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Abstract Probing the efficiency of Brayton cycle is of

great importance to harbor maximum output from gas

turbines. The efficiency of Brayton cycle largely depends

on the maximum temperature of the cycle. However,

maintaining a very high temperature in a gas turbine is

restricted due to various metallurgical problems developed

within the compressor blade surface, which result in the

structural failure of gas turbine compressor. To address

these problems, numerous prospective solutions are pro-

posed among which materials’ selection and preference for

specific parts of a gas turbine are highly celebrated among

researchers. Although many works are dedicated especially

to the rotor blades of the turbine compressor, the stator

blades which are integral component of the turbine com-

pressor as they partially convert high velocity into high

pressure to increase the pressure from the preceding stage

and have both functional criteria and failure mechanism

unlike the rotor blades—are yet to receive enough attention

in terms of material research and development. On the

other hand, recent advancements in the refractory proper-

ties of ultra-high-temperature ceramics make them highly

potent materials to incorporate in the gas turbine and

manufacturing industry. The proposed article seeks to

explore this scope of material research specifically for the

stator blades of gas turbine compressors through a

numerically performed performance analysis. To provide

better insight about future reach of the scope, the perfor-

mance analysis is conducted among four different

superalloys which are already established as rotor blade

materials—Inconel 718, Ti–6Al–4V, Nimonic 80A, GTD

111 DS and an ultra-high temperature ceramic material—

NbB2 as potential stator blade material in terms of thermal

distribution, thermal stress and displacement over the blade

surface. Reports showed that—NbB2 undergoes the least

thermal displacement, whereas Ti–6Al–4V exhibits the

least thermal stress during the operational stage. Consid-

ering the overall performance—Inconel 718 and Nimonic

80A failed as potential stator blade materials, whereas

NbB2 and GTD 111 DS can only withstand the extreme

condition inside the compressor with safety factor of one.

The article concludes with Ti–6Al–4V as the most potent

stator blade material to be incorporated into the gas turbine

industry.
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List of Symbols

Text Temperature of the external fluid

q0 Heat flux (W/m2)

h Convective heat transfer coefficient (W/m2K)

D Elasticity tensor

C Heat capacity (J/kg K)

k Thermal conductivity (W/mK)

Sut Ultimate tensile strength

Suc Ultimate compressive strength

E Young’s modulus

u Displacement vector

n Factor of safety

Ti–6Al–4V Grade 5 titanium (UNS R56400)

NbB2 Niobium diboride

GTD 111 DS Directionally solidified superalloy

CTE Coefficient of thermal expansion

ks Stiffness of spring
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Pr Prandtl number

Re Reynolds number

Nu Nusselt number

H Characteristic length of cooling air

x The distance from the beginning of the

blade (in meter)

Rp Compression ratio

Cp Heat capacity at constant pressure

Cv Heat capacity at constant volume

Greek Letters

q Density (kg/m3)

r Thermal stress

e Thermal strain

a Coefficient of thermal expansion

rv Von Mises stress

rx; ry; rz Normal stresses along x, y and z directions,

respectively

sx; sy; sz Shear stresses along x, y and z directions,

respectively

rA Principle stress (tensile)

rB Principle stress (compressive)

t Poisson ratio

ex; ey; ez Thermal strain along x, y and z directions,

respectively

sij Shear stress tensor

eij Strain tensor

r Vector differential operator

l Dynamic viscosity (Pa s)

c Ratio of heat capacity at constant pressure to

constant volume

g Thermal efficiency

Subscripts

ut Ultimate tensile strength

uc Ultimate compressive strength

x, y, z x, y, z direction

s Spring

i, j Two-dimensional tensor

p Constant pressure

v Constant volume

Introduction

With the increase in the global population, power con-

sumption in various energy and technology sectors is more

on the rise than ever. The average annual consumption

growth rate is expected to be tripled within the next

60 years [1, 2]. In this prospect, industrial and energy

consummate technologies will play crucial roles in meeting

the subsequent energy needs of the next-generation world.

Even though renewable energy resources have shown great

promise through various appliances and received good

responses through constant research outputs [3–6], gas and

steam turbines are still required to accomplish the ultimate

mass-energy demand. Basic principle and working proce-

dure of gas turbines have been provided in previous works

of various authors with necessary simplifications and

assumptions [7–10]. Gas at room temperature and pressure

is introduced through the inlet of the compressor and

compressed with high temperature and pressure. Highly

compressed gas with higher temperature then enters the

combustion chamber to produce work in the gas turbine

cycle. The temperature change in the compressor causes a

great degree of temperature variance, and as a result, the

rotor blades of the first-stage compressor experiences a

very-high-temperature gradient. According to the basic

functions of gas turbine powerplant [7], the net power and

thermal efficiency of gas turbine depend on two important

parameters—pressure ratio and temperature of inlet air.

Higher pressure ratio in gas turbine compressor will result

in higher efficiency and net work done by the gas turbine

cycle [8]. The related equation is:

g ¼ 1� R
1�cð Þ
c

P ðEq 1Þ

where g is the efficiency of Brayton cycle, RP is the

compression ratio of the Brayton cycle and c ¼ CP

CV
is the

ratio of specific heat capacity at constant pressure to

specific heat at constant volume. Higher compression ratio

is the effect of higher displacement volume of gas, which is

due to the higher temperature in the compressor. Although

higher temperature of the compressed gas will increase the

efficiency of the gas turbine cycle, there are numerous

metallurgical problems that are associated with the stator

blade’s continuous exposure to hot temperature [11, 12].

Park and Choi investigated the impact of the Strouhal

number on the convective heat transfer coefficient (CHTC),

which is responsible for the transition of unsteady state to

steady-state heat transfer. This phenomenon results in the

uneven temperature distribution within the blade and raises

the thermal gradient along the blade surface [13]. Under

continuous increase in thermal stress due to operating at

hot temperature and being one of the most sensitive parts of

the gas turbine, the stator blade develops significant ther-

mal stress that can lead to the plastic deformation and total

rupture of the turbine compressor [14, 15].

A series of mechanical analysis for the gas turbine stator

blade has been covered in [12] with an estimation that the

maximum thermal stress developed in the trailing corners

of the gas turbine. Qu et al. [14] presented two different

expositions to the failure of gas turbine because of con-

centrated thermal stress in the trailing edges. One of those

reasons is fatigue failure, and the other is the origination of

instant cracking in the leading and trailing edges. Due to
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the fatigue failure and propagation of crack formation in

the blade in high-temperature condition, proper study and

accurate anticipation of the heat transfer parameters of the

stator blade are very important to reduce the maintenance

and repair cost [15]. Various active and passive methods

for cooling the turbine blade have been in consideration

lately. However, most of these processes incorporate

thermal cooling of the blades, which result in substantial

decrease in the efficiency of gas turbine [16–18]. On the

other hand, incorporating different super alloys and cera-

mic materials in gas turbine blades that can withstand high-

temperature conditions without showing any declination in

the efficiency of the turbine holds much more promise.

Different types of alloys, such as nickel-based, titanium-

based, cobalt-based and aluminum-based alloys, have been

proposed as the prospective materials to use in turbine

blades [19].

Nickel–titanium-based alloys had been used in earlier

works of different authors and have lately been proven

materials with good compressive strength for industrial

applications [18, 20, 21]. Inconel 718 has already been

proposed as a gas turbine blade material and has been

recognized as one the most successful superalloy ever used

in gas, steam, and air jet engines due to its amazing qual-

ities suitable for propulsion industries—balance of

properties, reasonable cost, capability and forgeability.

This superalloy has been largely used in machining and

drilling applications as well as in aircraft and aerospace

industries for its high creep resistance [22, 23]. A study had

been conducted by A. Thomas et al. and E. Hosseini

regarding the development of mechanical properties, aging

characteristics, thermal deformation mechanism at tem-

perature as high as 1200 K in [24, 25]. Development of

additively manufactured Inconel 718 has shown higher

tensile strength post-high-temperature treatment compared

to other wrought alloys and materials, which has opened

the door for future possibility of applying the alloy in hot

temperature conditions with relatively low metallurgical

problems [26]. Failure analysis of a gas turbine rotor blade

made of Inconel 718 has been investigated, which analyzed

the first-stage compressor rotor blades of gas turbine that

are subjected to high-cycle fatigue mechanism (HCF) [27].

Probable reason for this failure is estimated as the origi-

nation of fatigue cracks near the leading edges of rotor

blades because of the constant tensile stress developed in

the blades due to centrifugal force. However, a numerical

approach to determine the failure criterions of a stator

blade made of Inconel 718 is yet to be investigated where

the developed stress is a thermal stress that is compressive

in nature.

Possessing high weight-to-strength ratio, corrosion

resistance, high application temperature, titanium alloys

has been recognized as one of the most widely used

materials in modern world heavy industries [28, 29]. Since

the inception of titanium alloys, Ti–6Al–4V has been in the

discussion because of its various flexibility and high

machinability features. Experimental study along with

numerical analysis inspected failure analysis of a turbine

blade made of Ti–6Al–4V [30]. Due to the centrifugal

force associated with high-speed rotation of the turbine

blade, tensile stress develops in the blade root region. SEM

investigation in the study showed that different aspects of

fretting fatigue initiate multiple cracks and high surface

roughness at the contact edges—which ultimately results in

the failure of the turbine blade. An innovative approach of

incorporating titanium alloys in gas turbine application has

been conducted in [31]. Results showed an analysis of

inside deformation and temperature uniformity within the

forged Ti–6Al–4V blade with respect to certain parame-

ters—initial workpiece temperature, smaller friction factor

and shorter dwell time. Despite various prospects about

using Ti–6Al–4V titanium alloy in turbine blades proposed

in many scientific works, numerical analysis showing the

failure criteria for a turbine stator blade of Ti–6Al–4V is

yet to accomplish in order to solidify the use of Ti–6Al–4V

as stator blade material for gas turbine.

GTD 111 DS is a nickel-based alloy, which was used

primarily as the blade material since the inception of gas

and air jet turbine [32]. Sabri et al. [33] studied the pitting

corrosion and oxidation phenomena inside the turbine

blade made of GTD 111 DS alloy. The work sincerely

investigated the plastic deformation and wear debris that

are initiated within the first stage of the turbine blade due to

excessive overheating caused by constant high rate of heat

exchange by the flow of hot gas and the presence of erosion

cavities. Visual and microstructural testing was conducted

upon two stages GTD 111 DS blade of gas turbine in [34].

Results showed that even after 24000 h of exposure of the

turbine blades to the high-speed flow of hot gas, the base

material showed no cracks, and neither degraded

microstructure of GTD 111 DS alloy was observed.

Ultra-high-temperature ceramics have been evolved as

one of the prime contenders to use as a base material in gas

turbine rotor blades in recent times. Because of their

chemical, metallurgical and physical stabilities at high

temperature and pressure, high yielding strength and

melting point have been in consideration as a proper

material for different components of gas turbine [8]. Sev-

eral experimental analyses showed that UTHC (ultra-high

temperature ceramics) such as borides, nitrides and car-

bides has shown high resistivity [35], high melting points

[36] and high thermal coefficient [37–39] in extreme

temperature. A similar numerical approach has been taken

in [40] to show the probability of using HfB2 as a potential

stator blade material. The output envisioned that the

material could withstand the compressive stress with a
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safety factor of 1.28 K. Vaferi et al. incorporate ZrB2 and

TiB2 for the similar prototype, and it has been validated

that both of these materials show higher-temperature dis-

tribution uniformity compared to ZrB2 and consequently

impart less thermal stress on the stator blade [41, 8].

Changes in the stability and other mechanical properties of

the respective materials have been brought by developing

SiC-reinforced composites made of HfB2, ZrB2 and TiB2

[42–44]. Finite element analysis has been executed for the

composite materials in order to assess the thermal stress,

temperature distribution and resultant displacement devel-

oped in the material [45]. Numerical results show that

ZrB2–SiC provides better thermal conductivity and lower

thermal expansion compared to HfB2–SiC. Due to lower

thermal gradient along the surface of the ZrB2–SiC stator

blade developed much less thermal stress compared to

HfB2, NbB2 is one of the most potential borides—showing

similar characteristics to ZrB2, HfB2 and TiB2 such as its

higher hardness [46], smooth surface morphology [47],

higher resistance at elevated temperature, higher wear

resistance and higher fracture toughness [48]. However,

NbB2 is yet to be embodied in turbine industry like its

neighboring borides and so this paper investigates the

possible inclusion of this ceramic as a gas turbine stator

blade material.

Nickel-, chromium-, titanium- and aluminum-based

superalloy—Nimonic 80A—is widely used in the field of

industrial application. Better wear resistance, high hardness

and relatively high toughness, adequate thermal shock

properties and excellent chemical stability and machin-

ability have been proved for Nimonic 80A [49–51]. Due to

their functional ability at higher temperature, Nimonic 80A

has been experimented earlier as a base material for dif-

ferent components in the field of aerospace,

turbomachinery, propulsion industry, marine engineering,

automobile and so on [52, 53] A static structural model

analysis of a gas turbine rotor blade made of Inconel 625,

Nimonic 80A and Super alloy X has been conducted in

terms of selection of blade profile, material and vibration in

[54]. The most equipped one as a potential rotor blade

material is judged upon three different revolution speeds

(RPM) at 20,000, 40,000 and 60,000 showing Nimonic

80A imparting maximum stress for all the three cases. A

comprehensive computational approach for different

Nimonic materials has been proposed by Khawaja et al.

with defined operating conditions within turbine and a

safety factor of 1.33 by a nonlinear Multiphysics finite

element analysis [55]. R. Subbarao and N. Mahato com-

pared four different Nimonic materials, which incorporated

Nimonic 105, 90, 80 and 263 both numerically and

experimentally, and concluded that Nimonic 80A has a

moderate outcome of thermal stress, distribution and dis-

placement over other materials [56].

A sincere walkthrough over most of the recent and

previous works of different researchers explores that a

good amount of those works concentrates mostly on the

thermal stress and failure analysis of first-stage compressor

rotor blades of gas turbine. However, the first-stage com-

pressor stator blades are yet to have sufficient attention and

convincing outcome compared to its counterpart rotor

blades. Main motivation of the current study is to investi-

gate the strength of the first-stage compressor stator blades

under extreme thermal conditions in terms of thermal stress

and resultant displacement. The extensive literature review

of this paper exhibits that the working materials—Inconel

718, Ti–6Al–4V, Nimonic 80A and GTD 111 DS had been

around the turbine and propulsion industry since the

inception of mainstream research on the gas turbine com-

ponents. High corrosion resistance, high transformation

temperature range, good wear resistance, excellent hard-

ness under high thermal condition and impressive ultimate

yield strength make these alloys highly potent to incorpo-

rate in the turbine stator blade material industry [57].

Recent advancements of the research and development

field of ultra-high-temperature ceramics envision potential

application of UTHC such as NbB2 as gas turbine stator

blade material mentioned previously. Approach carried out

in [40, 41, 8] taking ZrB2, TiB2 and HfB2 as the potential

stator blade materials is similar to this paper reveals great

promise for ultra-high-temperature ceramic-based gas tur-

bine stator blades.

The presenting paper follows heat transfer and thermal

stress analysis of the turbine stator blades made of the

studied materials—Inconel 718, Ti–6Al–4V, Nimonic 80A,

NbB2 and GTD 111 DS alloy to inspect their true potentials

as stator blade material. A three-dimensional model of first-

stage compressor stator blade of gas turbine has been

considered for the simulation work along with necessary

physics and boundary conditions. Upon validation of the

work, five different materials are taken into consideration

to compare their performances in extreme thermal condi-

tions. Three different grids are applied to the 3D geometry

of the stator blade to obtain mesh independence. Thermal

stress, temperature distribution and resultant displacement

of each individual stator blade materials are calculated

numerically for optimum number of elements found from

the applied grid test of the static structure of the stator

blade, and the results are showed in corresponding figures.

Lastly, based on those results a comparative study has been

done with respect to the factor of safety for each of the five

materials to find out the most competing material to

incorporate in gas turbine stator blade industry.
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Methodology

Geometry

The stator blade model and its different parts are shown in

Figs. 1 and 2. Due to constant exposure to high temperature

during operation, the stator blade is vulnerable to different

types of metallurgical problems, such as oxidation, corro-

sion and sulfidation. For preventing this type of problems,

cooling blade is mounted in stator blade, as introduced in

Fig. 3. The duct within the cooling blade is used to flow the

cooling air at pressure of 30 bar and temperature of 600 K

through the stator blade to cool it by heat convection. Since

the work concentrates mostly on the materials applied on

the blade, the relative complexities that come with geo-

metrical details of the ribs inside the cooling ducts have

been ignored [58].

Governing Equations

The corresponding work includes two important sets of

governing equations: 1. heat diffusion equation for show-

ing the thermal behavior of the stator blade model and 2.

the linear elastic equations that match the impacts in the

mechanical properties due to ceaseless heating. The first-

stage compressor stator blades of gas turbine are exposed

to the flow of highly compressed hot gas. As a result, the

temperature of the stator blades remains quite high during

the operation of turbine. The heat is dissipated from the

combustion gases to the stator blade by convection and

conduction. The convection heating process maintains

Newton’s law of cooling from

q0 ¼ h Text � Tð Þ ðEq 2Þ

here q0, h, Text, T represent the heat flux, convective heat

transfer coefficient, temperature of the external fluid and

temperature of the solid surface, respectively. In this study,

solid surface is simply the surface of the stator blade and

external fluid is the highly compressed gas that meets it.

The heat dissipation through conduction from the stator

blade surface follows the equation of heat [8]

qC
oT

ot
¼ r: krTð Þ ðEq 3Þ

where q; C; k; T are defined to density, heat capacity,

thermal conductivity and temperature, respectively. r
(Nabla) is called the vector differential operator, which is

applied for the function in one-dimensional domain

rT ¼ oT

ox
þ oT

oy
þ oT

oz
ðEq 4Þ

Equation 4 represents the temperature gradient with

respect to the position of the blade along x, y and z axes.

It is to be noted that due to temperature gradient the

temperature distribution over the stator blade will not be

congruous. Also, the fact that stator blade is fixed in both

sides will cause thermal stress for the stator. This thermal

stress along three dimensions can be identified by the

corresponding linear elastic equation. For the current work,

Duhamel–Hook equation is considered for finding the

thermal stress developed along the stator blade material

[41]. The law is as follows

r ¼ D e� a T � Trefð Þð Þ ðEq 5Þ

here r is the thermal stress, e is the strain, D is the elasticity

tensor, a is the coefficient of thermal expansion, T is the

temperature at which thermal stress is to be calculated.

Also, the reference temperature, Tref is taken to be 300 K.

Initial stress and strain are not taken into consideration.

The material is taken to be isotropic, and due to this,

D—the stiffness matrix of the material is symmetric. It has

a 3 9 3 matrix indicating the three components of thermal

stress [45]

rx
ry
rz

2
4

3
5 ¼ E

1þ tð Þ 1� 2tð Þ

1� t t t
t 1� t t
t t 1� t

2
4

3
5

ex
ey
ez

2
4

3
5

ðEq 6Þ

where r; e; t are the stress, strain, and Poisson’s ratio,

respectively. E is the Young’s modulus. Also, the stain

tensor for solid domain can be defined as [8]

Fig. 1 Three-dimensional isometric view of a gas turbine stator blade
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e ¼ ru~þru~T

2
ðEq 7Þ

where u shows the displacement vector. The relationship

between the strain and shear component for the two-di-

mensional system is a function of Young’s modulus and

Poisson’s ratio [41]

sij ¼
Eeij

1� 2tð Þ ðEq 8Þ

The deformation rate of the stator blade material due to

the constant exposure to hot temperature is dependent upon

three factors—material properties, applied load and

exposed temperature [8]. Among the proposed materials

for the study, most of them are ductile materials that show

high plasticity and malleability without fracture when huge

amount of stress is impinged upon. Depending on the

thermal conductivity and coefficient of thermal expansion

of the materials, the stator blade conducts heat along its

surface and due to the fixed supports at the ends it deforms

as there is little chance of free expansion. In this case, the

thermal stress is evident in tensile nature.

The equations for von mises theory which estimates the

possibility of failure by measuring both the compressive

Fig. 2 Different parts of 3D static model of gas turbine stator blade
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and tensile strength of the materials are presented in Eq 9

along with Eqs 10 and 12. The equations are as follows [8]:

rv ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðrx � r2yÞ þ rz � ry

� �2þ rx � rzð Þ2þ6 s2xy þ s2xz þ s2zy

� �

2

vuut

ðEq 9Þ

rA ¼ Sut
n

ðEq 10Þ

rA
Sut

� rB
Suc

¼ 1

n
ðEq 11Þ

rB ¼ � Suc
n

ðEq 12Þ

here rv; rx; ry; rz represent von Mises stress and normal

stresses along x, y, z directions. Similarly, sx; sy; sz are

denoted for shear stresses along x, y, z directions. rA; rB are

for principal stresses. Sut is the ultimate tensile strength and

Suc is the ultimate compressive or the yield strength. To be

noted that n is taken here as the factor of safety for failure

analysis of the turbine blade. As existence of thermal

gradient and its subsequent thermal stress cause the tensile

strength of alloys to be dominant, the von mises criteria of

failure are more convenient for the failure analysis of stator

blades of gas turbine.

Material Properties

Prospected nickel- and titanium-based superalloys are the

prime contenders as suitable gas turbine blade materials

due to their ability to withstand elevated temperature by

forming thick, stable passivating oxide layer, which pro-

tects the blade from further attack. They have high

oxidation resistance up to 1600 �C along with exceptional

high temperature resistance, low density, fracture tough-

ness, impact resistance and improved environmental

resistance [59]. Likewise—the ultra-high-temperature

ceramics such as NbB2 have recently been investigated

with surprisingly higher heat capacity, thermal expansion

coefficient and thermal conductivity compared to their

counterpart materials due to the strong anisotropic strength

as single crystals [60]. The ability to withstand thermal

stress depends largely on some thermo-physical and

mechanical properties of the prospected materials—

Inconel 718, Ti–6Al–4V, Nimonic 80A, NbB2 and GTD

111 DS alloy. Thermal properties such as thermal con-

ductivity (k) and coefficient of thermal expansion (CTE)

have considerable contribution to the generated thermal

stress upon the stator blade and so they are presented in

Figs. 4 and 5, respectively, as functions of temperature.

Melting point of each material is presented in Table 1.

Mechanical properties such as Young’s modulus (E) as

well as Poisson ratio ðrÞ also attribute to the generation of

Fig. 3 Wireframe rendered

view of internal cooling duct of

first-stage compressor stator

blade of gas turbine
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thermal strain of a material under hot working condition,

which in turn results in thermal stress—making study of

both properties pivotal for the current work. Table 2 pre-

sents the Young’s modulus (E) and Poisson ratio (r) for the
corresponding materials.

Boundary Conditions

Three types of boundary conditions are applied in the

present work. Solid mechanics boundary conditions are

essential to solve the linear elastic equations, whereas

roller and spring boundary conditions are used to define the

movement of the blade.

The roller boundary condition limits the movement of

the blade in the normal direction of the surface so that the

blade can only move in the parallel direction, which is

shown in Fig. 6. The roller boundary condition is given by

[41]:

u:n ¼ 0 ðEq 13Þ

here n is the normal vector of the surface and u represents

the blade deformations.The spring boundary condition

presented in Fig. 7 is in the opposite direction of the roller

and confines the top and bottom movements of the stator

blade following the Hook’s law [41]:

r:n ¼ �ks u� u0ð Þ ðEq 14Þ

here n is the surface normal vector, ks is the stiffness of the

spring foundation, u is the final displacement and u0 is the

initial displacement of the blade. However, the vertical

displacement at the leading edge is zero. Except the parts

Fig. 4 Thermal conductivity (k)
as a function of temperature

[61, 62]

Fig. 5 Coefficient of thermal

expansion (CTE) as a function

of temperature for the studied

materials. [63, 64]
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related to these three boundary conditions all other surfaces

of the blade stator are taken under free boundary condition

to deform independently during thermal expansion.

The hot combustion gas passes over the blade surface

with temperature around 1100 K and a pressure of 30 bar.

The velocity of the upper surface of the blade (suction

side), the lower surface (pressure side) and the platform

walls are taken as 300, 450 and 350 m/s, respectively. It is

to be noted that sound speed is taken about 650 m/s and the

Mach number for concave and convex sides are approxi-

mately 0.7 and 0.45, respectively, which results the air flow

into a subsonic flow. The convective heat transfer coeffi-

cients can be calculated by [45]:

h ¼ k

x
Pr

1
3

� 0:332Re
1
2
xRex � 5 � 105

0:0296Re
4
5
xRex � 5 � 105

( )
ðEq 15Þ

here k is the conductive heat transfer coefficient, x(m)

indicates the distance from the beginning of the plate, Rex
represents the Reynolds number, Pr is the Prandtl num-

ber—a dimensionless parameter used in the calculation of

heat transfer between a solid body and a moving fluid.

The local working temperature is taken as 900 K, and

the convective heat transfer coefficient is 25 W/(m2 K)

calculated from Eq 15. The heat flux of the blade surfaces

is determined using the convective heat transfer coefficient

Eq 16. The necessary assumption regarding this is that—

the pressure and suction sides of the blade are taken as two

flat plates employing the local heat transfer coefficient for

external forced convection. Also, for maintaining simplic-

ity in calculation of the heat flux for the cooling ducts, the

average Nusselt number is taken as Nu = 400 [45]. Thus,

the heat flux can be calculated from:

q00 ¼ Nucool lcool Ccool

2 Prcool Hcool

Tcool � Tð Þ ðEq 16Þ

here C indicates the heat capacity in (J/kg K), l is the

viscosity and H defines the characteristic length of cooling

air. The insulated boundaries of the stator blade are shown

in Fig. 8.

Validation and Mesh Independence

First of all, the fidelity of the numerical model was tested

against the available data presented in Vaferi et al. [8].

Secondly, an incisive mesh intendency test was carried out

with three different unstructured tetrahedral elements.

Table 3 corresponds to a tabular representation of the

present study and the numerical values that have been

obtained from Vaferi et al. [8]. The proposed numerical

model shows much proximity with the validated literature

work, which proves its accuracy. Table 4 represents the

grid independence test and the outcome of the present work

along with the associated errors obtained for three different

applied grids. Based on the computational findings, it can

be observed that the errors for different element numbers

corresponding to the developed thermal stress are 1.172%,

1.147 and 1.150% when compared with the literature data.

A more compact and higher accuracy can be seen in case of

thermal displacement reducing from 0.20 to 0.203% and

further to 0.2033% as the number of meshing elements

increases. The errors associated with thermal gradient are

little when compared to the literature work showing max-

imum error of 0.988% to a minimum of 0.9832%.

Fig. 6 Roller boundary condition of the stator blade

Table 1 Melting points of working materials

Materials Melting temperature Ref

Inconel 718 1,533 K [65]

Ti-6Al-4V 1,877 K [66]

Nimonic 80A 1,593 K [67]

NbB2 3,328 K [68]

GTD 111 DS 1,523 K [69]

Table 2 Young’s modulus (E) and Poisson ratio ðrÞ for

corresponding materials

Alloy Young’s modulus (GPa) Poisson ratio Ref

Inconel 718 199 0.33 [27]

Ti–6Al–4V 105 0.31 [70]

Nimonic 80A 222 0.35 [71]

NbB2 512 0.22 [72, 73]

GTD 111 DS 128 0.39 [74]

J Fail. Anal. and Preven.

123



Figure 9 provides the discretized unstructured free

tetrahedral domain that was generated by a commercial

finite element analysis (FEA) software. The mesh inde-

pendence test was conducted using TiB2 as the stator blade

material. It can be seen from the grid independence study

that—at each level the associated error is lesser than the

earlier level—less than 0.06, 0.003 and 0.14% for thermal

gradient, thermal stress and thermal displacement, respec-

tively, when the grid contained more than 1.8 million

elements. Table 5 denotes the qualitative statistics of the

different applied grids. As per the presented outcomes, it is

to be noted that higher number of meshing elements results

in improved average element quality of the domain. Mesh

independency was obtained by 1867696 elements with an

average element quality of 0.8782 and so this grid is

selected for further analysis of the study.

Fig. 7 Spring boundary

conditions for the stator blade

Fig. 8 Insulated boundaries of the stator blade
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Results and Discussion

The prime objective of the proposed study is to investigate

the heat transfer behavior of the stator blade due to thermal

distribution and acquire the subsequent thermal stress and

displacement of the blade. In this section, three deciding

parameters of a gas turbine stator blade—thermal dissipa-

tion, thermal stress and thermal displacement—that dictate

the performance of the turbine compressor under ceaseless

and supreme heat transfer condition are computed and

compared for five different superalloys and ultra-high-

temperature ceramics. Firstly, thermal gradient across the

stator blade surface for different superalloys and ceramics

is visualized and presented numerically. Secondly, the

developed thermal stress due to thermal gradient and

thermal expansion at different points of the stator blade

structure is analyzed and based on the stress performance

analysis highly potential ones are taken into further

investigation among the five different materials. A trade-

off is observed between thermal gradient and resultant

thermal stress of those materials, and this trade-off is

explained with their dependence of thermo-physical prop-

erties on temperature from the available literature data.

Thirdly, magnitude of the thermal displacement due to

thermal expansion are computed for all the materials and

the areas of the stator blade where the extreme displace-

ments occurred are also showed. Lastly, factor of safety for

different materials are calculated under von Mises failure

criteria and the material with a combination of—maximum

FOS, minimum temperature gradient, thermal stress, and

thermal displacement—is proposed as the prospective

material for manufacturing stator blade of first-stage gas

turbine compressor.

Comparison of Thermal Gradient and Temperature

Contours of the Working Stator Blade Materials

This section presents the significance of temperature con-

tours on developing thermal stress as well as comparative

analysis of the thermal gradient along the stator blade

surface for different materials.

The temperature contours provided in Fig. 10 gives good

idea about the temperature gradient at different cross sec-

tions of the stator blade structure. Based on these

temperature contours and the temperature difference

between the blade tip and the adjacent area of the cooling

duct, it can be observed that internal cooling through the

Fig. 9 Applied grid on the turbine stator blade

Table 5 Qualitative analysis of applied three different meshes

Properties Mesh 1 Mesh 2 Mesh 3

Number of elements 152,068 185,485 1,867,696

Size Fine Finer Extra fine

Average element quality 0.8602 0.8735 0.8782

Minimum element quality 0.2088 0.124 0.0708

Table 3 Tabular comparison between present work and literature [8], TiB2 as stator blade material

Thermal stress

[present]

Thermal stress

[75]

Thermal gradient

[present]

Thermal gradient

[75]

Thermal displacement

[present]

Thermal displacement

[75]

0.75873 0.75 148.03 149 1.50337 1.5

Table 4 Mesh independence test for applied grids

Elements Temperature gradient (K) %, difference Thermal stress (GPa) %, difference Displacement (mm) %, difference

152068 148.022 0.988 0.7589 1.172 1.503 0.20

185485 148.031 0.9826 0.7587 1.147 1.5033 0.203

1867696 148.0311 0.9832 0.75873 1.15 1.50337 0.2033
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cooling duct has a considerable effect on the cooling pro-

cess of the blade and will help to increase the durability of

the blade without compensating the efficiency of the tur-

bine. It is noticed that the temperature gradient is much

higher across the cooling duct than any other portion of the

blade. Consequently, it suffers more thermal stress than

any other parts of the blade and as a result is more vul-

nerable to start and propagate cracks in the blade. The

temperature distribution in stator blades made of Inconel

718, Ti–6Al–4V, Nimonic 80A, NbB2 and GTD 111 DS

alloys is shown in Fig. 11. Being the hottest part of the

blade due to constant exposure to high temperature, the

trailing edges and trailing ends stand high chance of failure

because of subsequent metallurgical defects [76]. However,

the minimum temperature for the showed five blades

occurs on the fifth baffle wall (from left) or the first baffle

wall (from right) with a substantial variance in their

respective magnitude. Table 6 provides better estimation of

thermal gradient for each of the five materials. It can be

observed that the maximum temperature gradient occurs

for the blade made of Ti–6Al–4V. A proximity can be seen

for NbB2 and GTD 111 DS in terms of thermal gradient.

Inconel 718 shows moderate thermal gradient under this

extreme condition of constant heat exchanging, whereas

Nimonic 80A has the lowest temperature gradient com-

pared to the other four materials.

Comparison of the Developed Thermal Stress and its

Susceptibility to Thermo-Physical Properties

of the Working Materials

Under this section, the developed thermal stresses for the

proposed five different materials are presented and

compared to identify the material that can withstand

extreme thermal condition suffering minimum stress. Upon

presenting the obtained data from the current numerical

study, the best performing materials among the five

superalloys and ceramics are further investigated. From the

observation, a contradictory relationship with respect to

previously stated one between thermal gradient and ther-

mal stress is evolved for the allying better performing

materials—which is later explained.

Comparison of Thermal Stress for the Proposed Materials

Due to constant exposure to excessive hot conditions and

continuous thermal exchange between the stator blade and

internal cooling duct, thermal gradient is evident along the

blade surface, which causes thermal stress. Figure 12

provides the stress contours that give better representation

of the stress distribution along different cross sections of

the stator blade. The stress seems to be maximum at the

cooling ducts through which hot air passes and extreme

heat transfer takes place. Figure 13 visualizes the devel-

oped thermal stress for five different materials and the

points of interests where the maximum stress occurred.

Among the proposed materials NbB2 suffers the highest

thermal stress, whereas Ti–6Al–4V has the least. Inconel

718 and Nimonic 80A exhibit the same magnitude of

thermal stress. GTD 111 DS shows proximity with Ti–6Al–

4V when compared; however, the magnitude of thermal

stress is higher for GTD 111 DS alloy.

From the stress performance analysis, it can be observed

that Ti–6Al–4V exhibits least possible thermal stress,

whereas NbB2 provides the least thermal gradient. The

observation is relatively antithetical with the previously

Fig. 10 Temperature contours

at different cross sections
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discussed relationship between thermal stress and thermal

gradient. This contrasting circumstance can be explained

from the dependence of thermo-physical properties on

temperature for both Ti–6Al–4V and NbB2 which is pre-

sented in later section.

Exploration of Thermo-Physical Properties of NbB2

and Ti–6Al–4V at Elevated Temperature and their Effect

on Generation of Thermal Stress

The discrepancy between thermal gradient and thermal

stress for two of the highly potential materials can be

described in terms of the major thermo-physical properties

responsible for the generation of thermal stress. Thermal

conductivity (k), thermal expansion coefficient (CTE) and

Young’s modulus (E) are the properties that have been

closely observed with respect to increasing temperature

above 800 �C for this study. In this section, the most

dominating property to cause thermal stress in the stator

blade among the previously mentioned thermal properties

Fig. 11 Temperature

distribution (K) in the blades

made of Inconel 718, Ti–6Al–

4V, Nimonic 80A, NbB2 and

GTD 111 DS

Table 6 Estimated temperature gradient for the working materials

Material Maximum temperature Minimum temperature

Inconel 718 1098.7 K 924.57 K

Ti–6Al–4V 1098.9 K 877.80 K

Nimonic 80A 1098.7 K 928.43 K

NbB2 1098.8 K 897.68 K

GTD 111 DS 1098.8 K 899.38 K
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of the two materials are navigated under the extreme

working condition of the gas turbine first-stage compressor.

Proper functioning of the turbine blades at extreme

temperature and belated initiation of crack within the blade

surface will require materials with higher melting point and

ability to sustain in this extreme temperature. From

Table 1, it is seen that none of the proposed materials can

maintain their solidus phase above 1600 K except Ti–6Al–

4V and NbB2. Taking this point into consideration, both

NbB2 and Ti–6Al–4V are further forwarded to investigate

their sustainability as stator blade material under severely

hot working condition inside gas turbine compressor.

Being an ultra-high-temperature ceramic boride, NbB2

exhibits excessive temperature resistance [77]. Ti–6Al–4V

has slightly higher coefficient of thermal expansion than

NbB2; however, Fig. 14 shows that at elevated temperature

above 1373 K Ti–6Al–4V has a positive slope of thermal

conductivity, whereas NbB2 manifests a steep negative

slop with respect to temperature. As a result, Ti–6Al–4V

has more uniform distribution of heat dissipation over the

blade surface than NbB2 at temperature above 1373 K,

which results in lower thermal expansion. Because of this

lower thermal expansion, the aftermath thermal stress is

much lower for Ti–6Al–4V compared to NbB2.

At high-temperature condition (above 1373 K), NbB2

has much higher thermal expansion rate as given in Fig. 15

and so during the extreme heating condition in the com-

pressor—coefficient of thermal expansion of NbB2

becomes more evident than its thermal conductivity.

Thermal conductivity (k) of NbB2 is much lower in high

thermal condition and that is why the developed stress

within the NbB2 stator is attributed to its high coefficient of

thermal expansion (CTE) rather than low thermal

conductivity, whereas the thermal stress of Ti–6Al–4V

stator blade corresponds to its high thermal conductivity at

elevated temperature rather than its low thermal expansion

coefficient. Another fact to be noted that Ti–6Al–4V has

much lower Young’s modulus than NbB2, which also

corresponds to lower thermal stress as given in Table 2. It

can be estimated from the discussion that both thermal

conductivity and Young’s modulus of the respective

materials have better impact on the developed stress than

the coefficient of thermal expansion.

Comparison of Thermal Displacement for the Working

Materials

This section represents the developed thermal displace-

ment, which is due to thermal stress and thermal gradient

along the stator blade surface. Maximum and minimum

displacements for all the five materials are presented, and

the overall effect of thermal gradient on generating thermal

stress is also briefly explained under this subsection.

Figure 16 demonstrates the maximum and minimum

displacement for the respective materials. Inconel 718,

Nimonic 80A and GTD 111 DS have higher thermal dis-

placement compared to the other two materials with

magnitude of 3.2 mm, 3.0 mm and 3.0 mm. On the other

hand, Ti–6Al–4V and NbB2 exhibited relatively lower

thermal displacement with magnitude of 2.2 and 1.5 mm

sequentially. An interesting point of discussion could be

the difference of maximum and minimum thermal dis-

placement, which gives a better overview of the thermal

expansion of the stator blades due to heavy heat flux

generation. Table 7 provides the difference between max-

imum and minimum thermal displacement of stator blade

Fig. 12 Thermal stress contours

at different cross sections
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made of five materials. It is to be observed that Ti–6Al–4V

and GTD 111 DS have the least effect of thermal expansion

with displacement difference of 2.148 and 1.36 mm.

Nimonic 80A, Inconel 718 and NbB2 have relatively higher

effect of thermal expansion with magnitude of 2.65, 2.82

and 2.76 mm, respectively. Higher thermal expansion

corresponds to inefficient dissipation of heat along the

blade surface and thereby causes higher thermal gradient.

This higher thermal gradient results in more thermal dis-

placement. Displacement contours for different cross

sections are provided in Fig. 17. Minimum displacement

for the materials occurs at the insulation wall and the

trailing edges, whereas it increases and becomes maximum

at the leading edges of the blade. Spring and roller foun-

dations cause minimum displacement from the upper

surface of the blade to the insulation wall.

Comparison of Safety Factor (FOS) for All the Applied

Materials.

The safety factor of the stator blade made of the proposed

materials is important to understand whether the material

Fig. 13 Thermal stress (GPa)

distribution in the blades made

of Inconel 718, Ti–6Al–4V,

Nimonic 80A, NbB2 and GTD

111 DS
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can withstand the developed thermal stress under extreme

heat exchanging condition or not. The FOS (Factor of

safety) for all the superalloys and ultra-high-temperature

ceramic are calculated in this section of the paper. For

calculation purpose—ultimate strengths of the materials

are taken into consideration from available literature data

and then compared with the developed thermal stress

within the blade surface. Upon obtaining the FOS, the

results are compared among the applied materials. The

total calculation of factor of safety for the materials is done

considering minimum safety limit of 1.2 under von Mises

failure theory.

Table 8 provides the safety factor of the five materials.

As mentioned earlier, thermal conductivity and thermal

expansion along with Young’s modulus have huge contri-

bution to the developed thermal stress in the blade material.

Maintaining coherence with this hypothesis, the numerical

results provide optimum safety factor of 1.83 for Ti–6Al–

4V, whereas NbB2 and GTD 111 DS alloy can barely

withstand the stress with a safety factor of 1.00 even

though NbB2 has the highest compressive strength of

1.5 GPa [80] compared to the other four materials. Inconel

718 and Nimonic 80A have safety factor of 0.785 and 0.55,

respectively, indicating probable failure of the blade under

Fig. 14 Thermal conductivity

as function of elevated

temperature for Ti–6Al–4V and

NbB2 [64, 78]

Fig. 15 Coefficient of thermal

expansion (CTE) of NbB2 as a

function of elevated temperature

above 800 �C [79]
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Fig. 16 Displacement

distribution (mm) in the blades

made of Inconel 718, Ti–6Al–

4V, Nimonic 80A, NbB2 and

GTD 111 DS
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extreme condition having ultimate strength of 1.1 and

0.78 GPa, respectively [81–83].

Conclusions

Presented numerical work evaluates the potential use of

superalloys and ceramic materials—Inconel 718, Ti–6Al–

4V, Nimonic 80A, NbB2 and GTD 111 DS as gas turbine

stator blade material without total rupture of the system.

The probability of failure for all the materials has been

investigated under the von Mises criteria considering the

thermal stress. Although Coulomb–Mohr criteria is good

for predicting failure in brittle materials such as—NbB2,

von Mises criteria provide better failure approximation for

both brittle and ductile materials and so this failure crite-

rion is incorporated for the work to do a comprehensive

comparative analysis. From the numerical report, it is to be

observed that Inconel 718 and Nimonic 80A have factor of

safety less than 1 predicting probable failure under the

thermal stress. Between NbB2 and GTD 111 DS—NbB2

has lower thermal displacement even after having

approximately similar FOS to GTD 111 DS under extreme

thermal condition. However, Ti–6Al–4V provides better

Fig. 17 Displacement contours

at different cross sections

Table 8 Factor of safety for all the working materials

Material Inconel 718 Ti–6Al–4V Nimonic 80A NbB2 GTD 111 DS

Yield strength (MPa) 1100 970 780 1500 645.2

Safety factor 0.785 1.83 0.55 1.00 1.00

Table 7 Difference between maximum and minimum thermal displacements for the working materials

Materials Maximum thermal displacement (mm) Minimum thermal displacement (mm) Difference

Inconel 718 3.2 0.38 2.82

Ti–6Al–4V 2.2 0.052 2.148

Nimonic 80A 3.0 0.35 2.65

GTD 111 DS 1.5 0.14 1.36

NbB2 3.0 0.24 2.76
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functionality than NbB2 with higher safety factor and a

moderate compensation in thermal displacement—con-

cluding Ti–6Al–4V as the suitable material for

manufacturing gas turbine stator blade.
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