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Abstract

To address issues such as leading-edge and trailing-edge ablation and cracking of turbine blades
during operation in an engine, this study integrates the characteristics of additive manufacturing
technology and utilizes a comprehensive simulation and design platform for turbine cooled blades
to design three schemes of film cooling structures. Numerical simulations were employed to optimize
the blade cooling configurations, resulting in a finalized cooling structure scheme, which was then
subjected to experimental evaluation of its cooling performance. An experimental platform for
turbine blade cooling effectiveness was established, capable of simulating actual engine operating
parameters. Based on this platform, experimental studies were conducted to investigate the effects of
key parameters—including pressure ratio($), temperature ratio(K), and flow ratio(B)-on the cooling
effectiveness and the dimensionless temperature distribution on the blade surface. Experimental
results show that within the studied operating conditions, the § has a greater impact on the cooling
effectiveness of the blade compared to variations in B and K. When the § = 1.2, the cooling
effectiveness of the blade surface is 0.130, and when f = 1.6, the effectiveness increases to 0.176,
representing a 35.38% improvement. Within the tested range, variations in flow ratio resulted in a
19.12% increase in cooling effectiveness, while changes in temperature ratio led to a 26.62%
improvement.

Keywords: turbine blade; additive manufacturing; cooling structure; film cooling; cooling efficiency

1. Introduction

With the continuous improvement of aero-engine performance, the temperature at the
combustor exit has been steadily increasing[1], placing higher demands on the materials and cooling
technologies of turbine blades due to the rising turbine inlet temperatures. The turbine inlet
temperature of next-generation aero-engines is expected to reach 2400 K [2]. Such excessively high
temperatures can lead to blade creep, cracking, and ablation, posing serious threats to engine
operation. Therefore, in addition to improving the high-temperature resistance of materials, it is
urgently necessary to implement effective enhanced cooling technologies for turbine blade cooling|[3].

At present, turbine blade cooling technologies mainly include film cooling[4,5], impingement
cooling[6,7], convective cooling [8,9], advanced cooling structures [10,11], and thermal barrier coating
(TBC) technologies [12,13]. The optimization of these technologies requires consideration of multi-
physics coupling mechanisms involving aerodynamics, heat transfer, and structural strength.
Numerous experimental and numerical studies have been conducted by researchers worldwide to
investigate the effects of cooling structure design and aerodynamic parameter variations on the
overall cooling performance of turbine blades.

In terms of cooling structure design, Rao et al. [10] proposed the use of W-shaped ribs in multi-
jet impingement cooling to enhance heat transfer performance. At a Reynolds number of 30,000, the
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W-shaped ribs increased the average impingement heat transfer area of the test plate by
approximately 9.6%, with negligible additional pressure loss. Haydt et al. [14-17] systematically
studied the geometric parameters of backward-expanded film cooling holes. Experimental results
showed that increasing the lateral expansion angle, reducing the hole spacing, and enlarging the exit
area significantly improved the spanwise-averaged film cooling effectiveness downstream, with a
maximum improvement of up to 23%.

Regarding variations in aerodynamic parameters, Gao et al. [18] experimentally found that
under moderate blowing ratio conditions (M = 0.9), the highest film cooling effectiveness was
achieved near the hole region, while higher blowing ratios (M = 1.5) were required in the downstream
region to maintain effective film coverage. Narzary et al. [19] investigated the effect of density ratio
on film cooling of turbine blades through experiments. The results showed that as the density ratio
increased, film cooling effectiveness improved over most regions of both the pressure and suction
sides. Jeong et al. [20] experimentally studied the influence of density ratio and blowing ratio on film
cooling effectiveness. The results indicated that under high blowing ratio conditions, the film cooling
effectiveness near the leading edge increased with increasing density ratio.

As a critical component of aero-engines, the manufacturing quality of turbine blades directly
influences their service life and operational stability [21]. These blades feature complex aerodynamic
profiles, a high density of film cooling holes with small diameters, and non-linear hole distributions
along the blade span, all of which significantly complicate the fabrication process. Traditional
manufacturing methods, such as subtractive machining and electrochemical processing, face
considerable limitations when dealing with such intricate geometries and fine structures [22-24].

Additive manufacturing (AM)[25-28], which builds components layer by layer, offers a
promising solution by enabling near-net-shape fabrication of complex internal cooling structures.
This technology achieves a dimensional accuracy on the order of 0.1 mm, reduces production lead
times to less than two weeks, and improves material utilization by more than 40 percent. These
advantages make AM particularly well suited for producing components with the geometric
complexity and precision required in aerospace applications[29]. Given the intricate airfoil geometry,
the small size of the film cooling holes, and the complex flow exit angles characteristic of turbine
blades, this study selects additive manufacturing as the preferred fabrication approach for the
experimental blade specimens.

In summary, most existing studies are based on similar principles [30] and are conducted under
simplified experimental conditions, while experimental data on the cooling performance of turbine
blades under real engine operating conditions remain insufficient. Therefore, in this study, three film
cooling schemes were proposed based on the original turbine working blade, utilizing a turbine blade
simulation and design platform [31]. By optimizing the number, angle, and arrangement of film
cooling holes, an improved turbine blade model was developed.

To ensure the dimensional accuracy of the complex internal cooling channels and film holes, the
experimental blades were fabricated using Selective Laser Melting (SLM) technology. Subsequently,
a gas turbine blade cooling effectiveness test platform was established. This platform, which
integrates a model combustor and a multi-stage air supply system, is capable of simulating the inlet
temperature gradients and coolant-to-mainstream flow ratios characteristic of real aero-engine
conditions. Using this platform, experimental studies were conducted to investigate the effects of
flow ratio, temperature ratio, and pressure ratio on the thermal performance of turbine working
blades. The findings provide both theoretical and engineering support for the thermal protection
design of turbine blades.

2. Experimental System and Conditions

2.1. Experimental System

Figure 1 illustrated the schematic diagram of the experimental system for measuring the cooling
effectiveness of turbine blades. The entire system consisted of a high-enthalpy air supply system, a
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kerosene supply system, a single-cup combustion chamber model, a secondary air supply system, a
circulating cooling water system, a cascade test section, and a data acquisition system. The high-
enthalpy air supply system was capable of continuously delivering air at a maximum flow rate of 3.0
kg/s and a maximum pressure of 5.5 MPa. The air source tank located upstream of the heater had a
volume of 50 m3, which ensured a stable and continuous air supply throughout the blade cooling
effectiveness experiments.

The experimental procedure was as follows: Based on the required mainstream gas temperature,
pressure, and flow rate under the turbine blade test conditions, the operating parameters for the high-
enthalpy air heater and the combustor were calculated. The high-temperature gas by combustion
flowed through a 1170.5 mm-long sector-shaped wind tunnel, where it fully developed before
entering the cascade test section for the cooling effectiveness experiment. The secondary air supply
system adopted a high-pressure air tapping scheme. After pressure stabilization and flow control
through a valve assembly and flow controller, the air was heated to the required temperature by an
electric air heater and then introduced into the interior of the turbine blade test article.
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Figure 1. Schematic diagram of the experimental system.

2.2. Test Blade

Figure 2 showed the model of the turbine blade test section. The test section consisted of one
experimental blade and two end-support (companion) blades, together forming two periodic sector-
shaped cascades. The experimental blade was fabricated using additive manufacturing technology,
with the nickel-based superalloy IN-738 selected as the blade material. This alloy had a maximum
temperature resistance of up to 1173 K. The blade had a chord length of 19.94 mm, an overall height
of 26.95 mm, and a minimum wall thickness of approximately 0.5 mm along the airfoil. The tenon
(root) measured approximately 20 mm in length, and the total blade volume was 2089.6
mm3.Thermocouples and pressure probes were installed 110 mm upstream of the cascade channel to
measure the mainstream gas inlet temperature, total pressure, and static pressure.

Figure 2 also showed the schematic diagram of the thermocouple layout on the turbine blade
surface. The measurement points were located at the 50% blade height cross-section, and their
positions along the arc length of this section were indicated in the figure. A total of 16 K-type sheathed
thermocouples with a diameter of 0.5 mm were embedded in the blade—7 on the pressure side and
9 on the suction side. To prevent any adverse effects on film cooling performance from directly
welding thermocouples onto the blade surface, thermocouple mounting grooves were printed during
the blade fabrication process. The thermocouples were then fixed into the grooves using laser
welding. A coating made of the same material as the blade was sprayed onto the surface to fill the
gap between the thermocouples and the grooves. The thinnest part of the coating above the
embedded thermocouples was approximately 0.05 mm. The surface was carefully polished to ensure
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that the aerodynamic profile of the blade remained unchanged. The appearance of the blade after
thermocouple embedding and coating is shown in Figure 3.

16# 15# 14# 13# 12# 11# 10#

Figure 3. Photos of test blade with thermocouples.

2.3 Experimental Parameters and Definitions

The flow ratio is defined as:
B=mc/mg (1)
Where, m. is the secondary flow mass flow rate, and g is the mainstream gas mass flow rate.
The temperature ratio is defined as:
K=Tg/T: ()
Where, T. is the secondary flow temperature, and T is the mainstream gas temperature.
The gas pressure ratio is defined as:

_D
ﬁ_ in (3)
pout
Where, p, is the cascade gas inlet total pressure, and pout is the cascade gas outlet static pressure.

The dimensionless temperature on the blade surface is defined as:
e=Tw/ T 4)
Where, Tw is the turbine blade surface temperature.
The cooling effectiveness of the blade is defined as:

T,-T,
= 5
The arc-length averaged cooling effectiveness of the turbine blade is defined as:
1 R 1 n
Noe =5 L nds = EZi:I AST. (6)

Where, S is the total arc-length of the blade outer surface at the 50% span section, and AS:i is the arc-
length corresponding to measurement point i.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0449.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 August 2025 d0i:10.20944/preprints202508.0449.v1

5 of 18

2.4 Experimental Uncertainty Analysis

The measurement parameters of the turbine blade, along with the ranges and accuracies of the
instruments used in the experiment, are listed in Table 1. The experimental results primarily focused
on investigating the cooling effectiveness (1) of the blade surface and the dimensionless temperature
(&) on the blade surface.

The n on the blade surface is defined as:

2 2 2
dT
dan_ |\ 4l | (4L, | [ 4L, ?)
n T, T, T,

Where, T;, Tw, and T represent the mainstream gas temperature at the cascade inlet, the blade surface
temperature, and the secondary air temperature, respectively. According to the standard error

analysis method proposed by Moffat et al. [32], the uncertainties of the cooling effectiveness and the
dimensionless surface temperature in this experiment had been 4.2% and 3.17%, respectively,
indicating that the experimental measurements of the turbine blade’s cooling performance in this
study were reliable.

Table 1. Measurement parameters and instruments for the blade experiment.

Parameters Measuring instrument Range Uncertain/%
Blade surface temperature K thermocouple 273~1000 K 0.5
Total
. ota K thermocouple 273~1000 K 0.5
inlet/outlet temperature
. Total Pressure sensor A 0.5~1.5 MPa 0.5
inlet/outlet pressure
Inl 1 i
nlet/outlet static Pressure sensor B 0.1~5.0 MPa 0.5
pressure
Mass flowmeter 0.1~100 g/s 1.0
Secondary flow
Mass flow control meter  0.1~5.0 g/s 0.05

3. Numerical Simulation

In this study, a fluid-structure coupled numerical simulation method was adopted. The
Realizable k-¢ turbulence model [33,34] was used, and the pressure-based segregated solver was
employed. The discretization scheme for the governing equations utilized the third-order QUICK
scheme. The pressure—velocity coupling was handled using the SIMPLEC algorithm, and the
pressure interpolation was performed using the standard scheme. Pressure, momentum, turbulent
kinetic energy, and energy equations were all discretized with second-order accuracy. The average
temperature variation on the blade surface during the final 1000 iterations was less than 0.08%.

3.1. Computational Model and Boundary Conditions

Figure 4 shows the original turbine blade model of a certain type of engine, in which no cooling
hole structure was designed. The computational model and boundary conditions are illustrated in
Figure 5. To prevent backflow at the inlet and outlet of the fluid domain during the simulation, which
could affect the stability of the calculation, the gas inlet and outlet regions were appropriately
extended.
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Figure 4. Original turbine blade Figure 5. Computational domain and boundary conditions of turbine
model. blade calculation.

3.2. Mesh

The gas passage, blade cascade passage, and secondary air passage were defined as the fluid
domain, while the blade airfoil and blade tenon were defined as the solid domain. The mesh division
is shown in Figure 6. To better capture the flow and heat transfer details near the wall surfaces,
boundary layer meshes were applied in regions of the fluid domain adjacent to the solid walls, with
a total of five layers and the first layer corresponding to 3* < 1. In regions with steep parameter
gradients, such as around the film cooling holes and the leading edge, mesh refinement was applied.
The total number of mesh elements in the solid domain of the blade was 800,000, while the fluid
domain contained 4.2 million elements.

Fluid domain

Blade tenon

Figure 6. Computational domain and grid.
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3.3. Mesh Independence

Numerical simulations were carried out using the original turbine blade structure as an example,
and a grid independence verification process was conducted. The results of the grid independence
study are presented in Table 2.

Five sets of meshes with different densities, ranging from 1 million to 9 million elements, were
used to evaluate the sensitivity of the simulation results to grid resolution. When the mesh count
increased from 1 million to 5 million, the change in the average temperature of the blade airfoil and
tenon became less than 0.5%. Therefore, a mesh containing 5 million elements was ultimately selected
for subsequent simulations, and this mesh resolution was used for the grid generation of blades with
different cooling structure designs.

Table 2. Gird independence validation.

Mesh/10¢ 1.0 3.0 5.0 9.0
Average blade temperature/K 1018.9 1024.8 1025.3 1025.6

3.4. Numerical Calculation Conditions

At the engine design point, the flow ratio was 1.0% (with pc = 0.8 MPa), the temperature ratio
was 1.46, and the pressure ratio of the hot gas was 1.41. Table 3 presents the operating conditions
used in the numerical simulations. In the table, p. represents the total pressure at the inlet of the

mainstream high-temperature gas, Ty is the inlet temperature of the mainstream gas, my is the
mainstream gas mass flow rate, pc is the total pressure at the secondary air inlet, and T is the
secondary air temperature.

During the numerical simulation, the inlet temperature Ty was set to 1286.4 K. A User-Defined
Function (UDF) was used to define the gas inlet boundary conditions, and the temperature non-
uniformity coefficient at the gas inlet was set to 0.2.

Table 3. Calculation conditions.

Parameters Value
P 1.34 MPa
Tg 1284.6 K
Mg 0.585 kg/s
pe 0.8 MPa
Tec 708.5 K

3.5. Validation of the Simulation Results

Figure 7 shows the comparison between the experimental and simulated dimensionless
temperature distribution curves on the blade surface. Both the experimental and numerical
conditions correspond to the engine design point. The temperature data were obtained at 16
measurement points located along the 50% blade height cross-section, with each value representing
the average temperature within a ¢ = 0.6 mm area around the measurement point.

The experimental data and simulation results showed good overall agreement in terms of trend.
The maximum deviation between the simulation and experimental results was 9.65%, while the
minimum deviation was 2.59%.

The discrepancies between the experimental and simulation results were mainly attributed to
the following factors:

(1) Local deviations between the actual thermocouple installation locations and the mesh nodes
in the simulation caused a mismatch between the measured and computed temperatures;

(2) In the numerical simulation, the prescribed state of the mainstream gas in the turbine blade
passage may have differed from the actual gas conditions in the experiment;
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(3) The thermocouple installation and coating process on the blade surface may have introduced
measurement errors, leading to discrepancies between the actual and simulated temperature values.
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Figure 7. Comparison of simulation and experimental data.
4. Numerical Results and Discussion

4.1. Temperature Field of the Original Turbine Blade

Figure 8 shows the surface temperature distribution contour of the original turbine blade under
the engine design point conditions. From the figure, four main high-temperature regions and two
secondary high-temperature regions near the blade tip can be observed on the blade surface. The
main high-temperature areas are primarily concentrated along the leading edge and trailing edge
within the 40% to 80% blade height range. The highest temperature in the leading-edge hot region
reaches 1154 K, while the trailing-edge hot region peaks at 1145 K. The secondary high-temperature
areas near the blade tip reach a maximum of 1096 K, and the average temperature of the blade airfoil

and tenon is 1025.3 K.
Temperature/K
920 957 994 1031 1068 1105 1142
[ . ol .|

Sub-high
temperatur¢
region

Main high
temperature
region-1

(a) Suction surface (b) Pressure surface

Figure 8. Surface temperature distribution of turbine blade.

The reason for this distribution is that the original turbine blade was designed without film
cooling structures and is therefore a solid blade. The formation of high-temperature regions on the
blade surface essentially results from the coupled effects of fluid flow and heat transfer. The high-
temperature gas enters the working blade passage from the turbine guide vanes, and the flow state
and heat transfer characteristics between the turbine guide vanes and working blades determine that
the high-temperature zones are concentrated in the mid-span region of the blade. The temperature
distribution characteristics of the blade’s high-temperature areas correspond closely with those of the
combustor outlet.
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The original turbine blade material is the nickel-based superalloy IN-738, which has a maximum
temperature resistance of approximately 1173 K. Since the highest temperatures in the leading and
trailing edge hot regions approach the material’s temperature limit, it is necessary to design cooling
structures for the turbine blade to ensure its normal operation.

4.2. Design of the Blade Film Cooling Structure

Based on the temperature field analysis of the original turbine blade in the previous section, film
cooling holes should be arranged near the blade leading edge and trailing edge to reduce the
temperature in the high-temperature regions. Additionally, since the main high-temperature areas
are concentrated within the 40% to 80% blade height range along the leading and trailing edges, the
cooling structure design incorporates a denser distribution of film cooling holes in this region.

The original turbine blade has a solid structure without any film cooling holes. According to the
distribution characteristics of the high-temperature regions described above, the turbine blade
cooling structure was optimized using a comprehensive simulation and design platform for turbine
cooled blades. Three targeted film cooling structure designs were proposed. Tables 4 and 5 present
the specific parameters of these three cooling structure schemes, while Table 6 shows the turbine
blade models and internal cooling channel layouts for Schemes 1 to 3.

Compared to Scheme 1, Scheme 2 increased the number of trailing edge film cooling holes and
modified the discharge angles of the film holes at the leading edge and blade tip, as well as the
dimensions of the internal cooling channels. Compared to Scheme 2, Scheme 3 reduced the number
of film cooling holes at the leading edge and blade tip and adjusted the discharge angles of the film
holes at the leading and trailing edges.

Table 4. Number of film cooling holes and parameters of internal cooling channels.

Position Scheme 1 Scheme 2 Scheme 3
Leading Edge 9 9 6
Trailing Edge 4 5 5
Blade tip 2 2 1
Blade internal cooling channel 2.2x2.0 mm 2.2x1.5 mm 2.2x1.5 mm

Table 5. Film cooling hole angle.

Position Scheme 1 Scheme 2 Scheme 3
Leading Edge 41° 39° 35°
Trailing Edge 30° 30° 45°

Blade tip 90° 88° 88°

Table 6. Model of cooling structure.

Scheme Blade Blade internal cooling passage
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Figure 9 shows the definition of the film cooling hole orientation. The exit point O of the film
cooling hole is defined as the intersection of the hole’s central axis and the blade surface. A local
reference coordinate system is established with point O as the origin: the surface normal direction is
defined as the Z-axis, the tangential direction along the blade height as the Y-axis, and the tangential
direction along the flow direction as the X-axis.

Reference plane A is defined as the XZ plane, and reference plane B as the YZ plane. The film
cooling hole angle is defined as the angle between the central axis of the cooling hole and the XY
plane.

Figure 9. Schematic diagram of film cooling hole angle.

4.3. Surface Temperature Distribution of the Blade

Figure 10 presents the surface temperature distribution contours of the turbine blade under
design-point conditions for Schemes 1 to 3, while Table 7 compares the blade temperature and
aerodynamic performance parameters for the three schemes. Compared with the original turbine
blade temperature distribution shown in Figure 8, the incorporation of cooling structures in Schemes
1 to 3 effectively reduced the surface temperature and decreased the area of high-temperature regions
on the blade.

In Scheme 1, film cooling holes were arranged along the blade leading edge, trailing edge, and
tip. The combined effects of convective heat transfer from the coolant jets and the film isolation effect
effectively reduced the blade surface temperature. Compared to the original turbine blade, the
maximum temperature at the leading edge decreased by 5.74%. However, due to the relatively large
outlet angle (41°) of the leading-edge film cooling holes, the film coverage was weakened, resulting
in insufficient coolant coverage over the trailing-edge tip region. Consequently, the maximum
temperature in the blade tip high-temperature region was 1083 K, only 1.19% lower than that of the
original blade.

The presence of film cooling holes at the trailing edge in Scheme 1 helped reduce the area of
high-temperature regions at the trailing edge, with the maximum temperature dropping by 7.83%.
Meanwhile, the implementation of the cooling structure significantly lowered the average
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temperature of the blade body and root, which decreased by 13.14% compared to the original turbine
blade.

The total cooling airflow through the film cooling holes of a single blade in Scheme 1 was 4.57
g/s. Compared to the original solid blade without cooling structures, the increased secondary cooling
airflow led to greater aerodynamic losses. Therefore, it is necessary to comprehensively evaluate the
trade-off between the secondary airflow consumption and the blade cooling effectiveness to propose
an optimal cooling structure design.

To address the issues of large total cooling airflow and the large outlet angle of the leading-edge
film holes in Scheme 1, Scheme 2 reduces the leading-edge film hole angle to 39° and increases the
number of trailing-edge film holes, aiming to optimize the temperature characteristics of the trailing
edge and the trailing-edge tip high-temperature region. Additionally, the internal cooling channel
dimensions were reduced, lowering the total cooling airflow to 3.47 g/s.

In Scheme 2, the maximum temperature at the leading edge is 1082.4 K, which is similar to that
of Scheme 1. However, the high-temperature region at the trailing edge shifts closer to the trailing-
edge tip, located around 75-80% of the blade height. The maximum temperature in the trailing-edge
high-temperature region decreases by 6.57% compared to Scheme 1. Furthermore, the high-
temperature area at the trailing-edge tip is reduced, with its maximum temperature lowered by 4.79%
relative to Scheme 1. Due to the reduced cooling airflow, the average temperature of the blade body
and root increased by 0.34% compared to Scheme 1.

By modifying the blade’s cooling structure, Scheme 2 significantly improves the blade's
temperature distribution. The maximum temperatures remain within the material’s allowable range.
However, the total cooling airflow per blade is still 3.47 g/s, which, although reduced, still causes a
degree of aerodynamic loss compared to the original turbine blade.

To further reduce the total secondary cooling airflow, Scheme 3 decreases the number of film
cooling holes and modifies the outlet angles of both the leading- and trailing-edge holes to enhance
coolant coverage efficiency. Compared to Scheme 2, Scheme 3’s maximum leading-edge temperature
is 1018.0 K, a 5.95% reduction. The high-temperature region distribution at the trailing edge is similar
to that of Scheme 1, but its maximum temperature is 11.39% higher than in Scheme 2, and the high-
temperature area is also enlarged. Due to the further reduction in the number of film cooling holes,
the trailing-edge tip high-temperature area expands, and its maximum temperature increases by
1.68% compared to Scheme 2—though it still remains lower than in Scheme 1.

Meanwhile, the further reduction in cooling airflow in Scheme 3 leads to a 0.99% increase in the
average temperature of the blade body and root compared to Scheme 2.

Temperature/K
920 957 994 1031 1068 1105 1142
[ . | - |
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Figure 10. Temperature distribution of turbine blade surface
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Table 7. Parameter comparison of schemes 1~3.

Maximum temperature on the Average temperature of Total cooling air

Scheme surface of turbine blade/K  blade body and tenon/K flow/ges™!
1 1087.8 890.6 4.57
1082.4 893.2 3.47
3 1098.3 902.4 2.00

4.4 Film Hole Flowline Distribution Characteristics

Figure 11 shows the flowline distribution diagrams of blade film hole outflow under design-
point conditions for Engine Schemes 1-3. As shown in the figure, the cooling air jets in Scheme 1
exhibit poor wall-attachment performance, resulting in jet detachment and horseshoe vortex
formation. The cooling airflow is biased toward the blade tip, leading to insufficient coverage in the
trailing edge region and a relatively large high-temperature area near the trailing edge tip.
Additionally, some streamlines bypass the blade tip, further weakening the cooling effectiveness.

To address the poor wall-attachment performance of the film hole outflow in Scheme 1, Scheme
2 reduces the front-edge outflow angle to 39°, while adjusting the internal cooling channel
dimensions and increasing the number of film holes. The total cooling air mass flow rate is reduced
to 3.47 g/s, enhancing the wall-adherence effect and further improving blade cooling performance.
However, the outflow streamlines from the front-edge film holes still show partial flow bypassing
the blade tip, resulting in localized small-scale vortex remnants, which are not favorable for efficient
utilization of the cooling air.

Compared to Scheme 2, Scheme 3 further optimizes the front-edge film hole outflow angle. The
outflow streamlines from the front-edge film holes directly target the suction surface and exhibit a
parallel laminar pattern. The film coverage is improved, and the streamline attachment performance
is significantly better than in the previous two schemes.

Velocity/(m/s)
110 248 385

-

522

(a) Scheme 1 (b) Scheme 2 (c) Scheme 3

Figure 11. Temperature distribution of turbine blade surface

4.5. Final Experimental Blade Scheme

Based on the analyses in Sections 4.3 and 4.4, Scheme 3 significantly improves the cooling air
coverage efficiency by adjusting the arrangement and angles of the film cooling holes. Under a
relatively low total cooling air mass flow rate, it effectively enhances the surface temperature
characteristics of the turbine blade. Compared to the original turbine blade, Scheme 3 reduces the
blade surface maximum temperature to 1180 K, a decrease of 12.90%, and the average temperature
of the blade body and tenon to 902.0 K, a decrease of 12.03%. Overall, all temperatures remain below
the thermal limit of the IN-738 alloy (1173 K). The total cooling air mass flow rate in Scheme 3 is 2.0
g/s, representing reductions of 56.24% and 43.98% compared to Schemes 1 and 2, respectively,
resulting in minimal aerodynamic loss of the blade. With the lowest cooling cost, Scheme 3 achieves
efficient thermal protection and is therefore selected as the final optimized scheme for further
experimental investigation on blade overall cooling efficiency.
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5. Experimental Results and Analysis

According to the actual operating conditions of the original turbine blade, the design point flow
ratio is 1.0%, the temperature ratio is 1.46, and the total pressure ratio of the combustion gas is 1.41.
The specific experimental conditions for the optimized turbine blade are shown in Table 8. The gas
inlet temperature distribution follows the same pattern as the simulation results, with a temperature
distribution factor of 0.2. During the experiment, variations in the flow ratio and temperature ratio
are achieved by adjusting the secondary air flow rate and temperature, while changes in the total
pressure ratio are controlled by adjusting the mainstream gas flow rate.

Table 8. Turbine blade experimental conditions.

Parameter Value
B 0.8%, 1.0%, 1.2%
K 1.25, 1.35, 1.45, 1.55, 1.65
B 1.2, 1.3, 141, 15, 1.6

5.1 Effect of B on Cooling Performance

Figure 12 presents the dimensionless temperature distribution and cooling efficiency of the
turbine rotor blade at different flow ratios under conditions of a temperature ratio of 1.2 and a
pressure ratio of 1.41. In the figure, the horizontal axis represents the dimensionless length along the
mid-section of the blade, with the blade leading edge as the origin. The negative X-axis direction
corresponds to the suction side, and the positive X-axis direction corresponds to the pressure side.

As the B increases, the dimensionless surface temperature of the blade gradually decreases,
while the cooling efficiency improves. This is because the increased secondary air flow enhances the
film coverage on the blade surface, effectively isolating the hot gas from the external wall of the blade
and suppressing convective heat transfer. Simultaneously, the internal cooling channels experience
stronger convective heat transfer between the cooling air and channel walls, further reducing the
blade surface temperature and improving cooling efficiency.

The cooling efficiency on the pressure side of the blade is higher than that on the suction side.
When the B is 0.8%, the average dimensionless temperature on the pressure side is 0.924 with an
average cooling efficiency of 0.171, while the average dimensionless temperature on the suction side
is 0.940 with an average cooling efficiency of 0.146. When the B increases to 1.2%, the dimensionless
temperature decreases by 1.70%, and the average cooling efficiency increases by 14.60%.
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Figure 12. Effect of B on turbine blade cooling performance
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Figure 13 shows the blade cooling efficiency averaged along the arc length as a function of the
flow ratio. As the B increases, the cooling efficiency gradually improves. When the B increases from
0.8% to 1.2%, the blade surface cooling efficiency rises from 0.136 to 0.162, an increase of 19.12%.

Although increasing the secondary air flow ratio can effectively enhance the blade cooling
efficiency, it can also cause part of the air to lose its cooling effectiveness and result in greater
aerodynamic losses. Therefore, reasonably adjusting the secondary air flow is crucial for improving
the overall cooling efficiency of the blade.

0.17 - -
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—®— Cooling efficiency

[ ]
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Figure 13. Variation curve of blade cooling efficiency with B.

5.2 Effect of K on Cooling Performance

Figure 14 shows the dimensionless surface temperature distribution and cooling efficiency
variations of the turbine rotor blade under a cooling air flow ratio of 1.0% and a pressure ratio of 1.41
at different temperature ratios. As the temperature ratio increases, the dimensionless surface
temperature of the blade gradually decreases, and the cooling efficiency correspondingly increases.

The reason is that, with an increase in K, the secondary air temperature decreases, which
increases the cooling air’s heat absorption capacity, thereby enhancing the blade’s cooling efficiency.
Within the experimental operating range, the cooling efficiency on the blade pressure side is higher
than that on the suction side. When the K equals 1.65, the average dimensionless temperature on the
pressure side is 0.915, with an average cooling efficiency of 0.189; on the suction side, the average
dimensionless temperature is 0.926, with an average cooling efficiency of 0.165. Compared to the
condition at K = 1.25, the dimensionless temperature decreased by 1.19%, and the average cooling
efficiency increased by 14.55%.
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Figure 14. Effect of K on turbine blade cooling performance
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Figure 15 shows the variation of blade cooling efficiency under different mainstream-to-
secondary flow temperature ratios. As the temperature ratio increases, the blade cooling efficiency
gradually rises. When K = 1.25, the blade cooling efficiency is 0.139; when K = 1.65, it increases to
0.176, representing an improvement of 26.62%.
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Figure 15. Variation curve of blade cooling efficiency with K.

5.3. Effect of p on Cooling Performance

Figure 16 shows the dimensionless surface temperature distribution and cooling efficiency
variations of the turbine rotor blade under a cooling air flow ratio of 1.0% and a temperature ratio of
1.46 at different pressure ratios. During the experiment, changes in the pressure ratio were achieved
by adjusting the mainstream gas flow rate, while maintaining consistent flow and temperature ratios
between the mainstream gas and the secondary cooling air.

As the f increases, the dimensionless surface temperature of the blade gradually decreases, and
the cooling efficiency correspondingly increases. The effects of § on blade cooling performance are
similar to those of flow ratio and temperature ratio. The cooling efficiency on the pressure side of the
blade is higher than that on the suction side. When g increases from 1.2 to 1.6, the dimensionless
temperature on the pressure side decreases by 2.33%, and the average cooling efficiency increases by
43.41%; on the suction side, the dimensionless temperature decreases by 1.48%, and the average
cooling efficiency increases by 28.24%.
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Figure 16. Effect of § on turbine blade cooling performance

Figure 17 shows the variation of the cooling efficiency on the blade surface with respect to the
B. As the f increases, the cooling efficiency on the blade surface gradually rises. When the § is 1.2, the
cooling efficiency is 0.130; when f increases to 1.6, the cooling efficiency reaches 0.176, representing
an increase of 35.38%.
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6. Conclusions

Based on the conducted study, the following conclusions were drawn:

1) Within the experimental conditions, as the mass flow ratio increases, the cooling efficiency
gradually improves. When the mass flow ratio increases from 0.8% to 1.2%, the overall cooling
efficiency on the blade surface rises from 0.136 to 0.162, representing a 19.12% improvement.
However, the increase in flow ratio has no significant effect on the distribution of surface cooling
efficiency or the dimensionless temperature distribution on the blade surface. Since the variation
range of secondary flow in this study is relatively small, the influence of the mass flow ratio on
overall cooling efficiency is limited.

2)  With an increase in the temperature ratio between the secondary flow and the mainstream gas, the
overall cooling efficiency of the blade increases. When the temperature ratio K = 1.25, the cooling
efficiency is 0.139; when K = 1.65, the efficiency reaches 0.176, indicating an increase of 26.62%.

3) The pressure ratio has a greater influence on the blade's overall cooling efficiency compared to
the mass flow and temperature ratios. When the pressure ratio = 1.2, the cooling efficiency of
the blade surface is 0.130, while at § = 1.6, it increases to 0.176, representing a 35.38%
improvement.

4) The cooling structure of the turbine blade was optimized based on numerical simulation
methods and manufactured using additive manufacturing technology. Experimental results
show that the blade's overall cooling performance meets the design requirements.
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Abbreviations

The following abbreviations are used in this manuscript:

B Pressure ratio

K Temperature ratio

B Flow ratio

TBC Thermal barrier coating technology
Me Secondary flow mass flow rate

Mg Mainstream gas mass flow rate
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T. Secondary flow temperature

Te Mainstream gas temperature

pc Total pressure at the secondary air inlet

p:n Cascade gas inlet total pressure

Pout Cascade gas outlet static pressure

Tw Turbine blade surface temperature

S Total arc-length of the blade outer surface at the 50% span section
ASi Arc-length corresponding to measurement point
€ Blade surface dimensionless temperature

n Cooling effectiveness
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