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Abstract
Deformations occur gradually in the gas turbine components since they are working under high temperature and stress. In the
turbine blade alloys, creep is the most significant failure mechanism. In this research, creep life has been estimated for the blade
alloys by considering humidity. A method is proposed to estimate the creep life by direct consideration of humidity on the creep life
of the gas turbine blade. In the proposed model, the humidity factor is added to the classic Larson Miller creep life estimation
method. This model is capable of predicting creep life with known dry temperature (Water Air Ratio=0), mechanical stress, and
humidity. In this approach, there is no need to measure blade temperature variation during operation. As a case study, the creep life
of first-stage turbine blade alloy is predicted using the proposed method and benchmarked with published (Finite element analysis)
FEA results. The reliability of the blades was estimated by considering different success criteria using Monte Carlo simulation. The
reliability of the creep rupture life of Nimonic-90 steel was carried out using SCRI mode based on the Z-parameter. The scattered
data has been considered for creep rupture of materials in this part. The results show that creep life increases with humidity increase.
It is also shown that with an increase in mechanical stress and temperature fluctuations, the reliability of the turbine blade creep life
decreases sharply.
Keyword: Creep life prediction; Failure mechanism; Gas turbine blade; Humidity; Nimonic 90; Reliability; SCRI method

Introduction
a) Literature Review
Turbine blades are under various loadings such as
inertia, bending, and thermal. They work under high
temperature and mechanical stress. Therefore, different
failure mechanism occurs by passing time such as
fatigue, oxidation, corrosion, and creep. While a
combination of temperature and mechanical stress
causes creep, temperature changes during the operation
cause thermal fatigue. Therefore, it is necessary to study
the failure mechanism and lifetime of components that
work predominantly under high mechanical and thermal
stress. Naeem et al. [1] have studied different failure
mechanism that occurs in the gas turbine blades at
different temperature ranges. They showed that in the
different temperature ranges different failure
mechanisms like mechanical fatigue, creep, or corrosion
occur. It is necessary to estimate the lifetime of hot
sections of components for optimal use. Also, the life
estimation of these components can prevent high costs
and dangerous life-threatening disasters. Different
methods and techniques have been used to calculate the
lifetime of mechanical failures according to the variant
situations. There are a lot of researches about the life
evaluation of failure mechanisms. Yazdanipour et al. [2]
have been studied fatigue life prediction based on
probabilistic fracture mechanics. Also, Yazdanipour and
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Pourgol-Mohammad [3] have analyzed stochastic
fatigue crack growth of metallic structures. Shiri et al.
[4] has studied the effect of strength dispersion on
fatigue
life
prediction
of
composites.
SoltanMohammadlou at el. [5] has worked on the
assessment of creep lifetime in different operation
conditions considering Humidity.
About the gas turbine blades, the creep failure
mechanism is the main design factor. Different methods
exist which can estimate the creep life with different
valid data [6].
The strain-based methods are extracted from
empirical curve fitting methods such as the MonkmanGrant, -projection, and the Omega method. In the
proposed creep-damage models like Kachanov et al [7],
a new internal variable to characterize the “continuity”
or “damage” of material is presented. A variety of TimeTemperature-parametric (TTP) methods can be used for
the assessment of creep life such as the Larson-Miller
parameter (LMP), the Orr-Sherby-Dorn (OSD), andthe
Manson-Hafered (MH), However, the most common
and practical method is LMP. All of the abovementioned methods are deterministic and do not include
uncertainty or fluctuations in-service conditions. For
reliable and precise prediction of creep life, statistical
and probabilistic approach incorporating service
condition variations becomes substantial. [8]. Zhao et al.
[9] have proposed a ‘‘Service condition-creep rupture
property interference (SCRI) model’’ based on the Z
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parameter method to predict the creep life of materials
by incorporating the scattering of rupture data and the
fluctuation of operating conditions.
In gas turbines, blades must be cooled sincethe
operating temperature is very high. Cooling technologies
used in the turbine system increase the blade's life.
Spraying water into the compressor is one of the usual
ways of decreasing failures. Szargut et al. [10] have
studied the cooling effect on the HAT turbine function
such as compression, humidity, and preheat air
temperature. Also, the effect of an open system blade
cooling on the performance of the humid air turbine has
been studied. Ambient temperature changes with
changes in humidity during the operation which can
potentially affect the creep life of the blade. Brun et al.
[11] have worked on the effect of gas temperature,
external heat transfer coefficient, and creep constant
variation parameter on the cooling holes for highpressure turbine blades creep life.
b) Review of creep life models
There are limited experimental data for creep life since it
is time-consuming and costly to perform creep-rupture
tests in various conditions for different kinds of material.
Based on this, studying and classifying different creep
life evaluation methods are important for components
that work under elevated temperature and high
mechanical stress. There are three main classifications
for creep life prediction methods as shown in Figure (1)
such as a) model-based approach b) service-based
approach c) statistical/probabilistic-based approach [12].
The model-based approach is classified into two subapproaches that are the total life approach, and the
damage tolerance approach. The creep prediction total
life-based methodologies are classified into three
distinct approaches: i) Time-Temperature-Parametric
(TTP) methods ii) strain-based methods iii) damage
mechanics
methods.
Classical
Monkman-Grant
empirical relation [14] and Theta projection model and
Omega method [13,15] are examples of strain-based
methods which are more common. These methods
predict time-to-failure using creep strain rate directly. In
2013, Terada et. al [16] have performed creep rupture
tests on a die-cast alloy under different conditions and
demonstrated that creep rate during tests follows the
Monkman–Grant relationship. Also, Aghaie-Khafri and
Noori [17] have performed the creep test on nickelbased superalloys at various temperature and mechanical
stresses and it was illustrated that for this type of
material experimental results have a good relevance with
the results of the Monkman-Grant method. In 2017, Xie
and Ning [18] have studied on creep properties of RPV
material by performing constant-temperature and
constant-load creep tests and compared the results with
the -projection method and it was demonstrated that
the results are constant. Also, Evans et al [19], Bagnoli,
and Balden et al. [20,21] have studied the accuracy of
the -projection method for different kinds of
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superalloys for various combinations of temperature and
mechanical stress and they found that this method has a
good relevance with experimental results. However, the
-projection method may not have accurate results for
other types of super alloys, and also it is timeconsuming for calculating creep life using this method.
T-T-P methods are the most popular methods for
predicting creep life because of their simplicity, ease of
application, accuracy, and low cost. T-T-P methods are
divided into three main subcategories: theLarson-MillerParameter (LMP), the Manson-Haferd parameter
(MHP), and Orr-Sherby-Dorn parameter (OSDP). In
these methods, time and temperature variables are
combined into one parameter denoted as P. P parameter
which is expressed as a function of mechanical stress as
shown in Equation.1. [22]
ሺ ୰ ǡ ሻ ൌ ሺ᪼ሻ

(1)

Where, creep rupture time, T: temperature, and :
mechanical stress.
Generally, suitable creep life estimation method
selection is relying on material type, temperature, and
mechanical stress range. For example, the MonkmanGrant method is suitable for second stage creep steels
like Ni-based steels, and the -Constitutive method is
suitable for first and third creep stage steels like stainless
steels.

Figure 1. Creep life estimation methods flowchart

c) Larson-Miller-Parameter Method
LMP is the most useful TTP method for predicting creep
life. Larson Miller's theory can give us a unique value of
a parameter for different combinations of mechanical
stress and temperatures. Larson Miller parameter has the
following form:
(2)
 ൌ ሺ ሾሿ  ሻ
T is the temperature in Kelvin and t is rupture time
in an hour. P is the Larson-Miller parameter as a
function of mechanical stress in MPa. C is the Larson–
Miller constant which can be determined from
experimental data. In general, C is considered as a
constant range from 25 to 60 and it depends on material
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type, but for this type of material (Nimonic-90) it is
considered 20. [23]
Generally, all the models discussed do not include
humidity directly. Some researchers have studied the
influence of humidity changes in temperature variations
and studied temperature variations in creep life
indirectly. [25] Also, they have not considered
uncertainties in the service condition. This study aims to
propose a new method of creep life estimation method
considering humidity directly with the entrance of
humidity factor to classical LMP method. Eventually,
creep life changes are studied due to the humidity
changes. Also, the reliability evaluation of blades creep
life has been studied in this paper. First, different creep
life estimation method was studied in the introduction
section and the LMP method has been explained
carefully. In the second section, a new method has been
presented in which numerical evaluation was done and
results have been discussed carefully. In the third
section, the reliability evaluation of blades’ creep life
has been studied in two-step: a) Reliability has been
studied by considering different success criteria in the
middle of turbine blade span, b) SCRI method has been
used for evaluating the influence of both temperature
and mechanical stress fluctuation in reliability value. All
the results are given for both parts and analyzed. Lastly,
a comprehensive conclusion has been given by
discussing the whole paper.
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then the natural logarithm of that is taken as shown in
equation.6.

க

ɂǤ ൌ (With the placement of Equation.5 in Equation.4)
୲

 ሾᖡሿ െ  ሾሿ ൌ  ሾሿ െ

The Original Larson-Miller relation is obtained from the
Arrhenius relationship (Equation.3) at constant
mechanical stress by considering temperature and
activation energy [24].
െ
(3)
ɂǤ ൌ ሺ ሻ

Evaluating the creep lifetimes has been indirectly
calculated by the finite element methods, which requires
a great deal of time and cost. Therefore, a simpler and
faster model is needed to estimate creep life. A new
method is proposed for predicting creep life by adding
the humidity factor to the Arrhenius relation.
െ
(4)
ɂǤ ൌ ሺ
െ ሺሻ୬ ሻ

The b and n are humidity constants which are
explained inequation.10. Initially, the natural logarithm
of Equation.4 is calculated. Also, the strain rate is
considered as but in the second stage of creep, the strain
rate is constant, so replace Equation.5 in Equation.4 and


െ ሺሻ୬


(5)
(6)

In the next step, natural logarithm is transformed in to
the Napierian logarithm, so all the phrases are divided
by 2.3.
୕
ଶǤଷୖ

ൌ ሺ ሾሿ   ሾሿ െ ሾɂሿ െ ሺሻ୬ )

(7)

୕

is considered as Larson-Miller parameter and
Then
ଶǤଷୖ
ሺሾሿ െ ሾɂሿሻ considered as Larson-miller constant
ୠ
is considered B for
as mentioned in Equation.8. Also
ଶǤଷ
ease of use. Creep life can be calculated in hour more
easily using proposed method as shown in equation.9.

 ൌ ሺ ሾሿ   െ ሺሻ୬ )
 ൌ ͳͲ

Proposed Creep Life Model Considering
Humidity
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ሺ

ైౌ
ିଶାሺୖሻ ሻ
ౚ

(8)
(9)

where t= time to rupture, WAR= water-air ratio which is
considered as the ratio of mass of water () to dry air
mass (), =dry temperature (WAR=0), LMP= Larsonmiller-parameter (function of mechanical stress), C=
Larson miller constant (here=20), Q= activation energy,
R=universal gas constant, n=humidity power
(here=2.27) and B=humidity coefficient. The humidity
coefficient is based on temperature and mechanical
stress as shown in Table.1 and Figure 2.
The proposed method is capable of predicting creep life
with only knowing dry temperature (WAR=0), so there
is no need to measure temperature variations due to
changes in humidity during operation. Therefore, dry
temperature, mechanical stress, and WAR are sufficient
for predicting creep life. As a result, it results in a
straightforward method for creep life prediction in
different humidity percentages. Generally, this method
and equation are obtained by using Matlab software. The
value of humidity constants such as B and n are obtained
by fitting the curve to the experimental data which is
gathered from the literature review. B constant depends
on the stress and temperature value which is shown in
Figure.2 and obtained by Matlab.
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Table 1. Humidity coefficient values
HUMIDITY
COEFFICIENT (B)

L= (LMP/T)-20

61.4

3.58

64.63

4.1

87.49

4.202

115.1

4.24

139.8

4.66

Temperature and mechanical stress distribution across
the length of blade span were collected from FE
analysis gathered from the literature review as there is
not any published experimental creep data considering
different humidity percentages. Figure 5 shows FE
analysis of GT blade (metal temperature and
mechanical stress distributions at different humidity
which is used as entrance data in this study [25]. Also
Larson-Miller parameter is obtained from LMP versus
mechanical stress diagram which is given in Figure 6.

Figure 2. Humidity coefficient

a)Numerical evaluation of proposed model
As a case study, first stage HP turbine blade that
manufactured from Nimonic-90 alloy material was
studied in this research. Nimonic alloys mostly contain
50% nickel and 20% chromium and a small amount of
titanium and aluminum. Nimonic alloys are used in the
components working at elevated temperature and high
mechanical stress like turbine blades. In this study, the
length of the blade is divided into 5 parts as shown in
Figure 3. Also the 3-D model of specimen is shown in
Figure 4 as studied in this research.

Figure 5. Blade Metal Temperature and Mechanical stress
along the Blade Span at Different WAR [25].

Figure 6. LMP vs mechanicalstress for Nimonic-90 alloy
[26].

Figure 3. Blade Span Sections[25]

Figure 4. Turbine blade 3-d finite element model [25]

b) Result Analysis
The proposed method is used for estimating creep life
of various temperature and mechanical stress ranges.
The results show that creep life increases with
increasing humidity percentage. Also, it is noted that
WAR has more effect on the creep life at higher
temperature ranges than lower temperatures. Since the
tip of the blade has the maximum temperature, the
humidity will have a greater effect on the blade's tip’s
creep life. According to the results, an increase in WAR
from 0 to 0.08 percentages causes creep life to increase
from 4000 to 6000 hours. Also proposed method results
have been compared with FEM results which gathered
form literature review [25] and it shows that it has good
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agreement with previous studies. The results are given
in table2 and Figure.7 for bettercomparison.

0.1

e)

Table 2. Comparison of proposed method with fe analysis
for: a) root of blade b) 25% blade span c) mean of blade d)
75%blade span e) tip of blade
a)

Root of blad

WAR
(%)

Temperature
(k)

FEA
results
(h) [25]

Proposed
method
results (h)

Error

0

918

3836

4008.7

-4.5%

484

0.06

914

4865

4989.5

-2.5%

0.08

909

6570

6104.4

7%

0.1

906

7870

b)
Mechanical
stress
(Mpa)
387

8055.7

-2.3%

25% of blade span

WAR
(%)

Temperature
(k)

FEA
results(h)
[25]

Proposed
method
results (h)

Error

0

932

12552

12853

-2.3%

0.06

928

15944

16395

-2.8%

0.08

923

21560

20518

4.8%

0.1

919

27520

27932

-1.4%

c)

mean of blade

Mechanical
stress
(Mpa)

WAR
(%)

Temperature
(k)

FEA
results(h
) [25]

Proposed
method
results (h)

Error

290

0

959

15933

16596

-4.1%

0.06

953

22629

22963

-1.4%

0.08

947

32280

30973

4%

0.1

941

46260

46742

-1%

d)
Mechanical
stress (Mpa)

949

70340

72131

-2.5%

Tip of blade

Mechanical
stress
(Mpa)

WAR
(%)

Temperature
(k)

FEA
results(h)
[25]

Proposed
method
results (h)

215

0

975

46416

45710

1.5%

Error

0.06

963

94198

78610

16%

0.08

955

152490

129540

15%

0.1

947

248880

257500

-3.4%

Reliability analysis based on success
criteria

Figure 7.Comparison of Proposed Method with FE Analysis

Mechanical
stress
(Mpa)
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a) Method of calculation
Life assessment and reliability evaluation are very
significant for the components working under high
temperature and stress like steam or nuclear power
plants and petrochemical. Most of the discussed
methods are deterministic and do not include the
uncertainties in the values of the parameter. In this
section, the reliability of creep in the turbine blade is
evaluated for 100000 random data using the MonteCarlo method which is shown in Figure 8. 100000 data
are sufficient because after this number, results are
converged and there is no need for more calculations.
Mechanical stress, temperature, and humidity are
considered random variables. According to literature
reviews and studies, a normal distribution is chosen for
random variables. Reliability evaluation is done for the
mean of turbine blade span in this part. As shown in
Figure 8, mechanical stress is considered to be 290
MPa with a standard deviation of 5, and the mean
temperature is 959 K with a standard deviation of 3.
Also, the mean value of WAR is considered to be 0.06
with a standard deviation of 0.003 according to
mechanical tensions, temperature, and humidly
measurement in turbine operations. In the Monte-Carlo
method, creep life was assessed and compared with 7
different success criteria. For the total number of N
variables and success value of n, reliability is calculated
as:
R=

୬



(10)

75% of blade span

WAR
(%)

Temperature
(k)

FEA
results
(h)
[25]

Proposed
method results
(h)

Error

0

973

17152

17378

-1.3%

0.06

961

34430

27155

21%

0.08

957

43600

40970

6%

252

Figure 8. Normal distribution for: a) Mechanical stress
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b) Temperature, c) Humidity

divided into two aspects: experiment factor and
operating condition factor. The former one includes a)
Dispersibility in material composition and structure, b)
Experimental temperature or mechanical stress
measurements error, c) Measure facilities precision.
The other one includes fluctuation of operating
conditions such as service temperature and service
mechanical stress. In this section ‘‘service conditioncreep rupture property’’ interference model (SCRI) is
used for reliability evaluation. This method is retrieved
from the mechanical stress-strength method and relies
on experimental data. SCRI method is more
complicated comparing mechanical stress–strength
model since it includes the fluctuations of both service
temperature and stress plus the rupture data scattering.
Figure 10 illustrates the SCRI model. This model
represents the dispersibility of creep rupture data and is
used to describe the fluctuation of service conditions.
Generally, the distribution of parameter Z is normal, the
probability density function of ୡ୰ is [9]:
ሺୡ୰ ሻ ൌ

ͳ
ୡ୰ ξʹɎ

 ቆെ

ଶ
ୡ୰
ቇ
ଶ
ʹୡ୰

(11)

Figure 9. Monte-Carlo flowchart for reliability evaluation

b) Reliability result analysis
Results are given in Table.3 for the mean of the turbine
blade span. As shown in the results, with an increase in
success criteria, reliability decrease. For example, for
20000 hours success criteria, reliability is 73.6%, which
means that the turbine blade has the possibility of
98.8% successful work, and 26.4% failure might occur
at this time. The results show that up to 15000 hours,
reliability is acceptable but after this point, reliability is
very low and it is not suitable for longer times.
Table 3. Reliability evaluation for mean of blade
Success
criteria
(hour)
Reliabi
lity

10000

13000

15000

20000

23000

25000

30000

100

99.9

98.8

73.6

43.8

26.7

5.1

Reliability Analysis Using SCRI Method
In this part, reliability was studied with service
conditions like temperature and mechanical stress
variations. There are not any experimental researches
considering humidity, so WAR=0 was considered here
and reliability was estimated with only mechanical
stress and temperature as random variables. In general,
the factors which affect life prediction accuracy are

Figure 10. Schematic of SCRI method [26]

As mentioned,ୡ୰ is the deviations in the experimental
creep-rupture data and it is obtained from the master
curve for this material as:
̴  ൌ ሺ ሾ ሿ  ʹͲሻ െ ሺെͶǤ െ Ͳͺሻɐ̰͵
 ሺͷǤͳͲͳ െ Ͳͷሻɐ̰ʹ
െ ሺͲǤͲʹͻሻɐ  ʹͺǤͶͷ

(12)

On the other hand, ୱ describes the fluctuation of
service conditions like service temperature, time and
applied mechanical stress. As ୡ୰ and ୱ are two
independent random variables, the probability density
function of the distribution of ୱ is based on the
mentioned variables:
ሺୱ ሻ ൌ ൫ǡ οǡ ɐǡ οɐǡ  ୮ ൯

(13)

where T is service temperature,ɐ is applied
mechanical stress,  ୮ is service time, ο represents
service temperature fluctuation and οɐ is the applied
mechanical stress fluctuation.ୱ shows fluctuation of
service conditions. In SCRI model, the interference area
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is shown in Figure 100,where ୱ >
ୡ୰ indicates that
material iss failed and do not havee the capacitty of
working inn the selected service condiition. Reliabiliity is
defined as the probability
p
of a seleected
componentt/material withhout failure att a specific serrvice
conditions. Rupture faiilure can haappen just inn the
interference area, so the reliability cann be calculatedd as:
ൌͳെ

ൌͳെන

ାஶ

ିஶ

ౙ౨

ሺୱ ሻሾන

ஶ

ሺୡ୰ ሻୡ୰ ሿୱ

(14)

Here, R is defined as relliability and F is the cumulative
failure probbability [9].
a)Numericcal reliability evaluation
Reliability was calculated for differeent fluctuationns of
u
the Monnte temperature and mechannical stress using
Carlo metthod. As it was discusssed, this meethod
represents the scatteringg of creep-ruupture of matterial
b using Equuation.12 whicch is
and can bee calculated by
generally supported
s
by a normal distrribution. Therre are
two factorrs (operating temperature and mechaanical
stress) that fluctuate duriing the servicee time so it is hard
a
methood for reliabillity evaluationn. As
to use the analytic
mentioned,, Monte -Carloo method is used
u
for evaluating
safety in thhe SCRI methood as shown inn Figure 10.
In Moonte-Carlo method
m
(figuree 11), mechaanical
stress and temperature are sampledd randomly from
F
a set of temperaature,
normal diistribution. For
mechanicall stress and time, ୱ is calculated using
u
Equation.13 with differeent variations value. Also, ୡ୰ is
calculated using Equatioon.12 based on
o random noormal
I ୱ <ୡ୰ , it means that material
m
is in safe
variables. If
state, workkings successfu
fully without failure.
f
If ୱ >ୡ୰ , it
means thatt component/m
material is not in safe statee and
failure occuurs in this servvice conditionn. After simulaating
N times, thhe safety reliabbility is obtainned as:
R=

୬



/15

b)Reliability Result
R
Discusssion
Frrom histogram
ms which are ggiven in Figure (12 &13), itt
is understandable that with inncreasing mecchanical stresss
nd temperaturee fluctuation, interface areaa between andd
an
inccrease. From the SCRI meethod, it is kn
nown that thee
intterface area shows
s
failuree probability, consequentlyy
by
y increasing temperaturee or mechaanical stresss
vaariation, reliabbility decreasee. As shown in Figure 14,,
wiith constant mechanical stress and increase inn
tem
mperature fluuctuation from
m 0 to 15, it is
i shown thatt
relliability decrreases 15 peercentage. Also, with thee
inccrease in mecchanical stresss variations fro
om 0 to 25 inn
thee constant teemperature, reeliability decrreases by 200
peercentages. Soo, it is obviouus that with th
he increase inn
tem
mperature andd stress fluctuuation, reliability decreasess
rap
pidly.

(b)

(d))

(a)

(c)

(15)

(f)

(e)

Figure 12. ୱ and ୡ୰ histoggrams for mechaanical stress
variatiions

(b))
Figuree 11. Monte-Carrlo flowchart foor SCRI methodd

(a)
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(d)

(c)

(f)

(e)

Figure 13. ୱ and ୡ୰ histograms for temperature variations
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Also, results have been compared with FEM results
which are gathered from the literature review and it is
shown that the proposed method has good agreement
with previous researches. Reliability evaluation of
turbine blade has been done in a two-step. First,
reliability is calculated using success criteria in the
mean of turbine blade span. In this section, mechanical
stress, temperature, and humidity variations are
considered as a normal distribution, and reliability is
evaluated for seven different success criteria using
Monte-Carlo simulation, and results are given for the
mean of the turbine blade. Also, in the second section,
reliability changes have been studied due to mechanical
stress and temperature fluctuations. In this section,
humidity is not considered because of limitation in
experimental data, but temperature and stress is
considered as a random variable in-service condition.
Reliability changes have been evaluated with
fluctuations in service conditions. The results show that
an increase in both temperature and mechanical stress
fluctuations cause the interface area to increase and it
leads to a decrease in reliability.

NOMENCLATURE
C

Td
୰
R
F

(a)

ɂιୱ
ୡ୰
ୱ
Ɋ
B
n
(b)
Figure 14. Reliability results for: (a) Temperature variations
(b) Mechanical stress variations

Conclusion
In this study, different creep life estimation methods
were classified. A new creep life evaluation method
was proposed considering humidity. This method is
capable of evaluating creep life with only knowing
mechanical stress, dry temperature, and humidity.
There is no need for knowing temperature variations
during humidity changes. The results show that creep
life increases with increases in humidity percentages.

Larson miller constant
Mechanical stress
Dry temperature (WAR=0)
Creep life in hour
Reliability
cumulative failure probability
Strain rate
Dispersion of creep-rupture
Fluctuation of Service condition
Mean value
humidity coefficient
Humidity power

ο
οɐ

Mechanical stress variation

LMP
OSD
Q
WAR
HAT
HP
FEM

Larson-Miller-Parameter
Orr-Sherby-Dorn
Activation energy
Water-Air-Ratio
Humid-air-turbine
High-pressure
Finite element analysis

Temperature variation
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