluctuations of cooling efficiency of air film re-
main less than 2% in spite of different blocking positions. With the increase of the blocking
ratio, the influence of the blocking in inlet position A on the cooling efficiency of the air
film becomes increasingly apparent. When B = 0.8, the decreasing amplitude reaches to
7.29%. In the x/d = 4 region of downstream of the blocking hole, the blockage in these three
positions significantly reduces the cooling efficiency of the air film, and the decreasing
amplitude is close. However, when B = 0.2, the influence of the three blocking states on the
cooling efficiency exceeds 6%, and when B = 0.8, the cooling efficiency decreased by over
10%. The comprehensive results show that when the blockage is in inlet Position A, it has
the greatest influence on the cooling efficiency of the air film.

The cross-section of the air film formation flattens out in the downstream region of the air
film holes where the temperatures are lower than 1100 K and in the same position of the
blockage. This factor results in lower air film thickness with increasing blockage ratio. In
inlet position A, when the blocking ratio B = 0.8, the blocking condition makes the direction
of the cooling air film convert to that of the high temperature mainstream, and the effective
protective air film is the smallest.

With the same blocking ratio, different blocking position, respectively matches different
angle between the high temperature mainstream and the cooling fluid, thus the angle in
outlet Position 1 > outlet Position 2 > inlet Position A. In inlet Position A, and when the
blockage ratio B = 0.8, the cooling fluid-flow rate at the outlet of the air film hole decreases
significantly, the angle between the high temperature mainstream and the cooling fluid is the
smallest, and the formed resistance is the weakest, these three factors result in the smallest
covering area of the air film on the blade surface.
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The experimental results show that when the air film hole is unblocked and the wind speed
of mainstream on the pressure surface is 0 m/s, the cooling fluid-flows out along the direc-
tion of the air film hole without forming protective air film. After flowing out of the air film
holes, 30 m/s mainstream makes the cooling fluid cover the blade surface so as to form an
effective film. In the condition of several air film blocked, the flowing speed, flowing direc-
tion and coverage rate change, and the changing trends of these three factors are consistent
with those of numerical analysis.
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Nomenclature
d - diameter of the air film hole, [mm] Greek symbols
F - force vector, [N . -
p  —pressure, [Pa][ : p  — density, [kgm™]
O - contained in other reservoirs, [W/m?] T  — radiant heat flux, [Wmlel ;
Qi — thermoelastic damping heat source, [W/m?] # —dynamic viscosity, [kgm's"]
Ouuro — tgrbulent hegt ﬂ}lx, [W/m?] Subscripts
Q.4 — viscous dissipative term R

(in fluid mechanics), [W/m’] aw — adiabatic surface of the blade
q - conduction heat flux, [W/m?] ¢ -~ mainsiream
S - strain rate tensor, [] g —jet
T —temperature, [K]
u - velocity vector, [ms™']
v —velocity, [ms™]
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