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a b s t r a c t 

Several studies have focused on investigating the heat transfer in blades; however, these studies have pri- 

marily adopted numerical approaches, and the heat transfer in an actual turbine blade remains unclear 

thus far, owing to the complex topology of the blade. To address this gap in literature, this study inves- 

tigates the influences of the thermal barrier coating (TBC) thickness and coolant on the mainstream hot 

gas pressure ratio ( p c /p t ) and temperature ratio ( T c /T g ) in blade film cooling, respectively, by simulating 

the conjugate heat transfer (CHT) in the first-stage cooling blade of an W501F engine. A complete blade 

design is used to obtain a realistic heat transfer profile. The results demonstrate equivalent high-thermal- 

stress regions between the simulation and industrial patterns. The leading tip (LT), trailing tip (TT), plat- 

form, and leading edge (LE) regions have higher thermal stresses than the other regions. Coolants with 

higher temperature are less effective in cooling the blade due to the nonlinear effects of compressible 

air. Although the coolant reduces the temperature across the blade with similar efficacy, the tempera- 

ture variation is still significant; a decrease of 100 K in the coolant temperature results in a reduction of 

58 K in the average blade temperature. At a fixed coolant temperature and standard pressure ratio p c /p t 
(approximately 1.07), the coolant film uniformly envelopes the entire LT surface. However, for the same 

blade design, the trailing passage lacks a coolant film at this pressure ratio. As the pressure ratio exceeds 

1.50, the coolant flows to all regions in the trailing passage cooling the TT at an enhanced rate. How- 

ever, as the ratio continues to increase, liftoff jet occurs and reduces the cooling performance at the LT, 

resulting in overheating in this region. The application of a 0.8 mm-thick TBC layer on the blade surface 

reduces the heat transfer coefficient by 35%, thus decreasing the heat transfer. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

A gas turbine (GT) is a combustion engine used in aircraft pow- 

rplants and in industrial applications requiring terrestrial power 

eneration. The thermal efficiency and power output of the GT 

ncrease as the turbine blade inlet temperature increases. There- 

ore, existing GTs are operated at high temperatures ranging from 

900 to 2300 K to ensure high efficiencies. However, on increasing 

he turbine inlet temperature, the heat transferred to the turbine 

lades also increases. This results in temperature gradients across 

he cross-section of the blade, which, in turn, damage the blade. 

herefore, the blades must be cooled to prevent thermal failure 
∗ Corresponding author at: Department of Intelligent Energy and Industry, Chung- 

ng University, Seoul 06974, Republic of Korea. 
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nd improve safety. However, various cooling techniques applied 

o protect turbine blades remain incapable of preventing thermal 

rack propagation [ 1 , 2 ]. After a few cycles, cracks appear on the

railing tip (TT), leading tip (LT), and rim platform [2] . Hence, to 

revent creep damage, it is necessary to accurately predict the heat 

ransferred to the blade. 

Various fluid and blade parameters influence the prediction of 

eat transfer and efficiency of film cooling; these include the hole 

rrangement and configuration, blade surface, curvature, surface 

oughness, mass flux ratio, momentum flux ratio, mainstream tur- 

ulence, Reynolds number, and blowing ratio [3–8] . According to 

an et al. [ 3 , 4 ], film cooling primarily depends on the pressure

atio and temperature ratio of the turbine. Generally, the higher 

he pressure ratio, the better is the film cooling (i.e., reduced heat 

ransfer to the airfoil) at a given temperature ratio. Moreover, the 

ower the temperature ratio, the better is the film cooling at a 

iven pressure ratio. However, an excessively high-pressure ratio 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.122715
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2022.122715&domain=pdf
mailto:JaiRyu@cau.ac.kr
https://doi.org/10.1016/j.ijheatmasstransfer.2022.122715


D.-T. Vo, T.D. Mai, B. Kim et al. International Journal of Heat and Mass Transfer 189 (2022) 122715 

(

t

L  

R

a

c

s

b

a

f

t

m

(

t

o

m

t

t  

a

s

a

i

h

a

t

h

b

p

t

i

t

h

G

u

a

v

f

a

e

p

o

s

e

m

T

l

i

t

e  

o

o

t

t

h

s  

M

p

o

G  

o

t

e

i

i  

a

v

o

e

C

f

a

r

h

t

o

fi

t

t

t

t

M

r

T

c

g

a

Nomenclatures 

ARC asymptotic range of convergence 

Bi Biot number 

BOI body of influence 

Ca axial chord length 

CHT conjugate heat transfer 

GCI grid convergence index 

h , HTC heat transfer coefficient 

k thermal conductivity 

Lx turbulence integral length scale 

LE leading edge 

LT leading tip 

m mass flow rate 

Ma Mach number 

Nu Nusselt number 

p pressure 

PS pressure side 

q wall heat flux 

SS suction side 

t wall thickness of the blade 

T temperature 

Tu turbulence intensity 

TBC thermal barrier coating 

TE trailing edge 

TT trailing tip 

V velocity 

X axial distance 

y + normalized distance from the solid wall 

Greek symbols 

η cooling effectiveness 

Subscripts and superscripts 

c coolant 

ci coolant inlet 

t or g hot mainstream gas 

tbc thermal barrier coating 

eff effective 

w wall 

i.e., excess blowing) may reduce film cooling owing to the pene- 

ration of the jet into the mainstream (jet liftoff from the surface). 

i et al. [ 5 , 6 ] experimentally investigated the influence of various

eynolds numbers, and coolant density. The results demonstrated 

 significant influence of the blowing ratio on the efficacy of film 

ooling. Yu et al. [7] . studied the influence of diffusion and fan- 

hape holes on the effectiveness of film cooling at the GT pressure- 

lade surface. The results indicated that a higher blowing ratio 

nd density ratio drastically reduced the temperature of the dif- 

usion slot hole. Garg and Gaugler [8] investigated the effect of 

he coolant temperature and mass flow rate on film cooling perfor- 

ance. Their study revealed a minimum point on the suction side 

SS) with the least cooling at a constant coolant temperature as 

he coolant-to-mainstream mass flow ratio increased. The cooling 

n the pressure side (PS) decreased with an increase in the coolant 

ass flow owing to the coolant jet liftoff. The study demonstrated 

he difference in the effects of the mass flow and temperature ra- 

ios between the PS and SS of the cooling blade, which has a vari-

ble geometry. This behavior is not observed in simple geometries 

uch as a flat plate. 

Moreover, airfoil topology plays an important role in blade 

erothermodynamics. However, experimental and numerical stud- 

es generally simplify the aerothermodynamics by disregarding the 

eat transfer through the platform due to the complexity of the 
2 
irfoil topology [9] . This leads to inaccurate predictions of heat 

ransfer in the platform region, thereby affecting the fluid flow be- 

avior. Zeng et al. [10] . found that simplifying the shape of a tur- 

ine blade significantly affected the film cooling performance, es- 

ecially in the hub area of the propeller. These studies underline 

he necessity of developing a new approach for addressing cooling 

n complex blade structures when predicting the heat transfer in 

he cooling blades. 

Garg [ 11 , 12 ] developed a numerical model for investigating the 

eat transfer in an external cooling blade using Hexa meshing by 

ridPro. Garg [13] programmed a coupled internal/external sim- 

lation to investigate a film-cooled turbine vane. The theoretical 

nd experimental results of these studies are consistent and pro- 

ide valuable knowledge regarding the prediction of heat trans- 

er in a turbine blade. However, Hexa meshing is computation- 

lly taxing and expensive. Recent numerical studies have consid- 

red an unstructured mesh (tetra mesh) for representing the com- 

lex topology of a GT blade [14–18] . The most prominent feature 

f a tetra mesh is its flexibility; however, it yields inaccurate re- 

ults. The computational fluid dynamics (CFD) package ANSYS Flu- 

nt has launched a new technique named Mosaic Poly-Hexcore 

esh for meshing complex geometries used in industrial projects. 

his technique automatically and conformally combines boundary 

ayer meshes using high-quality polyhedral to hexahedral elements 

n the bulk region. Owing to its advantage of time optimization, 

his hybrid mesh is widely used in various CFD fields [19–22] . Zore 

t al. [19] . implemented a model of a blade of a high-lift aircraft

n ANSYS while considering all its complex topological features, in 

rder to investigate flow behaviors. The model accurately predicted 

he behaviors, and the mesh used only half the elements used in a 

etra mesh, which improved the speed of the Fluent solver [19] . It 

as also been employed to investigate complex physical problems 

uch as the CHT in batteries [ 20 , 22 ]. Therefore, we conclude that

osaic meshing can seamlessly handle the complex temperature 

rofile of a GT blade. 

Employing CFD, several numerical models have been devel- 

ped for predicting the heat transfer of turbine blades [11–14] . 

arg [ 11 , 12 ] developed a model for predicting the heat transfer

n a blade surface and found that the tip and LE regions be- 

ween the hub and the mid span feature high heat transfer co- 

fficients (HTCs). Several numerical studies have also focused on 

nvestigating the heat transfer in cooling blades and vanes by us- 

ng CHT models [ 14–18 , 23 , 24 ]. The CHT of a film-cooled vane was

nalyzed to study the influence of inlet swirls and hot streaks on 

ane film cooling [14] ; the results showed that the transportation 

f the swirl mainly affects the HTC of the SS of the blade. Jiang 

t al. [24] . investigated film cooling on a C3X vane considering 

HT with phase transfer. Reyhani et al. [23] . investigated the ef- 

ects of the thermal barrier coating (TBC), coolant inlet pressure 

nd temperature, and GT load variations on the heat transfer of 

ealistic gas turbine blade. To summarize, several numerical works 

ave focused on investigating the heat transfer in blades; however, 

he heat transfer in an actual turbine blade still remains unclear, 

wing to the complex topology of the blade. 

Therefore, it is imperative to reinvestigate the heat transfer and 

lm cooling characteristics of GT blades for an actual airfoil. To 

his end, in this work, we investigated the influence of the TBC 

hickness, coolant on the mainstream hot gas pressure ratio, and 

emperature ratio on the heat transfer in realistic high-pressure 

urbine cooling blades by using high-quality meshes based on the 

osaic meshing technique. The blade considered was a first-stage 

otor blade from Siemens–Westinghouse W501F class machines. 

he original blade structure was retained in the simulation. Grid 

onvergence index (GCI) was used in this paper for grid conver- 

ence analysis. The aerothermodynamics and flow in the GT were 

nalyzed using the CHT method, and the results were validated 
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gainst a C3X vane. In addition, the data gathered in this study 

ill be used to investigate the effects of temperature and pres- 

ure distributions on crack development and fatigue analysis in the 

uture. In the fatigue analysis, the external blade surface data is 

ost important for calculating the lifespan of a blade. Thus, the 

resent study focused on analyzing the external heat transfer and 

ow characteristic of a GT blade. 

. Numerical method 

Steady-state CHT model was applied for simulating the cool- 

ng turbine blade on ANSYS Fluent v20 using the Poly-Hexcore 

esh. An element-based finite volume method was employed to 

iscretize the spatial and governing equations, and a second-order 

entral difference scheme was used to determine the advection 

erm. The circumferential direction was simplified as the periodic 

oundary conditions, all other walls were adiabatic and had a non- 

lip velocity boundary condition. The complete energy model of 

eat transfer with the viscous work term was applied to predict 

he temperature throughout the flow. The conservative interface 

eat flux condition was applied at the fluid–solid interfaces. Abdel- 

aksoud and Wang [16] reported that the k–ω turbulence model 

as more robust and required a shorter computational time than 

ther models to simulate vanes. Wang et al. [18] . compared five 

ifferent turbulence models to validate experimental data pertain- 

ng to the C3X vane [25] . Their study indicated that the SST k–

 – γ –θ model on ANSYS CFX predicted the heat flux and tem- 

erature at the LE of a film-cooled vane better than the SST k–ω 

odel alone. Jiang et al. [14] . concurred that the SST k–ω – γ –

model predicted the temperature with a higher accuracy than 

he pure SST k–ω model. Therefore, the SST k–ω – γ –θ model 

as employed for turbulence enclosure in this study. Three meth- 

ds can be considered to model the wall/TBC thickness. In the first 

ne we add a thickness layer between the solid and fluid domain 

nd calculate the heat transfer through the wall. This is the most 

horough approach. However, it is difficult to generate this meshing 

ecause of the complex topology of the gas turbine blade. The sec- 

nd one uses a thin layer model for interface regions. This model 
ig. 1. Geometries of a gas turbine rotor blade: (a) suction side view, (b) pressure side

nterpretation of the references to color in this figure, the reader is referred to the web v

3 
alculates 1D steady heat conduction resistance offered by the wall 

nd the heat generation in the wall without generating any mesh 

t interface regions. Here, properties of material, wall thickness, 

nd heat generation rate are used to calculate the heat transfer 

etween two regions. The third method is similar to the second 

ethod. The only difference between them is that the thin layer 

odel computes heat conduction for the wall in the normal direc- 

ion whereas the shell conduction model computes heat conduc- 

ion for the wall not only in the normal direction but also in the 

lanar directions. In addition, this model can calculate heat trans- 

er for multiple layers whereas the thin layer model can compute 

he same for only 1 layer. This function is useful for gas turbine 

roblems because the coating surfaces are normally covered by 

 layers, such as TGO, TBC, and bond coat. In our present study, 

he shell conduction was applied at the external blade–fluid do- 

ain interface to simulate a thermal barrier layer. Details regarding 

he computational model, boundary conditions, grid independence, 

nd turbulence model validations are presented in this section. 

.1. Computational model and boundary condition 

The first-stage rotor blade, W501F, had complex external and 

nternal topologies with multiple serpentine cooling passages for 

upplying pressurized cooling air Fig. 1 .(a) and (b) illustrate the 

S and SS of the cooling blade. The number of blades was 72, 

nd the clearance from the tip to the platform was approximately 

72.32 mm. The original blade structure was retained in the simu- 

ation to investigate its effect on the heat transfer. 

As depicted in Fig. 1 (c), the airfoil twists around the radial cen- 

erline when extending radially outward from the platform to the 

lade tip. A cross-sectional view of the blade at the mid-span is 

hown in Fig. 1 (d). Six film rows with holes were arranged verti- 

ally on the blade surface, whereas one was arranged horizontally 

n the blade surface near the rib ( Fig. 1 (a), (b)). The rows were de-

oted as R1 to R6 in the clockwise direction ( Fig. 1 (d)) Fig. 1 .(e) il-

ustrates the internals of the cooling blade and the fluid flow path. 

The coolant was supplied through four cooling inlets at the bot- 

om of the blade surface. The external blade was cooled by the 
 view, (c) top view, (d) cross-section A-A, and (e) internal cooling passages. (For 

ersion of this article.) 
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Fig. 2. Crack and erosion at the (a) showerhead leading edge (LE), (b) leading tip, (c) trailing tip, and (d) platform of the first blade W501F. 
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Table 1 

Stage operating conditions (Reference case). 

Parameters Value 

Mainstream inlet P t,in-m (kPa) 1382 

T t,in-m (K) 1623.2 

Coolant inlet P t,in-c (kPa) 2082 

T t,in-c (K) 700 

Mainstream Outlet P t,out-m (kPa) 647 
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ooling holes machined into the LE, PS, SS, and tip. The blade had 

hree passages, and each passage had several ribs and fins. The first 

assage had one passage that supplied the coolant to the LE and 

T. This passage had three rows of holes ( Fig. 1 (e)). The second pas-

age diverged into three ducts that supplied coolant to the SS and 

id-tip. The direction of the red arrow in Fig. 1 (e) indicates the 

irection of the coolant flow in the second passage. The flow of 

oolant in the third passage was from inlets 3 and 4. The direction 

f the yellow arrows in Fig. 1 (e) indicates the fluid movement in 

he third passage. In the third passage, the fluid flows along the 

uct and exits through the TE ejection. This passage then diverges 

nto ducts that supply the coolant to the TT and PS, as shown in

ig. 1 (e). 

In addition, a previous report [2] revealed that crack and ero- 

ion in the first blade of W501F normally appeared at the shower- 

ead LE, LT, TT, and platform regions ( Fig. 2 ). As shown in Fig. 2 (a),

he blade shell at the leading region between the shroud and mid- 

pan has vanished. Furthermore, as in Fig. 2 (b), the shell at the LT

egion has disappeared. The surface at the TT and the platform re- 

ions crack and erode ( Fig. 2 (c), (d)) due to the overheating and

he lack of coolant flow. This concurred with the physical obser- 

ation that cracks on the blade mostly appeared in these regions. 

roblems related to overheating and lack of coolant flow still arose 

n this blade design, despite the application of cooling technol- 

gy; this lead to cracking. Therefore, this study focused on the heat 

ransfer in these regions. 

Fig. 3 illustrates the computational model of the blade along 

ith the fluid domain subject to the rotational periodicity bound- 

ry conditions. Three groups of parameters were considered: 

oolant-to-hot-mainstream pressure ratio (group P), temperature 

atio (group T), and TBC thickness (group C). The boundary con- 

ition for the reference case (Ref) was estimated based on previ- 

us studies [ 1 , 2 , 23 ] and used as the standard boundary condition

n this study Table 1 . lists the operating conditions of the stage 
4 
nd the coolant inlet and outlet for the Ref case. The parameters 

ere varied according to the Ref case. According to previous stud- 

es [ 3 , 4 ], the pressure ratio, p c /p t , of a typical GT airfoil varies from

.02 to 1.10, whereas the corresponding blowing ratios vary from 

.5 to 2.0. The values of T c /T g vary from 0.5 to 0.85, and the cor-

esponding density ratios vary approximately from 2.0 to 1.5. In 

his study, the pressure ratio was varied from 1.07 to 1.65, and the 

orresponding coolant inlet pressure values were varied from 1482 

o 2282 kPa (in intervals of 200 kPa). As the coolant temperature 

as varied from 0.3 to 0.55, the corresponding coolant inlet tem- 

erature values changed from 500 to 900 K (in intervals of 100 K). 

oreover, the TBC thickness was varied from 0 to 0.8 mm in inter- 

als of 0.2 mm Table 2 . lists the various parameters involved in this 

nalysis. The averaged outlet static pressure was set to 6.47 bar, 

nd the mainstream inlet turbulent intensity, Tu , was 6.5% with a 

urbulence integral length scale, Lx , of 10 mm. 

The blade material was Inconel 738 alloy, and the working fluid 

as treated as an ideal air mixture. According to previous stud- 

es, expressing the ideal gas characteristics as functions of a scalar 

uantity can help solve the heat transfer problem with higher ac- 

uracy, especially for a GT [ 16–18 , 26 ]. Therefore, in this study, the

as characteristics of specific heat capacity, viscosity, and thermal 

onductivity were expressed as functions of the temperature with 
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Fig. 3. Boundary conditions of reference case. 

Table 2 

Summary of investigated parameters. 

ID 

Cooling flow TBC 

p c /p t T c /T g (mm) 

Group P 

(Coolant-to-mainstream hot gas pressure ratio) 

P01 1.07 0.43 0 

P02 1.21 0.43 0 

P03 1.36 0.43 0 

(Ref) 1.50 0.43 0 

P04 1.65 0.43 0 

Group T 

(Coolant-to-mainstream hot gas temperature ratio) 

T01 1.50 0.30 0 

T02 1.50 0.37 0 

(Ref) 1.50 0.43 0 

T03 1.50 0.49 0 

T04 1.50 0.55 0 

Group C 

(TBC thickness) 

(Ref) 1.50 0.43 0 

C01 1.50 0.43 0.2 

C02 1.50 0.43 0.4 

C03 1.50 0.43 0.6 

C04 1.50 0.43 0.8 

5 
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Table 3 

Rotor blade metal and coating specifications. 

Parameters Value 

Inconel 738 Alloy Density (kg/m 

3 ) 8110 

Thermal conductivity (w/m-k) 19.8 

Specific heat (j/kg-k) 558.3 

TBC Density (kg/m 

3 ) 5650 

Thermal conductivity (w/m-k) 1.05 

Specific heat (j/kg-k) 483 

Table 4 

Calculations of discretization error. 

Parameters Temperature 

r 21 , r 32 1.3 

�1 �2, �3 1360.1, 1347.5, 1331.3 K 

P 1.02 

�21 , ext 1402 

e 21, e 32 0.95%, 2.99% 

GCI 21 , GCI 32 3.88%, 5.12% 

ARC 1.009 
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eference to the NIST REFPROP 9 Table 3 . lists the properties of the

lade and coating material. 

.2. Meshing and grid independence test 

The complexity of this topology makes it difficult to mesh the 

urbine blade. Therefore, we implemented Poly-Hexcore to gener- 

te the cooling blade mesh. This technique automatically and con- 

ormally connects any type of mesh element to any other type of 

lement. It is suitable for CFD simulations involving various objects 

ith complex morphologies, ranging from the human body to air- 

raft [19–22] Fig. 4 . illustrates the mesh configuration for the blade 

nd fluid domain. 

Three different meshes were generated to analyze the depen- 

ence of the numerical results and the number of grid elements. 

he number of elements in the coarse, moderate, and fine meshes 

ere 37.52 × 10 6 , 44.19 × 10 6 , and 56.42 × 10 6 , respectively. Seven 

rismatic grid layers were constructed near the walls of the fluid 

omain with a growth rate of 1.2. The first layer had a thickness 

f 0.0 0 05 mm. The number of layers, the first layer thickness, and

he growth rate of the prismatic grids of the three meshes were set 

o identical values, in order to maintain the discretization of the 

oundary layer at the same accuracy rate. The y + was less than 5 

n most regions, whereas the area-averaged y + was 3.6. 

In addition, simulating the model with complex topology of a 

T blade consumes huge RAM of computational resources for nu- 

erical calculation. Thus, the body of influence (BOI) was adapted 

o cover the blade. Here, the GCI of the surrounding blade regions 

BOI regions) was studied, which was calculated based on the Ref. 

tudy [27] . The mid-span temperature distribution was chosen as a 

erformance parameter ( φ). Three simulations as coarse, medium, 

nd fine mesh were conducted with a constant refinement ratio, r , 

etween them. The r value was kept constant at 1.3, and it was the 

aximum ratio that our workstation could handle. In particular, 

he critical values φ of temperature on the mid-span at 18% surface 

istance were adopted to calculate the order of convergence, p . The 

ritical value φ3, φ2, and φ1 corresponding to coarse, medium, and 

ne mesh were 1331.3, 1347.5, and 1360.1 K, respectively Table 4 . 

ummarizes the parameters for GCI calculation. The order of con- 

ergence, p, was calculated based on below Eq. (1) , 

p = 

ln 

(
φ3 −φ2 

φ2 −φ1 

)
+ q ( p ) 

ln ( r 21 ) 
(1) 
6 
here q (p)= 0 for r = const . The p was obtained as 1.02. Richard

xtrapolation was used to predict the value at h = 0. 

h =0 = φ f ine + 

φ1 − φ2 

r p − 1 

(2) 

o quantitatively evaluate the simulation error for the fine grid 

cale, the GCI could also be obtained by the formula as given in 

q. (3) . 

C I i +1 ,i = 

F s 
∣
∣e i +1 ,i 

∣
∣

r P 
i +1 ,i 

− 1 

(3) 

 

i +1 ,i = 

∣
∣
∣∣
φi − φi +1 

φi 

∣
∣
∣∣ (4) 

here e i + 1,1 is the error between two grids, and F s is a safety fac- 

or with a recommended value of 1.25. In addition, the GCI could 

e evaluated by checking the grid in the asymptotic range of con- 

ergence, ARC. With three grids, ARC could be checked with the 

ollowing relationship: 

RC = 

GC I 2 , 3 
r p × GC I 1 , 2 

(5) 

The ARC was obtained as 1.06 which was approximately equal 

o one and indicated that the results were in the range of asymp- 

otic convergence. In addition, the e i + 1,1 and GCI i + 1,i values de- 

reased with the increase in mesh density, which indicated the re- 

uced dependence of the numerical solution on the grid size. 

In addition, the maximum error GCI i + 1,i on N 1 -N 2 meshed was 

.85%. This showed an improvement in calculation accuracy by fur- 

her densification of grid was very limited, and the N 2 mesh could 

ully simulate the most of features of the flow field. Therefore, the 

 2 mesh was adopted for the rest of the calculations. 

The convergence of the solution was assessed by monitoring 

he average temperatures of the blade surface and the mass flow 

ate at the mainstream outlet. The simulations were assumed to 

ave converged when the root-mean-square residual levels of the 

omputed parameters were less than 2 × 10 −4 
, and the monitored 

arameters stabilized with an increase in the iteration time steps 

ig. 5 . demonstrates the influence of the number of grid elements 

n the mid-span pressure and temperature distributions. As in- 

icated in Fig. 5 (a), the relative pressure difference in the region 

rom -80% to 82% is approximately 2% between the coarse and fine 

eshes and 0.5% between the moderate and fine meshes. Further- 

ore, Fig. 5 (b) shows that the temperature depends on the num- 

er of grid elements on both the PS and the SS. In the region of

00, the relative temperature differences between the coarse mesh 

nd the fine mesh and the moderate mesh and the fine mesh are 

pproximately 0.6% and 0.5%, respectively. Given that the construc- 

ion of a fine mesh requires twice the computational resources 

time and memory) as those for a moderate grid, we used the 

oderate mesh in the numerical simulations. 

.3. Numerical model validations 

NASA’s internally film-cooled C3X vane was used to evaluate 

he reliability of the proposed turbulence model SST k–ω and the 

HT simulation strategy ( Fig. 6 ). The vane was divided into two 

ections by a thermal barrier, as in a previous report [22] . Ex- 

erimental data pertaining to run #34,145 from the study of Ho 

22] were compared with the numerical results for the C3X model 

ables 5 . and 6 list the mainstream and coolant conditions for the 

3X model. Details regarding the boundary conditions have been 

eported by Ho [22] and Wang et al. [18] . 

Fig. 7 presents a comparison of the surface pressure, tempera- 

ure, and HTC between the numerical and experimental results at 

he mid-span of the vane. It should be noted that the report does 
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Fig. 4. Meshing configuration of cooling blade: (a) external wall, (b) internal wall, (c) cross-section at mid-span, (d) near-wall cells, and (e) hole cross-section. 
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ot provide experimental data for the region of -25 < X/C ax < 25. 

s shown in Fig. 7 (a), the pressure values predicted by the SST k–

 model conform with the experimental data, especially on the 

S. According to Fig. 7 (b), the experimental and numerical temper- 

tures and HTC are in good agreement. There are fluctuations of 

emperature and HTC in the regions of -100 < X/C ax < -50 and 

5 < X/C ax < 100. The fluctuations are due to the coolant flowing 

nside the vane at the trailing region. The fluctuations in the pre- 

icted values on the SS and PS follow the same trend as the ex- 

erimental data in the Ref. study [22] . In addition, at the missing 
7 
ata region (LE), the temperature increased with the decrease in 

TC, which could be explained due to the ineffectiveness of cool- 

ng flow at this region with conditions of test 34,145. Some fluctu- 

tion within LE region was caused by the ejection of coolant from 

he SS holes. The maximum deviations in the numerical pressure 

nd temperature at the mid-span from the corresponding experi- 

ental data (uncertainty of ± 1% for pressure ratio and ± 4% for 

emperature ratio) are less than 5%. The uncertainty of HTC ranged 

rom ± 7.1% to 22.5%. The uncertainties increase significantly be- 

ond the midchord due to a decrease in airfoil thickness. Detail of 
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Fig. 5. Grid dependence of (a) blade mid-span static pressure and (b) blade surface temperature. 

Fig. 6. Geometric model of C3X vane [25] (for validation). 

Table 5 

Mainstream conditions of the C3X vane. 

Parameters No. 34,145 

P 0 306,350 

T 0 703 K 

Inlet Tu 6.5% 

P exit 212,934 Pa 

Ma exit 0.74 

t

t

w

m

3

3

t

Table 6 

Coolant conditions at the cavity inlet for the fil

Parameters PS film cooling

No. 34,145 P 0 (Pa) 336,985 

T 0 (K) 478.04 

m c (g/s) 11.6 

8 
he uncertainty value could be referred in the Ref. study [22] . In 

his study, the mean error in the HTC calculations was below 22%, 

hich demonstrates the reliability of the SST k–ω – γ –θ turbulent 

odel and the CHT simulation strategy. 

. Results and discussion 

.1. Influence of flow characteristics on blade temperature distribution 

Fig. 8 presents a complete view of the temperature distribu- 

ion for the Ref case. Regions including the LT, TT, LE (showerhead 
m cooling of the C3X vane. 

 LE film cooling SS film cooling 

321,361 336,066 

513.19 456.95 

7.36 16.9 
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Fig. 7. Comparisons of the predicted (a) pressure, (b) temperature, and (c) HTC on the C3X vane surface with those of Case 34,145 from the experimental data [25] . 

Fig. 8. Temperature distribution on the blade surface of the reference case. 

9 
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ows and downstream of row at the SS), PS, SS, and TE platform 

eature high-temperature distributions. The maximum temperature 

n these regions was approximately 1450 K, which is close to the 

elting temperature of Inconel 738. As the platform of this blade 

oes not have a dedicated cooling system, it has the highest tem- 

erature among all the components. Thus, it develops high thermal 

tresses, as shown in Fig. 8 , which lead to erosion and cracking, as

hown in Fig. 2 (d). Moreover, this study also shows the equivalence 

etween the high-thermal-stress position in the present study and 

he crack position from previous data [2] . This indicates the suc- 

essful prediction of the high-thermal-stress position for the first 

501F blade. 

Fig. 9 (a) and (b) illustrate the effect of the external flow on the 

emperature distribution in the blade Fig. 9 .(a) depicts the coolant 

ow streamlines emanating from four coolant inlets, and Fig. 9 (b) 

isplays the oil flow visualization on the blade surface. As shown 

n Fig. 9 (a), although the film cooling flow covers the entire blade, 

 few surfaces are overheated in the regions shown in Fig. 8 be- 

ause of the external flow characteristic and the film liftoff on the 

lade surface. The liftoff is typically caused by excess coolant sup- 

ly, and it reduces the cooling of the blade surface. Meanwhile, the 

ownstream area of the hole is not uniformly enveloped by the 

lm, which results in the rapid heating of these regions; this is 

vident from the high temperature at the LT rim. This flow charac- 

eristic is discussed in greater detail in a subsequent section. In ad- 

ition, the primary causes of the external flow of the blade are the 

lade profile and the mainstream inlet flow factor. In this study, 

he mainstream flow condition parameters were fixed as constants 

n order to isolate the effects of the coolant flow and TBC thick- 

ess. 

The LE region has a high, non-uniform temperature distribution 

hat is affected by the external flow surrounding the LE surface. 

he area surrounding the mid-span has the densest temperature 

istribution in this region ( Fig. 8 ). A stagnation line exists between 

3 and R4 in the LE region, as can be observed from Fig. 9 (b),

hich is generated when the mainstream gas flows through the 

lade. The LE temperature is affected by this line. The flow is sep- 

rated into two phases in front of the LE. These phases throttle 

he coolant flow downstream. When the stagnation line lies at the 

iddle of the two rows of holes, the coolant film diverges into 

wo directions downstream of the PS and SS. Therefore, the area 

etween the two phases is insufficiently cooled. This leads to the 

verheating of the surface between R3 and R4. According to a pre- 

ious study [10] , when the stagnation line lies at the middle of 

he row of holes, the coolant film is diffused around the cooling 

ole. Thus, the LE is enveloped by a more stable coolant film, and 

he LT region is more effectively cooled. Previous studies [ 28 , 29 ]

nvestigating the effectiveness of film cooling in the LE region re- 

ealed that the stagnation line was repositioned by an increase in 

he rotational speed of the blade. Typically, the stagnation line on 

he LE tends to shift from the PS to the SS due to the change in

he angle of attack with the increase in the rotational speed. These 

tudies added that the stagnation line was also repositioned with 

espect to the operating conditions. In this study, the experimental 

odel does not consider the effects of blade rotation. Therefore, 

he location of the stagnation line varies if the rotation condition 

s included. 

Fig. 9 (b) illustrates the simulated surface flow behavior by con- 

ouring the surface oil flow visualization. The behavior is strongly 

nfluenced by the vortices surrounding the blade, which have com- 

lex characteristics that make it difficult to predict the heat trans- 

er at the contact surface between the blade and the flow. The red, 

reen, yellow, and blue lines represent the tip leakage flow, horse- 

hoe vortex, corner vortex, and passage vortex, respectively. These 

ortices interact with each other in a complex fashion. The red line 

epresents the leakage flow, which flows from the PS to the SS in 
10 
he tip gap owing to the pressure gradient between the two sides. 

t triggers additional vortex flows near the casing wall, which cas- 

ade along with the casing-side-passage vortex in the rotor duct. 

he tip vortex influences the passage vortex from the casing wall. 

he yellow lines represent the corner vortex, which is a small vor- 

ex that adheres to the corners of the PS and SS ( Fig. 9 (b)). This

ortex is generated along with the horseshoe vortex. The green line 

epresents the LE horseshoe vortex, which is formed at the junc- 

ion of an end wall and the blade’s blunted LE and separates the 

S and SS leg horseshoe vortices at the front of the LE. The SS leg

ortex flows along with the corner vortex. 

The PS leg vortex expands and flows to the adjacent blade’s SS. 

hese vortex legs debouch into the passage nearly halfway along 

ith the blade’s SS. The generated passage vortex attacks the blade 

urface on the SS and changes the flow behavior of the coolant 

lm on the blade, resulting in enhanced heat transfer to the blade 

urface. It then flows downstream of the blade. 

In addition, the hot gas leakage flow results in a high- 

emperature distribution at the blade tip. Fig. 9 (a) and (b) illus- 

rate the leakage flow through a tip from the PS to the SS. Owing 

o the pressure difference between the PS and SS, a leakage flow 

s generated at high temperatures, and it accelerates as it flows 

hrough the tip. The heat transfer is evidently more intensive in 

his area. Therefore, the blade tip is a factor limiting the lifespan 

f the turbine, and consequently, the entire engine. Cooled shroud- 

ess turbine rotor blades are affected by typical localized overheat- 

ng in the tip area, which appears as a missing section in the blade 

all (burnout) ( Fig. 2 (a)). The thermal stress at the tip region was

nvestigated in detail considering the region’s contribution to the 

erodynamic performance of the aircraft and vulnerability to ther- 

al loads, in this study. 

.2. Influence of coolant-to-mainstream pressure ratio 

Figs. 10 and 11 show the cooling effect on the blade surface and 

ip with an increase in the pressure ratio, which is defined as 

= 

T g − T w 

T g − T ci 

, (6) 

here η is the cooling effectiveness, T w 

is the airfoil metal wall 

emperature, T g is the hot gas temperature, and T ci is the coolant 

nlet temperature. 

As shown in Fig. 10 , the cooling effectiveness increases from 0.2 

o 0.7 with the increasing pressure ratio. Its variation is more ev- 

dent in the PS than in the SS. However, as the pressure ratio in- 

reases, the effectiveness decreases in a few regions, including the 

im of the LT. In the case of P01, a large area on the TT and a small

rea on the LT were cooled ineffectively. The ineffectively cooled 

rea on the LT increases with the pressure ratio owing to the liftoff

f the coolant in this region as the blowing ratio is increased. As 

he pressure ratio is increased further, the area with low cooling 

ffectiveness at the TT is gradually reduced ( Fig. 11 ) due to the

ack of coolant at the end of the third passage ( Figs. 12 and 13 ). 

Fig. 12 illustrates the distribution of the film cooling on the 

lade surface between two planes at the mid-span of the blade. 

he flow behavior is indicated using streamlines colored by mo- 

entum flux. Three regions were considered: the A-Showerhead 

ole, B-Suction side hole, and C-Pressure side hole. Overall, with 

he increase in pressure ratio, the change of flow characteristic 

learly expresses the increase in the magnitude of momentum flux 

treamline at downstream of the holes. As the pressure ratio in- 

reases, the coolant film at the leading region tends to lift off the 

urface, as observed in region A. The evidence for this flow behav- 

or can be found at R2 and R3 downstream of the PS and SS where

he cooling effectiveness increases. In other words, when the pres- 

ure ratio increases, a large coolant mass ejects from the shower- 
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Fig. 9. Surface oil flow visualization: Streamlines emanating from (a) coolant inlets, and (b) surface oil flow visualization of the reference case. (For interpretation of the 

references to color in this figure, the reader is referred to the web version of this article.) 
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Fig. 10. Comparison of cooling effectiveness on blade surface among cases of group P. 

Fig. 11. Comparison of cooling effectiveness on tip surface among cases of group P. 

Fig. 12. Distribution of cooling film over blade surface between two planes at the mid-span of the blade. Coolant streamline is colored by momentum flux. 

12 
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Fig. 13. Comparison of (a) temperature and (b) pressure at the mid-span cross-section views for the P01 and reference cases. 
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ead holes, flows downstream, and envelops the trailing blade sur- 

ace, thereby cooling the trailing region with a higher efficiency. 

he effect of lift off on the SS is negligible, as compared to that on 

he PS. 

Furthermore, the coolant does not flow to R1 at low pressure 

atios. Typically, in cases P01 to P03, the surface at region C does 

ot undergo film cooling, as shown in Fig. 12 . In the Ref case,
13 
he surface of R1 undergoes film cooling until the pressure ratio 

eaches 1.50 Fig. 13 . illustrates the cross-sectional views for the P01 

nd Ref cases with the pressure and temperature, in order to ex- 

lain the lack of coolant flow to the third passage. As shown in 

ig. 13 (a), the coolant is ejected on the blade surface in regions A 

nd B for both the cases. However, the surface of region C in the 

ef case only develops a thin film. As explained earlier, region C of 
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Fig. 14. Comparison of cooling film distribution on the tip between case P01 and P05. Coolant streamline and blade surface are colored by momentum flux and cooling 

effectiveness, respectively. 
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he P01 case does not undergo cooling due to the lack of coolant 

ow to the third passage. Typically, in the P01 case, the normal- 

zed pressure inside the third duct of the third passage is approx- 

mately 0.6 less than that outside the duct by 0.78, as shown in 

ig. 13 (b). In other words, because the internal pressure is less than 

he external one, the flow cannot exit the bleeding holes. By con- 

rast, when the pressure ratio is increased, the internal pressure 

ncreases beyond the external pressure, as in the Ref case. In this 

ase, the coolant flow is ejected. However, it should be noted that 

n increase in the pressure ratio will cause the liftoff of the coolant 

lm from the blade surface. In addition, the blade design prevents 

he coolant from flowing to the third passage. Typically, when the 

oolant flows to the third duct of the third passage, the coolant 

ows through the TE instead of the bleeding holes on the trailing 

S. Therefore, this region does not develop a coolant film Fig. 1 .(e) 

xplains the fluid motion in this scenario. According to the results, 

o prevent coolant film depletion at R1, the pressure ratio should 

e equal to or greater than that in the Ref case. The results re-

ated to heat transfer and flow behavior cannot be interpreted from 

xperiments or simulations without comprehensively studying the 

opology of the blade. 

Here, in Fig. 14 , the effect of pressure ratio on the heat trans-

er of the tip region has been considered in more detail Fig. 14 .

hows the streamline and cooling effectiveness distribution on the 

ip surface with two cases P01 and P05. The streamline was col- 

red by momentum flux and the tip surface was colored by cool- 

ng effectiveness with inverse rainbow color. Regions A and B cor- 

esponding to shower-head tip and trailing tip were zoomed in to 

xamine the flow characteristic in those regions. Overall, the flow 

haracteristic changes significantly with the increase in the pres- 

ure ratio. Especially, in the case of P01, the flow in the tip re-

ion has low momentum flux. There is a vortex formation at the 

T, and this vortex flows along the PS, as shown in overview con- 

our P01. When the pressure ratio increases up to 1.65, the vortex 

isappears, and the momentum flux of flow surrounding the tip 

egion increases significantly. Zoomed-in view at region A shows 
14 
hat when the pressure ratio is approximately 1.07, the stream- 

ine covers the blade better, and cooling effectiveness also is higher 

ompared with that at the pressure ratio of 1.65. When the pres- 

ure ratio is 1.65, the lift-off occurs downstream of cooling holes at 

T. It leads to the reduction of cooling effectiveness in this region 

ith a minimum value of approximately 0.2 as shown in Fig. 14 . 

n contrast, the increase in pressure ratio leads to the increase of 

ooling effectiveness in the TT region, as shown in region B. As 

iscussed above, the increase of pressure ratio will solve the lack 

f coolant for the TT. In region B for case P01, it can be observed

hat there is no streamline appearing at the ending holes. When 

he pressure ratio reaches 1.65, the streamline appears in all the 

oles, and cooling effectiveness increases up to around 0.5 in this 

egion. 

Fig. 15 illustrates the distribution of the cooling effectiveness 

ownstream of the row of holes (R1, R2, R3, R5, R6, and 95% Span) 

long the span direction. In general, the cooling effectiveness at 

ll the points fluctuates in the range of 0.25–0.7, primarily due to 

he distribution of holes along the span. The regions near the tip 

nd the platform have a low cooling effectiveness of approximately 

.25 ( Fig. 15 (c) and (d)). Moreover, R1, R2, and R6 feature higher

ean cooling effectiveness than the rest because they are located 

ownstream. 

The cooling effectiveness of the rows of holes also increases 

ith the pressure ratio. However, increasing the pressure ratio 

auses the liftoff of the coolant film, which is observed at the 

ownstream regions such as at R2 and 95% span. The regions be- 

ween 5 and 65% span in P01 undergo better cooling than the rest 

n R2 ( Fig. 15 (b)). As shown in Fig. 15 (f), the regions between -48

nd 2% of the surface distance in P01 undergo better cooling than 

he rest. This region is the PS–LT region. The maximum difference 

n cooling effectiveness between P01 and P04 is approximately 0.18 

 Fig. 15 (f)). In addition, the reduced cooling effectiveness in this re- 

ion mirrors the expansion of the area with low cooling effective- 

ess ( Fig. 11 ). A low-pressure ratio in the LT region indicates higher 

ooling effectiveness in that region, whereas a higher-pressure ra- 
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Fig. 15. Distribution of film cooling effectiveness downstream of the row of holes along the span direction for group P. 
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io in the TT region suggests higher cooling effectiveness in that 

egion ( Fig. 15 (f)). The value of cooling effectiveness from -100 to 

60% and 60 to 100% of the surface distance increases with the 

ressure ratio. 

These results indicate a complex film cooling behavior on the 

lade surface that is significantly influenced by the pressure ra- 

io. Therefore, the blade design must be optimized in terms of the 

ressure ratio to enhance the cooling performance. A low-pressure 

atio lifts off the coolant from the TE. However, a high-pressure 
15 
atio lifts off the film cooling from few positions near the LT and 

ownstream of the cooling holes but not at the TE. The Ref case 

as chosen as the benchmark to investigate the possibility of solv- 

ng the pressure ratio-related challenges by using the temperature 

atio and TBC thickness. 

As shown in Fig. 16 , only R2 exhibits a slight variation in the 

ooling effectiveness in the range of 0.5–0.55. The other rows ex- 

ibit increased cooling effectiveness as the pressure ratio is in- 

reased. In these cases, R1 demonstrates a faster increase than R3, 
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Fig. 16. Mean cooling effectiveness vs. pressure ratio downstream of the rows of holes (R1, R2, R3, R5, and R6) along the span direction for group P. 

Fig. 17. Blade temperature vs. pressure ratio. 
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5, and R6 because of the lack of coolant for the trailing region 

nd the formation of the film from R2 and R3. 

Fig. 17 illustrates the effect of the pressure ratio p c /p t on the 

lade temperature. An increase in the blade cooling inlet pressure 

ncreased the coolant mass flow. Consequently, a smaller quantity 

f heat was transferred to the coolant, and the average temper- 

ture of the blade increased. As the pressure ratio was increased 
16 
rom 1.07 to 1.58, the average temperature of the blade decreased 

y 90 K from approximately 1190–1100 K. The minimum temper- 

ture was also reduced as the pressure ratio increased. However, 

he maximum temperature remained relatively stable. The temper- 

ture reduced from approximately 1470–1440 K between P01 and 

02 and then stabilized from P02 to P04. The maximum tempera- 

ure changed with an increase in the pressure ratio. The LT and TT 
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Fig. 18. Comparison of (a) density and (b) cooling effectiveness at the mid-span of group T. 
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oints were considered when evaluating the effect of the pressure 

atio. The temperature at the TT point exhibited a decrease with 

n increase in the pressure ratio. From P01 to P04, the TT temper- 

ture reduced by 300 K, i.e., from 1440 to 1140 K. By contrast, the 

T temperature increased with an increase in the pressure ratio by 

60 K from 1220 to 1380 K between P01 and P04. As observed in

ig. 17 , the TT temperature approaches the maximum temperature 

n P01, whereas the LT temperature approaches the maximum tem- 

erature in P04. This indicates that the TT and LT overheat at low- 

nd high-pressure ratios, respectively. In the experiment, the pres- 

ure ratio was set to the Ref value. Under this condition, the LT is 

xpected to overheat and develop cracks. 

.3. Influence of coolant on mainstream temperature ratio 

Clearly, variations in the cooling temperature cause changes 

n the density ratio. Generally, under the engine conditions, the 

oolant-to-mainstream density ratio (DR) is approximately equal 

o 2. According to previous studies [ 3 , 4 ], coolant flowing at a de-

igned mass flux ratio will have higher velocity and momentum 

ux ratios when tested with a low DR. We reiterate that the 

oolant jet separation is a function of the momentum flux ratio; 

herefore, lower-density coolant jets tend to separate before the 

igher-density ones. Consequently, the lower-density-ratio coolant 

ets have less maximum cooling effectiveness than the higher- 

ensity ones, albeit by a small margin. A similar trend was ob- 

erved in this study. Fig. 18 (a) and (b) illustrate the density and 

ooling effectiveness variations at the mid-span of the blade. The 

ensity and cooling effectiveness reduce marginally as the cooling 

emperature increases. 

In particular, the cooling effectiveness reduces only slightly 

ith the temperature ratio. The most noticeable change occurs in 

he TE region Fig. 19 . illustrates the mean cooling effectiveness of 

treamlines along the downstream of the rows of holes (R1, R2, 

3, R5, and R6) versus the temperature ratio. The mean values 

arginally decrease as the temperature ratio increases. The largest 

hange occurs at R1, with a reduction of 2.5% from T01 to T04. Be- 

ause the change in cooling effectiveness on the blade surface was 

nsignificant, the temperature distribution on the blade surface was 

sed to analyze the heat transfer instead of the cooling effective- 

ess. 

Figs. 20 and 21 depict the temperature on the blade and tip 

urface versus the temperature ratio. The surface temperature in- 

reases with the temperature ratio. High thermal stresses are dis- 

ributed at the LT, TT, and LE regions. The temperature gradient be- 
17 
ween successive cases is approximately 80 K Fig. 22 . illustrates the 

lade temperature versus the temperature ratio T c /T g for evaluating 

he variation in the heat transfer of the blade. The results indicate 

hat a lower temperature ratio enables better cooling performance. 

s shown in Fig. 22 , all five parameters exhibit the same increas- 

ng trend of temperature with the temperature ratio. The highest 

emperature of T04 exceeded 1450 K. The average temperature in- 

reased by 230 K from 10 0 0 to 1230 K between T01 and T04. This

ndicates that the temperature ratio has a significant effect on the 

eat transfer of the blade. 

.4. Influence of thermal barrier coating thickness 

The TBC has a significant thermal impact on the thermome- 

hanical integrity of the turbine blade. Therefore, it plays an im- 

ortant role as a heat shield for GT components. Naik [30] has pro- 

ided a method to calculate the HTC with the various TBC thick- 

esses. In the thermal analysis of turbine blades, the TBC is gen- 

rally represented as a system that provides thermal resistance 

gainst the incident heat flux by modifying the hot gas transfer 

oefficient via the TBC Biot number. To represent the effect of the 

BC thickness on the airfoil, the effective hot gas HTC, h g,eff, and 

he TBC Biot number, Bi tbc , were used instead of the cooling effec- 

iveness. h g,eff and Bi tbc can be expressed as 

 g,e f f = 

h g 

1 + B i tbc 

, (7) 

 i tbc = 

h g t tbc 

k tbc 

, (8) 

here t tbc and k tbc are the thickness and thermal conductivity of 

he TBC, respectively. The hot gas heat transfer coefficient h g , is 

alculated as 

 g = 

q ∣∣T wall − T re f 

∣∣ (9) 

here T wall , T ref and q are the wall surface temperature, freestream 

emperature (for external flow) and heat flux, respectively. 

Fig. 23 presents a comparison of the HTC between the cases of 

roup C for increasing TBC thickness at the blade mid-span. The 

TC varies in the range of 10 0 0–580 0 W/m 

2 K. Overall, the HTC re-

uced as the thickness of the TBC increased. All the cases exhibit 

 similar trend for the variation in the HTC along the surface. The 

argest heat transfer was observed around the LE region. On the 

S, after reducing rapidly from the peak, the HTC increased from 
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Fig. 19. Mean cooling effectiveness vs. temperature ratio downstream of the rows of holes (R1, R2, R3, R5, and R6) along the span direction for group T. 

Fig. 20. Comparison of temperature on the blade surface among the cases of group T. 

Fig. 21. Comparison of temperature on the tip surface among the cases of group T. 

18 
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Fig. 22. Blade temperature vs. temperature ratio. 

Fig. 23. Comparison of HTC of group C at the blade mid-span. 

t  

a

i

r

s

i

t

3  

p

b

he LE to the SS, reached a peak value at 25, and then deceler-

ted toward the TE. On the PS, the HTC fluctuated frequently but 

t steadily decreased toward the TE. 

According to Fig. 24 , on increasing the thickness of the TBC and 

educing its thermal conductivity, the effective hot gas HTC can be 

ignificantly reduced. This would result in a direct reduction of the 
19 
ncident heat flux in the turbine blade. For C04, Fig. 24 shows that 

he addition of the TBC to the blade reduces the effective HTC by 

5%. Furthermore, as shown in Fig. 24 , the TBC can be an integral

art of the overall blade thermal design system. 

Figs. 25 and 26 illustrate the temperature distributions on the 

lade and tip surfaces. In general, the surface temperature reduces 
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Fig. 24. Effect of TBC on heat transfer. 

Fig. 25. Comparison of temperature on the blade surface among the cases of group C. 

a

c

t

v
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t

a

r

t

heat transfer to the blade surface. 
s the thickness of the TBC is increased. The surface temperature 

hanges significantly after the addition of a TBC, as compared with 

hose in groups P and T Fig. 27 depicts the rotor blade temperature 

ersus the TBC thickness. Overall, the mean temperature values de- 

rease as the cooling temperature increases. Typically, the average 
20 
emperature reduces by 230 K from 1150 to 920 K between Ref 

nd C01. An increase of 0.2 mm in the TBC thickness resulted in a 

eduction of approximately 40 K in the maximum blade tempera- 

ure; this proves the significance of the TBC thickness in preventing 
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Fig. 26. Comparison of temperature on the tip surface among the cases of group C. 

Fig. 27. Blade temperature vs. TBC thickness. 
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t

t

. Conclusions 

We analyzed the CHT of the first-stage cooling blade of the 

501F engine by varying the TBC thickness, pressure ratio, and 

emperature ratio and by measuring the film cooling. Thus, the 

lade thermal load variations were revealed. The main findings of 

his study can be summarized as follows: 

(1) The results highlight the equivalency of positions with high 

thermal stresses between this simulation and industrial pat- 

terns. At pressure ratios greater than or equal to 1.5, the LT 

rim, platform, and LE regions overheat. At pressure ratios 

less than 1.5, the TT rim, platform, and LE regions overheat. 

(2) For a fixed coolant temperature, at a standard pressure ra- 

tio p c /p t of approximately 1.07, the coolant film uniformly 

envelops the blade surface. However, the standard pressure 

ratio in the W501F design prevents the coolant from flowing 

to the trailing passage. This can be overcome by increasing 

the pressure ratio to 1.50. However, this solution results in 

coolant jet liftoff, thus reducing the cooling performance at 

the LT and overheating it. 
21 
(3) A higher coolant temperature leads to a lower cooling effec- 

tiveness due to the nonlinear effects of compressible air. On 

the one hand, the variation is subtle, with a maximum de- 

crease of 2.5% in temperature observed downstream of R1. 

On the other hand, the variation in blade temperature is sig- 

nificant, with a decrease of 100 K in the cooling temperature 

leading to a reduction of approximately 58 K in the average 

temperature of the blade surface. 

(4) The application of a TBC reduces the heat transfer to the 

blade surface. In case C04, the TBC reduces the effective HTC 

by 35%. In addition, an increase of 0.2 mm in the TBC thick- 

ness reduces the maximum blade temperature by a mean 

value of 50 K. 

The influence of the investigated parameters on the heat trans- 

er at the LT, TT, LE, and platform regions is significant. However, 

t is difficult to control the cooling inlet conditions to improve the 

ooling performance. Under specified conditions, the blade over- 

eats and develops cracks. Thus, it is necessary to optimize the 

lade cooling system to prevent fatigue failures such as cracks in 

he LE and LT. Moreover, the effects of mainstream inlet condi- 

ions such as temperature, pressure, and angle of attack on the 
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eat transfer at the LE shall be considered in a future study. Ad- 

itionally, the present data shall be used to investigate the fatigue 

ife estimation of this blade design. 
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