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This work investigates separate and combined effects of the vane surface roughness and
thermal barrier coating (TBC) on the cooling performance of a film-cooled high-pressure
turbine vane using computational fluid dynamics (CFD) with conjugate heat transfer (CHT)
analysis. The cooling effectiveness and heat transfer coefficient, where are predicted within
an investigated range of the roughness height from 5 to 20 um, are compared with those of
the smooth vane. Results show that the roughness height increases local heat transfer coef-
ficients in general in the suction side (SS) and the rear-half portion of the pressure side (PS),
thereby reducing the cooling effectiveness. The results are different from those in the
suction-side vicinity of the leading edge (LE) to further downstream of the pressure side
due to uncertain local heat transfer coefficients. In addition, thermal sensitivity to the
roughness height and TBC is investigated based on the volume basis in the roughness
height range which is extended to 120 um. Results show that without TBC, a 120 um
increase in the roughness height causes 24 K and 20 K rises of the average and
maximum vane temperatures, respectively. With TBC, the average and maximum vane tem-
peratures are reduced as much as 18 K and 27.8 K, respectively. [DOI: 10.1115/1.4046428]

Keywords: gas-turbine heat transfer, surface roughness, cooling performance, thermal
barrier coating

University of Chinese Academy of Sciences,
Beijing 100049, China
e-mail: zhangmohan@imech.ac.cn

Introduction

Turbomachines like turbine and compressor are complex
mechanical machines that are related to many aspects of mechanical
engineering such as aerodynamics, thermodynamics, and heat trans-
fer. With unavoidable operating conditions of gas turbines, turbine
airfoils need to operate under high thermal load to obtain high
power output and thermal efficiency. As a result, the durability of
the turbine airfoils is aggravated, thereby leading to serious
damage to the turbine airfoils. Basically, an airfoil of state-of-the-art
gas turbines has a highly sophisticated cooling system that consists
of internal cooling and external cooling (film cooling) as well as
effective thermal barrier coating (TBC) for thermal alleviation.
The comprehensive assessment of airfoil surface and structural tem-
peratures, and heat transfer is fundamentally needed because it is
beneficial to the accurate prediction of the lifespan of the turbine air-
foils under thermal failure. Based on Newton’s law of cooling, it is
clear that heat convection on turbine airfoils depends on their
surface area quantitatively and qualitatively. Previous studies
show that surface roughness is a physically important factor that
affects aerodynamics, heat transfer, and flow transition on turbine
airfoils [1-3]. It is found that the airfoil surface quality is declined
by the repeatedly applied thermal load. As a result, the aerothermal
performance of the airfoils decreases due to the natural process
decline such as the deposition of chemical reaction products and
the erosion of TBC. Then, these typical problems lead to the
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difference of roughness characteristics obtained by manufacturing
design and the end of their life eventually. In fact, these problems
cause non-uniform roughness distributions on the airfoil surfaces,
as previous investigations [4,5]. Hence, understanding of both aero-
dynamic and thermal behaviors associated with the surface rough-
ness on the turbine airfoils as well as the considerable ability to
accurately predict effects of the surface roughness is indispensable,
especially on heat transfer surface. Experimental and numerical
approaches have been employed to investigate the influence of
surface roughness on heat transfer, secondary flow, friction loss,
turbulent kinetic energy, and film cooling through flat plates and
airfoil models. Based on the experimental approach, Stripf et al.
[6] measured external heat transfer on a high-pressure turbine
vane with varying surface roughness. Their conclusion indicated
a strong influence of roughness on the onset of transition. The
results were also drawn that heat transfer coefficients caused by
roughness in the turbulent boundary layer increase by up to 50%
when compared with the smooth reference surface. Matsuda et al.
[7] experimented to investigate the effects of surface roughness of
both nozzle and end-wall on a turbine nozzle performance using a
liner cascade under Reynolds numbers of 0.3—1.0 x 10°. In their
work, many models of surface roughness were used and the incre-
ment of nozzle profile loss with Reynolds number for larger rough-
ness group was documented. They also compared the effects of
nozzle surface roughness and end-wall roughness and indicated
that the increase of the end-wall roughness has a higher effect on
the increase of net secondary flow loss. Neuhaus et al. [8] experi-
mented to study the influence of surface roughness on turbulent
properties in the wake of a turbine blade. Their results showed
that friction loss increases with the extension of roughness.
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Another observation was that roughness results in the extension of
the high turbulent kinetic energy regions. Rutledge et al. [9] exper-
imentally studied the effects of roughness on film cooling effective-
ness of a turbine vane suction side (SS). They found that at low
blowing ratios, roughness reduces film effectiveness because
thicker boundary layers caused by rough surfaces can lead to jet
lift-off. Furthermore, roughness has a significant influence on
local turbulence near the surfaces. This dissipates coolant more
rapidly. At high blowing ratios, roughness improves film effective-
ness because jet lift-off from the surface is limited. Besides,
Demling and Bogard [10] discussed the role of flow path obstruc-
tions on film effectiveness and depositing layers of combustion
products or eroding TBC on the SS of a gas-turbine vane. Accord-
ing to the numerical approach, it has been developed to accurately
predict the effect of roughness on gas-turbine aerodynamics and
heat transfer. Models need to have the capability to explain
surface roughness effects on boundary layer development and its
transition. Most models developed for heat transfer coefficient or
skin friction are done based on the equivalent sand-grain roughness
in pipes proposed by Nikuradse [11]. This proposal seems different
from real situations existing to surfaces roughness of gas-turbine
components, but it is still beneficial to the assessment of real rough-
ness on turbine blades for film cooling design as reported by Glase-
napp et al. [12]. Some examples of the numerical investigation on
surface roughness are mentioned. Boyle et al. [13] identified a
numerically appropriate means of predicting the effects of surface
roughness on heat transfer on turbine airfoils. They also indicated
the strong influence of the role of equivalent roughness height on
turbulence models for rough surface heat transfer predictions.
Lutum et al. [14] pointed out the role of computational investigation
of surface roughness effect on heat transfer on the stator end-wall of
an axial turbine. The study of roughness sensitivity using CFD with
several transition models has been proposed by open literature [15—
17]. More details of a comprehensive review of surface roughness
effects in gas turbines are presented by Bons [18].

As previously mentioned, TBC also plays a significant role in the
thermal protection in modern gas turbines. The ability and effects of
TBC have been reported by several works of literature. Boyle et al.
[19] numerically investigated the role of TBC for a high-pressure
turbine vane coated with a low conductivity layer thickness of
0.25 mm. Their conclusion was drawn by comparing the stress dis-
tribution of the vane with trailing edge (TE) ejection to that without
trailing edge ejection. Feist et al. [20] experimentally studied to
provide temperature data of a turbine engine with modified TBCs
in the hot section at high temperatures. Sadowski and Golewski
[21] used CFD and computational structure mechanics to analyze
heat transfer and thermal stresses of a coated turbine vane at high
temperatures up to 1600 K. Alizadeh et al. [22] used CFD with con-
jugate heat transfer (CHT) to indicate thermal sensitivity of a
turbine blade with different values of TBC thickness and conductiv-
ity. They concluded that the addition of TBC results in reducing the
overall heat flux of the hot gas to the coolant, thereby reducing

Fig. 1
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temperature gradient within the blade metal. With the variation of
the thermal conductivity, they found that when TBC thermal con-
ductivity is low, it greatly turns down the blade temperature. But,
when TBC thermal conductivity reached the blade thermal conduc-
tivity, it has an insignificant effect on the blade temperature because
of the same thermal properties between TBC and blade materials.
Prapamonthon et al. [23] studied the effects of TBC on cooling per-
formances of a nozzle guide vane at different turbulence intensities.
Some of their conclusion indicated that for all turbulence intensities,
TBC plays the positive and negative roles in heat flux at the same
time and significantly increases the overall cooling effectiveness
in regions which are cooled ineffectively by cooling air emitted
from film holes.

Although there have been many numerical and experimental
studies of the effects of surface roughness and TBC on aerodynam-
ics and heat transfer of turbine airfoils for many years, a deeper and
more comprehensive understanding of the role of physical rough-
ness and TBC is still required because overall thermal problems
obtained from a turbine airfoil are complicated by combined
modes of heat transfer from hot-wall and cold-wall sides. As
reviewed above, flat plates or non-film-cooled vanes or vanes
with a small number of film holes were used as the study model.
The objective of the present work is to numerically study the
cooling performance of a high-pressure turbine vane under real sit-
uations caused by separate and combined effects of roughness and
TBC, which are of practical use. The turbine vane is cooled by a
large number of film holes and impingement holes, i.e., 217 film
holes and 347 impingement holes in total. The integration of com-
putational fluid dynamics (CFD) and CHT approaches is applied for
this investigation. The present work can provide gas-turbine design-
ers, investigators, and manufacturers with valuable information
obtained by numerical prediction of cooling effectiveness, heat
transfer coefficient, and aerothermal sensitivity under variation in
physical roughness height on the vane surface coated with TBC.

Vane Model, Coolant Passages, and Film Holes

The turbine vane used in this work is one of 46 vanes from the
first-stage high-pressure gas turbine, which is adopted from
NASA Energy Efficient Engine program by Halila et al. [24]. The
vane operates under the mainstream flowing through a passage
designed as an annular cascade with an arc sector of 7.826 deg,
as shown in Fig. 1(a). The configuration of the vane and its
cooling passages is shown in Fig. 1(b). The vane span is about
4 cm. The external vane surface is cooled by cooling air emitted
from 217 film holes of 13 rows, which are connected with two pas-
sages of internal cooling passages. All of the film holes are placed
orderly, i.e., (1) two rows of fan-shaped holes (R1 and R2) and two
rows of cylindrical holes in the radial direction (R3 and R4) on the
SS, (2) two rows of cylindrical holes in the radial direction (RS and
R6) on the leading edge (LE), (3) three rows of cylindrical holes in

Aft coolant passage L

Forward coolant passage

Configuration of (a) mainstream annular cascade and (b) vane and its cooling passages
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the radial direction (R7, R8, and R9), two rows of cylindrical holes
in the compound direction (R10 and R11) and one row of cylindri-
cal holes in the axial direction (R12) on the pressure side (PS), and
(4) one row of slots (R13) near the TE, as illustrated in Fig. 2(a).
The angle of the radial film holes R3-R9 is 25 deg, while the com-
pound angle of the film holes from R10 and R11 is 45 and 60 deg,
respectively. More details of the film holes are given in Table 1.

As mentioned previously, the two internal passages of the vane
are used for internal cooling and cooling air supply. One is the
forward cavity for the film holes located in the SS, the LE, and
some part of the PS. The other is the aft cavity for the film holes
placed in the TE and the further downstream and rear portion of
the PS. To enhance heat convection within the internal cooling pas-
sages, a baffle with impingement holes is installed inside the cavi-
ties, i.e., 131 and 216 holes for the forward and aft baffles,
respectively, as seen in Fig. 2(b). The geometric position between
the internal vane surface and baffle is arranged with a distance
(d) of about 0.45 mm and the impingement holes are arranged in
staggered and in-line patterns for the forward and aft baffles, respec-
tively. The impingement holes on both baffles have the same dia-
meter of 0.071 cm and the spacing between the impingement
holes varies between six and eight diameters on the aft baffle and
four and eight diameters on the forward baffle.

Computational Technique and Setup

The computational domain is divided into two parts, i.e., fluid and
solid domains. The computational mesh is generated by ANSYS ICEM.
H-type meshes are mainly used in the fluid domain and the O-grid
method is used to generate meshes with 8—12 layers stretched in
the normal direction to the solid walls in order to suffice for resolu-
tion of flow in the boundary layer. As mentioned previously, the first

(a)

PS Baffles

PS cavities

Table 1 Details of film holes used in the present work [24]

Number of Hole diameter,

Row Region holes mm Hole type

1 SS 21 0.610 Axial, shaped

2 SS 22 0.610 Axial, shaped

3 SS 16 0.508 Radial

4 SS 16 0.508 Radial

5 LE 15 0.508 Radial

6 LE 16 0.508 Radial

7 PS 15 0.508 Radial

8 PS 14 0.508 Radial

9 PS 13 0.508 Radial

10 PS 17 0.610 Compound angle,
45 deg

11 PS 16 0.508 Compound angle,
60 deg

12 PS 18 0.508 Axial

13 TE/PS 18 0.559 x1.63 Pressure side slot

stage of this gas turbine consists of 46 nozzle guide vanes, so only
one is used for prediction under the periodic boundary condition
of the mainstream cascade with the arc sector of 7.826 deg. This
can relieve the limitation of time-consuming difficulty and computa-
tional cost, but numerical results are still meaningful. Three numbers
of mesh elements, i.e., 7, 11, and 16 million elements are considered
for mesh independence study. The geometry and computational
mesh used in the present study are generated in the same way that
Zhang et al. [25] did so that the mesh independence approved by
Zhang et al. [25] can be used. The three numbers of the computa-
tional mesh were compared in terms of the surface temperature dis-
tribution at midspan, as seen in Fig. 3. It was found that the surface

Radial LE
film holes

i
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=

00060000 s

s
6000000000090 99
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0000000000998 00 0o

SS Baffles SS cavities

Fig. 2 (a) Configuration of film holes at midspan and (b) baffles used in the cavities and its

impingement holes
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Fig. 3 Mesh independence study done by Zhang et al. [25].

temperature distributions obtained by 11 and 16 million elements
agreed well to each other with the maximum error of about 3%.
Therefore, it is reasonable to adopt the mesh number of 11 million
elements as the computational mesh for the present work. According
to this mesh, it has the averaged Y™ of about 5, which is acceptable
for accurate simulation of flow in the boundary layer. Some parts of
the computational mesh are depicted in Fig. 4.

The solver for the simulation is ANSYs FLUENT and the shear stress
transport (SST) k—w turbulence model is employed because the
present work involves transitional flow. Additionally, so far it has
been confirmed by several works of literature [22,26,27] that this tur-
bulence model gives acceptable results that agreed well with exper-
imental data. To decide the solution convergence, the criteria of the
convergence are defined by the variation of the continuity and energy
residuals, which must be lower than 10 and 1077, respectively. The
mass flow balance of all inlets and outlets is also checked to ensure
that the solutions are in accordance with the conservation of mass.
In addition, the six-point surface temperatures on the PS, LE, SS,
and TE are monitored to confirm the convergence of the numerical
results. Exactly, the six-point temperatures must keep unchanged
with the subsequent iterations. Because the present work addresses
the heat transfer problem by means of CHT, mesh interface technique

R1-2: Fan-shaped

ail] e

R12: Axial

RI2 RI11 RI0  R9 RS R7
Rear cavity Forward cavity

Fig.4 Computational mesh of solid and fluid domains: (a) solid,
fluid, and film holes and (b) cavities
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Viscous sublayer

Roughness model Vane surface

Fig. 5 Uniform roughness model for vane surfaces

is applied at surfaces between the solid and fluid domains for heat
flux transfer. With this technique, the temperature at solid/fluid inter-
faces is equivalent to each other. For TBC effects, the vane is coated
with a uniform TBC layer with a thickness of 355.6 um. This thick-
ness is the same value used in the report [24]. Following the very thin
thickness of the TBC, heat transfer within the TBC layer is consid-
ered as 1D heat conduction using the thin-wall model available in
ANSYs FLUENT. To predict the roughness effects on the cooling perfor-
mance, the vane surface roughness, which refers to any regularities
on the vane surface, is modeled as a uniform sand-grain roughness,
as illustrated in Fig. 5. According to this model, two parameters
are used, i.e., roughness constant (C,) and physical roughness
height (Kj). It should be noted that as previously studied by Nikur-
adse [11], the physical roughness height is related to the nondimen-
sional roughness height (K") as Eq. (1)

s B )]
where u"= C%23k%5 and v represents the kinematic viscosity. C, is a
constant of 0.09 and k is the turbulence kinetic energy. Furthermore,
the physical roughness depends upon the K} value. Characteristi-
cally, three roughness regimes are separately defined by K,
namely, (a) hydrodynamically smooth surface (K < 2.25), (b) tran-
sitional roughness surface (2.25 <K} < 90), and (c) fully rough
surface (K > 90). According to these regimes, roughness effects
are insignificant in the hydrodynamically smooth surface, but
become gradually serious in the transitional roughness surface, and
take full effect in the fully rough surface. The viscous sublayer,
which is the region near the wall where is dominantly influenced
by the viscous force, is fully established in the hydrodynamically
smooth surface. However, the viscous sublayer is gradually dis-
turbed by increasing roughness in the transitional roughness
surface, so the viscous effect becomes decreasingly important.
Finally, the viscous sublayer cannot be remained as a result of
intense disturbance caused by roughness, thereby ignoring the
viscous effect in the fully rough surface. The K} value is associated
with computing shear stress (z,,) at walls through the adaptive cons-
tant (AB) as a correlation proposed by Cebeci and Bradshaw [28] in
Eq. (2)

0« K+<225

1. (K+=225

“In( =222 4 C K - sin[0.4258(In (KH) — 0.811)]
x \ 87.75

AB=
&225 K <90

1
~In(1 + C,K?) & K > 90
K

@)

Then, the shear stress at the wall and other wall functions for the
mean temperature and turbulent quantities are computed by the
formula in Eq. (3)

¥ =—ln( w) - AB 3)
w/p K v
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where u,, y,, E, and « are the mean velocity of the fluid at the
wall-adjacent cell centroid, the distance from the centroid of the
wall-adjacent cell to the wall, the empirical constant (=9.793), and
the von Karman constant (=0.4187), respectively. For the model of
the applied sand-grain roughness, the roughness level affects y+
values, thus causing the shift of the wall and the y+. As a result,
the automatic near-wall treatment is switched into the wall function
mode according to requirements. For heat transfer impact, the
increasing surface roughness typically leads to an increase in turbu-
lence production near the wall. Consequently, this can result in sig-
nificant increases not only in the wall shear stress but also in the wall
heat transfer coefficients as the turbulent viscosity (u,) increases with
the level of turbulence caused by the roughness. In this work, the
roughness constant is set as 0.5 in accordance with the instruction
of the uniform sand-grain roughness model. The roughness height
which is considered as the parameter study is set as 5, 10, and
20 um. At these studied roughness heights, it is expected that the
transitional roughness regime becomes dominant.

For the setup of boundary conditions, basically, boundary con-
ditions reported by Timko [29] are used. Namely, the hot main-
stream enters the inlet cascade with a uniform total temperature
of 709 K and a uniform total pressure of 3.4474 x 10°> Pa. The
pressure ratio (PR), which is the ratio of the total pressure at the
mainstream inlet to the static pressure at the mainstream outlet,
is set as 1.67. Air coolant is supplied through the two cavities
with a counterflow-path pattern. The total temperature and the
total pressure of the coolant at the two inlets of the cavities are uni-
formly set as 339 K and 3.5095 x 10° Pa, respectively. In addition,
freestream turbulence intensity (7u) of the mainstream is 10%,
whereas turbulence length scales (Lu) at the inlets and the outlet
are the same values as the previous study [25]. These values are
estimated by the correlation: Lu =0.07D;,, where D, is the hydrau-
lic diameter of the inlet and outlet. The boundary condition of the
mainstream cascade is periodic with the rotational angle of
7.826 deg. All boundary conditions are summarized in Table 2,
and Fig. 6 displays some parts of the boundary conditions used
in this work. For the aerothermal property of the materials, the
vane material, mainstream and coolant, and TBC are made of
steel, air, and ZrO,, respectively. Thermal conductivity and spe-
cific heat capacity of steel and air are expressed linearly in terms
of temperature. Air is assumed to obey the ideal gas law and its
viscosity is computed by Sutherland law. All properties of TBC
are constant. Table 3 lists all material properties used in the
present work.

Numerical Validation and Simulation Cases

As the geometry of the vane and the computational mesh are
the same as Zhang et al. [25], the validation of numerical
results obtained by SST k—@ model and approved by Zhang
et al. [25] is used. It should be noted that this validation was con-
ducted at PR=2.50 and the numerical result in terms of the Mach
number (Ma) distribution along the vane surface at 50% span was

Table 2 Boundary conditions [23,25,29]

Boundary Condition

Too =709 K, Pr.o =3.4474x 10° Pa, Tu=
10%, Lu =0.4 cm

PR=1.67, Lu=0.305 cm

T.=339 K, Pr.=3.5095x 10° Pa, Tu=5%,
Lu =0.064 cm

Adiabatic wall with nonslip condition
T,=339 K, Pr.=3.5095x 10’ Pa, Tu=5%,
Lu=10.038 cm

Adiabatic wall with nonslip condition

Mainstream inlet

Mainstream outlet
Forward coolant inlet

Forward coolant outlet
Aft coolant inlet

Aft coolant outlet

Journal of Thermal Science and Engineering Applications

Rear coolant inlet

Hot gas outlet

Fig. 6 Major parts of boundary condition

Table 3 Details of material properties [23,25]

Property Steel Air ZrO,
Density (kg/m?) 8055 Ideal gas 5500
Thermal conductivity 112+ 0.01019 + 1.04
(W/(m-K)) 0.0144T* 0.000058T*

Specific heat capacity 438.5+ 938 +0.196T* 418

(J/(kg-K)) 0.177T*

Viscosity (kg/(m-s)) - Sutherland law -

T in Kelvin.

compared with the Ma distribution obtained by experiment
reported by Timko [29], as shown in Fig. 7. Clearly, the SST
k- model provides acceptable Ma in general, except in the
region with the range of 0.65<x/C<0.75 where lacks enough
experimental data. However, it seems that such a region is
likely to be under the influence of shock emanating from the
neighbor vane, as previously studied by Xu et al. [30]. Another
thing that should be mentioned here is that the thermal validation
has not been verified yet due to a lack of experimental data of heat
transfer from Timko [29] and other works. Inevitably, the present
work needs to conduct the prediction of the cooling performance
under the assumption that the aerodynamics of fluid flow is of
fundamental importance to the heat transfer process accordance
with the governing equations of fluid flow and heat transfer,

12~
' —————8ST k-o: Present work

A

10 Experiment Data

0.8

0.6

Mach number

0.4

0.2

Y R R Y SE— T 08 1.0

x/C

Fig. 7 Validation of Mach number obtained by SST k—» model
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Table 4 Simulation cases

Condition

1 No surface roughness without TBC
2 K;=5 pm without TBC

3 K;=10 um without TBC

4 K =20 um without TBC

5 K;=5 um with TBC

6 K,;=10 um with TBC

7 K, =20 um with TBC

including the equation of state for compressible flows. Therefore,
the method which demonstrates the ability to a good acceptable
aerodynamic agreement on the results of Mach number, pressure,
and velocity distributions could provide a reasonable and accept-
able thermal field, as seen in previously published literature
[14,22,26,27,31,32]. Therefore, the validation of aerodynamic
results done by Zhang et al. [25] is still meaningful for the
thermal prediction and the solver with the SST k—@ model is
used for the subsequent simulations.

To study the effects of surface roughness and combined effects of
surface roughness and TBC on the cooling performances, seven
cases of the simulation are conducted and listed in Table 4. Case
1 is calculated under the perfectly smooth vane without TBC.
Cases 2—4 present results obtained from the uncoated vane under
the effects of the increasing physical surface roughness. Cases 5—
7 show results obtained from the coated vane under the integration
of surface roughness and TBC effects. The numerical results
obtained from case 1 are used as the benchmarks for comparisons
of the other cases. In addition, the other cases are compared with
one another also in order to perform the influences of TBC and
surface roughness.

Results and Discussion

Numerical results are carried out in terms of heat transfer param-
eters, i.e., cooling effectiveness (denoted as ¢), TBC effectiveness
(denoted as 7), and heat transfer coefficient (denoted as /) under
the separate and combined effects of the surface roughness and
TBC. According to the conjugate heat transfer approach, the
cooling effectiveness, which is the normalized temperature for a
conducting wall, represents the role of energy transfer driven by
the mechanism of heat conduction within the vane structure as
well as heat convection in thermal boundary layers. The TBC effec-
tiveness is used to indicate how TBC affects the vane material
through conductive heat transfer within the TBC layer. The heat
transfer coefficient is used in calculating the amount of heat convec-
tion between the hot mainstream and the vane surface. Figure 8
indicates variables and the method of evaluating the cooling effec-
tiveness, TBC effectiveness, and heat transfer coefficient when the
vane is uncoated and coated with TBC. The effectiveness is defined

¥ Used to calculate ¢ and h

Coolant, Tc

Tc,w

Hot mainstream, T | Vane

as Eq. (4), whereas the heat transfer coefficient is defined as Eq. (5)

T — Tref
orrt=———7>
¢ Too - Tc,in
T for ¢ (without TBC) 4
where T.r = { Trpc for ¢rgc (with TBC)
T' for 7 (with TBC)
_ 9fux )T for i (without TBC)
h= T —T where T = { T for hmge (with TBC) O

The total temperature of the mainstream (7,) is used to compute
the heat transfer coefficient. In the case of the uncoated vane, ¢ and
h are calculated based on the static temperature of the external vane
surface, namely, T,.=T. Differently, when the vane is coated with
TBC, T, is replaced with Ty to show the effectiveness of the
vane substrate below the TBC layer, denoted as ¢rpc. Besides, 7
and hrgc are computed based on the TBC surface temperature,
denoted as T’. According to the definitions of the thermal parame-
ters, ¢ and 7 are always positive because in reality T, is always
higher that T,.r and T, ;,. However, h can be both positive and neg-
ative, depending on the phenomenon. A positive & indicates that
heat transfers from the fluid to the wall. Oppositely, # shows a neg-
ative value if heat transfers from the wall to the fluid. It should be
noted that heat transfer coefficient is based on conducting wall
surface temperature and freestream temperature, as reported by
Zhao and Wang [33].

Effects on Cooling Effectiveness

This section presents the effects of roughness and the integration
of roughness and TBC on the cooling effectiveness. Distributions of
¢ and ¢rpc at different dimensionless axial chord positions (x/C) at
50% span are presented, as seen in Fig. 9. It should be noted that at
the stagnation point, x/C is 0; along the PS, x/C is negative; along
the SS, x/C is positive. Generally, the predicted results indicate
that ¢ obtained from cases 2—4 and ¢tgc obtained from cases 5—
7 have similar trends to ¢ obtained from the smooth prediction,
case 1. By taking only the effect of the roughness height, ¢
changes decreasingly as compared with case 1, especially at K, =
10 um and 20 um for cases 3 and 4, respectively. These are different
from case 2 (K; =35 um) as it is found that case 2 provides insignif-
icant differences in ¢ for all positions of x/C. This can be explained
by the fact that at K, =5 um, the average K" equals 1.82. According
to Eq. (2), it indicates that the surface is hydraulically smooth and
the surface roughness barely disturbs the viscous sublayer. There-
fore, the aerothermal condition changes unaffectedly, thereby
resulting in the surface temperature very slightly. However, at
K, =10 ym and 20 um (the average K} =3.12, and 4.55, respec-
tively), these values of KF show that the surface ends to be hydrau-
lically smooth and begins to show the effects of the roughness,
namely, starting the transitionally rough regime. The predicted

w Used to calculate t and hrec

oy Used to calculate ¢rsc

o’ [ Coolant, T;
\ ]
Jec

)

@ TemTae

Vane

T

Hot mainstream, T

Fig. 8 Evaluation of heat transfer coefficient, cooling, and TBC effectiveness

051017-6 / Vol. 12, OCTOBER 2020

Transactions of the ASME

2202 YOIBI 9} UO J9SN S SOIUBYISIN JO ainsul Aq Jpd°210LG07 S 2L Basy2€01259/L L0LS0/S/ZL/4pd-aloie/uoneslddeasusiosieLuay)/B10 awse  uoloa||oofe)Bipawsey/:diy Lol papeojumoq



——Case 1: No Roughness and TBC
----Case 2: k = 5 micron without TBC
---- Case 3: k = 10 micron without TBC

== Case 4: k =20 micron without TBC 0.85
— —Case 5: k = 5 micron with TBC
—--Case 6: k = 10 micron with TBC 0.80

—--Case 7: k =20 micron with TBC

Fd
o

¥

-1.0 -0.8 -0.6 -0.4 -0.2

0.0 0.2 0.4 0.6 0.8 1.0

x/C

Fig. 9 ¢ and ¢1gc distributions at different roughness heights

results also point out the integration of roughness and TBC effects,
that is, the values of ¢rgc predicted from cases 5—7 are much higher
than those of ¢ obtained from case 1 and even cases 2—4 for all posi-
tions of x/C. This is unsurprising because a very low thermal con-
ductivity of the TBC layer plays a major role as a good thermal
insulator which affects unfavorably thermal conduction. Conse-
quently, the values of Trgc obtained from cases 5-7 are always
lower than those of T obtained from cases 1-4. For further discus-
sion, three interesting regions are found from the ¢ and ¢ypc distri-
butions, i.e., (1) region A: the rear-half portion of the PS to the TE,
—1.0<x/C<—0.55; (2) region B: the suction-side vicinity of the LE
to the further downstream on the PS, —0.52<x/C<0.025; and
(3) region C: the SS to the TE, 0.04 <x/C<1.0. It is obvious that
the roughness at K;=5 um takes the effect on ¢ and ¢rpc very
slightly in the three regions, whereas ¢ and ¢rgc in the regions A
and C decrease as K; increases to 10 um and 20 ym. This can be
explained by the fact that the roughness takes the effect on the
viscous sublayer of the local flow field near the walls increasingly
when K| increases. The increasing K| leads to an increment in the
level of local turbulence production and the turbulent viscosity
(u,) near the walls, thereby increasing turbulent (k,) and effective
(ke thermal conductivities. It, therefore, enhances an amount of
heat transferring to the vane surface and leads to 7 and T rises
in those regions. Nevertheless, this phenomenon is quite different
from that observed in the region B. Namely, ¢ and ¢rpc decreases
at K;=10 um but increases at K; =20 um. These phenomena prob-
ably happen because region B which is located in the SS-LE-PS
region to the downstream on the PS has a lower level of turbulent
kinetic energy (k) than the regions A and C. Besides, the region
B is quite sensitive to mainstream and local turbulence quantities.
When K; increases, the viscous sublayer is disturbed more and
more by the roughness since the effect of the roughness becomes
important increasingly and local turbulence production increases.
Moreover, there are a lot of film holes in this region. These lead
to significant differences in complicated local flow fields near the
vane surface, as visibly shown in Fig. 10, thereby causing the uncer-
tain prediction of local heat transfer, and ¢ and ¢rgc with K in the
region B.

Figure 9 also shows that the variations of ¢rgc under the increase
in the roughness height are lower than those of ¢. This is also because
of the high thermal resistance obtained by a great influence of the
very low thermal conductivity of the TBC material, causing the
strong difference between T’ and Typc, as presented in terms of 7
and shown in Fig. 11. Apart from the previous discussions, ¢ and
¢ric in the locations which are close to the exit of film holes need

Journal of Thermal Science and Engineering Applications

to be provided. Figures 9 and 11 also indicate that for all the rough-
ness heights, relatively high ¢, ¢pc, and 7 are contributed by film
holes from all rows, except row 8 which provides relatively low
values. The maximum ¢rpc and ¢ are 0.872 and 0.844, respectively,
at K, =5 um at the exit of the film hole of the row R1. This discre-
pancy is explained by the heat transfer parameter in the section:
Effects on Heat Transfer Coefficient. In addition, for all cases of
simulation, ¢, ¢1pc, and 7 in the region C decrease in the streamwise
direction, except in the region with arange of about 0.75 <x/C <0.82
where ¢, ¢rpc, and 7 rise with x/C and are relatively high at x/C =
0.82. A plausible explanation is due to the presence of transitional
flow in such region and this leads to heat transfer enhancement
which is confirmed by the distribution of heat transfer coefficient
in the next section. Another reason may be because such region
has a narrow shape and the aft cavity is connected to the
18-channel slot film holes of the row R13. Thus, internal cooling
and heat conduction become more dominant, thereby resulting in
marked drops in T and Trgc. However, these are different from 7’
which is considered on the TBC surface with high heat impedance.
As aresult, it leads to 7' > T> Trpc and 7< ¢ < prpc in such region.

To perform the separate and combined effects of the roughness
and TBC on the whole region of the vane surface, holistic contours
of ¢ and ¢rpc distributions on the PS including TE and LE, and SS
including TE are presented, as seen in Figs. 12(a) and 12(b),

Case 2:Ks=5 pm

Case 3:Ks = 10 pm
SN e

——

Case 4: Ks = 20 pm
e

et

w0
Fig. 10 Local flow field of mainstream in midspan region on PS
at different roughness heights through 2500 streamlines
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respectively. These contours show that ¢ and ¢rpc distributions
change as the roughness height increases. The contours also indi-
cate that the distributions of ¢ and ¢ on the vane surface corre-
spond to those obtained along the surface at midspan, as previously
shown in Fig. 9, except in regions where are cooled ineffectively by
the cooing air such as regions near the hub and the tip of the vane.
Obviously, both ¢ and ¢rpc predicted from cases 1 to 7 in the
regions near the hub and tip are markedly inferior to those in the
regions where are close and near to the film holes. This is reasonable
because the profound impact of film cooling provides relatively
high ¢ and ¢rpc in such regions.

A better understanding of the effects of the roughness and TBC is
discussed by comparing 7 on the TBC surface and ¢rpc on the sub-
strate vane on the PS including TE and LE, and SS including TE, as
seen in Figs. 13(a) and 13(b), respectively. Evidently, the distribu-
tions of ¢rpc are much more uniform than those of z for all the

roughness heights, especially in the regions where are strongly
influenced by cooling air from film holes such as the downstream
of film holes. Of course, this suggests a major role of heat transfer
within the vane structure driven by temperature gradients. However,
it seems that when K increases, 7 and ¢rpc alters similarly. The
contours also indicate that in general for all roughness heights, =
is lower than ¢rpc, but 7 may be higher than or equal to ¢rpc in
regions where are close to the film holes.

To perform deeply the effects of the roughness and the combined
effects of the roughness and TBC on ¢ and ¢rpc, PS and SS contours
of the percentage difference of ¢ and ¢rpc are presented in Figs.
14(a) and 14(b), respectively. The percentage difference of ¢ and
¢rec are denoted by A¢ and A¢rpc, and calculated as A¢ =

¢mughness - ¢smooth TBC,roughness ~ ¢smooth
Droughness — Pomooth 314 Aprge =

, respec-
. ¢smooth L L ¢smooth
tively. The contours indicate the significant difference between the

(@) Il .

T, ¢rgci 0 02 04 06 08 1

Fig. 13 7 and ¢gc distributions on (a) PS, LE, and TE and (b) SS and TE at different roughness heights
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regions A, C, and B, where are consistent in Fig. 9. Undoubtedly, A¢
and A¢rpc decrease with K in the regions A and C, but uncertainly
vary with K in region B as explained previously. It can be seen that
the A¢ and A¢rpc in regions with the influence of film cooling are
lower than those in the hub and the tip regions. Additionally,
A¢rpc is always positive and can reach as much as 30%. Nonethe-
less, A¢ can vary positively and negatively in the range of about
—8% to 4%. These show the significance of the inclusion of TBC
on the vane surface, which causes a great impact on the thermal pro-
tection directly. The presence of all the predicted phenomena of the
cooling effectiveness is explained more by variations of the heat
transfer coefficient in section Effects on Heat Transfer Coefficient.

051017-10 / Vol. 12, OCTOBER 2020

Effects on Heat Transfer Coefficient

The effects of roughness and the combination of roughness and
TBC on the heat transfer coefficient are discussed in this section.
Distributions of & and hrgc along the vane surface at midspan are
presented, as seen in Figs. 15 and 16, respectively. Generally,
both figures show a similar trend of the /4 and hrpc distributions
obtained from cases 1-7. With the influence of the roughness and
TBC, it results in the heat transfer mechanism indirectly and
directly. According to the three regions observed in the ¢, ¢rpc,
and 7 distributions, these regions are also found correspondingly
in the & and hygc distributions. In the regions A and C, it is
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evident that & and hrpc are augmented by increasing K, thereby
declining in ¢ and ¢1pc, particularly at K, =20 um for both cases
4 and 7. Differently, the trends of the 4 and hrgc variations in the
region B are uncertain when K rises. These trends show consistent
phenomena in the variations of ¢ and ¢rgc, which exist due to the
thermal energy transfer in the complicated local flow fields near the
surface as previously explained in section of the Effects on Cooling
Effectiveness.

In addition, as mentioned that relatively high ¢, ¢rpc, and even ¢
exist just in the downstream of the exit of the film holes, except the
row R8. This may be clarified by heat transfer coefficients in Figs.
15 and 16 as well. The figures show that local heat transfer coeffi-
cients in the downstream regions of the exit of film holes with the
relatively high ¢, ¢rgc, and 7 drop sharply, and & and hrgc
become negative. The reason is that as cooling air is injected into
the hot mainstream, this reduces the temperature of the mixed
fluid in these regions. The mixed fluid temperature is, therefore,
lower than the surface temperature. As a result, heat transfers
from the surface to the mixed fluid, thus causing low 7, Ttgc,
and T'. However, local heat transfer coefficients of the downstream
of the exit of film holes from the row R8 surge drastically with pos-
itive values. This implies that the surfaces in the downstream of the
exit of the film holes with the relatively high ¢, ¢rpc, and 7 are
effectively cooled by the cooling air emitted from the film holes,

as seen in Fig. 17 for an example of case 4. Contrarily, ineffective
cooling air discharged by row 8 is attributed to the position and con-
figuration of film holes which are in the radial direction on the PS.
Moreover, it is possible that local pressures of the mainstream are
higher than the pressure of the cooling air at the exit of the film
holes of the row RS, thereby blocking the cooling air from the
holes. This ineffectiveness results in relatively low ¢, ¢rpc, and 7
provided by the radial film holes at the midspan when compared
with the other types of the film holes, for example, the row R11,
as seen in Fig. 18 as well.

According to the improvement of ¢ and ¢rpc in the range of
about 0.75 <x/C < 0.82 in the region C as mentioned in the previous
section, the investigation of the heat transfer coefficient indicates
that flow becomes transitional in such region. Therefore, it leads
to the improvement of the mixing stream between the hot main-
stream and the cooling air. As a result, & and hrpc increase and
cause the increment in ¢ and ¢rpc in such region and the relatively
high ¢ and ¢rpc at /C~0.82. However, at the same Kj, hrgc is
lower than & in general. This implies that the TBC layer, which
has a very high thermal resistance, impedes the increasing heat
transfer caused by the roughness increment. To further investigate
the effects on the vane surfaces, Figs. 19(a) and 19(b) show PS
and SS contours of the effect of the surface roughness and TBC
on h and hrgc in terms of Ak and Ahrgc which are defined as
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Fig. 16 Heat transfer coefficient distribution on vane surface with TBC
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Fig. 177 Flow and heat transfer coefficient of cooling air on the downstream of film holes obtained from case 4

Ah= hroughness - hsmaath and AhTBC = hraughnes::TBC - hsmaolh»
respectively. Both figures also indicate the regions A, B, and C as
mentioned previously. Visibly, variations of Ak and Ahtgc on
the PS and SS change in a similar way to the variations of A¢
and A¢rpc, respectively. With increasing in K, Ah, and Ahtpc
in the regions A and C become more positive, but become indeter-
minate in the region B. For all K values, Ahrgc is much lower than
Ah. These phenomena suggest the important role of the surface
roughness for heat transfer enhancement and the inclusion of the
TBC layer to mitigate increasing heat transfer caused by the
growth of surface roughness. These can affect the cooling perfor-
mances of the turbine vane.

Effects on Thermal Sensitivity

This section investigates vane thermal sensitivity to the separate
and combined effects of the roughness and TBC. Average (Ave.),
maximum (Max.), and minimum (Min.) cooling effectiveness
which correspond to average, minimum, and maximum tempera-
tures, respectively, are presented. It should be noted that the terms
of “average, maximum, and minimum” are considered from the
volume metal temperature and the cooling effectiveness is computed
as Eq. 4), ¢ = T:j:f , where T, is the metal temperature of the
vane based on the volume basis. Here, ¢, Prar, and ¢,,,;, represent
the average, maximum, and minimum cooling effectiveness, respec-
tively. The investigated range of the roughness is expanded to
120 um to obtain a better understanding in the variation of the
cooling performance under the roughness influence. Figure 20
shows that the improvement of @,,, @ax, and ¢,,;, is attributed to
the inclusion of TBC for all K values. The results also indicate
that from K,=20-120 um, ¢, Pax, and ¢p,,;, under the separate
and combined effects of roughness and TBC decrease with the incre-
ment of K linearly. However, the declining trend of ¢,,,, is slight.
The reduction of ¢, Pax, and @, is related to the increment of
the vane temperature, i.e., AT,,, AT,,;,, and AT,,,,, respectively, as

051017-12 / Vol. 12, OCTOBER 2020

seen in Fig. 21. In general, AT increases first, then decreases and
finally seems stabilized when K| increases. This phenomenon can
be explained by the fact that (1) when 0 <K <5 ym, the size of
roughness elements is smaller than the viscous length scale. So,
the roughness is too small to affect the flow, thereby insignificantly
causing the heat transfer. As a result, AT depends upon the capability
of TBC, so TBC plays an important and dominant role and AT is
found large in this K range. (2) When 5 <K;<60 um, this Kj
range is in the transitional roughness surface. Therefore, the role of
the surface roughness becomes important increasingly and its
effect disturbs and competes with the viscous effects, thus enhancing
heat transfer. Consequently, AT decreases significantly as K
increases in this range. (3) When K > 60 um, it seems that the rough-
ness effects take over the viscous effect as a result of intense distur-
bance, thereby reducing the viscous effect drastically in this range.
Therefore, AT decreases slower than the second regime and AT

Fig. 18 Streamlines of cooling air emitted from film holes R7,
R8, R9, and R11 for case 4
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shows small differences as K| increases. In addition, it is clear that
without TBC, 24 K and 20 K rises of 7,,, and T,,,,, respectively,
are caused by the maximum roughness height, K;=120 ym, but
only 8.4 K increase in T,,;, is caused by this roughness height.
These phenomena can be elucidated by the fact that normally 7,,;,
exists in the cold-wall side of the coolant passages, whereas 7, pre-
sents in the hot-wall side of the hot mainstream. With varying in K,
the aerothermal condition on the vane surface of the hot-wall side is
altered directly. This causes disturbances to the viscous sublayer
increasingly and flow becomes turbulent increasingly. Conse-
quently, the heat transfer from the hot mainstream to the vane
surface is enhanced in accordance with

Journal of Thermal Science and Engineering Applications

Difference of heat transfer coefficient distribution on vane surface (a) without TBC and (b) with TBC

qfux =— eﬁaT/ay =—(k +Z<,)6T/6y , where k; is the laminar
thermal conductivity and 07'/0y is the wall temperature gradient.
This can be noticeable through the increase in the effective thermal
conductivity (defined by the sum of the laminar and turbulent
thermal conductivities) of the mainstream at interfaces when K
increases for with and without TBC, as seen in Fig. 22. As T,
increases significantly with the increasing K, this certainly causes
the serious increment in 7, as well since the driving temperature
from the hot-side and cold-side walls increases. Figure 21 also
points out the favorable effects of TBC on 7, 7T,,i,, and T, of
the rough vane. Namely, TBC reduces 7,,, T4, and 7,,;, as much
as 18 K, 27.8 K, and 8.6 K, respectively, at K, =5 um. Despite the
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hot mainstream at interfaces

decline of the cooling performance with K, the presence of TBC alle-
viates the vane temperatures, as seen that AT,,,, AT,,;,, and AT,,,,, are
still lower than 10 K at the maximum roughness height.

Conclusion

In this study, computational fluid dynamics with conjugate heat
transfer analysis is applied to numerically investigate separate and
combined effects of vane surface roughness and TBC on the
cooling performance of a high-pressure turbine vane which is
cooled by numerous film holes. Cooling effectiveness and heat
transfer coefficient obtained by the prediction in an investigated
range of the roughness height from 5 to 20 um is presented and
compared with that by the perfectly smooth vane. Results show

051017-14 / Vol. 12, OCTOBER 2020

that from the perfectly smooth vane to the rough vane with the
maximum roughness height, in general, the roughness height
increases local heat transfer coefficients in the rear-half portion of
the pressure side to the trailing edge and the suction side to the trail-
ing edge. This phenomenon leads to the deterioration of the cooling
effectiveness in such regions. However, the local heat transfer coef-
ficients change uncertainly with the surface roughness height in the
suction-side vicinity of the leading edge to the further downstream
of the pressure side, thereby causing the uncertainty in the cooling
effectiveness in this region. Despite the fact that the increase in
roughness height affects adversely the cooling performance, the
cooling effectiveness is improved significantly due to heat transfer
impedance from TBC. Without TBC, the cooling effectiveness
varies within a range of —8% to 4%. However, due to TBC protec-
tion, the cooling effectiveness of the vane with TBC changes more
widely with a range of 0-30%. To obtain a better understanding of
the variation of the cooling performance under the roughness influ-
ence, the investigated roughness range is extended to 120 um.
Thermal sensitivity to the roughness height and TBC is investigated
based on the volume basis. Results show that the surface roughness
height has a significant effect on the cooling performance. Indeed,
without TBC, a 120 ym increase in the roughness height results
in 24 K and 20 K rises of the average and maximum vane temper-
atures, respectively. With the inclusion of TBC, the average and
maximum vane temperatures are reduced as much as 18 K and
27.8 K, respectively. Despite the decline of the cooling performance
with the roughness height, the presence of TBC alleviates the vane
temperatures. The average and maximum vane temperatures are still
lower than 10 K though roughness height reaches the maximum of
120 um.

However, it should be mentioned that although the SST k- tur-
bulence model, which is used for this work, can provide acceptable
numerical results in terms of aerodynamics and heat transfer as
reported in the open literature. The numerical prediction of this
work obtained by the SST k—w model is validated aerodynamically
only, the heat transfer part is carried out under the favorable
assumption of the governing equations of fluid flow and heat trans-
fer, including the equation of state for compressible flows. Hence,
the conclusion drawn here should be extended cautiously.
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Nomenclature

h = heat transfer coefficient

k = turbulent kinetic energy

E = empirical constant (=9.793)
T = temperature
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U = velocity
hg,. = heat transfer coefficient with TBC
kog = effective thermal conductivity
k; = laminar thermal conductivity
k, = turbulent thermal conductivity
Gsux = heat flux
u, = mean velocity of fluid at wall-adjacent cell centroid
¥, = distance from centroid of wall-adjacent cell to wall
C, = roughness constant
C, = constant (=0.09)
D;, = hydraulic diameter
K, = physical roughness height
T,, = average temperature
T. = coolant temperature
T. ., = temperature at coolant inlet
T., = temperature at cold-wall side without TBC
T...tec = temperature at cold-wall side with TBC
Tnax = maximum temperature
T ey = metal temperature
T,.;, = minimum temperature
T,.s = reference temperature
Ttpc = substrate temperature
T,, = static wall temperature
T, = total temperature at mainstream inlet
u* = velocity parameter
T’ = TBC temperature
K = nondimensional roughness height
Lu = turbulence length scales
Ma = Mach number
PR = pressure ratio
Tu = turbulence intensity
AB = aptive constant
Ah = difference of heat transfer coefficient
AT,, = difference of average temperature
AT,,.. = difference of maximum temperature
AT,,;, = difference of minimum temperature
oT .
a_y = wall temperature gradient

Greek Symbols

A¢ = percentage difference of cooling effectiveness
A¢rec = percentage difference of cooling effectiveness with
TBC
kinematic viscosity
von Karman constant (=0.4187)
density
cooling effectiveness

¢, = average cooling effectiveness
¢max = maximum cooling effectiveness
¢min = minimum cooling effectiveness
¢1eCc = cooling effectiveness with TBC

v = TBC effectiveness

7,, = wall shear stress
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