. machines

Article

Film Cooling Performance of a Cylindrical Hole with an
Upstream Crescent-Shaped Block in Linear Cascade

Chao Zhang ">, Junhuai Dong 12, Zhan Wang 3, Pengfei Zhang 4, Zhiting Tong "> and Yue Zhang 1-2-*

check for
updates

Citation: Zhang, C.; Dong, J.; Wang,
Z.; Zhang, P.; Tong, Z.; Zhang, Y. Film
Cooling Performance of a Cylindrical
Hole with an Upstream Crescent-
Shaped Block in Linear Cascade.
Machines 2023, 11, 110. https://
doi.org/10.3390/machines11010110

Academic Editors: Imre Ferenc Barna

and Krisztian Hriczo

Received: 7 December 2022
Revised: 8 January 2023
Accepted: 11 January 2023
Published: 13 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Tianjin Key Laboratory for Advanced Mechatronic System Design and Intelligent Control, School of
Mechanical Engineering, Tianjin University of Technology, Tianjin 300384, China

National Demonstration Center for Experimental Mechanical and Electrical Engineering Education,
Tianjin University of Technology, Tianjin 300384, China

School of Energy and Power Engineering, Shandong University, Jinan 250061, China

Deepinfar Ocean Technology Inc., Tianjin 300457, China

Correspondence: zhangyue@email.tjut.edu.cn

Abstract: Recent works have already demonstrated that placing a crescent-shaped block upstream of
a cylindrical hole could enhance the cooling performance of flat-plate films. The flow and cooling
performance of the crescent-shaped block applied over the pressure and suction sides of the blade
is investigated in this article. The Reynolds-averaged Navier-Stokes equations are solved with the
Shear Stress Transport model for turbulence closure. Two optimized blocks are obtained from the
flat-plate film cooling in our previous work, and two positions on the pressure and suction sides
are tested. The blowing ratio varies from 0.5 to 2.0. The results show that when the block is applied
on the blade surface, it yields a different cooling performance compared with the flat plate due to
different geometry curvature and pressure gradient. The cooling performance on the suction side is
slightly higher than on that on the pressure side, while the aerodynamic loss on the suction side is
much higher. For the different blocks, the qualitative change of cooling performance vs. blowing
ratios held on turbine blades is quite close to that of flat plates. The optimized smaller block in the flat
plate provides better cooling performance at lower blowing ratios, while the larger block is superior
when the blowing ratios are higher.

Keywords: film cooling; upstream crescent-shaped block; linear cascade; cooling effectiveness;
aerodynamic loss; numerical simulation

1. Introduction

Modern gas turbines often operate at high turbine inlet temperature, much higher
than the melting temperature of the metallic material, to maintain improved thermal cycle
efficiency and specific output work. Hence, effective cooling techniques are developed to
reduce the temperature of turbine blades for operation safety. Film cooling was brought up
for the first time in 1971 [1], it has been playing an increasingly significant role in enhancing
the cooling performance among all the cooling technologies. In early work, researchers
have devoted to explore the influencing factors of the cooling performance for cylindrical
holes and present novel or modified holes with high cooling performance.

A lot of effort has been made to explore the impact of parameters, such as blowing
ratios, density ratios, and turbulence intensity, on cooling performance. Sinha et al. [2]
studied the cooling effectiveness for the cylindrical hole under various blowing ratios
M =0.25 to 1.0. They found that the optimal blowing ratio is M = 0.5-0.6, and the cooling
effectiveness decreases remarkably as the blowing ratio increases. It is believed that at a
high blowing ratio, the larger momentum at the hole exit causes more penetration into
the mainstream flow and a departure from the wall surface, resulting in poor cooling
effectiveness. The influences of density ratio were investigated in [3,4]. The results showed
that density ratios have little impact on cooling effectiveness when blowing ratio are low.
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However, the film cooling effect improves with the density ratios’ rising when blowing
ratios are large. Mayhew et al. [5] and Bons et al. [6] investigated the influence of the
mainstream flow turbulence intensity. Their experimental data exhibited that as mainstream
flow turbulence intensity increases, cooling effectiveness drops greatly at lower blowing
ratios of M = 0.5-0.75. By contrast, the mainstream flow turbulence intensity has little
impact on the cooling effectiveness at a large blowing ratio of M = 1.5.

The achievement of film cooling in the past several decades has mainly been relying on
the novelty of a cooling hole’ shapes. To reduce the jet momentum at the hole exit, Goldstein
et al. [7] proposed a novel hole with an enlarged exit area based on the common cylindrical
hole, weakening the coolant lift-off away from the wall surface at high blowing ratios.
Subsequently, several other hole shapes, such as fan-shaped holes [8], trenched holes [9],
and cratered holes [10], were invented. Dorrington et al. [11] conducted a comparative
work of cooling performance among cylindrical, fan-shaped, trenched, and cratered film
cooling holes. They found that the other three holes perform better than the cylindrical
one, and the fan-shaped and trenched holes are the best. Besides the enlargement of the
exit area, another improvement aiming at weakening or even eliminating the so-called
kidney-shaped vortex pair, first revealed by Fric and Roshko [12]. Kusterer et al. [13,14]
put forward to a double-jet hole structure with two rows of cylindrical holes at different
compound angles, which forms an additional vortex pair counteracting the detrimental
kidney-shaped vortex pair. Nasir et al. [15] applied a triangular tab along the leading edge
inside the hole to disturb the flow field. They found that the new vortex pair could reduce
the penetration into the mainflow, so as to improve the cooling performance. However, this
tab configuration was difficult to lay out inside the hole. Na et al. [16] presented a novel but
simple design concept by placing a ramp upstream of a cylindrical hole. Through numerical
stimulation, they suggested that lowering the kidney-shaped vortex pair’s intensity can
significantly improve cooling effectiveness. Placing a block upstream of a cylindrical hole is
a low-cost and practical way to enhance the cooling performance without any modification
of the hole itself. Kawabata et al. [17] brought up with a semi-elliptical protrusion upstream
of the cylindrical hole. This concept of the flow control device was experimentally verified
with an improvement in cooling performance compared to the cylindrical hole. A more
complicated concept, named the sand-dune-inspired ramp, was proposed by Zhou and
Hu [18]. Their experimental data showed that the cooling effectiveness for the cylindrical
hole with this novel block is remarkably enhanced, attributed to the dominant anti-kidney-
shaped vortex pair. Compared with the simple ramp design and the complicated sand-
dune-inspired block concept, Zhang and Wang [19] evaluated the superiority by placing
a two-dimensional crescent-shaped block upstream of a cylindrical hole. Although the
crescent-shaped block was originally put downstream of a cylindrical hole [20], it could
still greatly raise the cooling effectiveness. Zhang et al. [21] conducted a sensitivity analysis
on the geometrical parameters of the crescent-shaped block. They found that the height has
the biggest impact on the area-averaged cooling effectiveness. Recently, Zhang et al. [22]
optimized the crescent-shaped block by genetic algorithm. The area-averaged cooling
effectiveness could be improved by 127.8% and 16.6% at blowing ratios of M = 0.5 and 1.5,
respectively, compared with the reference model recommended by the Taguchi approach
analysis result in [21]. Note that the above-mentioned research were all completed for the
flat-plate film cooling.

The film cooling works in the cascade environment, different from the flat plate
condition with zero pressure gradient and curvature. Hence, the effect of pressure gradient
and geometrical curvature should be further studied in the film cooling. Schwarz et al. [23]
compared the cooling effectiveness of cylindrical holes located on concave and convex
surfaces. They discovered that the influence of curvature differs at different blowing ratios.
The cooling performance is lifted at a higher blowing ratio when the hole is located on
concave surfaces but reduced when the hole is on the convex surfaces. Ligrani et al. [24]
discovered that higher cooling performance could be obtained at a larger pressure gradient
for the cylindrical hole. Kawabata et al. [25] experimentally and numerically tested the
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flow control device in linear cascade. Their results manifested that the upstream flow
control device on blade surfaces also benefits, similar to that for flat plate film cooling, and
provides different area-averaged cooling effectiveness and aerodynamic loss.

Zhang [26] further validated the superiority of a crescent-shaped block upstream of a
cylindrical hole. The flow and cooling performance of two crescent-shaped block models
in low-speed linear cascade was also investigated. These two blocks are acquired from our
previous optimization work [21] under the flat plate condition with two blowing ratios of
0.5 and 1.5.

In the current study, the successive work following Zhang [26] was performed to
evaluate the cooling performance and aerodynamic losses for those two optimized crescent-
shaped block models in a broader sense. The blowing ratios varied in a wide range from
0.5 to 2.0. The influence of geometry curvature and pressure gradient of the cylindrical
hole location at the pressure or suction side surface was focused. The flow mechanism was
explored by analyzing the detailed flow fields induced by the different upstream crescent-
shaped blocks. Additionally, a comparison of the cooling performance was completed
for the upstream crescent-shaped block models between under the linear cascade and flat
plate circumstances.

2. Geometry Model and Numerical Setup
2.1. Linear Cascade Model and Boundary Conditions

The cross-view of the linear cascade with a straight blade is depicted in Figure 1.
The blade profile is obtained from the mid-span section of the E3 first-stage blade. The
cascade has a total streamwise length of 270 mm (direction X), a span of 70 mm (direction Y)
between two adjacent blades, and a height of 3 mm (direction Z). The axial length of the
turbine blade is Cx = 70 mm. The concave and convex surfaces are denoted as the pressure
side (PS) and the suction side (SS).
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Figure 1. The sketch of the linear cascade.

In this study, four positions of the cylindrical cooling hole are determined to study
the effect of pressure gradient and curvature according to the predicted velocity profile in
Figure 2. On the pressure side, two typical locations are determined to place the cooling
hole at X =12.5 and 35 mm. The former is located at the deceleration region, and the latter
is at the acceleration region. As suggested in [27], the cooling hole is commonly placed at
the region in front of the blade throat on the suction side to avoid excessive aerodynamic
loss. It is seen that the velocity near the suction side of the blade increases strikingly from
the leading edge to the throat and decreases gradually towards the trailing edge. Two
locations on the suction side are considered in front of the throat, X = 8 and 17.5 mm at the
gill region. The local velocities at these four positions are listed in Table 1.
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Figure 2. Velocity profile around the blade surfaces.

Table 1. Local curvature and velocity at the hole location.

Hole Location Local Velocity Vi, (m/s)
PS, X =125 mm 22.0

PS, X =35 mm 29.3

SS, X =8 mm 51.7
SS, X =17.5mm 68.5

The cylindrical hole’s diameter, symbolized as D, is 1 mm. The orientation angle v.s.
the local tangential direction is 30°. The total length of the cylindrical hole along the hole
axis is 6D. Two crescent-shaped blocks upstream of the cylindrical hole are studied. The
blocks are optimal when the blowing ratios M are 0.5 and 1.5 at the flat-plate condition in
the previous work [22]. The layout of the crescent-shaped blocks is illustrated in Figure 3.
The geometrical parameters of these two blocks are listed in Table 2. L;, Ly, and L3 are the
distances from the hole’s leading edge to the block’s trailing edge, the streamwise length of
the block’s trailing edge, and the distance from the block’s leading edge to its trailing edge
at the centerline, respectively. The lateral width and the height of the block are denoted as
W and H, respectively.

Block 1

Block 2

(a) (b)

Figure 3. The crescent-shaped block. (a) Layout; (b) Top view.

Table 2. Geometrical parameters of the crescent-shaped block.

Block No. L4/D L,/D L3/D W/D H/D

Block 1 0.4 1.2 0.4 1.0 0.2
Block 2 14 1.2 1.0 2.8 1.4
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Both the fluid in the mainflow passage and the coolant in the supply plenum are
treated as the ideal air with constant thermal-physical properties. Table 3 lists the boundary
conditions. Similar to the settings in [22], the temperatures at the mainstream inlet and the
coolant supply plenum are T, =414 K and T. = 300 K, respectively. Hence, the density ratio
of coolant to hot gas is DR = 1.38. The hot gas enters the mainstream passage at the uniform
velocity of Vi, =25 m/s and the turbulence intensity of 5.0%. The coolant’s turbulence
intensity at the inlet of the supply plenum is set to be 1%. According to the specific blowing
ratio M, the velocity at the coolant supply plenum inlet is calculated by the local velocity at
the cooling hole position V4,1, the cross area of the cylindrical hole Ay, the density ratio
DR, and the plenum inlet area A.. The values of the local velocity Vo, at the positions
studied are referred to in Table 1. Four different blowing ratios, M = 0.5, 1.0, 1.5, and 2.0,
are considered. Despite the working temperature studied here is much lower, it still makes
sense by maintaining the key non-dimensional variables with similar values under real
engine conditions, including DR and M.

Table 3. Boundary conditions.

Parameter Mainstream Passage Coolant Supply Plenum
Inlet temperature Tm =414 K T.=300K
Inlet velocity Vm=25m/s Ve =M-Vigea-Anole/ (DR-Ac)
Inlet turbulence intensity 5% 1%
Outlet static pressure 0.1 MPa -

In order to save computational cost, only one row of cooling holes with a span of 3D is
taken into account with symmetric boundaries at plane Z/D = —1.5 and 1.5. Furthermore,
the periodic transitional boundaries are imposed in direction Y with an interval of 70 mm
to mimic the infinite turbine blades. The wall surfaces of the blade, the coolant supply
plenum, the cylindrical hole, and the crescent-shaped block are considered to be smooth
and adiabatic.

The local averaged cooling effectiveness #, the laterally averaged cooling effectiveness
Nat,av OVer the hole pitch, and the area-averaged cooling effectiveness in the downstream
region 0 < S/D < 30 are calculated with the following equations, respectively:

_ Tm - Taw
T=Tn—T. M
Z=1.5D i
Mat,av ~/Z:71‘5D77 ( )
$=30D (Z=15D
Narea,av = ﬂdZdS (©)]
S5=0 =—15D

where, Tay is the adiabatic temperature over the wall surface, and S is the arc length from
the hole exit.
The dimensionless temperature 0 is expressed by:

_ Tf*Tc
T, -T.

0 4)
where, Tt is the temperature of the mixed flow between the hot gas and the coolant.

In addition to cooling wall surface, aerodynamic loss occurs in the mixing process
between the coolant ejection and the mainstream flow, too. In our work, the total pressure
loss coefficient Citq) is adopted to evaluate the aerodynamic loss, which can be calculated
as follows [28]:

M . M A
e+ i Ptc,in + et i Ptm,in — Ptm,out

©)

gtatal =
Ptm,in — Pm,out
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where, m. and mn, are the mass flow rates of the coolant and the mainstream flow, py in in-
dicates the total pressure at the coolant plenum inlet, pym in and pim out are the total pressure
at the cascade inlet and outlet, pm out denotes the static pressure at the cascade outlet.

2.2. Computational Mesh and Numerical Method

A software package, ICEM CFD, is utilized to generate the unstructured mesh in
the whole computational domain, shown in Figure 4. The tetrahedral mesh is applied at
the mainstream passage and the coolant supply plenum. The mesh is refined near the
blade surface, the cylindrical hole, and the crescent-shaped block. There are 10 prism
layers around the blade surface in the mainstream passage, and the increment ratio of
the prism layer is 1.2. The initial height of the prism mesh is fixed at 0.01 mm, and the
corresponding values of Y* along the pressure and suction surfaces can be seen in Figure 5.
The area-averaged values of Y* over the pressure and suction surfaces are about 1.05 and
1.42, meeting the requirement of the selected Shear Stress Transport (SST) turbulence model.

0.0 1 1 1 1 1 1
0 10 20 30 40 50 60 70

X(mm)

Figure 5. Variation of Y* values over the pressure and suction surfaces.

The grid independence test is checked by comparing the local pressure distribution
and the laterally averaged cooling effectiveness profile at various computational grid
levels. Figure 6 shows the comparison results for the cooling hole on the pressure side
X =35 mm with Block 1 at M = 0.5. Four levels of computational meshes are tested with
the grid numbers of 1.01, 1.70, 2.06, and 2.70 million. While the grid number approaches
2.06 million, both the pressure and the laterally averaged cooling effectiveness 7, oy Vary
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slightly with further increases in grid number. Therefore, the computational grid of about
2.06 million is finally chosen for all computational cases.
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Figure 6. Comparisons with different levels of computational grid (a) pressure; (b) laterally averaged
cooling effectiveness.

Steady-state, three-dimensional, compressible turbulent mean velocity and tempera-
ture fields are modeled using the mass, momentum and energy conservation equations.
The implicit finite difference scheme is applied to discrete the governing equations. When
the root mean square residuals are less than 10>, convergence is achieved. The software
ANSYS CFX is used to solve the flow and cooling performance for film cooling. As a
pressure-based solver, the coupled algorithm is adopted to enable the fill pressure-velocity
coupling. The high-resolution scheme with the second order is applied for the discretization
of the scalar equations. The continuity equation discretization uses the Rhie-Chow scheme.
The numerical works [20-22,29] for cylindrical holes with or without the crescent-shaped
block in flat-plate conditions have already shown that the predicted results of laterally
averaged cooling effectiveness agree well with the experimental data in [19]. The predicted
total pressure loss coefficient profile along the spanwise direction at M = 2.2 is further
provided in this study compared with the experimental data in [30], demonstrated in
Figure 7. It is illustrated that the k-¢ turbulence model overpredicted the total pressure
loss coefficient with a maximum value of 0.05, especially in the trailing edge wake region.
Comparatively, the SST turbulence model agrees well with the experimental data over the
entire spanwise direction. Following the previous experience of turbulent model selection
and the validation of aerodynamic loss, the SST turbulence model is selected in our study
for film cooling in the linear cascade.

0.25
= Walters and Leylek 2000
0.20
0.15
=
1S
-
0.10 F
0.05
0.00 F
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

non-dimensional spanwise length

Figure 7. Validation of the turbulence model [30].
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3. Results and Discussion
3.1. Film Cooling Performance on the Pressure Side

Figure 8 shows the contours of cooling effectiveness on the pressure side for the
cooling hole located at X = 12.5 and 35 mm of Block 1 and 2. It is noted that the abscissa is
set to be ratios of arc length to hole diameter S/D, and the original point is placed along
the hole trailing edge for comparison. The arc length can be calculated directly from the
point coordinates of the blade profile. For Block 1, higher cooling effectiveness exists at
lower blowing ratios of M = 0.5-1.0 at either position. It is known that the accelerating flow
benefits the coolant’s spreading along the downstream streamwise direction. Hence, the
narrower but longer coolant coverage can be found for Block 1 at X = 35 mm with a slightly
accelerated flow. However, as the blowing ratio increases to M = 1.5 and 2.0, Block 1 at
X =12.5 and 35 mm exhibit entirely different coolant coverage, seen in Figure 8a,b. The
coolant is attached to the wall surfaces for Block 1 at X = 35 mm, for the flow momentum
is lower at M = 0.5, as seen in Figure 9a. However, the coolant is lifted from the wall
surface at M = 1.5 in Figure 9b due to higher flow momentum of the ejected coolant at the
hole exit. Hence, the cooling performance severely deteriorates at higher blowing ratios.
Furthermore, at position X = 12.5 mm, the coolant reattachment occurs nearby the location
5/D =10, mainly attributed to the concave profile downstream of the hole exit.

0 01 02 03 04 05 06 0.7 08 09 1 1

— s I

e VIR
S ———————
IR 2o

=10 0 10 20 30 =10 0 10 20 30
S/D S/D
(a) (b)

m-05 K
e - B v BRST

M=1.5 C= -
—r M=2.0
-10 0 10 20 30 -10 0 10 20 30
S/D S/D
(¢) (O]

Figure 8. Contours of cooling effectiveness at M = 0.5-2.0 at the pressure side. (a) Block 1, X = 12.5 mm;
(b) Block 1, X = 35 mm; (c) Block 2, X = 12.5 mm; (d) Block 2, X = 35 mm.

Velocity(m/s)

0 10 20 30 40 50 60 70

S/D=15

Figure 9. Dimensionless temperature distribution and streamlines for Block 1 at X = 35 mm. (a) M = 0.5;
(b) M=15.
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For Block 2 with a larger dimension, the cooling effectiveness distribution at the two
positions shows a minor difference at M = 1.5 and 2.0 but a larger difference at M = 0.5 and
1.0. Due to the increasing interaction between the mainstream flow and Block 2, the coolant
coverage significantly improves at larger blowing ratios. The concave geometry benefits at
lower blowing ratios, which can be found with higher cooling effectiveness in Figure 8c at
X =12.5 mm than that in Figure 8d at X = 35 mm. Hence, it is concluded that the impact of
curvature and pressure gradient on coolant coverage depends on the specific blowing ratio
and the block geometry.

The dimensionless temperature fields around the hole on the pressure side along
the plane Z/D = 0 at M = 1.0 are further demonstrated in Figure 10. It is shown that
the penetration depth into the mainstream flow for Block 1 at X = 35 mm is lower than
that at X = 12.5 mm. The coolant flow trajectory for Block 1 at X = 35 mm displays a
flatter shape. Therefore, the cooling effectiveness at the centerline is still larger at the far
downstream region of X = 35 mm. Thus, the negative pressure gradient flow benefits the
cooling performance for Block 1 at lower blowing ratios of M = 0.5 and 1.0. Due to the larger
size of Block 2, more coolants are pushed towards the intermediate region between the
cylindrical hole and the block, attributed to the stronger backward step effect. This is why
the coolant cover part of the region ahead of the cylindrical hole, shown in Figure 8c,d. With
the blowing ratio’s increasing, the backward step effect gradually recedes, even diminishes,
and no coolant coverage occurs at M = 2.0. Furthermore, due to the negative pressure
gradient at X = 12.5 mm, the coolant ejected from the hole bends along the curved surface.
For Block 1 with no coolant lift-off at M = 0.5 and 1.0, the slightly reduced centerline cooling
effectiveness occurs at the downstream region when the hole is located at X = 12.5 mm.
However, the negative pressure gradient and the concave geometry benefit the coolant
concentration around the hole and spread towards the downstream region for Block 2.
Thus, the centerline cooling effectiveness is significantly higher at X = 12.5 mm compared
with that at X = 35 mm.

(@

Figure 10. Dimensionless temperature distribution along plane Z/D =0 at M = 1.0. (a) PS Block 1,
X =12.5 mm; (b) PS Block 1, X = 35 mm; (c) PS Block 2, X = 12.5 mm; (d) PS Block 2, X = 35 mm.

Figure 11 further demonstrates the laterally averaged cooling effectiveness for Block 1
and 2 on the pressure and suction sides at M = 0.5-2.0. It is seen that Block 1 at X =12.5 mm
generally exhibits higher laterally averaged cooling effectiveness at the downstream region
near the hole exit with the increase of the blowing ratios but rises at the far downstream
area. However, for the hole of Block 1 is located at X = 35 mm, the laterally averaged cooling
effectiveness decreases monotonously as the blowing ratio raises at any streamwise location
in X/D = 0-30. In contrast with Block 1, the laterally averaged cooling effectiveness for
Block 2 shows a different changing tendency. It reaches the lowest at M = 0.5 and becomes
higher at M = 1.0. When the blowing ratios increase from 1.0 to 1.5, the laterally averaged
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cooling effectiveness declines at the region just downstream the hole, X <5 at X = 12.5 mm,
for example, and enhances at the residual region far from the hole. At M = 2.0, most
downstream regions exhibit lower laterally averaged cooling effectiveness than that at
M =1.5. In Figure 11, the results of Block 1 at M = 0.5 and Block 2 at M = 1.5 for the flat plate
film cooling are also compared. Block 1 at the pressure side has lower laterally averaged
cooling effectiveness than that under the flat plate condition with a reduction of 0.1-0.15
at M = 0.5. However, the deviation for Block 2 is remarkably reduced with a value of less
than 0.05at M =1.5.
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Figure 11. Laterally averaged cooling effectiveness on the pressure side [22]. (a) PS Block 1, X = 12.5 mm;
(b) PS Block 1, X = 35 mm; (c) PS Block 2, X = 12.5 mm; (d) PS Block 2, X = 35 mm.

Figure 12 displays the area-averaged cooling effectiveness of both block models at
M =0.5-2.0. When Block 1 lies at X = 12.5 mm, the area-averaged cooling effectiveness rises
from 0.19 at M = 0.5 to a nearly constant value of 0.22 at M = 1.0-2.0. Block 1 at X =12.5 mm
provides a monotonic decrease of the area-averaged cooling effectiveness, and an increase
of the blowing ratio from 0.24 at M = 0.5 to 0.09 at M = 2.0. For Block 2 located at these
two positions, the area-averaged cooling effectiveness first rises with the blowing ratio
from 0.5 to 1.5 before decreasing at the highest blowing ratio of M = 2.0. Comparatively,
Block 2 has lower area-averaged cooling effectiveness at M = 0.5 at either position and
higher values at M = 1.0-2.0. The greatest rises for Block 2 occur at M = 1.5 with values of
0.21 and 0.38 at X = 12.5 mm and 35 mm, respectively. Furthermore, the values for Block
1 at M = 0.5 and Block 2 at M = 1.5 under the flat plate condition are marked as red and
black pentacles, respectively, shown in Figure 12. The comparison indicates that Block 1 at
M = 0.5 and Block 2 at M = 1.5 on the pressure side have a 29.6-43.8% lower area-averaged
cooling effectiveness than that under the flat plate condition at the corresponding blowing
ratios. The disadvantage resulting from the concave surface recedes for Block 2 with larger
and higher geometry, only with a decrease of 7.9% at X = 12.5 mm. Block 2 model located at
X =35 mm even gives a slightly higher area-averaged cooling effectiveness with the value
of 0.5% than the flat plate film cooling hole model.



Machines 2023, 11, 110

11 of 17

—#— Block I; X=12.5mm
N == Block 1; X=35 mm
—&— Block2; X=12.5mm
=== Block 2; X=35 mm

0.5F

nareu,av

Figure 12. Area averaged cooling effectiveness relative to blowing ratios on the pressure side.

3.2. Film Cooling Performance on the Suction Side

The contours of cooling effectiveness on the suction side for Block 1 and 2 at M = 0.5-2.0
are demonstrated in Figure 13. Block 1 exhibits better coolant coverage on the suction side
of the wall surfaces at lower blowing ratios of M = 0.5 and 1.0, with a remarkable reduction
when the blowing ratios rise to 1.5 and 2.0. This changing trend at different blowing ratios
on both the suction and the pressure sides is quite close. However, the coolant could flow
towards a longer streamwise distance with the aid of the acceleration in the mainstream
flow, resulting in a higher centerline cooling effectiveness at M = 0.5 and 1.0. When the
blowing ratios enhance to 1.5 and 2.0, the upstream Block 1 has little effect on the ejected
coolant with a larger flow momentum. The coolants are more likely to be lifted away from
the wall surface due to the local convex geometry.

T .,
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Figure 13. Local Cooling effectiveness distribution on the suction side. (a) SS Block 1, X = 8 mm;
(b) SS Block 1, X = 17.5 mm; (c) SS Block 2, X = 8 mm; (d) SS Block 2, X = 17.5 mm.

The coolant coverage for Block 2 is different from that for Block 1 at the same position.
In general, the lateral coolant coverage over the downstream surface is greatly improved
due to the stronger interaction between the mainstream and the block, and the resulting
anti-kidney-shaped vortex, as reported in [22]. However, at a lower blowing ratio of M = 0.5,
most coolant is dragged sideways by anti-kidney-shaped vortex and concentrated between



Machines 2023, 11, 110

12 of 17

the block and the hole, resulting in poor coolant coverage at the downstream area around
the centerline, shown in Figure 14a. As the blowing ratio increases, the coolant flows
evenly from the hole due to the increasing flow momentum along the streamwise direction,
generating a better coolant coverage along the lateral and streamwise directions, as seen
in Figure 14b. Furthermore, the backward step effect caused by Block 2 is weakened with
the blowing ratios” increasing. Hence, the coolant concentration at the downstream area of
Block 2 reduces at M = 1.0 and 1.5, even diminishes at M = 2.0.

Velocity(m/s)

|
0 10 20 30 40 50 60 70

Figure 14. Dimensionless temperature and streamlines for Block 2 at X = 8 mm. (a) M = 0.5; (b) M = 1.5.

Figure 15 indicates the dimensionless temperature distribution along the plane Z/D =0
around the block and the film cooling hole for both block models at M = 2.0. It is illustrated
that the ejected coolant is detached from the downstream wall surface for Block 1 located at
both positions due to its rather weak control of the ejected coolant. Furthermore, the specific
separation positions are different for Block 1 at different places. The coolant detachment
occurs just at the hole exit for Block 1 at X = 8 mm. However, when the hole is located at
X =17.5 mm, the coolant detachment is postponed, resulting in improved coolant coverage
along the centerline, as shown in Figure 14b. For Block 2 has a larger geometry, the ejected
coolant is suppressed due to the induced anti-kidney-shaped vortex with stronger intensity
for the hole located at both positions, leading to a better coolant coverage in Figure 13c,d.

(b)

@

Figure 15. Dimensionless temperature distribution along the plane Z/D = 0 at M = 2.0. (a) SS Block 1,
X =8 mm; (b) SS Block 1, X = 17.5 mm; (c) SS Block 2, X = 8 mm; (d) SS Block 2, X = 17.5 mm.
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The profiles of laterally averaged cooling effectiveness along the downstream stream-
wise direction for both block models on the suction side are given in Figure 16. For Block 1
at both locations, the laterally averaged cooling effectiveness at M = 1.5 and 2.0 is lower
than that at M = 0.5 and 1.0, because of the coolant departure and reduced coolant lateral
coverage, as seen in Figure 13a,b. The laterally averaged cooling effectiveness at M = 1.0 is
still lower than that at M = 1.0 when the hole lies at X = 8 mm. However, when the hole is
placed at X = 17.5 mm, the laterally averaged cooling effectiveness at M = 1.0 is slightly
lower than that at M = 0.5 at the region of S/D < 8, but higher at the region of S/D > 8. For
Block 2 at X = 8 mm, the laterally averaged cooling effectiveness at M = 0.5 falls rapidly
along the downstream streamwise direction from 0.68 at S/D =0to 0.13atS/D =15. A
similar changing trend along the streamwise direction occurs for Block 2 at M = 0.5 from
0.85atS/D =010 0.24 at S/D = 15 when the hole is located at X = 17.5 mm. However, the
variation of laterally averaged cooling effectiveness relative to S/D is gentler at M = 1.0-2.0
for Block 2 at both locations. When the hole lies at X = 8 mm, Block 2 provides higher
laterally averaged cooling effectiveness at M = 1.0 and 1.5 than that at M = 0.5 and 2.0.
However, when the hole is located at X = 17.5 mm, Block 2 at M = 1.0 gives higher later-
ally averaged cooling effectiveness at most downstream area than other blowing ratios of
M =05, 1.5, and 2.0. The laterally averaged cooling effectiveness under the flat plate
condition for Block 1 at M = 0.5 and Block 2 at M = 1.5 are also depicted in Figure 15. Block
1 at X = 8 mm exhibits lower laterally averaged cooling effectiveness in the area of S/D <5,
but higher ones for the rest of the downstream region. However, when the hole is located
at X = 17.5 mm, Block 2 on the suction side always gives lower laterally averaged cooling
effectiveness than that under the flat plate condition. For Block 2, the hole at X = 8 mm still
has higher laterally averaged cooling effectiveness compared with that at most downstream
area under the flat plate condition, but the hole at X = 17.5 mm has lower values.
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Figure 16. Laterally averaged cooling effectiveness on suction sides [22]. (a) Block 1, X = 8 mm;
(b) Block 1, X = 17.5 mm; (c) Block 2, X = 8 mm; (d) Block 2, X = 17.5 mm.
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Figure 17 displays the area-averaged cooling effectiveness for Block 1 and 2 on the
suction side. It is found that the highest area-averaged cooling effectiveness occurs at
M = 0.5 and 1.0 for Block 1 located at X = 8 mm and 17.5 mm, respectively. However,
Block 1 located at X = 17.5 mm provides lower area-averaged cooling effectiveness than
that located at X = 8 mm at M = 0.5, but higher ones with the increase of 0.047-0.118 at
M =1.0-2.0. For Block 2, the highest area-averaged cooling effectiveness are 0.596 at M = 1.5
for the hole located at X = 8 mm and 0.463 at M = 1.0 for the hole located at X = 17.5 mm.
At M = 0.5, Block 2 located at X = 8 mm has a lower area-averaged cooling effectiveness
than that located at X = 17.5 mm. As the blowing ratios rise to M = 1.0 and 1.5, higher
area-averaged cooling effectiveness occurs when the hole lies at X = 17.5 mm. The values
of area-averaged cooling effectiveness for Block 2 at X = 8 mm and 17.5 mm are almost
equal at M = 2.0. Furthermore, compared with the flat plate film cooling at M = 0.5, Block1
at X = 8 mm gives a 16.5% higher area-averaged cooling effectiveness, but a 27.6% lower
value at X = 17.5 mm. The similar trend occurs for Block 2 at M = 1.5 in the comparison
between the flat plate condition and the convex circumstance. The relative improvement at
X =8 mm is 25.6%, but the degeneration is 13.8% at X = 17.5 mm.

~—#— Block 1; X=8 mm
| = Block 1; X=17.5mm
0.6 - _@— Block 2; X=8 mm
—= Block 2: X=17.5mm

0.0 L L . .

Figure 17. Area averaged cooling effectiveness v.s. blowing ratios on the suction side.

3.3. Aerodynamic Loss

Figure 18 reveals the dimensionless temperature profile and surface streamlines along
the plane Z/D = 0 for both block models located on the suction side (X = 8 mm) under
the blowing ratio M = 0.5. Block 1 has weak influence on the downstream flow field. By
contrast, due to the large dimension of Block 2, the mainstream flow is strongly disturbed,
demonstrating an obvious back-step separation flow downstream Block 2. Furthermore,
the ejected coolant flow is disturbed severely by Block 2. The coolant penetration height
into the mainstream flow for Block 2 is smaller than that for Block 1. Little coolant covers
on the centerline, and most are squeezed sideways, as seen in Figure 14a.
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Figure 18. Dimensionless temperature profile and surface streamlines along the plane Z/D =0 at
M =0.5 (a) SSBlock 1, X = 8 mm; (b) SS Block 2, X = 8 mm.
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The changing trends of the total pressure loss coefficient relative to the blowing ratios
M =0.5-2.0 for both block models are given in Figure 19 for the holes located on the pressure
and suction sides. Generally, the total pressure loss coefficient increases monotonously
with the increase of blowing ratios, regardless of the block geometry, hole location on the
pressure or suction sides. This is mainly attributed to the larger mixing loss between the
mainstream flow and more coolant as the blowing ratio increases. Furthermore, Block 2
always provides a higher total pressure coefficient. The higher mixing loss of Block 2 with
a larger geometry is responsible for this difference. When the hole is placed on the suction
side, the total pressure loss coefficient is much larger than those for the hole located on
the pressure side at the same blowing ratio. This can be ascribed to more ejected coolant
needed to maintain the same blowing ratio on the suction side at higher local velocity, as
shown in Table 1. Furthermore, the hole on the pressure side at X = 35 mm has a higher
total pressure loss coefficient than that on the pressure side at X = 12.5 mm for both block
models, and the hole on the suction side at X = 17.5 mm gives higher values. The local
velocity difference can also be attributed to the influence of the hole position.

~®— Block 1; X=8 mm
—_— Block 1: X=17.5mm

0.06 ~&— Block 1; X=12.5mm

. 0.30
== Block 1; X=35 mm !
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0.04

M ' : ) M
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Figure 19. Total pressure loss coefficient relative to blowing ratios. (a) On the pressure side; (b) On
the suction side.

4. Conclusions

In this study, numerical works were performed to investigate the cooling effectiveness,
flow fields, and aerodynamic losses for the cylindrical hole with an upstream crescent-
shaped block in the linear cascade. A wide variation of blowing ratios was covered from
0.5 to 2.0. The main conclusions are summarized as follows:

1. Whether the film cooling hole is located on the pressure or suction side, a simi-
lar changing trend of cooling performance for either block model occurs relative to the
blowing ratio under the flat plate condition. However, the local curvature and pressure
gradient influence the specific values of local cooling, laterally averaged, and area-averaged
cooling effectiveness.

2. Compared with the flat plate model, Block 1 at the pressure side provides a lower
area-averaged cooling effectiveness with a decrease of 29.6-43.8% at M = 0.5. The variation
is significantly reduced for Block 2 at the pressure side with values of —7.9% to 0.5%
at M = 1.5. However, when the block model is placed on the suction side, the relative
enhancements of area-averaged cooling effectiveness at X = 8 mm are 16.5% and 25.6%
for the Block 1 at M = 0.5 and Block 2 at M = 1.5. When the cooling hole is located at
X =17.5 mm on the suction side, the corresponding cooling performance is reduced with a
variation of —27.6% and —13.8%, respectively.

3. Independent of the specific hole location, Blockl always shows good cooling
performance at a low blowing ratio of M = 0.5, while Block 2 superiors at higher blowing
ratios of M = 1.0-2.0.

4. The total pressure loss coefficients for the block models on the suction side are
significantly higher than those on the pressure side due to the larger amount of ejected
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coolant at the same blowing ratio. The total pressure loss coefficient of suction side
increases sharply with the increase of blowing ratio. Furthermore, Block 2 gives a higher
total pressure loss coefficient than Block 1, mainly resulting from the stronger mixing
between the larger geometry of Block 2 and the mainstream flow.
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