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Abstract— Exhaust manifold expansion joint cracks from Thermo-mechanical Fatigue (TMF) are often seen on railway 
locomotive EMD WDP4D which adversely affects the functioning of Turbo-super charger due to exhaust gas leakage Finite 
Element analysis (FEA) is to be performed to investigate fatigue phenomena due to the thermal loadings applied to the 
expansion joint of exhaust manifold. This study focus on the development of a reliable approach to predict failure of 
expansion joint and on the removal of structural weaknesses through the optimization of design. The optimization of cast and 
fabricated manifolds requires different techniques, due to the production restrictions. The locations where failures occur on 
expansion joints are predicted with high degree of accuracy using ANSYS V16. This study also shows an optimization 
package, which provides practical solutions to engineering problems through the removal of local structural weaknesses on 
highly loaded exhaust manifolds. 
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I. INTRODUCTION 

 
Exhaust manifold cracks from Thermo-mechanical 
Fatigue (TMF) are often seen on highly loaded 
engines, due to increasing marketplace demands for 
performance and emissions. A constant search for 
higher strength materials is needed, due to maximum 
gas above 1000°C. The use of virtual prototypes for 
creating a development strategy for testing will 
reduce expense and time as opposed to using physical 
prototypes. The design and analyses engineers are 
assisted through advanced simulation technologies, 
which help locate critical areas during the early 
phases of development so that local structural 
weaknesses can be removed. A variety of studies 
have been published over the last few decades 
regarding the identification of these critical areas, 
which include considering kinematic and isotropic 
hardening, creep in material modeling and 
consideration of plasticity, creep and oxidation in 
lifetime modeling. 
This study focuses on the development of a reliable 
approach to predict failure of exhaust manifolds and 
on the removal of structural weaknesses through the 
optimization of design. The failure modes for TMF 
cracks, vibration and exhaust manifold gaskets are 
emphasized. The resulting optimization used both 
manual and automatic methodologies, which 
highlight the advantages and disadvantages of the 
proposed design. Examples of the applications show 
that automatic shape optimization is a powerful tool 
in the development of exhaust manifolds. 
Engineering expertise  still  require to fully utilize 
this technique, because the results strongly depend on 
defining the problem. The optimization of cast and 
fabricated manifolds requires different techniques, 
due to the production restrictions. The locations 
where failures occur, on both the exhaust manifolds 
(cast or fabricated) and exhaust manifold gaskets. 

This study also shows an optimization package, 
which provides practical solutions to engineering 
problems through the removal of local structural 
weakness on highly loaded exhaust manifolds. TMF 
cracking on exhaust manifolds is an issue that engine 
manufacturers have been facing more frequently over 
the last decade. The primary reason for the TMF 
cracking is the significant increase gas in 
temperatures. The increasing gas temperature is 
equated to three main failure mechanisms within the 
exhaust manifolds such as; 

 Oxidation (environmental effects) 
 Mechanical fatigue (cyclic plasticity) 
 Creep(Time effects) 

 
The exhaust manifold expansion joints plays an 
important role in the performance of an engine. 
Particularly, the efficiency of Turbo-Super charger 
are closely related to the exhaust manifold. The 
cracks on the expansion joint bellows lead to the 
leakage of exhaust gases which result in poor boost 
pressure to run the turbine affecting the overall 
performance of the engine. The exhaust manifold is 
under a thermal fatigue produced by the temperature, 
which leads to a crack of the exhaust manifold. To 
maximize the engine power at high speeds, the 
exhaust gases should be vented out smoothly from the 
piston chambers to the exhaust manifold. Structural 
and thermal analysis is performed with an internal 
pressure load, stresses and deflections. Efforts are 
made to optimize the design for the above said 
conditions..  
Yasar Deger et al. [1] have done the fluid flow and 
the heat transfer through the exhaust manifold is 
computed by a CFD analysis. Exhaust manifolds are 
sensitive and prone to crack damage. The new 
material like cast alloys were subjected to high 
temperatures at relatively high operational 
temperatures. Suggested alloys have better stress 
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sustainability at higher temperatures which can be 
used as Exhaust manifold materials. 
Galindo et al. [2] have studied the behavior of 
Exhaust manifold material like cast steel and alloy 
based materials on high speed direct injection 
turbocharged diesel engines. Finally concluded that 
alloys withstand higher temperatures with less 
deformation which can be used as exhaust manifold 
materials. 
Ugur Kesgin [3] has investigated the design 
parameters of the inlet and exhaust systems of a 
stationary natural gas engine. Exhaust system was 
subjected to thermo-mechanical fatigue, The fatigue 
analysis of the exhaust manifold.  Concluded that the 
nature, modes of crack and life prediction have been 
studied.  
Mahesh M. Sonekar et al. [4] Presented a broad 
aspects of FEM for a variety application. The FEM 
based result failure modes and results is compared 
with the measured ones for the validation and found a 
good conformity. FEM technique for failure analysis, 
calculated stress and strains under static and dynamic 
loading, and these results are used for critical points 
evaluation and proposing and new design of the 
exhaust manifold to eliminate the failure. 
G.C. Mavropoulos[5] The work presents a 
experimental investigation of instantaneous heat 
transfer phenomena occurring in both the cylinder 
head and exhaust manifold wall surfaces of a direct 
injection (DI), air-cooled diesel engine. From the 
results the cyclic heat transfer phenomenon was 
studied for the change in speed and loading condition.  
 A. Benoit et.al. [6] The study considers the thermo 
mechanical cyclic loading condition on a structure. 
The exhaust manifold is selected for classical thermo-
mechanical fatigue test is analyzed. The exhaust 
manifold heated to the highest temperature, must 
possess high temperature oxidation resistance with 
good thermal fatigue strength. A new composite 
material composition was suggested for highly loaded 
exhaust manifolds. 
Taner Gocmez and Udo Deuster [7] in their 
“Designing Exhaust Manifolds Using Integral 
Engineering Solutions” focused on the development 
of a reliable approach to predict failure of exhaust 
manifolds and on the removal of structural 
weaknesses through the optimization of design. The 
failure modes for TMF cracks, vibration and exhaust 
manifold gaskets are emphasized.. This study shows 
an optimization method, which provides practical 
solutions to engineering problems through the 
removal of local structural weaknesses on highly 
loaded exhaust manifolds. 
J.David Rathnaraj [8] in his work “Thermo 
mechanical fatigue analysis of stainless steel exhaust 
manifolds” had proposed a model based on 
Isothermal data. Thermal fatigue analysis should be 
considered in the design process of the exhaust 
manifold. The durability of exhaust systems, specially 
corrosion and Thermo Mechanical Fatigue (TMF) 

resistance, needs to be improved significantly by the 
use of stainless steel rather than cast iron. The paper 
results focuses on the application of constitutive 
equation to the thermo mechanical condition of a 
model based on isothermal data. Using the proposed 
model, the thermal stress analysis and life prediction 
of exhaust manifold made of 429EM stainless steel 
was done at extreme temperatures and fatigue 
behavior was studied. 
 
II. METHODOLOGY 
        
With the given dimensions of  the Exhaust Manifold 
Expansion joint is to be Modeled using commercial 
modelling Software SOLIDWORKS. Later on the 
thermal Analysis of the Modeled Expansion Joint is 
carried out in commercial analysis software  ANSYS 
with applied load Temperature of 600OC exhaust 
gases, shown in table 2.1 

 
Table 2.1 Inlet temperature of Exhaust gases 

 
 
 Analysis results is verified thoroughly, identify the 
value of Von Misses stress developed in the 
Expansion joint, if the developed stress is found to be 
more than the yield strength of stainless steel, the 
cracks are more likely to occur and redesigning of the 
expansion joint is essential. Designing of the new 
expansion joint is to be done according material 
properties of  stainless steel shown in table 2.2 and 
the modem of failure. After proposing the new 
design, thermal load of 600 degree is to be applied to 
the expansion joint and check for stress developed is 
greater than the yield strength of stainless steel, is the 
stress developed is less than the yield strength of the 
material the design is safe. Also load of 900OC is also 
to be applied on the modified design to make sure the 
expansion joint does not fail at higher temperatures 
too.  
 

Table 2.2 material properties of Stainless steel 

 
 

III. MODELLING AND DESIGN  
 

A typical Exhaust manifold expansion joint of 
WDP4D locomotive is shown in Fig 3aBellows are 
provided on the expansion joint in Fig 3b Cut section 
shown in fig 3.3 to expand and contract during the 
temperature gradients, which is the major cause for 
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the crack propagation. To improve exhaust system 
performance, many design specifications are 
required. 
 

 
Fig.3a Exhaust manifold expansion joint of 

WDP4D locomotive 
 
Exhaust gases should be led from the piston chambers 
to the exhaust manifold smoothly. This will ensure to 
maximize the engine power at high speeds. The 
catalyst will absorb more pollutant at high 
temperatures. Hence, the exhaust gases should be 
kept at high temperature in the exhaust pipe even 
during low speeds. The exhaust system has to be 
“tuned” for optimal efficiency. A tuned exhaust 
system should have geometry which will reflect the 
pressure waves of the exhaust gases which are 
emitted, as per engine firing order. 
 

 
Fig.3b. Expansion Joint of Exhaust Manifold 

 
Exhaust Bellows Expansion joints are installed very 
close to the engines and are subjected to severe 
conditions of temperature, Movements and 
vibrations. The design of exhaust bellows expansion 
joint require a thorough expertise due to challenging 
demands on them like, 

 High temperatures in manifold area, more 
than 600OC 

 Absorption of high thermal expansion and 
severe vibrations. 

 Compact overall dimensions due to space 
restrictions. 

 Easy dismantling and assembly to avoid 
engine down-time.  

 
Fig.3c. Cut section of Modelled Expansion Joint bellow 

(Existing) 
 
A safe proper exhaust system has never been 
important as it is today. Rail road engines. Rail road 
engines has very specific  exhaust requirements for 
leakage,vibration and noise. Exhaust leaks poses 
potential threat to workers and Engine performance 
for Turbo-Super charged engines. Expansion joints 
are quite neccesary in an exhaust assembly, designed 
to absorb thermal heat expansion of Exhaust manifold 
materials,hold component together and to absorb 
vibrations. Without the use of expansion joints the 
fluctuation of exhaust materials from temperature 
would result in Leaks and cracks which lead to 
expensive repairs. 
 
 3.1 Boundary conditions 
 The Exhaust gas Temperature and pressure shown in 
table 1 is exhaust out from GT46Ace Engine of the 
WDP4D locomotive. 
The boundary conditions for the structural analysis is 
given below, 

1. Bolts arrested in all DOF  
2. Pressure of 500 kPa inside pipes, as  Structural 

loads 
3. Temperature distribution applied as thermal 

loads   
 
IV. RESULTS AND DISCUSSION  
 
Table 4a shows the stress comparison of existing and 
design modified expansion joints however the 
formation of design, design modifications and results 
is discussed below 

 
Table 4.a Stress comparison of Existing and design 

modified expansion joints 
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4.1 Thermal stress analysis for existing   design of 
expansion joint 
Thermal analysis is carried out for 600OC, thermal 
stress is calculated out for 600 OC due to the reason 
that the maximum exhaust gas temperature from the 
engine is 6000C. The temperature distribution in 
Fig.4.1a is the amount of heat gained or lost thermal 
gradients and thermal fluxes. Thermal analysis is 
done to determine the temperature distribution, point 
of propagation of crack and other thermal quantities. 
The loading conditions are steady-state, where in the 
temperature changes over time period is not 
considered. Temperature distribution should be 
analyzed for predicting the Mode and direction of 
propagation of crack. 

 

Fig.4.1a Temperature distribution at 6000C 
 
From the stress analysis of the expansion joint the 
maximum stress was found to be 240Mpa shown in 
Fig.4.1b where the yield strength of the stainless steel 
is only 215Mpa, the stress induced overcomes the 
yield strength of the material. The stress is more on 
the space which was left free between the bellows 
and the outer ring which is created to house the nut 
and bolt, thus the origin of propagation of crack was 
found to be the gap, which should be reduced. The 
stress was found to be high in this gap due to less 
convection which was due to the less surface area for 
the heat transfer 
 

Fig.4.1b Stress induced at 6000C 
 
From the analysis results, the maximum deflection for 
the loading condition and the Von Misses stresses are 
obtained. According to the Maximum Yield Stress 
Theory, the design under static conditions was found 
to be failure due to less heat convection. Where the 
Von Misses stress is obtained was more than the yield 

strength of the stainless steel. Hence the existing 
design. 
 
4.2 Design for modified expansion joint 
From the Thermal stress analysis data which was 
obtained from the existing model of expansion joint 
the Von Misses stress obtained was greater than the 
yield strength of the stainless steel. This was due to 
the less heat convection to the atmosphere as the 
result of the gap which was left free on both sides of 
the end bellows. Thus to increase the heat transfer in 
the form of convection it is essential to increase the  
bellow width shown in Fig 4.2a without increasing 
the overall length and diameter of the expansion joint 
due to space restrictions. 
 

Fig.4.2a Bellow width increased for better heat convection 
 
The major modification made in the existing design is 
the increased top curvature surface area, bellow width 
as shown in Fig 4.2a  
Increasing the gap, between the outer rings shown in 
Fig 4.2b cut section view of expansion joint which is 
provided to connect the exhaust chambers increases 
the convection heat transfer. This modification results 
in increasing surface area for the for heat convection 
from the bellows thus the thermal stress in reduced 
drastically 
 

Fig.4.2b Cut section view of expansion joint better heat 
convection. 

 
4.3 Thermal stress analysis for modified   design of 
expansion joint 
Thermal  load of 600O C is applied to the expansion 
joint ,After the application of the load the Von misses 
stress induced was found to be 140Mpa which is very 
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less than  215Mpa the yield strength of stainless steel. 
Shown in Fig 4.2c the stress induced. 
 

Fig.4.2c Stress induced at 6000C 
 
The von misses stress induced in the expansion joint 
bellows is less than the existing design due to heat 
convection rate to the atmosphere is increased 
drastically by increasing the surface area if the 
bellows. Thus the design is found to be safe at 600OC. 
Also a temperature load of 900OC was applied to 
check the Structural sustainability of the Expansion 
joint at higher temperature operations. 
 

Fig 4.2d Stress induced at 9000C 
 
The induced Von Misses stress with Temperature 
load of 900OC was found to be 213Mpa shown in Fig 
4.2d which justifies the proposed design is safe 
further. Also the proposed design can be used in 
Expansion joints of Locomotives which gives higher 
exhaust temperatures. 

 
CONCLUSION 
 
With the given dimensions of the Exhaust Manifold 
Expansion joint was Modeled and converted to 3D 
structure using Software SOLIDWORKS. Later on 
the thermal Analysis of the Modeled Expansion Joint 
was done in ANSYS with applied load Temperature 
of 600OC exhaust gases. From the Analysis reports of 
the Expansion joint the Von misses stress developed 
on the Expansion joint was 240Mpa, the stress was 
found more on the gap which was left free on the 
both sides of the bellows where the propagation of 
the crack begins and exceed to the bellows and make 

the failure, which we call it as the Thermo-
Mechanical Fatigue. 
Thus the Re-designing the dimensions of the 
Expansion joint was necessary without increasing the 
whole Diameter and size of the Expansion Joint due 
to space constraints. Finally changes was made in the 
Dimensions of the Expansion Joint and Modeling was 
done, later Thermal analysis was done with the same 
Temperature load of 600OC and the Von misses stress 
induced in the Expansion Joint was found to be 
140Mpa  which is drastically less than that of the Von 
Misses stress induced in the Existing Design, Thus 
the Expansion Joint does not undergo Thermo-
Mechanical Fatigue with the Proposed Design. Also 
to be on the safer side a temperature load of 900OC 
was applied on the Expansion Joint , the induced 
stress was found to be 213Mpa Which is safe. Thus 
the proposed design of the Expansion Joint can also 
be used for higher temperatures ie, locomotive 
manifolds which operate at Higher temperatures. 
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