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The effects of film cooling holes on the suction surface and the coolant mass flow were
studied in this research, which focused on load distribution and flow characteristics such
as shock migration. A high and low degree of reaction scheme (degree of reaction = 0.3,
0.53) is selected to numerically investigate the aerodynamic performance with
consideration of air film cooling. The results show that the above factors have different
influences on the intensity and the trailing edge shock direction. The reflected shock
weakens and then recovers when the coolant ejection position approaches and departs
from the reflection point. Altering the coolant ejection position or coolant mass flow rate
mainly affects the load at the front and middle of the blade and has some effects on the
pressure rise at the trailing edge as well. There is an optimal position (x/Cax = 0.6) and
optimal coolant volume (10% mainstream mass flow rate) for flattening the pressure rise
and weakening shocks, thereby reducing losses.

Keywords: transonic turbine, coolant mass flow rate, coolant ejection position, trailing edge shock, aerodynamic
performance

1 INTRODUCTION

The pursuit of efficiency, light weight, and large thrust results in an ultra-high-load operating
condition for aero-engine turbine blades. With the continual increase of load in modern turbines, a
higher turbine exit Mach number is acquired owing to a larger turbine pressure ratio. However, the
transonic speed condition usually brings up complex shock structures within the transonic turbine
blade passage, especially at the trailing edge. The trailing edge shock has two branches. The inner
trailing shock impinges on the suction surface of the adjacent blade, and it will have an impact on the
flow field and increase losses. The other one, called the outer trailing shock, strikes into the exit of the
passage, which will have a great effect on the flow behaviors downstream of the blade cascade and
interact with the trailing trace. The trailing edge shock loss accounts for a major part of the loss
(Yang, 2014). Therefore, controlling shock loss in transonic turbines can effectively improve the
aerodynamic performance.

There are numerous simulations and experiments to clarify various loss mechanisms. Langston
et al. (1977) achieved the endwall flow visualization using ink and then investigated crossflows in a
turbine cascade passage (Langston 1980). Denton (1993) predicted that trailing edge shock losses
were major losses in transonic turbine cascades. Michelassi et al. (1997) predicted that the transition
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started in this area where the shock impinged on the suction side,
and experiments also confirmed that. Bian et al. (2020) found that
a separation bubble might lead to reflection, due to the rising
incident angle of the oblique shock wave. In particular, it was
obtained using a hybrid RANS/LES strategy. Employing
experiments in a compression tube and simulations of
computational fluid dynamics (CFD), Yasa et al. (2007)
demonstrated the decrease of circumferential velocity as a
contributor to the rising positive incidence angles. In addition,
the increase affected losses associated with the trailing edge.
Corriveau and Sjolander (2004) measured and compared the
midspan aerodynamic performance with three different airfoils at
design incidence. These results indicated the aft-loaded airfoil
blade produced the least losses among all airfoil blades around the
design Mach number. Nevertheless, when it reached the over-
design Mach number, the performance of the aft-loaded airfoil
blade would worsen more quickly. For all operating conditions,
the front-loaded airfoil blade had the worst performance. Zhou
et al. (2020) revealed that shock wave near the trailing edge was
largely determined by the scope of the base region. Thus, it was
useful to increase the trailing wedge angle to decrease shock
losses.

The optimization of the blade profile design is one mainstream
method to reduce shock losses in the transonic turbine at present.
Ji et al. (2004) pointed out that trailing edge thickness and blade
surface velocity distribution near the trailing edge were the
substantial factors of overall performance; the reasonable blade
design could eliminate or weaken the reflected shock on the
suction surface. Sonoda et al. (2006) applied the evolutionary
algorithm to optimize the pressure-side profile near the trailing
edge; after adjusting, it could induce such a double shock system
or multi-shock system to reduce the trailing edge shock losses.
Zhao et al. (2016) adopted a negative curvature on the uncooled
suction side. This blade delayed the intersection point of the
reflected pressure-side (PS) trailing edge shock with the SS
trailing edge shock, resulting in lower shock losses. Shelton
et al. (1993) combined AI with an inviscid and adaptive grid
CFD solver to achieve the optimization of a transonic turbine
airfoil. The optimal design successfully dropped the intensity of
shock waves near the trailing edge on the suction surface,
resulting in a more uniform outlet flow field. Chen et al.
(2018) adjusted the curvature of transonic turbine blades and
increased the relative length of the diffuser section after the throat
region, which constructed a local acceleration region and a series
of compression shocks, thereby not only increasing the turbine
blade load but also attenuating the strength of the shock within
the blade cascade.

It is well known that the performance of a gas turbine can be
significantly improved by raising the turbine inlet temperature,
which also leads to the severer operating condition for the single-
stage transonic turbine. To cope with the components’ extremely
high thermal load, it is essential to introduce effective cooling
means into the gas turbine. The twomainstream cooling methods
in turbines are film cooling and jet cooling. It also has been
concluded that coolant from the air film cooling holes or cooling
slots on the suction surface can supply a certain amount of energy
for the flow within the boundary layer, which is helpful to

decrease the adverse pressure gradient in the area where shock
waves exist. In addition, trailing edge coolant ejection is enabled
to reduce shock losses by increasing the base pressures (Deckers
and Denton, 1997).

Day et al. (2000) measured diverse coolant geometries
including cylindrical and fan-shaped holes in an annular
cascade; the latter had larger increases in aerodynamic losses
relative to the uncooled blade. Rehder (2012) found that the
central trailing edge ejection configuration obtained the lowest
loss level, revealing its superiority over the PS cut-back and slot
and PS film cooling configurations. The louver cooling scheme
has the best performance, as shown by Zhang and Hassan (2012),
who compared different-shaped hole cooling schemes at different
blowing ratios, while it should prevent the film cooling hole from
this region, where the mainstream flow field became supersonic
under the extremely high blowing ratio. Wang and Zhao (2013)
numerically and experimentally investigated the performance of
the transonic turbine cascade with different trailing edge
ejections. The ejection model’s prediction results were
validated using experimental data in this study, and the
influences on the vortex by symmetry slot ejection and PS cut-
back ejection are shown. The adiabatic film cooling effectiveness
and heat transfer coefficient were experimentally investigated by
Chappell et al. (2008), who compared different-shaped holes and
configurations in the suction side grill region. The round radial
hole arrangement obtained the best performance, considering the
largest coverage of blowing ratios and streamwise locations.
Kodzwa and Eaton (2010) measured the two rows of
compound-angle round holes on the pressure surface of a
transonic rotor blade, and they found that high levels of
turbulence motivated the cooling film reattachment on the
surface. Andrey et al. (2018) selected the unguided turning
angle as a variant to optimize blades, which increased base
pressure by raising the unguided turning angle. Based on the
aerodynamic flow field measurements, El-Gabry et al. (2015)
found that the upstream hub coolant had difficulty reaching the
PS because of the second flow. Burdet and Abhari (2006) added
the feature-based film cooling jet module as a separate module in
the computational mesh using the implicit immersed boundary
method and evaluated the prediction of the adiabatic cooling
effectiveness on the blade surface. Furthermore, the optimization
of the film cooling hole arrangement had been realized using the
CFD code. Saha et al. (2013) surveyed a transonic film-cooled
NGV with all the cooling air ejections placed on the front part of
it before the throat. They found that the aerodynamic losses
varied with the cold airflow regardless of the position of the air
film holes; moreover, the suction side cooling was more sensitive
than the PS cooling to aerodynamic losses caused by the variation
of blow ratio. Alameldin et al. (2014) proposed a simplified
method of directly introducing the coolant into the vane
surface as a boundary condition, and the computational results
were in great agreement with the experimental results of Saha
et al. (2013). To analyze the film cooling and shock wave
interaction, an uncertainty quantification methodology was
presented by Carnevale et al. (2014), regarding the variability
of geometrical parameters as uniform probability distributions.
The downstream of the shock impingement region was where the
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maximum level of uncertainty was determined. By conducting a
series of experiments and computational calculations on a high-
pressure turbine blade cascade with trailing edge injection, Gao
et al. (2019) explored the aerodynamic loss behaviors of the blade
at different exit Mach numbers and mass flow ratios. They
summarized that the overall flow angle could be increased
with trailing edge ejection at all exit Mach numbers.

It should be noted that most of the above computational and
experimental results were obtained regardless of the influence of
different degrees of reaction (DORs). However, the DOR has
great importance in weighing the degree of gas expansion inside
the turbine rotor, which determines the intricate flow field and
causes further significant changes in turbine performance. The
coolant ejection after mixing with the mainstream interferes
with the shock at the trailing edge. The present study
numerically investigates the effects of film cooling hole
positions and coolant mass flow rates on the aerodynamic
characteristics of a transonic turbine with different DORs at
high exit Mach number, aiming to summarize the aerodynamic
characteristics of such single-stage transonic turbine and
provide detailed flow behavior patterns with the movement
of cooling hole rows.

2 COMPUTATIONAL SETUP AND
VALIDATION

2.1 Computational Model
The public PW-E3 blade profile is adopted in the present work
(Thulin et al., 1982). An internal Blade-Editor code
independently completed by the Harbin Institute of
Technology has been further developed for the blade design of
the single-stage cooled transonic turbine. The Blade-Editor code
based on the 11-parameter method models the blade using three
profiles, which are stacked to form a 3D blade shape. The mass
flow rate of a single-stage blade cascade is approximately
29.53 kg/s. To weigh the effect of different DORs, high- and
low-DOR designs were employed, with DOR = 0.3, 0.53. The
DOR was defined as DOR � ps,out−pr,out

ps,in−pr,out
(Gardner, 1979; Dixon and

Hall, 2013).

A row of uniformly arranged 10 air film holes is set along the
spanwise direction on the rotor blades suction surface. Each hole
in the same row has identical geometrical parameters. In this
work, the round holes with diameters of 0.5 mm are adopted. In
addition, the coolant from each hole ejects at 45° downstream of
the channel. Figure 1 shows the computational model.

2.2 Boundary Condition and Computational
Fluid Dynamics Validation
The CFD problems in this study were solved using CFX. All the
walls are set to no-slip condition. The rotational speed is given as
13,232 r/min. The boundary condition includes the inlet total
temperature of 1,673 K and the inlet total pressure of 1.362 MPa,
and the drop pressure ratio is approximately 4.4. Considering the
actual situation, the cooling structure will be set for both rotor
and static blades. There are usually multiple rows of air film
cooling holes. To simplify the model, the coolant total mass flow
rate is set to 5% of the mainstream flow rate; thus, the qm,c is given
as 3 g/s, and the coolant total inlet temperature is employed as
804 K.

The shear stress transport (SST)-γ-θ transition model has
higher accuracy in the simulation of the flow structure in the gas
turbine and is widely applied to study turbine blade surfaces and
film cooling effectiveness (Li et al., 2017; Occhioni et al., 2017).
Therefore, the turbulence model is selected as the SST-γ-θmodel.
The computational mesh generation is realized using the self-
developed automatic grid generation codes mentioned in the last
section. Moreover, the structured grids are generated using the O-
4H topology for the rotor and static blades. The generated mesh is
shown in Figure 1B. Themesh quality has been checked using the
ICEM CFD, and the results show that the mesh quality is greater
than 0.3, which meets the requirements of this research for mesh
quality. The y+ values near the wall are all less than 1, which
meets the requirements of the turbulence model.

To get an excellent trade-off between the prediction accuracy
and computer resources, a mesh independence verification is
conducted regarding the exit maximum number as the parameter.
It also can be seen from Figure 2 that the maximum Mach
number increases with the increase of grid number. When the

FIGURE 1 | Computational model. (A) Geometry. (B) Grid system.
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grid number reaches more than 4 million, the exit maximum
Mach number is almost constant. The number of grid elements in
the range of 3–4 million is a more stable choice for the calculation
results. Therefore, 3.77 million grid elements are selected in this
study.

The numerical simulation was compared with Kopper’s
experimental data about the midspan pressure distribution of
the PW-E3 stator (Kopper et al., 1981). From Figure 3, it can be
seen that the numerical result using the SST-γ-θ turbulence
model is consistent with the experimental data.

3 RESULTS AND DISCUSSION

3.1 Effect of Film Cooling Hole Position on
Aerodynamic Performance
3.1.1 Research Program Design
This section aims to investigate the relationships between the
trailing edge shock or its reflected shock and the coolant

ejection on the suction side. As a result, the film cooling holes
are distributed on the SS. The specific study schemes are
listed in Table 1. As for low-DOR blade airfoils (DOR = 0.3),
the air film cooling holes are located at x/Cax = 0.4, 0.5, 0.6,
and 0.7, which are called Cases BL1, BL2, BL3, and BL4,
respectively. Besides, Case BL0 without air film holes is set as
the baseline. In the high-DOR group (DOR = 0.53), the air
film cooling holes are located at x/Cax = 0.4, 0.6, 0.7, and 0.8,
which are called Cases BH1, BH2, BH3, and BH4,
respectively. Case BH0, which has no film hole, is set as
the baseline.

3.1.2 The Effect of Film Cooling Hole Position
Figure 4 shows the surface pressure distribution along the
spanwise direction for the two DOR blade designs. The
addition of coolant affects blade load distribution and shock
intensity. At the blade root, there is some pressure rise due to
the coolant from the film cooling holes for DOR = 0.53, as
shown in Figure 4A, and the load has been reduced slightly.
However, the load increases first and then decreases in the low-
DOR blade. Figure 4B presents different pressure
distributions for two DOR blade designs, the high-DOR
blade’s load also reduces modestly at the midspan of the
blade, but the addition of coolant does not affect the
pressure distribution for the low-DOR blade. In Figure 4C,
the high-DOR blade’s load increases at the leading edge (LE)
and trailing edge (TE) at the blade tip. As for the low-DOR
blade, the overall load has increased.

For DOR = 0.53, after introducing the coolant, one large
pressure rise still exists at approximately 0.9 of the flow
direction range, indicating that the shock at this location
has not disappeared. Based on the comparison of different
cases for DOR = 0.53, the amplitude and slope of pressure rise
decrease as the location of the air film hole moves forward to
the TE. In particular at the blade tip, the sharp pressure rise

FIGURE 2 | Exit maximum Mach number of different gird numbers.

FIGURE 3 | Comparison of numerical result with experimental data.

TABLE 1 | Research schemes for the effect of film cooling hole position.

Case DOR Film cooling
holes position

Case DOR Film cooling
holes position

BL0 0.30 No BH0 0.53 No
BL1 0.4 BH1 0.4
BL2 0.5 BH2 0.6
BL3 0.6 BH3 0.7
BL4 0.7 BH4 0.8

TABLE 2 | Research schemes for the effect of various coolant mass flow rates.

Case DOR Percentage of
qm,c in

mainstream (%)

Case DOR Percentage of
qm,c in

mainstream (%)

BLM1 0.30 2.5 BHM1 0.53 2.5
BLM2 5 BHM2 5
BLM3 7.5 BHM3 7.5
BLM4 10 BHM4 10
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gradually transforms into a flat one and happens in advance.
As a result, it can be assumed that the shock is weakening until
it disappears.

For DOR = 0.3, the right figures in Figure 4 show that the
shock exists at the nondimensional flow position range above
0.5. From Figure 4A, since the coolant ejects before the
pressure rise in Case BL3, there is a pressure drop at the
blade root before the pressure rise, and the pressure is
relatively smaller after a mild rise. It is considered here to
be a weaker shock. The same conclusion at the first large
pressure rise can be concluded from Figure 4C. It is noted that

there is a consequent slighter pressure rise and an adverse
pressure gradient. These fluctuations in Cases BL1 and BL2 are
the same as those in BL0. In addition, Case BL3 has less
pressure after the first big pressure rise, but the pressure
raises to this in BL0 after the second pressure rise, which
represents an enhanced shock. For Case BL4, the pressure rise
is smoother and smaller because of the forward position of the
coolant ejection.

Figure 5 shows the density distribution in the 10% and 89%
blade span sections. Comparing Case BL2 with Case BL4 in
the h/L = 10% section, we found that as the coolant ejection

FIGURE 4 | The pressure distribution in different height sections for two degrees of reaction (DORs). (A) h/L = 10%, (B) h/L = 50%, and (C) h/L = 89%.
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position approaches the reflection point of the shock, which
is located on the suction surface of the adjacent blade, the
reflected shock is mitigated accordingly. In Figure 5A, when
the position of the film cooling holes reaches downstream of
the shock reflection point, the reflected shock reappears, and
the coolant jet causes a significant disturbance to the flow
inside of the passage. The same pattern is observed in the 89%
blade span section. It can be concluded that if the row of the
cooling hole is next to the reflection point, the shock intensity
will suffer undermining.

Figure 6 shows the spanwise single-row cooling effectiveness
distribution. The adiabatic film cooling effectiveness was defined
(Zeng et al., 2018). As the cooling hole row location reaches the

shock reflection point, the direction of coolant ejection into the
channel varies. Because the distance between the row and the
shock reflection point reaches a minimum, the shock intensity
suffers weakening. Case BL2 has the best cooling effectiveness
among the cases.

There are intricate secondary flow structures after coolant
ejection near the blade tip. Because of the low coolant
momentum, the coolant might be deflected to the midspan
region by the secondary flow shown in Figure 6. As the cooling
hole row deviates from the reflection point, the coolantmomentum
decreases further after more oblique shocks. In particular near the
blade tip, the coolant ejects more toward the midspan region and
obtains poor cooling effectiveness.

FIGURE 5 | Density gradient distribution in the different sections of low-degree-of-reaction (DOR) blade airfoil. (A) h/L = 10% and (B) h/L = 89%.

FIGURE 6 | Adiabatic film cooling effectiveness η contours of low-degree-of-reaction (DOR) blade airfoil.
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3.2 Effect of Coolant Mass Flow Rate on
Aerodynamic Performance
3.2.1 Research Program Design
Compared to other cases, the pressure rise is featured as the
smoothest in Case BH2 and the severest in Case BL2, which
suggests the intense interference induced by coolant. The row of
film cooling holes is located at x/Cax = 0.6, to investigate the effect
of various qm,c on aerodynamic performance in this section. The
specific research program designs are listed in Table 2.
Considering the influence of different DORs, two high- and
low-DOR blade airfoils are the same as in the last section. The
qm,c � 3 g/s is selected as the baseline. In addition, Cases BLM1,

BLM2, BLM3, and BLM4 are established for a lower-DOR blade
airfoil, with qm,c � 1.5, 3.0, 4.5, and 6.0 g/s, respectively. Cases
BHM1, BHM2, BHM3, and BHM4 are established for a higher-
DOR blade airfoil. They have coolant mass flow rate
configurations identical to those of the lower-DOR blade
airfoil cases.

3.2.2 Effect of Coolant Mass Flow Rate
Figure 7 shows the pressure distribution in the h/L = 10%, 50%,
and 89% sections for two different DORs. The different coolant
mass flow rates impact the load distribution and pressure
fluctuations to varying degrees. The variation of qm,c exerts

FIGURE 7 | The pressure distribution in different height sections for two degrees of reaction (DORs). (A) h/L = 10%, (B) h/L = 50%, and (C) h/L = 89%.
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little impact on the load for the high-DOR blade airfoil.
Despite there being no evident difference in the load at the
midspan of the blade for DOR = 0.3, the suction surface
pressure increases with the lifting coolant mass flow rates at

the blade root and tip. When qm,c is up to 6 g/s (coolant is 1% of
the mainstream mass flow rate), the pressure reaches a
maximum at the LE so that the load reduces to a minimum
at the blade root and tip.

FIGURE 8 |Mach number contours in the h/L = 89% section of high-degree-of-reaction (DOR) blade airfoil. (A)Case BHM1, (B)Case BHM2, (C)Case BHM3, and
(D) Case BHM4.

FIGURE 9 | Density gradient distribution in the different height sections of high-degree-of-reaction (DOR) blade airfoil. (A) h/L = 10% and (B) h/L = 50%.
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For DOR = 0.53, as the coolant mass flow rate persistently
rises, the pressure rise range gradually increases, and the
adverse pressure gradient also scales up. There is a trend of
pressure rebound at the TE, as shown in Figure 7. The rebound
amplitude increases with lifting coolant mass flow rates. The
increase is easier to observe at the blade tip (as shown in
Figure 7C). As the coolant mass flow rate increases, the
influence of coolant ejection expands, and the low Mach
number region narrows. The wall boundary layer has been
thickened by coolant ejection, and the low Mach number
region expands at the coolant ejection position downstream,
especially near the blade tip (as shown in Figure 8). The high
Mach number region at the upstream of the inner trailing
shock is crossed by a strip of low Mach number band formed
by the coolant. The mainstream continues to accelerate after
mixing with the coolant, which leads to a local high Mach
number region appearing near the film cooling holes
downstream. Then, the airflow decelerates again because of
the thickening boundary layer. The above flow behaviors are
consistent with the pressure fluctuations existing at the
downstream suction surface in Figure 7C.

Figure 9 shows the density distribution in the h/L = 10%
and 50% sections. It is inferred that increasing qm,c contributes
to the thickening wall boundary layer, which conforms to the
analysis mentioned above. The increasing qm,c also leads to the
enhancement of disturbance in the flow channel and the
strength of shock intensity. This disturbance encounters the
inner trailing shock in the flow channel, and the intersection
moves toward the middle of the flow channel, which causes the
landing point of the inner trailing shock on the adjacent blade
to shift toward the TE.

Besides the load of the front and middle of the blade, Figure 9
demonstrates that increasing qm,c affects the pressure fluctuations
at the TE for DOR = 0.3. At the blade root, the pressure rise
enlarges in advance at the TE, as shown in Figure 9A. It is
considered a strengthened shock. Among all cases, Case
BLM3 has the weakest shock, which means it has the lowest
shock losses. There is a similar tendency for pressure to rise at
the midspan in Figure 9B.

Figure 10 depicts the Mach number distributions in different
spanwise sections. It is found that the low Mach number region in
the trailing trace scales up along with qm,c rise. The coolant creates a

FIGURE 10 | Mach number contours in different height sections of low-degree-of-reaction (DOR) blade airfoil. (A) h/L = 10% and (B) h/L = 89%.
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disturbance after ejecting into the flow channel, which forms a
narrow lowMach number region like in the high-DOR blade airfoil.
Since the location of film cooling holes is close to the landing point of
the inner trailing shock, this disturbance does not pass through the
inner trailing shock but interferes with the reflected shock. At the
blade root and tip, the high Mach number region narrows as qm,c

increases downstream the inner trailing shock shown in Figure 10. It
also suggests that a stronger shock exists in these regions.

The density distributions in different spanwise sections for
DOR = 0.3 are given in Figure 11. As qm,c rises, the landing point
of the inner trailing shock moves to the LE at the blade root, and
the angle between the outer trailing shock and the chord direction
gradually becomes smaller. However, this landing point is closer
to the TE at the midspan. In addition, the disturbance of coolant
deflects toward the LE and obtains enhancement at the same time.
It agrees with the advance of pressure rise, as shown in Figure 7B.
In Figure 11C, the landing point also moves toward the TE at the
blade tip. The angle between the outer trailing shock and the
chord direction here increases with the increase of coolant mass
flow rate.

4 CONCLUSION

In this study, the effect of coolant on the aerodynamic performance
of the transonic turbine blade cascade is investigated numerically. To
understand the aerodynamic flow behaviors within the rotor due to
various coolant ejection positions and coolant mass flow rates, two
designed high-DOR (=0.53) and low-DOR (=0.3) blade airfoils are
compared and analyzed. The main findings are summarized as
follows:

1) In the process of film cooling hole position migrating to the TE,
the reflected shock is weakened and then recovered when the
cooling holes approach and depart from the reflection point of
shock. The pressure rise weakens at the TE for the high-DOR
blade airfoil. For the low-DOR blade airfoil, it was weak at first
and then became stronger. When the row of film cooling holes
locates at x/Cax = 0.6, the pressure rise reaches a minimum.

2) The increase of coolant mass flow rates thickens the
downstream boundary layer, which is more impactful for
the low-DOR blade airfoil. When the coolant mass flow

FIGURE 11 | Density gradient distribution in the different height sections of low-degree-of-reaction (DOR) blade airfoil. (A) h/L = 10%, (B) h/L = 50%, and (C)
h/L = 89%.
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rate is 1% of the mainstream flow, the load reduces to a
minimum. As the coolant mass flow rate increases, the inner
trailing shock gets enhanced, and the shock incidence point
shifts back to the LE at the blade root, but this incidence point
is closer to the TE at the midspan and tip of the blade. The
outer trailing shock inclines to cover the wall at the blade root
and deviates from the wall at the blade tip.
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NOMENCLATURE

cp Heat capacity [kJ/(kg · K)]
Cax Axial chord length [mm]

h Section height [mm]

L Blade height [mm]

M Torque [N ·m]

pp
0 Inlet total pressure of Computational domain [MPa]

p2 Outlet static pressure of Computational domain [MPa]

pp
2 Outlet total pressure of Computational domain [MPa]

pr,out Outlet total pressure of rotor [MPa]

ps,in Inlet total pressure of stator [MPa]

ps,out Outlet total pressure of stator [MPa]

qm Mass flow rate [kg/s]

qm,c Coolant mass flow rate [g/s]

Tp
in Inlet total temperature of Computational domain [K]

Greek Symbols
π Pressure ratio

η Efficiency [%]Adiabatic film cooling effectiveness

η Efficiency [%]Adiabatic film cooling effectiveness

ω Angular velocity [s−1]

κ Isentropic exponent

Abbreviations
DOR Degree of reaction

PS Pressure-side

SS Suction side

LE Leading edge

TE Trailing edge

CFD Computational fluid dynamics

SST Shear Stress Transport model
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