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Abstract: In this study, different layout schemes for an X-shaped truss array channel are designed to
explore the application of an X-shaped truss array structure in the mid-chord region of turbine blades.
The flow and heat transfer performance of X-shaped truss array channels for three layout schemes
are numerically investigated. The influence laws of the subchannel height ratio (h/H, 0.2 to 0.4)
regarding the cooling performance of the channel with three subchannels are also analyzed. Then, the
corresponding heat transfer and friction correlations are obtained. The results show that the layout
scheme has significant effects on the flow performance, heat transfer performance and comprehensive
thermal performance of X-shaped truss array channels. Among the three layout schemes of X-shaped
truss array channels, the single channel has the best flow performance, while the channel with three
subchannels has the best heat transfer performance and a comprehensive thermal performance. At
different Reynolds numbers, the average Nusselt numbers and comprehensive thermal coefficients of
the X-shaped truss array channel with three subchannels range from 38.94% to 63.49% and 27.74%
to 46.49% higher than those of a single channel, respectively, and from 5.68% to 18.65% and 11.61%
to 21.96% higher than those of the channel with two subchannels, respectively. For the channel
with three subchannels, the subchannel height ratio has a great influence on the flow performance,
but has a relatively small influence on the heat transfer performance and comprehensive thermal
performance of the channel. With the increase in subchannel height ratio, the friction coefficient and
average Nusselt number of the channel with three subchannels both show a trend of first increasing
and then decreasing, while the comprehensive thermal coefficient shows a slow decreasing trend
at higher Reynolds numbers. As a result of comprehensive consideration, the channel with three
subchannels at a subchannel height ratio of 0.25 has a better overall cooling performance and is more
suitable for cooling the mid-chord region of gas turbine blades. The results may provide a reference
for the application of truss array structures in the internal cooling of advanced high-temperature
turbine blades in the future.

Keywords: turbine blade; cooling channel; X-shaped truss array; flow and heat transfer;
empirical correlations

1. Introduction

Advanced gas turbine blades operate in harsh environments up to temperatures of
2000 K and need to be cooled efficiently [1]. In pursuit of efficient cooling, various cool-
ing structures are arranged inside and outside the high-temperature blades of advanced
gas turbines [2]. Traditional turbine blade cooling structures include film cooling and
impingement cooling at the leading edge region, rib-turbulated cooling at the mid-chord
region, and pin-fin cooling and slot cooling at the trailing edge region [3]. Although
these traditional cooling structures have shown relatively good cooling effects in modeling
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studies, they cannot effectively improve the structural strength of turbine blades. Specifi-
cally, film cooling and slot cooling may directly weaken the structural strength of turbine
blades [4,5]. Impingement cooling has the problem of uneven heat transfer distribution,
which may cause excessive thermal stress and affect the structural strength of turbine
blades [6]. Rib-turbulated cooling can improve the ability to resist the tensile stress and
compressive stress of turbine blades, but still cannot meet the strength requirements of
advanced high-temperature turbine blades [7]. Pin-fin cooling has the problem of large
flow resistance and a relatively lower cooling effect when applied to the narrow trailing
edge region, and the caused higher temperature may also reduce the structural strength
of the turbine blades [8]. In sum, the cooling design of turbine blades is faced with the
challenge of combining a high cooling efficiency with high structural strength. Therefore,
new cooling structures with high-efficiency cooling technology and high structural strength
are urgently needed to ensure the safe and reliable operation of gas turbine blades [9].

Truss structures are multi-functional topology optimization structures that emerged
with the rapid development of 3D printing technology in recent years [10] and have
gradually been applied to various disciplines and industries [11,12]. The most widely used
truss structures are the Kagome-shaped truss structure, pyramid-shaped truss structure
and tetrahedron-shaped truss structure [13]. The literature has proved that truss structures
have excellent mechanical properties, such as high toughness, high specific stiffness, high
specific strength, noise and vibration reductions, and high energy absorption [14–16]. In
addition, many studies have reported that truss structures have an excellent convective
heat transfer capacity and thermal conductivity performance [17,18]. If the truss structures
are filled into the cooling channels of gas turbine blades, it is expected that the structural
strength and heat transfer effect of the blades would be intensified.

Since 2003, a number of studies have been performed on the thermal performance
and cooling performance of various truss array structures [19,20]. Many investigators used
non-metallic resin materials to study the heat transfer enhancement caused only by the fluid
disturbance effect of truss structures. Kim et al. [21] studied the flow separation and vortex
distribution caused by polycarbonate tetrahedral truss structures, and stated that horse-
shoe vortexes and arch-shaped vortexes are formed around the truss rods. Wei et al. [22]
experimentally measured the equivalent thermal conductivity of a C/SiC tetrahedral truss
array structure under various boundary conditions. Gao et al. [23,24] reported that the
comprehensive heat transfer capacity of composite truss structures is significantly better
than that of other heat dissipation media. Dixit et al. [25] investigated the forced-convection
and heat transfer characteristics of various resin truss structures under the conditions
of a low Reynolds number and constant temperature using a numerical approach and
summarized that the heat transfer capacity of a body-centered cubic truss is better than that
of open-cell foam heat sinks. Xu et al. [26] numerically researched the heat transfer and flow
behavior of a rectangular channel filled with a staggered resin Kagome array, and reported
that the rise in the Reynolds number and truss rod diameter both showed a significant
heat transfer enhancement effect. Many researchers have comprehensively considered the
effects of fluid disturbance and heat conduction on the heat transfer enhancement of truss
structures. Qian et al. [27] studied the boiling heat transfer performance of a microchan-
nel heat exchanger with different nonuniform truss structures and stated that the heat
transfer effect of nonuniform truss structures is inferior to that of uniform truss structures.
Son et al. [28] introduced tetrahedral truss structures into the thermal management of a
lithium-ion battery and pointed out that tetrahedral truss structures can provide a good
cooling solution for the heat dissipation of lithium batteries. You et al. [29] stated that truss
structures have high cooling abilities and can be used as a thermal metamaterial, according
to the cooling experiment results. Yun et al. [30] analyzed the thermo-fluid performance
of graded truss array channels. Their results show that the channels with W-type and
V-type graded truss structures exhibit the best and worst thermo-fluid performance, re-
spectively. Kaur et al. [31,32] compared the thermal-hydraulic performance of metal foams
and metal truss structures using an experimental method and pointed out that the heat
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transfer coefficient values of truss structures are higher than those of stochastic metal foams.
Zhou et al. [33] obtained a kind of truss cooling channel with an excellent heat transfer
and bearing performance using the topology optimization multi-scale and multi material
methods. Lai et al. [34] analyzed the heat transfer behaviors of a heat exchanger filled with
various truss array structures. Their results show that the direction of truss structures has
great impact on the flow and heat transfer performance of the heat exchanger, and the
star-type truss structure can best meet the performance requirements of the heat exchanger.

Recently, several studies have been published on the cooling performance of gas
turbine blade internal cooling channels filled with various truss array structures [35].
Xu et al. [36,37] compared the heat transfer effect of different truss array structures under
the scale of gas turbine blades, and recommended that X-shaped truss structures have
the best heat transfer performance. Kaur et al. [38] studied the flow and heat transfer
performance of a gas turbine blade trailing edge filled with four different truss array
structures, and pointed out that the truss array structure of the face diagonal-cube has the
highest pressure drop as well as the highest heat transfer coefficient at the same Reynolds
number. Liang et al. [39] researched the flow and heat transfer performance of body
centered cubic, Kagome and X-type truss structures in the cooling channel of a gas turbine
trailing edge, and stated that the induced vortex size significantly affects the degree of heat
transfer enhancement in the cooling channel.

According to the above literature review, although much attention has been directed
toward the thermal performance and cooling performance of different kinds of truss
structures, fewer investigations have been conducted regarding the cooling performance
of truss structures under the scale and conditions of gas turbine blades. The problem of
how to apply a high-performance truss array structure to the mid-chord region of gas
turbine blades has not been well resolved. Consequently, it is necessary to study the cooling
performance of different layout schemes of the gas turbine blade mid-chord region filled
with high-performance truss array structures.

In this investigation, different layout schemes of an X-shaped truss array channel were
designed on the basis of the optimization results in [40,41] to explore the application of an
X-shaped truss array structure in the mid-chord region of turbine blades. Firstly, the flow
and heat transfer performance of X-shaped truss array channels for three layout schemes
were numerically investigated. Secondly, the influence laws of subchannel height ratio (h/H,
0.2 to 0.4) on the cooling performance of the channel of Scheme 3 were analyzed in detail.
Finally, the heat transfer and friction correlations of X-shaped truss array channels under
different layout schemes were separately fitted. The results may provide a reference for the
application of truss array structures in the internal cooling of advanced high-temperature
turbine blades in the future.

2. Research Object
2.1. Physical Model

The cooling channel in this investigation was modeled from a F-class gas turbine
blade mid-chord region [42]. The aspect ratio of the mid-chord region was about two. For
convenience, the cooling channel of the mid-chord region was simplified to a rectangular
channel with an aspect ratio of two. The length (L), width (W), height (H) and wall thickness
(δ) of the channel were 120 mm, 40 mm, 20 mm and 1 mm, respectively. The cooling
channel was further divided into three subchannels to provide different layout schemes.
The height of the subchannel is denoted by h. As displayed in Figure 1a, the X-shaped truss
units were arranged in the cooling channels in an array. The structural parameters of the
X-shaped truss array include the diameter ratio (d/h) and inclination angle (β) of the truss
rods, the characteristic length (C = h/tan(β)×sin(45◦)), transverse spacing ratio (Xs/C)
and streamwise spacing ratio (Zs/C) of the truss elements. In this investigation, β = 45◦,
d/h = 0.248, Xs/C = 2.482 and Zs/C = 1.946, which is the optimization result at a high
Reynolds number (Re = 60,000) in Reference [41]. The specific structural parameters for
different layout schemes were calculated from the above optimization result. As shown in
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Figure 1b–d, three layout schemes were designed for the X-shaped truss array structure
arranged in the internal cooling channel of the gas turbine blade mid-chord region. For
Scheme 1 (single channel), the X-shaped truss array was directly arranged in the cooling
channel. As the characteristic size of the truss unit is positively related to its height, the
length and width of the truss unit in Scheme 1 were relatively large, and only one row and
four columns of truss units were arranged in the cooling channel of Scheme 1. For Scheme 2
(two subchannels), a 1 mm-thick divider plate was added to the mid-section of the original
channel to divide it into two subchannels, and the subchannel height ratio (h/H) was 0.475.
The X-shaped truss array structure was arranged in each subchannel. According to the
subchannel height ratio and the optimal spacing of the X-shaped truss array mentioned
above, two rows and eight columns of truss units were arranged in the cooling channel of
Scheme 2. For Scheme 3 (three subchannels), two 1 mm-thick divider plates were added to
the original channel to divide it into three subchannels. The X-shaped truss array structure
was only arranged in the two subchannels close to the wall. The subchannel height ratio of
the two subchannels near the wall for Scheme 3 ranged from 0.2 to 0.4. According to the
optimization result mentioned above, from two to five rows and nine to eighteen columns
of truss units were arranged in each of the two subchannels near the wall for the different
h/H of Scheme 3, respectively. The detailed structural parameters of the X-shaped truss
array channels for different layout schemes are listed in Table 1.

2.2. Data Reduction

The equivalent diameter D of the channel is:

D = 2WH/(W + H) (1)

where W is the channel width; H is the channel height.
The Reynolds number Re is expressed as:

Re = uD/v (2)

where u and v are the inlet velocity and kinematic viscosity of cooling air.
The wall Nusselt number Nu is calculated by:

Nu = qD/[(Tw − Tf)λ] (3)

where q and Tw are the wall heat flux and wall temperature; Tf is the local bulk fluid
temperature; λ is the thermal conductivity of cooling air.

The friction coefficient f is written as:

f = ∆pD/(2ρLu2) (4)

where ρ is the density of cooling air; ∆p is the pressure difference across the channel; L is
the channel length.

The comprehensive thermal coefficient F is computed by:

F = (Nuave/Nu0)/(f/f 0)1/3 (5)

where Nuave is the average Nusselt number of the X-shaped truss array channel;
Nu0 = 0.023Re0.8Pr0.4 and f 0 = (1.58 lnRe − 3.28)−2 are the average Nusselt number and
friction coefficient of the smooth channel.
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Table 1. Structural parameters of X-shaped truss array channels for different layout schemes (based
on the optimization results at Re = 60,000 in [41]).

Channel Types h/H Row Number Column Number

Scheme 1: single channel 1 1 4
Scheme 2: two subchannels 0.475 2 8

Scheme 3: three subchannels 0.20 5 18
Scheme 3: three subchannels 0.25 4 15
Scheme 3: three subchannels 0.30 3 12
Scheme 3: three subchannels 0.35 3 11
Scheme 3: three subchannels 0.40 2 9

3. Numerical Methods
3.1. Numerical Model

Figure 2 demonstrates the numerical calculation model of the X-shaped truss ar-
ray channel (Scheme 3: h/H = 0.35) used in this investigation. As shown in Figure 2a,
the numerical model includes the solid and fluid domains of the X-shaped truss array
channel and the fluid domains of the smooth channel extended from the inlet and outlet
with a length of 200 mm. Since the X-shaped truss array channel is symmetrically dis-
tributed about the mid-section, for the convenience of numerical calculation, the numerical
model in this study was half of the X-shaped truss array channel. The grid models of the
X-shaped truss array channel were divided by an unstructured grid. The grid division was
completed in the Meshing module of Workbench. The unstructured grid models for the
solid domain and fluid domain of the X-shaped truss array channel are shown in Figure 2b.
The solid domain is composed of pure tetrahedral meshes. The fluid domain is composed
of tetrahedral meshes for the main body and prismatic meshes for the boundary layer
near channel walls. The layer number and height ratio of the prismatic meshes were 15
and 1.2. The initial height of prismatic meshes was 0.001 mm, and the corresponding y+

was less than 1. The minimum size of tetrahedral meshes for the refined regions of truss
rods and their adjacent regions was about 0.03 mm. The maximum size of tetrahedral
meshes was adjusted to control the total mesh number. Finally, the mesh nodes on the
fluid–solid interface were matched and all meshes were smoothed to improve the grid
quality and the numerical calculation precision. In this study, five sets of grid models were
divided to execute the verification of grid independence. The maximum size of tetrahedral
meshes varied from 0.8 mm to 2.4 mm, and the corresponding total mesh number ranged
from 8.32 million to 4.01 million. According to the verification results in Table 2, the total
mesh number of 6.86 million with a maximum mesh size of 1.2 mm is most suitable for the
numerical calculations of the X-shaped truss array channel in this study.

Table 2. Verification of grid independence (Scheme 3: h/H = 0.35, Re = 30,000).

Maximum Mesh Size/mm Total Mesh Number/Million Nuave Difference/%

2.4 4.01 163.78 -
2.0 4.63 181.64 10.90
1.6 5.39 196.14 7.98
1.2 6.86 207.22 5.65
0.8 8.32 210.13 1.40
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3.2. Numerical Calculation Method

The coupled heat transfer numerical approach was used to analyze the flow and heat
transfer performance of X-shaped truss array channels in this investigation. The numerical
calculations were completed with CFX software (V19.5, ANSYS Inc., Pittsburgh, PA, USA).
In the numerical calculations, the fluid flow in the X-shaped truss array channel was
assumed to be steady, incompressible, 3D turbulent flow, without considering the effect of
gravity. The corresponding governing equations [41] are as follows:

∂Vj

∂xj
= 0 (6)

∂(ρViVj)

∂xj
= − ∂p

∂xi
+

∂

∂xj

[
(µ + µt)

(
∂Vi
∂xj

+
∂Vj

∂xi

)]
(7)

∂(ρTVj)

∂xj
=

∂

∂xj

[(
λ

cp
+

µt

Prt

)
∂T
∂xj

]
(8)

where Prt is the turbulent Prandtl number and µt is the turbulent viscosity.
The fully implicit coupled multigrid was used to solve the Reynolds-averaged Navier

Stokes equations. The bounded central difference scheme of the finite difference method
was utilized to discretize the governing equations [41]. In CFX-Pre, the Total Energy
equation with the option of Incl. Viscous Work Term was selected for the heat transfer
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scheme, and the high-resolution scheme was chosen for the turbulence numerics scheme
and advection scheme. Three turbulence models of k-ω, k-ε and SST k-ω were tested to
calculate the turbulent flow in the channel. The enhanced wall treatment method was
adopted for the near-wall treatment of the k-ε model. The near-wall model method was
adopted to solve the near-wall turbulent flow for the low-Reynolds-number turbulence
models such as k-ω and SST k-ω. Based on the authors’ previous findings [40,41], the
SST k-ω turbulence model combined with the near-wall model method was preferentially
chosen to calculate the turbulent flow in the X-shaped truss array channels. For the solid
domain of the X-shaped truss array channel, only the heat conduction equation was solved.
When the Root Mean Square residuals of governing equations were lower than 10−6 or
the user-built monitoring point (channel wall average temperature) did not change, the
numerical calculations reached the convergence condition and were terminated.

3.3. Boundary Conditions

The numerical simulations in this investigation are steady-state solution processes,
and the boundary conditions were set as follows: As shown in Figure 2a, the mid-section
of the channel was set as a symmetrical boundary condition. The cooling air, with a static
temperature of 298.15 K, a turbulence level of 5% and a uniform velocity, first enters the
smooth channel upstream along the normal direction of the channel inlet, then flows
through the X-shaped truss array channel to cool it, and finally flows out of the smooth
channel downstream. The fluid–fluid interfaces were created between the fluid domain of
the X-shaped truss array channel and the two smooth channels upstream and downstream
to form a complete flow process. The inlet velocity was computed by the inlet Reynolds
number (Re, 10,000 to 60,000). The channel outlet was set as a static pressure outlet.
The channel outlet pressure was the averaged value over the whole outlet area, with a
fluctuation range of 5% at different positions. The relative value of average static pressure
of the channel outlet was set to 0 kPa in CFX-Pre, since the reference pressure was set
to 101 kPa. The outer walls of the solid domain were heated by a constant heat flux of
3000 W·m−2. The relevant surfaces of fluid domain and solid domain were set as fluid–solid
interfaces. The same heat flux and temperature were transferred from the inner wall of the
solid domain to the wall of fluid domain by the fluid-solid interfaces. Finally, the cooling air
takes away the heat from the channel wall and was discharged from the channel outlet. To
speed up the convergence process, initialization settings were created for the fluid domain
and solid domain, respectively. The initial temperature of 298.15 K, initial static pressure
of 101 kPa, initial turbulence level of 5%, and initial normal velocity based on the inlet
Reynolds number were set for the entire fluid domain. Under these initial conditions, the
density, dynamic viscosity, thermal conductivity, specific heat capacity at constant pressure
and Prandtl number of cooling air at the channel inlet were 1.172 kg·m−3, 0.0000184 Pa·s,
0.0262 W·m−1·K−1, 1.007 kJ·kg−1·K−1, and 0.705, respectively. The initial temperature of
the entire solid domain was set to 298.15 K. Additionally, in order to avoid the divergence
of numerical calculation, the auto timescale option was selected for the timescale control,
the conservative option was selected for the length scale of the time step, and the relevant
timescale factor was set to 1.

3.4. Verification of Numerical Method

The experimental data of the X-shaped truss array channel with d/H = 0.2, Xs/C = 2
and Zs/C = 2 in [41] were used to verify the numerical method in this investigation. A
comparison of the results for the numerical calculated average Nusselt number by different
turbulence models and the experimental values in [41] is displayed in Figure 3. It can be
seen that the variation trends of the average Nusselt number with the Reynolds number
calculated by the three turbulence models (SST k-ω, standard k-ε and standard k-ω) are
very close to the variation trends of the average Nusselt number with the Reynolds number
measured by the experiment. The calculated values of standard k-ε are higher than the
experimental values, and the calculated values of SST k-ω and standard k-ω are lower than
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the experimental values. It is worth noting that the calculated values of SST k-ω are closest
to the experimental values (maximum deviation is 12.7%), which is because SST k-ω has
the advantages of a standard k-ε and standard k-ω. The above results indicate that the
numerical method with an SST k-ω turbulence model in this investigation can accurately
analyze the heat transfer performance of X-shaped truss array channels.

Figure 3. Verification of numerical methods based on the experimental data in [41].

4. Results and Discussion
4.1. Flow Performance

Figure 4 demonstrates the flow field distributions in X-shaped truss array channels
of different layout schemes (see Table 1) at Re = 30,000. To clearly show the results, only
the flow fields in half of the channels are shown in the figure due to the symmetrical
distribution of the channels at the mid-section. The flow field was visualized by the λ2
criterion method, which is one of the most accurate vortex core display technologies in
CFX-Post [43]. As displayed in Figure 4, the vortex cores in the X-shaped truss array
channels of the three layout schemes are mainly distributed around the truss rods. This
is due to the fluid disturbing effect of the truss rod, meaning that a horseshoe vortex is
formed around each truss rod. For Scheme 1, the velocity of the vortex cores around the
first two columns of truss units is higher due to the entrance effect [40], while the velocity
of the vortex cores around the latter two columns of truss units is lower. For Scheme 2 and
Scheme 3, the velocity of the vortex cores around the first column of truss units is much
higher; then, the velocity of the vortex cores gradually decreases from the second column
to the fourth column of truss units. After the fourth column of truss units, the velocity
of the vortex cores basically no longer changes, which indicates that from here the flow
in the X-shaped truss array channel enters a fully developed stage. Overall, the size and
velocity of the vortex cores formed around the truss rods in the channel of Scheme 1 are the
largest, followed by those formed in the channel of Scheme 2, and the size and velocity of
the vortex cores formed in the channel of Scheme 3 are the smallest. However, from Scheme
1 to Scheme 3, the number of truss units in the channel greatly increased. Therefore, it is
difficult to intuitively judge which layout scheme of X-shaped truss array channel has the
best flow performance, and this subject requires further quantitative analysis.
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Figure 4. Flow field distributions in X-shaped truss array channels at different layout schemes
(Re = 30,000): (a) Scheme 1; (b) Scheme 2; (c) Scheme 3.

Figure 5 illustrates the change curves of friction coefficients with an inlet Reynolds
number for the three layout schemes of X-shaped truss array channels, where Scheme 3
refers specifically to the channel h/H = 0.35. As shown in Figure 5, the friction coefficients
of the three layout schemes of X-shaped truss array channels first slightly decrease and
then remain basically unchanged with the increase in Reynolds number. This is because the
friction coefficient is directly proportional to the pressure drop and inversely proportional
to the square of the inlet air velocity, as defined in Equation (4). Meanwhile the inlet air
velocity is positively correlated with the Reynolds number. For a cooling channel, when
the Reynolds number increases, the pressure drops and the inlet air velocity increases
correspondingly. Therefore, the friction coefficient is the result of the balance between
the increase rate of the pressure drop and the increase rate of the Reynolds number. For
the X-shaped truss array channels in this study, the change rate of the square of inlet air
velocity with a Reynolds number is greater than that of the pressure drop with a Reynolds
number; thus, the friction coefficients show decreasing trends with the increase in Reynolds
number. Figure 5 also shows that the friction coefficient of the X-shaped truss array channel
of Scheme 2 is the largest; that is, the flow performance of the channel of Scheme 2 is
the worst. The friction coefficient of the X-shaped truss array channel of Scheme 1 is the
smallest; thus, the flow performance of the channel of Scheme 1 is the best. As shown in the
quantitative analysis results, when the Reynolds number changes from 10,000 to 60,000, the
friction coefficients of the X-shaped truss array channels of Scheme 1, Scheme 2 and Scheme
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3 decrease by 3.22%, 2.99% and 10.45%, respectively. At different Reynolds numbers, the
friction coefficient of the X-shaped truss array channel of Scheme 1 is 32.32% to 33.96% and
21.91% to 28.09% lower than those in the channels of Scheme 2 and Scheme 3, respectively.
In summary, the layout scheme has a relatively high influence on the flow performance
of the X-shaped truss array channel, while the influence of Reynolds number on the flow
performance of the X-shaped truss array channel is not significant. From the perspective
of friction coefficient reduction, the layout scheme of the X-shaped truss array channel of
Scheme 1 is the best.

Figure 5. Comparison of flow performance of X-shaped truss array channels at different layout schemes.

Figure 6 illustrates the flow field distributions in X-shaped truss array channels of
Scheme 3 at different subchannel height ratios (Re = 30,000). It can be seen in Figure 6 that,
as the subchannel height ratio increases, the size of the truss unit also increases, which
enhances the flow-disturbing effect of each truss unit, resulting in an increase in the size
and velocity of the vortex cores formed around each truss unit in the channels. Similarly,
since the increase in subchannel height ratio also reduces the number of truss units in the
channel, it is difficult to intuitively judge the influence law of the subchannel height ratio
on the flow performance of the X-shaped truss array channels. At the same time, it can be
found that with the increase in subchannel height ratio, the position where the fluid flow in
the channel enters the fully developed stage is farther from the channel inlet. In addition,
for the channels of Scheme 3 at different subchannel height ratios, a larger-sized transverse
vortex core is formed at the inlet of each channel, and a smaller-sized transverse vortex core
is formed at the outlet of each channel. Meanwhile, with the increase in subchannel height
ratio, the size of the transverse vortex core at the inlet of the channel gradually decreases,
while the size of the transverse vortex core at the outlet of the channel almost remains
unchanged; the velocity of the transverse vortex cores at the channel inlet and outlet first
increases and then decreases, and reaches its maximum at h/H = 0.35.
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Figure 6. Flow field distributions in X-shaped truss array channels of Scheme 3 at different h/H
(Re = 30,000): (a) h/H = 0.20; (b) h/H = 0.25; (c) h/H = 0.30; (d) h/H = 0.35; (e) h/H = 0.40.

Figure 7 demonstrates the influence law of subchannel height ratio on the friction
coefficients of X-shaped truss array channels of Scheme 3 at different Reynolds numbers. It
can be seen from Figure 7 that, under different Reynolds numbers, the friction coefficients of
X-shaped truss array channels of Scheme 3 show the same change trends with an increase
in subchannel height ratio. Specifically, when the subchannel height ratio is less than
0.35, the friction coefficients of the channels gradually increase, and when the subchannel
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height ratio is greater than 0.35, the friction coefficients of the channels rapidly decreases.
Therefore, when the subchannel height ratio is 0.35, the friction coefficients of X-shaped
truss array channel of Scheme 3 at various Reynolds numbers are all the largest, indicating
that the flow performance of the channel with a subchannel height ratio of 0.35 is the worst.
When the subchannel height ratio is 0.20, the friction coefficients of the X-shaped truss array
channel of Scheme 3 are the lowest, implying that the flow performance of the channel
with a subchannel height ratio of 0.20 is the best. It can also be seen from Figure 7 that the
friction coefficients of the X-shaped truss array channels of Scheme 3 slowly decrease with
the increase in Reynolds number at different subchannel height ratios. Meanwhile, when
the Reynolds numbers are 30,000 and 60,000, the friction coefficients of X-shaped truss array
channels of Scheme 3 are very close to each other. In conclusion, when compared with
the Reynolds number, the influence of subchannel height ratio on the flow performance of
an X-shaped truss array channel is greater and more significant. From the perspective of
reducing the friction coefficient, the X-shaped truss array channel with a small subchannel
height ratio should be preferred.

Figure 7. Effects of h/H on the flow performance of X-shaped truss array channels of Scheme 3 at
different Reynolds numbers.

4.2. Heat Transfer Performance

Figure 8 illustrates the heat transfer distributions of X-shaped truss array channels
of different layout schemes (see Table 1) at Re = 30,000. It can be seen from Figure 8 that
the heat transfer distribution characteristics of the X-shaped truss array channels of three
different layout schemes are similar. Specifically, due to the entrance effect (i.e., the heat
transfer boundary layer at the channel inlet is very thin), the local Nusselt number of the
channel wall is very high at the inlet, and then due to the gradual thickening of the heat
transfer boundary layer, the local Nusselt number of the channel wall gradually decreases
along the flow direction. Then, when the cooling air encounters the first row of truss units,
the local Nusselt number of the channel wall rapidly increases due to the fluid-disturbing
effect of the truss rods. The local Nusselt number of the channel wall at the location
upstream of the truss rod ends is greatly improved. However, after the cooling air passes
through the truss unit, the local Nusselt number of the corresponding channel wall in the
downstream region of the truss unit is very low due to the blocking effect of the truss unit.
Subsequently, the local Nusselt number on the channel wall shows a periodic, alternating
distribution trend of high and low along the flow direction due to the array arrangement
of truss units. For the whole channel wall, the local Nusselt number of the channel wall
corresponding to the middle region of each row of truss units is lower, while the Nusselt
number of the channel wall corresponding to both sides of each row of truss unis is higher.
For truss units, the local Nusselt number on the windward side of each truss rod is high
and the local Nusselt number on the leeward side of each truss rod is low. At the same time,
along the flow direction, the local Nusselt number of each column of truss units slowly
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decreases. It can also be seen in Figure 8 that, from Scheme 1 to Scheme 3, the local Nusselt
number of the truss unit slightly decreases or does not significantly change, while the local
Nusselt number of the channel wall gradually increases. This may be caused by the gradual
increase in the truss rod ends from Scheme 1 to Scheme 3, which has a great influence on
the heat transfer effect of the channel wall.

Figure 8. Heat transfer distributions of X-shaped truss array channels at different layout schemes
(Re = 30,000): (a) Scheme 1; (b) Scheme 2; (c) Scheme 3.

Figure 9 shows the variation curves of average Nusselt numbers with inlet Reynolds
number for the three layout schemes of X-shaped truss array channels, where Scheme 3
refers specifically to the channel of h/H = 0.35. As can be seen from Figure 9, with the
increase in Reynolds number, the average Nusselt numbers of the three layout schemes
of X-shaped truss array channels increase in a logarithmic form, that is, first increase
rapidly and then slowly. This is because the increase in Reynolds number increases the
flow velocity and disturbance effect of the cold fluid in the channel, which enhances the
heat exchange between the cold fluid in the center of the channel and the hot fluid near
the wall, and then strengthens the heat transfer performance of the channel. It can also be
seen in Figure 9 that, among the three layout schemes of X-shaped truss array channels, the
average Nusselt number of the channel of Scheme 3 is the highest and the corresponding
heat transfer performance is the best, followed by the channels of Scheme 2 and Scheme
1. According to the quantitative calculation, when the Reynolds number increases from
10,000 to 60,000, the average Nusselt number of X-shaped truss array channels of Scheme 1,
Scheme 2 and Scheme 3 increases by 2.45, 2.29 and 1.93 times, respectively. At different
Reynolds numbers, when compared with the channels of Scheme 1 and Scheme 2, the
average Nusselt numbers of the X-shaped truss array channels of Scheme 3 are increased
from 38.94% to 63.49% and 5.68% to 18.65%, respectively. In conclusion, the layout scheme
and Reynolds number both have a great influence on the heat transfer performance of
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the X-shaped truss array channel. From the perspective of heat transfer enhancement, the
layout scheme of the X-shaped truss array channel of Scheme 3 is the best.

Figure 9. Comparison of the heat transfer performance of X-shaped truss array channels for different
layout schemes.

Figure 10 displays the heat transfer distributions of X-shaped truss array channels of
Scheme 3 at different subchannel height ratios (Re = 30,000). It can be seen from Figure 10
that, with the increase in subchannel height ratio, the number of truss units arranged in
the channel gradually decreases. This leads to a gradual decrease in the number of regions
with high heat transfer, as well as with low heat transfer on the channel wall, but the areas
of these high-heat-transfer regions and low-heat-transfer regions gradually increase. For
the channel wall, when the subchannel height ratio increases from 0.20 to 0.35, the local
Nusselt number of the channel wall significantly increases. When the subchannel height
ratio increases from 0.35 to 0.40, the local Nusselt number of the channel wall slightly
decreases. For the truss unit, the variation trend of the local Nusselt number of the truss
rod with the subchannel height ratio is basically the same as the variation trend of the
local Nusselt number of the channel wall with the subchannel height ratio. The overall
increase in the subchannel height ratio makes the difference in the local Nusselt number,
which gradually decreases along the flow direction for both the channel wall and the truss
units. Finally, the exact variation law of the heat transfer performance, along with the
subchannel height ratio for the X-shaped truss array channels, needs to be determined by
further quantitative analysis.

Figure 11 shows the variation curves of average Nusselt numbers with subchannel
height ratio for the X-shaped truss array channel of Scheme 3 at different Reynolds numbers.
As can be seen from Figure 11, under different Reynolds numbers, the average Nusselt
number of X-shaped truss array channel of Scheme 3 first increases and then decreases
with the increase in subchannel height ratio. When the subchannel height ratio is 0.35, the
average Nusselt number of the channel of Scheme 3 is the highest. This implies that the
heat transfer performance of the X-shaped truss array channel of Scheme 3 is the best at
a subchannel height ratio of 0.35. When the subchannel height ratio is 0.20, the average
Nusselt number of the channel of Scheme 3 is the lowest; that is, the heat transfer perfor-
mance of the channel with a subchannel height ratio of 0.20 is the worst. According to the
quantitative calculation, when the Reynolds number changes from 10,000 to 60,000, the
average Nusselt numbers of the X-shaped truss array channel of Scheme 3 at a subchannel
height ratio of 0.35 are from 26.79% to 37.70% and 9.56% to 11.34% higher than those at
subchannel height ratios of 0.20 and 0.40, respectively. The above results are inconsistent
with the influence laws of channel aspect ratio on the average Nusselt number of truss array
channels reported in [36], previously published by the authors of the present study. The
results in [36] show that the increase in channel aspect ratio reduces the average Nusselt
number of truss array channels. The reason for the inconsistency of the above influence
laws is that the aspect ratio of the entire cooling channel is constant, and the variation in
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subchannel height ratio changes the aspect ratio of the inner subchannels. This affects the
distribution ratio of the cooling air from the entire cooling channel inlet between the truss
array subchannels and the smooth subchannel. The distribution ratio of the cooling air
may be the dominant factor affecting the heat transfer performance of the entire cooling
channel because the design parameters of truss array structures in this study originate
from the optimization results of the same modeled truss array channel with the same
heat transfer performance as reported in the author’s previously published paper [41].
Specifically, when h/H ≤ 0.35, the cross-section areas of the truss array subchannels become
larger with the increase in h/H, so that relatively more cooling air enters the truss array sub-
channels and improves the heat transfer performance of the entire cooling channel. When
h/H > 0.35, although the increase in h/H also increases the cross-section areas of the truss ar-
ray subchannels, the relevant increase in the size of the truss array structure may also bring
more flow resistance, which reduces the cooling air entering the truss array subchannels
and slightly weakens the heat transfer performance of the entire cooling channel.

It can also be seen from Figure 11 that, under different subchannel height ratios,
the increase in Reynolds number significantly improves the average Nusselt number of
X-shaped truss array channels of Scheme 3; that is, it effectively enhances the heat transfer
performance of the X-shaped truss array channels. In conclusion, the subchannel height
ratio has a relatively small effect on the heat transfer performance of X-shaped truss array
channel of Scheme 3 when compared with the Reynolds number. From the perspective of
heat transfer enhancement, the X-shaped truss array channel of Scheme 3 with a subchannel
height ratio of 0.35 is the best.

4.3. Comprehensive Thermal Performance

Figure 12 shows the variation curves of comprehensive thermal coefficients with inlet
Reynolds number for the three layout schemes of X-shaped truss array channels, where
Scheme 3 refers specifically to the channel h/H = 0.35. As can be seen from Figure 12,
the comprehensive thermal coefficients of X-shaped truss array channels rapidly decrease
with the increase in Reynolds number. Among the three layout schemes of X-shaped truss
array channels, the channel of Scheme 3 has the best comprehensive thermal performance,
followed by the channel of Scheme 2, and the worst is the channel of Scheme 1. This is
because among the three layout schemes, the channel of Scheme 3 has the highest average
Nusselt number and a medium friction coefficient. Therefore, the channel of Scheme 3
has the highest comprehensive thermal coefficient. According to the quantitative analysis,
when the Reynolds number varies from 10,000 to 60,000, the comprehensive thermal
coefficients of X-shaped truss array channels of Scheme 1, Scheme 2 and Scheme 3 are
reduced by 28.38%, 31.76% and 37.55%, respectively. Under different Reynolds numbers,
the comprehensive thermal coefficients of the X-shaped truss array channel of Scheme 3
range from about 27.74% to 46.49% and 11.61% to 21.96% higher than those of the X-shaped
truss array channels of Scheme 1 and Scheme 2, respectively. In summary, the layout
scheme and Reynolds number both have significant effects on the comprehensive thermal
performance of the X-shaped truss array channel; however, the influence degree of the
layout scheme is slightly less than that of Reynolds number. The layout scheme of the
X-shaped truss array channel of Scheme 3 is the most suitable choice when the reduction in
friction coefficient and the enhancement of heat transfer are comprehensively considered.
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Figure 10. Heat transfer distributions of X-shaped truss array channels of Scheme 3 at different h/H
(Re = 30,000): (a) h/H = 0.20; (b) h/H = 0.25; (c) h/H = 0.30; (d) h/H = 0.35; (e) h/H = 0.40.
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Figure 11. Effects of h/H on heat transfer performance of X-shaped truss array channels of Scheme 3
at different Reynolds numbers.

Figure 12. Comparison of comprehensive thermal performances of X-shaped truss array channels for
different layout schemes.

Figure 13 displays the variation curves of a comprehensive thermal coefficient with
a subchannel height ratio for the X-shaped truss array channel of Scheme 3 at different
Reynolds numbers. It can be seen from Figure 13 that the increase in Reynolds number
apparently weakens the comprehensive thermal performance of X-shaped truss array
channel of Scheme 3. Under different Reynolds numbers, the influence laws of subchannel
height ratio that affect the comprehensive thermal performance of the X-shaped truss array
channel of Scheme 3 are not consistent. When the Reynolds number is low (Re = 10,000
and 30,000), the comprehensive thermal coefficient of the channel of Scheme 3 first slightly
increases and then slightly decreases with the increase in subchannel height ratio. When the
Reynolds number is high (Re = 60,000), the comprehensive thermal coefficient of the channel
of Scheme 3 slowly decreases with the increase in subchannel height ratio. It is worth
noting that, at a high Reynolds number, the comprehensive thermal performance of the
X-shaped truss array channel of Scheme 3 with the subchannel height ratios of 0.20 and 0.25
is almost equal, and the heat transfer performance of the channel with a subchannel height
ratio of 0.25 is better than that of the channel with a subchannel height ratio of 0.20 (see
Figure 11). As a result of comprehensive consideration, the X-shaped truss array channel of
Scheme 3 with a subchannel height ratio of 0.25 has a better overall cooling performance
at a high Reynolds number and is more suitable for cooling the mid-chord region of gas
turbine blades. In general, the effect of the Reynolds number on the comprehensive thermal
performance of the X-shaped truss array channel of Scheme 3 is large, while the effect
of subchannel height ratio on the comprehensive thermal performance of the channel of
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Scheme 3 is not significant. The X-shaped truss array channel of Scheme 3 with a subchannel
height ratio of 0.25 is most suitable to obtain the best overall cooling performance.

Figure 13. Effects of h/H on comprehensive thermal performance of X-shaped truss array channel of
Scheme 3 at different Reynolds numbers.

4.4. Empirical Correlations

Fitting the heat transfer correlation and friction correlation of the X-shaped truss
array cooling channel is of great significance to guide the design of the mid-chord cooling
structure of heavy gas turbine blades in the future. As the parameters for each scheme of
X-shaped truss array channels have little correlation, the empirical correlations reflecting the
relationships between average Nusselt number, friction coefficient and Reynolds number
should be separately fitted for each scheme of X-shaped truss array channel.

Based on the results from Sections 4.1–4.3, the power function was used to fit the
correlations between the average Nusselt number, friction coefficient and Reynolds number
for the three layout schemes of X-shaped truss array channels. The correlations between
average Nusselt number, friction coefficient and Reynolds number can be assumed as:

f (x) = CRem (9)

where f (x) represents Nuave or f, and C and m are the parameters of the correlations to
be fitted.

The fitting work is completed by the curve fit module of the Scipy package in
Python 3.8. The parameters of Equation (9) obtained by fitting are listed in Table 3. R2 is
the determination coefficient; greater R2 means higher goodness of fit. Table 3 shows that
the fitting determination coefficients for the heat transfer correlations of each scheme of
X-shaped truss array channels are all greater than 0.98, and those for the friction correla-
tions are all higher than 0.86. Therefore, the parameters in Table 3 can provide a relatively
accurate reference for the selection of a layout scheme for the X-shaped truss array channel.

Table 3. Fitting parameter values of heat transfer and friction correlation.

Channels
Nuave f

Re
C m R2 C m R2

Scheme 1 0.163 0.700 0.995 0.172 −0.019 0.884 10,000 to 60,000
Scheme 2 0.286 0.675 0.991 0.258 −0.019 0.866 10,000 to 60,000
Scheme 3 0.605 0.614 0.985 0.351 −0.062 0.877 10,000 to 60,000

The relationships between the average Nusselt number, friction coefficient and Reynolds
number for X-shaped truss array channels of Scheme 3 at different subchannel height ratios
were also fitted based on Equation (9). The parameters of the fitted correlations are shown
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in Table 4. It can be seen from Table 4 that the determined coefficient of each correlation
is greater than 0.87, which indicates that the heat transfer and friction correlations for
X-shaped truss array channels of Scheme 3 at different subchannel height ratios all have a
high goodness of fit.

Table 4. Fitting parameter values of heat transfer and friction correlation.

Channels
Nuave f

Re
C m R2 C m R2

h/H = 0.20 0.229 0.659 0.987 0.240 −0.101 0.932 10,000 to 60,000
h/H = 0.25 0.396 0.637 0.986 0.294 −0.101 0.925 10,000 to 60,000
h/H = 0.30 0.532 0.612 0.987 0.305 −0.094 0.912 10,000 to 60,000
h/H = 0.35 0.605 0.614 0.985 0.351 −0.062 0.877 10,000 to 60,000
h/H = 0.40 0.589 0.606 0.987 0.418 −0.099 0.909 10,000 to 60,000

The heat transfer correlation and friction correlation corresponding to Table 4 can
only reflect the influence law of the Reynolds number on the average Nusselt number and
friction coefficient of X-shaped truss array channels of Scheme 3 with a special subchannel
height ratio, but cannot reflect the influence law of subchannel height ratio. Therefore, the
empirical correlations comprehensively reflect the influence laws of Reynolds number and
subchannel height ratio on the average Nusselt number and friction coefficient of X-shaped
truss array channels of Scheme 3, and were also fitted in this investigation. According to
the results from Sections 4.1–4.3, the average Nusselt number and friction coefficient of
the X-shaped truss array channels of Scheme 3 monotonically increase with the increase in
Reynolds number, and first rapidly increase and then slightly decrease with the increase
in subchannel height ratio. Therefore, the relationships of average Nusselt number and
friction coefficient with Reynolds number and subchannel height ratio can be fitted by the
power function, and the correlations of the average Nusselt number and friction coefficient
with Reynolds number and subchannel height ratio can be assumed as follows:

f (x) = aReb(h/H)c (10)

where f (x) represents Nuave and f, a, b, and c are the parameters to be fitted for the heat
transfer and friction correlations.

Based on the numerical data in this study, the empirical correlations reflecting the
effects of the Reynolds number and subchannel height ratio on the average Nusselt number
and friction coefficient of the X-shaped truss array channel of Scheme 3 were also fitted
by using the curve fit module of the Scipy package in Python (V3.8, Python Software
Foundation, Wilmington, DE, USA). The fitting results are as follows:

Nuave = 1.1795Re0.5700(h/H)0.2814 (11)

f = 1.0532Re−0.08941(h/H)0.9820 (12)

The application scopes of the above fitted correlations are: 10,000 ≤ Re ≤ 60,000,
0.20 ≤ h/H ≤ 0.40.

Figure 14 shows the fitting error distribution of the Equations (11) and (12). It can
be seen from Figure 14 that the fitting errors of heat transfer and friction correlations for
the X-shaped truss array channels of Scheme 3 at different subchannel height ratios are
within ±20%, in which the maximum error and mean error of the heat transfer correlation
are 19.80% and 2.80%, the maximum error and mean error of the friction correlation are
13.20% and 5.30%, and the maximum error and mean error of the comprehensive thermal
coefficients derived from the heat transfer and friction correlations are 19.70% and 2.04%,
respectively. Therefore, the empirical correlations fitted in this study can accurately predict
the average Nusselt number, friction coefficient and comprehensive thermal coefficient of
the X-shaped truss array cooling channels of Scheme 3. The above results can provide a



Aerospace 2022, 9, 405 21 of 24

reference for the design of X-shaped truss array channels in the mid-chord region of gas
turbine blades.

Figure 14. Fitting errors: (a) Cp; (b) Nu; (c) F.

5. Conclusions

In this work, the flow and heat transfer performance of cooling channels filled with
X-shaped truss array structures were numerically investigated at different layout schemes.
The main findings from the results are as follows:

(1) Among the three layout schemes of X-shaped truss array channels, the channel of
Scheme 1 has the best flow performance, while the channel of Scheme 3 has the best
heat transfer performance and comprehensive thermal performance.

(2) At different Reynolds numbers, the average Nusselt numbers and comprehensive
thermal coefficients of the X-shaped truss array channel of Scheme 3 range from
38.94% to 63.49% and 27.74% to 46.49% higher than those of Scheme 1, and from 5.68%
to 18.65% and 11.61% to 21.96% higher than those of Scheme 2.

(3) With the increase in subchannel height ratio, the friction coefficient and average
Nusselt number of the X-shaped truss array channel of Scheme 3 both show a trend
of first increasing and then decreasing, while the comprehensive thermal coefficient
shows a slow decreasing trend at higher Reynolds numbers.

(4) As a result of comprehensive consideration, the X-shaped truss array channel of
Scheme 3 at h/H = 0.25 has a better overall cooling performance and is more suitable
for cooling the mid-chord region of gas turbine blades.
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(5) The layout scheme has significant effects on the flow performance, heat transfer per-
formance and comprehensive thermal performance of X-shaped truss array channels.
The subchannel height ratio has a great influence on the flow performance, but has
a relatively small influence on the heat transfer performance and comprehensive
thermal performance of the channel.

(6) The heat transfer and friction correlations of X-shaped truss array cooling channels
were obtained under different layout schemes, which may provide a reference for
the application of truss array structures in the internal cooling of advanced high-
temperature turbine blades in the future.
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Nomenclature

C truss unit characteristic length, mm
d truss rod diameter, mm
f friction coefficient
f0 friction coefficient of the smooth channel
F comprehensive thermal coefficient
h subchannel height, mm
H channel height, mm
L channel length, mm
Nu local Nusselt number
Nuave average Nusselt number
Nu0 average Nusselt number of the smooth channel
pin channel inlet pressure, Pa
pout channel outlet pressure, Pa
q heat flux, W·m−2

Re inlet Reynolds number
Tf reference temperature, K
Tw wall temperature, K
u inlet velocity, m·s−1

W channel width, mm
Xs transverse spacing, mm
Zs streamwise spacing, mm
Greek symbols
β inclination angle of truss rod, ◦

δ thickness of channel wall, mm
∆p pressure difference between channel inlet and outlet, Pa
λ air thermal conductivity, W·m−1·K−1

ρ air density, kg·m−3

υ air kinematic viscosity, m2·s−1
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