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It is imperative to implement advanced blade cooling technologies to ensure the
seamless functioning of aeroengine turbine blades in high temperature environ-
ments. The mainstream flow is a pivotal factor influencing the film cooling effi-
ciency of turbine blades. In this paper, the influence mechanism of the main-
stream flow on the film cooling efficiency of turbine blades under different main-
stream Reynolds numbers and mass-flow ratios is thoroughly investigated. The
distribution laws of the cooling efficiency on the pressure surface and the suction
surface, as well as the changes in the flow velocity of the central section of the
blade, are elaborated in detail. The findings of the research indicate that when
the mass-flow ratio is fixed, the cooling efficiency is higher under conditions of a
lower mainstream Reynolds number. As the mass-flow ratio increases, the influ-
ence of the mainstream Reynolds number on the cooling efficiency gradually
weakens. The cooling efficiency on the pressure surface experiences a decrease,
while that on the suction surface initially decreases and subsequently increases.
Furthermore, an increase in cold air-flow results in a greater accumulation of
film in the middle-height region of the blade. This phenomenon enhances the
cooling efficiency in this specific area. However, the enhancement of cooling effi-
ciency along the upper and lower wall surfaces is not substantial.

Key words: cooling efficiency, mainstream flow, mass-flow ratio,
Reynolds number

Introduction

The cooling characteristics of turbine blades are of paramount importance for the
proper functioning of aeroengines [1, 2]. Among the numerous factors influencing the cooling
efficiency of turbine blades, the mainstream flow is a critical one [3]. This phenomenon exerts
a substantial influence on the distribution of cold air over the turbine blades and has the po-
tential to induce local thermal deformation within the blade structure. This deformation can
potentially result in blade damage, thereby affecting the performance and reliability of the
aeroengine [4, 5].

On a global scale, studies concerning the impact of the mainstream Reynolds hum-
ber on the film cooling efficiency of turbine blades have proven to be a highly active area of
research. Van Fossen etal. [6] conducted an experimental exploration into the impact of
mainstream Reynolds number and turbulent characteristics on the heat transfer at the blade
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stagnation point. Ou et al. [7] conducted a comprehensive investigation into the impact of un-
steady wakes on film cooling and heat transfer in turbine blades. Hylton et al. [8] investigated
the influence of the mainstream Reynolds number on film cooling, with a particular emphasis
on relatively high Reynolds numbers. Liu and Liu [9] conducted a wind tunnel experiment to
investigate the heat transfer process of a turbine guide cascade film. Su et al. [10] investigated
the internal cooling mechanisms of turbine moving blades and determined that the effect of
blade heat conduction on the blade temperature field was highly significant. Wang et al. [11]
conducted a measurement of the blade surface pressure distribution at inlet Reynolds numbers
of 5x10°, 6x10°, and 7x10° in a wind tunnel. He then proceeded to calculate the heat transfer
coefficient distribution on the blade surface for each inlet Reynolds number.

In recent years, foreign experimental research has mainly focused on constructing
experimental databases and providing data support for improved numerical methods [12-16].
Li and Zhu [17, 18] explored control strategies for the aerodynamic stability of the cascade in
heat transfer wind tunnels, as well as the experimental setups and heat transfer data processing
methods for blade heat transfer measurements. Comprehensive pressure and heat transfer
measurements of both the moving and stationary blade surfaces were conducted [19], and it
was determined that the Reynolds number was the primary factor influencing heat transfer on
the blade surfaces.

However, despite the significant progress made in previous studies, there is still a
lack of a comprehensive understanding of the combined effects of the mainstream Reynolds
number and mass-flow ratio (MFR) on the film cooling efficiency of turbine blades under var-
ious working conditions. In the present study, we aim to fill this gap by systematically scruti-
nizing the effect of the mainstream on the film cooling efficiency of the turbine blade under
diverse Reynolds numbers and MFR. This research is expected to provide valuable insights
and theoretical support for the design and optimization of aeroengine turbine blade cooling
systems.

Computational model and boundary conditions

As illustrated in fig. 1, the diameter of the film cooling holes, d, measures
0.988 mm. The hole spacing, P, is 3.333 times d. The outflow direction of the film cooling
hole forms a 45° angle with the wall surface in the radial direction. A total of 17 rows of film
cooling holes are arranged on the blade. Each row contains 35 holes, with 3 rows on the suc-
tion surface of the leading edge, 4 rows on the pressure surface of the leading edge. The cool-
ing air-flow emerging from the leading-edge film holes creates an opposing structure against
the mainstream gas, which plays a crucial role in the heat transfer process. Additionally, there
are 4 rows on the blade suction surface and 6 rows on the blade pressure surface. For the con-
venience of identification and analysis, the film cooling holes in the leading-edge section are
labeled as L1-L7, those on the pressure surface of the blade are designated as P1-P6, and the
ones on the suction surface of the blade are identified as S1-S4.

The boundary conditions are presented in fig. 1(b). The two sides of the computa-
tional domain are subjected to periodic boundary conditions, which simulate the repetitive na-
ture of the blade cascade in a real-world scenario. The mainstream gas enters through the in-
let, while the cooling air enters from above. The cooling air then exits from the film holes, ef-
fectively cooling the wall surface of the blade.

The computational model is partitioned into several key regions: the mainstream in-
let, cold air inlet, outlet, and periodic boundaries on both sides. The height of both the inlet
and outlet is set to 120 mm, and their length is 175 mm. In the middle section, the blade
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Figure 1. Schematic diagram of computational model; (a) blade film hole structure and
(b) boundary condition
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chord, ¢, is 121 mm, and the blade height, h, is 175 mm. The cascade passage, W, represents
the middle flow-field section sandwiched between the pressure-surface boundary and the suc-
tion-surface boundary. This well-defined model structure and boundary conditions ensure the
accuracy and reliability of the numerical simulations, enabling a more in-depth exploration of
the complex flow and heat transfer phenomena within the turbine blade cooling system.

Grid distribution

The grid distribution and its local details are depicted in fig. 2. For the meshing pro-
cess, a tetrahedral grid is selected as the fundamental grid type due to its flexibility in adapt-
ing to complex geometries. In the vicinity of the wall, where the flow characteristics are high-
ly influenced by the no-slip condition and viscous effects, a prismatic grid is employed. This
combination allows for a more accurate representation of the boundary-layer flow.
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In the computational domain of the film cooling simulation section and the cascade
test section, specific grid parameters are carefully determined. The height of the first grid lay-
er is set to 0.5 and 0.001, respectively. The prismatic grids in these regions consist of 15 and
30 layers, with a growth rate of 1.2. This growth rate is chosen to balance the need for resolu-
tion near the wall and computational efficiency. A growth rate of 1.2 ensures that the grid
cells gradually expand away from the wall, capturing the variation in flow properties effec-
tively without excessive grid refinement in regions where it is not necessary.

After a comprehensive consideration of the trade-off between the number of grids,
computational accuracy, and computational time, the optimal number of computing grids
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adopted in this study is determined to be 15 million. This number is sufficient to provide ac-
curate results while keeping the computational cost within a reasonable range.

The SST k- models with transition equations are chosen for computing the flow in
the cascade passage. These models have demonstrated certain advantages in accurately calcu-
lating the flow structure within the cascade passage. They can effectively capture the complex
interactions between the mainstream flow and the cooling air, as well as the boundary-layer
transition phenomena.

The mainstream inlet is specified with a velocity boundary condition, which precise-
ly defines the speed of the incoming mainstream gas. The outlet pressure is set to
101.325 kPa, representing the standard atmospheric pressure at the outlet. The coolant inlet is
defined with a mass-flow boundary condition, enabling accurate control of the amount of
cooling air entering the system. In the coolant inlet, the gas type is set as air, and the turbu-
lence intensity is set at 2% to account for the inherent turbulence in the cooling air-flow. Ta-
ble 1 displays the complete list of calculation parameters, providing a clear overview of all the
variables used in the simulations.

Definition of parameters

The Reynolds number is defined as Re = pud/u, where u [ms] represents the fluid
velocity, p [kgm~3] — the fluid density, d [m] — the vertical diameter of the fluid inlet channel,
and x [kgms] — the fluid viscosity.

The MFR is the ratio of the cold air mass-flow to the incoming gas mass-flow. It is
calculated as MFR = gmi/gm2, where gm1 is the mass-flow rate of the cold air and gm2 — the
mass-flow rate of the mainstream gas. In this study, the MFR of 0.7, 1.0, and 1.3 are investi-
gated. Notably, at the design point, the MFR for the leading edge cold air-flow is 7.09% and
for the trailing edge cold air-flow is 1.77%.

The cooling efficiency, #, is a dimensionless parameter that characterizes the cooling
effect. It is given by n = (T — T2)/30, where T1 [K] is the mainstream gas temperature, T» [K] —
the surface temperature of the blade, and AT = 30 [K] — the difference between the gas tem-
perature and the cold air temperature. Table 1 presents the list of calculation parameters.

Table 1. List of calculation parameters

Main flow, Re | Gas velocity [ms?] | MFR Leading edge gmi [kgs™] Leading edge gmz2 [kgs™]
1x10° 12.072 0.7 0.0154 0.00385
1x10° 12.072 1.0 0.022 0.00550
1x10° 12.072 1.3 0.0286 0.00715
3x10° 36.209 0.7 0.0462 0.0115
3x10° 36.209 1.0 0.0660 0.0165
3x10° 36.209 1.3 0.0859 0.0214
5x10° 60.347 0.7 0.0770 0.0192
5x10° 60.347 1.0 0.110 0.0275
5x10° 60.347 1.3 0.143 0.0357
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Analysis of cooling characteristic

Figure 3 showcases the distribution of the blade film cooling efficiency on both the
suction surface and the pressure surface under different MFR. When the MFR is 0.7, it is
quite evident that the cooling efficiency on the suction surface is significantly higher than that
on the pressure surface. As the MFR of the cold air increases, a distinct trend emerges: the
cooling efficiency on the suction surface shows a decreasing tendency, while the cooling effi-
ciency on the pressure surface exhibits an increasing one. When the MFR reaches 1.3, the
cooling efficiencies on the suction and pressure surfaces start to converge.
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Figure 3. Distribution of film cooling efficiency under different MFR;
(@ MFR =0.7, (b) MFR = 1.0, and (c) MFR = 1.3

Generally, the area in the vicinity of the film holes features a relatively high cooling
efficiency, which gradually declines in the downstream direction. Although only three rows of
film holes are arranged on the suction surface, the cold air expands remarkably well towards the
downstream. As a result, the entire suction surface is effectively covered by an air film, contrib-
uting to its relatively high cooling efficiency. In the region near the end wall, however, the cool-
ing efficiency drops to zero. This can be attributed to two main factors. Firstly, there are no
cooling film holes in these areas, leaving no direct source of cold air for cooling. Secondly, the
presence of channel vortices near the end wall plays a role. The rotation of these vortices dis-
rupts the spread of cold air towards the end wall, preventing effective cooling in this region.

Figures 4-6, respectively, illustrate the distributions of cooling efficiency at various
Reynolds numbers on the pressure surface for MFR of 0.7, 1.0, and 1.3. By closely observing
these diagrams, it becomes clear that along the height direction of the turbine blade, due to the
dense arrangement of the leading-edge film holes, the mainstream gas and the cold air form
an opposing configuration. This unique arrangement leads to a relatively higher cooling effi-
ciency in the middle section of the blade.

At lower Reynolds numbers, an increase in the cold air-flow rate causes more air
films to converge towards the higher region of the blade. This convergence effectively en-
hances the cooling efficiency in that area. However, the improvement in cooling efficiency
near the upper and lower end walls is not particularly significant. Notably, the middle region
of the blade is the key area with high cooling demands. Therefore, this distribution pattern of
film cooling efficiency is well-aligned with the cooling requirements of turbine guide vanes.

At lower MFR, a significant difference in the leading-edge cooling efficiency can be
observed between Reynolds numbers of 100000 and 300000. As the Reynolds number in-
creases, the variation in cooling efficiency becomes less prominent. Additionally, as the MFR
rises, the influence of the mainstream Reynolds number on the blade cooling efficiency grad-
ually weakens.
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Figure 4. Distribution of cooling efficiency at MFR = 0.7;
(a) Re = 1x105, (b) Re = 3x10°%, and (c) Re = 5x10°

Figure 5. Distribution of cooling efficiency at MFR = 1.0;
(a) Re = 1x105, (b) Re = 3x10°%, and (c) Re = 5x10°
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Figure 6. Distribution of cooling efficiency at MFR = 1.3;
(a) Re = 1x10°, (b) Re = 3x105, and (c) Re = 5x10°

Figure 7 presents the area-averaged cooling efficiency values of the pressure surfac-
es at different Reynolds numbers for MFR values of 0.7, 1.0, and 1.3. From these graphs, it
can be clearly seen that each peak corresponds to the location of the air-film holes. As the dis-
tance from the air-film holes increases, the cooling efficiency decreases. Under a fixed MFR,
the cooling efficiency is relatively higher at lower mainstream Reynolds numbers. As the
mainstream Reynolds number increases, the impact of the Reynolds number on the cooling
efficiency becomes less substantial. Moreover, as the MFR increases, the influence of the
mainstream Reynolds number on the cooling efficiency further weakens.

At lower MFR, the cooling air adheres better to the blade wall, which is beneficial
for a higher leading-edge efficiency. However, at the trailing edge, due to the stronger carry-
ing effect of the mainstream gas, the cooling efficiency of the cold air on the wall decreases.
Compared with higher MFR, the cooling efficiency drops considerably.

Figure 8 shows the distributions of the total cooling efficiency in relation to the
Reynolds number under different MFR. It can be observed that for the pressure surface, at
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MFR values of 0.7 and 1.0, an increase in the mainstream Reynolds number has a significant
impact on the total cooling efficiency. However, when the MFR is 1.3, the change in the

mainstream Reynolds number has a less pronounced effect on the total cooling efficiency.
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Figure 8. The total cooling efficiency distributions with Reynolds number;
(a) pressure surface and (b) suction surface
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Regarding the suction surface, at an MFR of 0.7, the total cooling efficiency initially
increases and then decreases as the Reynolds number rises, which has a significant influence
on the overall cooling performance. When the MFR is 1.0, as the mainstream Reynolds num-
ber increases, the overall cooling efficiency decreases. In the case of an MFR of 1.3 and at
high flow rates, as the mainstream Reynolds number increases, the total cooling efficiency
first decreases and then increases. As the MFR increases, the cooling efficiency on the pres-
sure surface decreases, while the cooling efficiency on the suction surface first decreases and
then increases.

Taking the case where the Reynolds number is 100000 and the MFR is 0.7 as an ex-
ample, when the Reynolds number is set to 300000 and 500000, the total cooling efficiency
on the pressure surface experiences an increase of 3.67% and 4.24%, respectively. At the
same time, on the suction surface, it increases by 0.63% when the Reynolds number is
300000, whereas it decreases by 0.09% when the Reynolds number is 500000.

When the MFR is 1.0, the total cooling efficiency on the pressure surface shows an
increment of 1.39% and 2.64%, respectively, for Reynolds numbers of 300000 and 500000. In
contrast, on the suction surface, the total cooling efficiency decreases by 0.57% and 0.76%,
respectively, for the same Reynolds numbers.

For an MFR of 1.3, on the pressure surface, the total cooling efficiency decreases by
0.29% compared to the case when the Reynolds number is 300000 and increases by 0.02%
when compared to the situation where the Reynolds number is 500000. On the suction sur-
face, it decreases by 0.37% relative to the case with a Reynolds number of 300000 and in-
creases by 0.13% in relation to the scenario where the Reynolds number is 500000. This de-
tailed analysis of the cooling characteristics provides a comprehensive understanding of how
different parameters affect the film cooling efficiency of turbine blades, which is crucial for
optimizing the design and performance of turbine cooling systems.

Analysis of flow characteristics

Figures 9-11, respectively, illustrate the velocity distribution within the middle sec-
tion of the turbine blade under diverse MFR when Re is set to 100000, 300000, and 500000.
These figures vividly demonstrate that as the mainstream Reynolds number varies, the main-
stream gas and cooling air interact and mix on the blade surface, giving rise to distinct flow
characteristics.

Due to the inherent nature of the internal flow, the pressure at the leading edge of the
blade reaches its maximum value. This is because the mainstream gas converges at the lead-
ing edge before flowing around the blade. As the flow progresses downstream, the pressure
gradually diminishes. Notably, within the scope of this study, there is no discernible radial
pressure gradient, which simplifies the analysis of the flow field to a certain extent.

In fig. 9, when Re = 100000, the pressure from the leading edge to the suction sur-
face exhibits a unique trend. Initially, the pressure rises as the flow moves from the leading
edge towards the suction surface. However, it subsequently declines. This is closely related to
the velocity distribution. At the trailing edge of the blade suction surface, the velocity is near-
ly zero. As a result, the pressure gradient within the cascade channel undergoes a transition
from a clockwise gradient to a counterclockwise gradient. This change in the pressure gradi-
ent is the root cause of the initial increase and subsequent decrease in velocity.
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Figure 9. Velocity distribution under different MFR when Re = 100000;
(@) MFR = 0.7, (b) MFR = 1.0, and (c) MFR = 1.3
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Figure 10. Velocity distribution under different MFR when Re = 300000;
(@) MFR = 0.7, (b) MFR = 1.0, and (c) MFR = 1.3
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Figure 11. Velocity distribution under different MFR when Re = 500000;
(@ MFR =0.7, (b) MFR = 1.0, and (c) MFR = 1.3

By comparing the three different MFR, an interesting phenomenon can be observed.
As the MFR increases, the area of the reverse pressure gradient decreases. This reduction in
the reverse pressure gradient area is beneficial as it ameliorates the low speed zone in the
wake of the suction surface. In other words, it alleviates the severe issue of mixing between
the cold air and the mainstream gas. On the pressure surface of the blade, the velocity of the
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mainstream gas shows an increasing tendency. However, the air film holes on the leading-
edge pressure surface are directly exposed to the impact of the mainstream gas. Consequently,
in this region, the mainstream gas and the cooling air-flow experience intense mixing. This
mixing leads to a significant loss in velocity and an elevation in the temperature of the lead-
ing-edge blades. Fortunately, as the MFR escalates, the cooling air-flow adheres more effec-
tively to the blade surface, which helps to mitigate the negative effects of this mixing to some
degree.

From figs. 10 and 11, it becomes evident that as the MFR continues to increase, the
area of the reverse pressure gradient on the suction surface progressively shrinks. This shrink-
age effectively mitigates the air-flow mixing phenomenon induced by the reverse pressure
gradient. In the rear portion of the suction surface, as the MFR rises, the high speed area
gradually migrates away from the wall. This movement of the high speed area can have a pro-
found impact on the heat transfer and cooling efficiency in this region.

On the leading-edge pressure surface, as the MFR increases, the cooling air-flow
and the mainstream gas are arranged in an opposing manner. The intense mixing of the cold
air and the mainstream gas at the leading edge generates conspicuous vortices. These vortices
exacerbate the air-flow mixing, which may potentially lead to a decline in the cooling effi-
ciency of the blade leading edge. This highlights the complex and delicate balance between
the MFR, flow mixing, and cooling efficiency.

When comparing the alterations in the velocity field of the middle section under dif-
ferent mainstream Reynolds numbers while maintaining the same MFR, it is found that as the
mainstream Reynolds number increases, the velocity of the suction surface correspondingly
rises. This increase in velocity effectively enhances the reverse pressure gradient of the suc-
tion surface. Simultaneously, the velocity gradient on the pressure surface also augments with
the growth of the mainstream Reynolds number. Overall, the velocity of the suction surface is
greater than that of the pressure surface. Moreover, as the cold air-flow rate increases, the
changes in the low speed field at the trailing edge are ameliorated. This improvement miti-
gates the mixing phenomenon between the mainstream gas and the cooling air-flow and ulti-
mately enhances the efficiency of film cooling. This comprehensive analysis of the flow char-
acteristics provides valuable insights into the complex fluid-flow mechanisms within the tur-
bine blade, which is essential for optimizing the design and performance of turbine cooling
systems.

Conclusions

This study systematically investigated the impact of the mainstream flow Reynolds
number and the MFR on the film cooling efficiency of turbine blades, elucidating the intricate
influence mechanism of the mainstream flow on the film cooling characteristics. The principal
findings are summarized as follows.

When the MFR remains constant, a lower mainstream Reynolds number results in a
higher cooling efficiency. As the mainstream Reynolds number increases, its influence on de-
termining the cooling efficiency gradually weakens. Furthermore, as the MFR increases, the
impact of the mainstream Reynolds number on cooling efficiency becomes less significant.
This suggests that at lower Reynolds numbers, the interaction between the mainstream and the
cooling air is more conducive to heat transfer and cooling. Conversely, higher MFR tend to
reduce the sensitivity of the cooling efficiency to changes in the Reynolds number.

From the perspective of the turbine blade height direction, the dense arrangement of
air film holes at the leading edge leads to an opposing configuration between the mainstream
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gas and the cold air. This configuration results in a comparatively enhanced cooling efficiency
within the medial segment of the blade. As the Reynolds number increases at lower MFR, the
convergence of air films toward the middle-height region of the blade is augmented by the in-
crease in cold air-flow rate. This convergence effectively enhances the cooling efficiency in
this area. However, the enhancement in cooling efficiency along the upper and lower end
walls is not significant. This phenomenon is likely attributable to the intricate flow patterns
and the impact of secondary flows in proximity to the end walls. In general, the middle-height
blade area is the key region with high cooling demands, and the distribution pattern of the
film cooling efficiency aligns well with the cooling requirements of turbine guide vanes. This
finding provides significant guidance for the design and optimization of turbine blade cooling
structures, suggesting that greater attention should be directed towards enhancing the cooling
effect in the middle-height region.

In summary, it is imperative to comprehend these relationships to ensure the optimal
design of film cooling for turbine blades. Subsequent research endeavors could concentrate on
delving deeper into the collective impact of various factors, including but not limited to dis-
tinct blade geometries, cooling hole configurations, and surface roughness, on the efficacy of
film cooling. In addition, experimental verification of the numerical results presented in this
study would enhance the reliability and practical application of the findings. This research not
only deepens our understanding of the film cooling process but also offers valuable theoretical
support for improving the performance and durability of aeroengine turbine blades.
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