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Summary This research paper addresses the challenges of thermomechanically loaded com-
ponents in four-stroke medium-speed engines, focusing on exhaust pipe failures due to low-cycle
thermal fatigue. Wärtsilä’s shift towards 100% renewable energy has altered engine operating
conditions, leading to new challenges in exhaust components subjected to fluctuating thermal
conditions. The study focuses on the transient method’s ability to detect phenomena during
heating and cooling in stress and temperature histories, optimizing the transient analysis defini-
tions and providing some principles for design modifications in thermal stress problems. A case
study of nodular cast iron exhaust manifold is used as an example. Traditional methods using
cyclic steady-state temperatures have been found insufficient, prompting the development of a
more accurate transient method that uses measured temperatures during the engine’s thermal
cycle. The paper compares conventional steady state heat transfer analysis and two transient
heat transfer analyses for defining thermal boundary conditions. The temperatures in the first
transient analysis are defined accurately from the measurements, leading to more realistic results
and long calculation time. The second transient analysis is improved to offer a balanced method
between accurate thermal boundary definitions and shorter calculation time. The transient
method reveals higher stress amplitudes in previously low-stress zones, identifying the actual
critical points on the exhaust pipe.

Keywords: transient, thermal stress, medium-speed four-stroke engine, low-cycle thermal fa-

tigue

Received: 29 November 2024. Accepted: 23 June 2025. Published online: 27 October 2025

Introduction

Wärtsilä has actively contributed to the energy transition towards the 100% renewables
future by developing its products and creating strategies for how this target could be
achieved as soon as possible [1]. This includes the usage of engine power plants to balance
the energy system when renewable energy is not enough to fulfil the needs of consumption.
In practice, the usage of engines has tilted from the old base load provider to peak facilities
which means that previously engines would run, for example, two weeks with one start
whereas now the engines may be started 20 times in the same period and run only hours
per start. As a result, the change in engine operating conditions has led to locating
cracks (see Figure 1) in the exhaust components that have not had problems before, nor
the simulations have pointed out.

1Corresponding author: sami.kreivi@gbw.fi
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Figure 1. Low-cycle thermal fatigue caused exhaust support failure.

The dominant failure mode that has become more significant along this change in
engine usage is low-cycle thermal fatigue (LCTF). Low-cycle thermal fatigue is a crit-
ical consideration in the performance and durability of components subjected to cyclic
thermal loading, especially in environments characterized by start-stop cycles and fluctu-
ating operational conditions [2, 3]. The conventional workflow of using cyclic steady-state
temperature fields in fully heated up and cooled down states of the engine has proven to
be insufficient for a reliable thermal stress analysis. On the other hand, simulating full
transient thermal cycles which match measurement data usually leads to time-consuming
and cost-heavy calculations. Due to this, an intermediate solution was needed. The cost-
effective simulation process is a relevant issue in designing thermomechanically loaded
engine components due to the number of design iterations required for the final product.
Design optimization usually takes several simulations with critical geometry modifications
to reach the desired resolution, as the interaction of thermal and mechanical loads in a
multi-component assembly is not always so predictable.

This paper focuses on a case study of a nodular cast iron (EN-GJS-500-14) exhaust
manifold in a four-stroke medium-speed engine to investigate the effects, methods and
simulation workflows for LCTF in an extensive range of temperature changes. The con-
ventional and improved simulation methods are explained with some comparisons consid-
ering the total simulation times and reliability of the results. In addition, some simple
design principles for thermomechanically loaded structures and acceptance criteria re-
garding cyclic thermal stresses are presented.

Low-cycle thermal fatigue in engine components

Fatigue in metals is conventionally considered as the consequence of highly localized cyclic
inelastic deformation that requires thousands or even millions of cycles to initiate and
propagate a crack to a macroscopic scale. The regime of low-cycle fatigue, however,
emphasises greater and more homogeneously distributed inelastic deformation that leads
to crack initiation and propagation at clearly lower amount of load cycles (approximately
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less than 104 cycles). In an environment of great temperature changes, the more important
condition called thermal fatigue is imparting low-cycle endurance as the cyclic deformation
is caused by temperature gradients leading to thermal expansion in the frequency of
heating and cooling [2].

When a component subjected to cyclic heating and cooling is in a mechanically re-
stricted state, often bolted to a larger assembly, the overall loading derives from phases
of mechanical and thermal loads [3]. The exhaust manifold of the case study is a good
example in these situations as the exhaust gases heat the channels and their nearest sur-
roundings of the manifolds to over 550 ◦C. In contrast, the temperatures of the bracket
or block on which the manifold is bolted stay under 100 ◦C on steady-state full load tem-
peratures. This leads to non-uniform thermal expansion of the exhaust manifold, which
again amplifies the multiaxial stress state. Figure 2 represents the absolute maximum
principal stresses and temperatures of hot and cold points on adjacent components dur-
ing a typical thermal cycle. As a result of this stress state, the first thermal load cycles
often lead to plastic deformation in localized high-stress zones where the material’s yield
point is exceeded [3]. Residual stresses that occur in these high-stress zones create high
stress amplitudes, as the stress is reversed from tension to compression or vice versa in
the cooling phase of the engine.

Figure 2. Absolute maximum principal stress and temperature of adjacent hot and cold engine compo-
nents during a typical thermal cycle.

In the context of ductile iron, which is frequently used in thermomechanically loaded
components, knowledge about material properties at intermediate temperatures is de-
manded for accurate lifetime predictions in challenging operating conditions. The me-
chanical properties of ductile irons with elevated silicon contents have proven advanta-
geous suitability for engine components due to their higher strength and ductility, allowing
significant weight reduction in the final casting [4, 5]. Increased pearlite fraction in the
microstructure and silicon content of the ferritic structure increases the tensile and yield
strength properties of the material at temperatures ranging from room temperature to
450 ◦C [6]. Material models based on measurements at intermediate temperatures provide
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valuable tools for applications such as Finite Element Method (FEM) calculations and
the optimization of thermomechanically loaded ductile iron components.

In addition to material characteristics, the geometry shape of the component under
the cyclic thermal loading also significantly affects LCTF performance, and multiaxial
thermal fatigue is more destructive than isothermal fatigue [7]. Generally, the material
property data from material experiments, temperature data from laboratory engine tests
and geometrical shapes proposed by component experts and designers are combined in nu-
merical simulations of thermomechanically loaded engine components. The vast amount
of variables and situation-dependent conditions should be limited so that the causes of
possible failures, the solutions to overcome them, and the overall conclusion if the compo-
nent is applicable in the conditions it is designed for could be understood via simulations
within a tight schedule. Another focus of this paper is the method development of the
simulation process and guidelines on the design characteristics of thermally loaded en-
gine components as a part of continuous development in simulation-enhanced product
improvement [8].

As in [9, 10], the optimization of structure design is one of the most effective approaches
in LCTF problems and even minimal appropriately chosen modifications in geometry can
have a huge impact on the feasibility of a component [11]. Thermal stress amplitudes are
highly prone to develop in sharp shapes and areas that experience a wide range of tem-
peratures and uneven changes in temperature distributions. Adding stiffening brackets
or ribs, removing unnecessary material for improved flexibility of thermal expansion, and
enlarging the radius in critical locations have relatively significant effects in these situ-
ations [9]. However, the communication between the structural analysts, designers and
casting experts must be seamless for a final design that meets the design requirements. In
addition to the component’s required lifetime, the requirements of manufacturability from
casting moulds and machining to the final installation on the engine assembly must also
be met. Manually redesigning the component and obtaining the effects of the modifica-
tions with an FE-analysis naturally takes a lot of time in the design process. This has led
to rising attention towards geometric deep learning methods for predicting the results of
analyses without running the actual cost-heavy calculations [12]. Getting a prediction of
stress distribution with a slightly modified geometry and the same loading in a shortened
time would give valuable insights into the redesign, thus shortening the overall time of
the design process.

LCTF is not a new problem in the industry and various methods have been developed
to estimate the crack initiation and lifetime of thermomechanically loaded structures
[13, 14, 15]. The emphasis on thermomechanical fatigue simulations has traditionally
been prioritized towards more operating-critical components such as cylinder heads and
combustion-related components [16, 17]. In the automotive industry, the low-cycle fatigue
phenomenon is known to be the most common cause of exhaust manifold failure [18, 9]
and several stress- and strain-based multiaxial fatigue life estimation models have been
developed [14]. Lorenzini et al. [18] used the equivalent plastic strain range registered
for a single thermal cycle (∆PEEQ) as a key factor to estimate the fatigue lifetime based
on the research done by Chen et al. [19], where they studied the thermomechanical be-
haviour of an exhaust manifold for a turbocharged gasoline engine and proposed a plastic
deformations-based methodology to simulate the structural failure. The deformation-
based methodologies seem to offer a valid possibility alongside the traditional stress-based
theories in the regime of low-cycle thermal fatigue phenomenon which must be studied in
the future also with the usage of large-bore medium-speed engines. However, the focus
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of this paper is on the transient thermal stress simulation process as stated and thus, the
fatigue lifetime evaluation is not emphasized as such.

Conventional steady state model (SS)

The heat transfer analysis with FEM is a computational technique employed to predict
the distribution of temperature within a solid body subjected to various thermal loads
and boundary conditions. As an uncoupled heat transfer analysis, in this case, the stress
or deformation of solid bodies is not considered. In a conventionally used steady-state
analysis, the system reaches a thermal equilibrium where the temperature distribution
is not time-dependent. Key aspects of the uncoupled steady-state heat transfer FEM
analysis procedure include mesh generation, material properties assignment, thermal and
mechanical boundary condition specification, and solution convergence. The relatively
simple and quick process of two FEM analyses in this conventional method is crucial
when several iterations might be needed to find the optimum design. In the case study of
this paper, Abaqus/Standard 2023.HF2 [20] was used as a FEM-solver and fe-safe 2023
Hot Fix 2 [21] was used for critical plane analysis. Stress amplitudes and mean stresses
on maximum normal stress planes were solved only to discover the most critical points of
the design. The studied exhaust pipe assembly and its main components can be seen in
Figure 3.

Figure 3. Exhaust pipe assembly FE-model. Figure 4. Convection surfaces of the FE-model.

Conventionally the thermomechanical problems have been mainly solved by examining
the stress states inflicted by the maximum fluid temperatures (e.g. exhaust gas, cooling
water, charge air), which are generally well-known for several locations in the studied
assemblies. Additionally, for thermomechanical fatigue problems, the cyclic load could be
obtained from the difference of stress states in extreme temperatures. In the case of base-
load-providing engines, these have been sufficient and cost-effective methods to evaluate
the feasibility of component designs, as the temperature fields were calculated with a
steady-state heat transfer analysis. The convection from fluids to solids in heat transfer
was defined as surface-based films (*SFILM [20]) for predefined surfaces of the FE-model
shown in Figure 4. The heat flux qconvection for the surface-based films is governed by
Newton’s cooling law [22] using the given film coefficient h, solid surface temperature Ts

and the reference fluid temperature Tf

qconvection = h · (Ts − Tf ). (1)
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Conductive heat flux qconduction in the solid material is calculated according to Fourier’s
conduction law (here as one-dimensional for simplicity) [22] with the thermal conductivity
of the solid material k and the temperature gradient dT/dx

qconduction = −k · dT
dx

. (2)

Heat transfer rate Q is obtained from the sum of the heat fluxes multiplied by their
respective areas of effect A

Q = qconvection · Aconvection + qconduction · Aconduction (3)

and in a steady-state equilibrium, the heat transfer rate is zero everywhere (Q = 0). A
sequentially coupled thermal stress analysis can be performed using the temperature field
from the heat transfer analysis as a thermal load.

The thermal boundary conditions (TBC) used in the conventional steady-state heat
transfer analysis (SS) of the case study are shown in Tables 1, 2 & 3, in which only the
final temperatures for every condition during the thermal cycle were taken from mea-
surements. The film coefficients for SS were tuned during a sensitivity study so that
the temperatures in measured points in the steady state would match simulations. In
the sequentially coupled thermal stress analysis, mechanical loads such as bolt pretension
forces and pressures during the thermal cycle were applied to the structure in addition to
the temperature fields, and the FEM predicted the distribution of stress and deformation
under a combination of thermal and mechanical loads.

Table 1. Thermal boundary conditions for exhaust pipe in SS.

Step Duration [s] Temperature [°C] h [kW/(m2·°C)]

Preheat (steady state) 1 0 - 50 300
Full load (steady state) 100 50 - 580 450

Cool down (steady state) 100 - -

Table 2. Thermal boundary conditions for waste gate in SS.

Step Duration [s] Temperature [°C] h [kW/(m2·°C)]

Preheat (steady state) 1 0 - 50 150
Full load (steady state) 100 50 - 580 300

Cool down (steady state) 100 - -

Table 3. Thermal boundary conditions for cooling water in SS.

Step Duration [s] Temperature [°C] h [kW/(m2·°C)]

Preheat (steady state) 1 0 - 50 5000
Full load (steady state) 100 50 - 82 5000

Cool down (steady state) 100 50 5000
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The material of the greatest interest in the case study of this paper is EN-GJS-500-
14 [23], for which a temperature-dependent elastoplastic material model with perfect
J2-plasticity was created for FEM simulation purposes (see Figures 5 & 6). Thermal con-
ductivity and thermal expansion coefficient were also defined with temperature-dependent
values, as shown in Figures 7 & 8. Density of 9.6 g/cm3 and Poisson’s ratio of 0.29 were
set as constants for the material model. The fatigue limit of EN-GJS-500-14 in elevated
temperatures was not found in an extensive literature review [24, 25], and no fatigue tests
of Wärtsilä’s own were performed at the time of this study. Due to their close to simi-
lar microstructures, it was presumed that the fatigue limit of EN-GJS-500-14 was in the
same range as in EN-GJS-500-7 with 50 % pearlite, for which there was accessible fatigue
test data in higher temperatures. In addition, according to the European Standard of
spheroidal graphite cast irons, the fatigue strength of EN-GJS-500-14 should be at least
as high as the fatigue strength of EN-GJS-500-7 at room temperature [23].

Figure 5. Temperature-dependent elastic modulus
of EN-GJS-500-14 material model.

Figure 6. Temperature-dependent yield point of
EN-GJS-500-14 material model.

Figure 7. Temperature-dependent thermal conduc-
tivity of EN-GJS-500-14 material model.

Figure 8. Temperature-dependent coefficient of
thermal expansion of EN-GJS-500-14 material
model.

Figure 9 shows the stress-life (SN) curve of EN-GJS-500-7 generated from the fatigue
tests in 450 °C. A target life of 104 cycles was selected for the studied LCTF problem, for
which a fatigue limit of circa 1.31 can be read from the SN-curve. However, to account
for the uncertainty of using the fatigue limit from not exactly matching material and
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to add safety to simulation results, a safe limit for stress amplitudes in EN-GJS-500-14
during the thermal cycle was selected as 1.0. In this paper, this value is used for the
normalization of stress results. Regarding the detrimental effect of tensile mean stress for
fatigue, the limit of stress value 1.0 was strict under tensile mean stress, but for points
under compressive mean stress, an amplitude of 1.15 was accepted [26].

Figure 9. SN-curve for EN-GJS-500-7 (50% pearlite) in 450 °C.

Transient model (T1)

The analysis type must be altered to consider the phenomena during the heating and
cooling, not merely at the steady states when the target temperatures are reached in
the entire assembly. Sequentially coupled stress analysis with thermal loads from steady-
state heat transfer analysis can examine the solid component’s deformation and stress
state as a function of linearly changing temperature, i.e. the final state after perfectly
uniformly developed temperatures. However, due to the usage profile change, the non-
linearly developing temperature field during the thermal cycle was needed as input to
the stress analyses. This was possible by obtaining the temperatures from transient
heat transfer analysis, which solves the time-dependent thermal field [27]. In transient
heat transfer analysis, Abaqus solves the developed thermal field implicitly at every time
increment with backward Euler time integration method. Approximation for the next
state yk+1 in the backward Euler method is obtained as a sum of the previous state yk
and the function f(tk+1, yk+1) multiplied with the time step ∆t

yk+1 = yk +∆t · f(tk+1, yk+1), (4)

where tk+1 is the total time at the next state [28]. The function f and the initial state
y(t0) = y0 must be known. Analysis steps are defined regarding the thermal boundary
conditions and the heat transfer equations are solved with the components’ material
properties. Additional thermophysical material properties in the transient heat transfer
rate equation are the specific heat capacity cp and density ρ, which are defined as a function
of temperature [29]. Now the heat transfer rate can be set as equal to Equation 3 with
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the rate of temperature change dT/dt and the thermal diffusivity α, which describes the
heat transfer rate inside the material

Q =
1

α
· dT
dt

=
ρ · cp
k

· dT
dt

. (5)

Gathering the temperatures of fluids like exhaust gas and cooling water for the whole
thermal cycle is an essential part of the transient heat transfer analysis. These are usually
collected from measurements, and possibly even from collected field data. The more
challenging task is to find out the film coefficients for different fluids and mass flow rates
without separate computational fluid dynamics (CFD) analyses. In this study, the film
coefficients were inferred with a sensitivity study comparing measured and simulated
temperatures in an exhaust pipe assembly. Film coefficients for hot and cool exhaust gas
with a high mass flow rate (main exhaust pipe channels), hot and cool exhaust gas with
a low mass flow rate (waste gate channels) and one film coefficient for circulating cooling
water were found. Some future research for a workflow including a coupled CFD-FEM
thermal stress analysis [30] in finding a more realistic thermal field over the whole thermal
cycle should be conducted, but the current methods were concluded sufficient to aid the
design process of increasing the lifetime of thermomechanically loaded components.

The initial efforts after the change of heat transfer analysis type from steady state
to transient led to rather detailed thermal boundary conditions. Thermal boundary con-
ditions for the heat transfer analysis of an accurate one-way coupled transient thermal
stress analysis (T1) are listed in Tables 4, 5 & 6. These temperatures were picked from
the measurement data whenever a significant change occurred in either engine speed or
load level, and the duration of a single temperature change could be as short as 20 sec-
onds. The preheating step is needed only before the first thermal cycle to reach the initial
thermal state of the simulated assembly. Although realistically there are not any exhaust
gases flowing in the exhaust pipes during the preheating, defining exhaust gases to rise
to preheat temperature during it will help the FEM solver to reach a steady state. The
same principle can be used for the last cool down step.

Table 4. Thermal boundary conditions for exhaust pipe in T1.

Step Duration [s] Temperature [°C] h [kW/(m2·°C)]

Preheat (steady state) 1 0 - 50 300
Engine speed 1 30 50 - 200 300
Engine speed 2 20 200 - 203 300
Engine speed 3 135 203 - 270 300
Engine load 1 235 270 - 440 300
Engine load 2 650 440 - 525 450

Engine load steady 520 525 - 580 450
Engine load off 1 20 580 - 545 450
Engine load off 2 40 545 - 530 450
Engine load off 3 100 530 - 520 300
Engine load off 4 80 520 - 375 300
Engine speed off 70 375 - 265 300
Engine cooling 180 265 - 360 300

Cool down (steady state) 100 - -
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Table 5. Thermal boundary conditions for waste gate in T1.

Step Duration [s] Temperature [°C] h [kW/(m2·°C)]

Preheat (steady state) 1 0 - 50 150
Engine speed 1 30 50 - 200 150
Engine speed 2 20 200 - 203 150
Engine speed 3 135 203 - 270 150
Engine load 1 235 270 - 440 150
Engine load 2 650 440 - 525 300

Engine load steady 520 525 - 580 300
Engine load off 1 20 580 - 545 300
Engine load off 2 40 545 - 530 300
Engine load off 3 100 530 - 520 150
Engine load off 4 80 520 - 375 150
Engine speed off 70 375 - 265 150
Engine cooling 180 265 - 360 150

Cool down (steady state) 100 - -

Table 6. Thermal boundary conditions for cooling water in T1.

Step Duration [s] Temperature [°C] h [kW/(m2·°C)]

Preheat (steady state) 1 0 - 50 5000
Engine speed 1 30 50 5000
Engine speed 2 20 50 - 40 5000
Engine speed 3 135 40 - 45 5000
Engine load 1 235 45 - 55 5000
Engine load 2 650 55 - 82 5000

Engine load steady 520 82 5000
Engine load off 1 20 82 5000
Engine load off 2 40 82 - 80 5000
Engine load off 3 100 80 - 78 5000
Engine load off 4 80 78 - 75 5000
Engine speed off 70 75 - 72 5000
Engine cooling 180 72 5000

Cool down (steady state) 100 50 5000

Improved transient model (T2)

A simplified method for defining thermal boundary conditions for the full thermal cycle
was developed by examining the phases of heating and cooling that had a distinguish-
able effect on the thermal stresses, as the stress response to fast, short-term changes in
temperature would be very minimal in solid components. The transient step durations
did not need to be shorter than 60 seconds, and the duration of the steady state cool
down step was defined as 100 seconds only for the sake of easier results analyzing. The
improved one-way coupled transient thermal stress analysis (T2) included only the phases
for engine start and load, followed by a shut down of the engine and a final steady state
cool down (see Tables 7, 8 & 9). The main differences in this approach were to reduce
the number of analysis steps into more general engine running phases, and to follow the
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temperatures of the fluids in convective channels, not the measured temperatures of the
solid components.

Exhaust gas temperatures needed as inputs for T2 are the initial exhaust gas temper-
ature right after the engine is started (here 200 °C), the temperatures at the start (480
°C) and the end of the loading phase (580 °C, maximum temperature) and at the time
of the engine being completely shut down (265 °C). In addition, the film coefficient for
cool exhaust gas is used in every step apart from the highest load step, when the film
coefficient for hot exhaust gas is more suitable. The thermal stresses were simulated as a
sequentially coupled thermal-displacement analysis with the additional mechanical loads
as in the steady-state method, but the step times were defined regarding the steps in the
used heat transfer analysis.

Table 7. Thermal boundary conditions for exhaust pipe in T2.

Step Duration [s] Temperature [°C] h [kW/(m2·°C)]

Preheat (steady state) 1 0 - 50 300
Start 420 200 - 480 300
Load 1200 480 - 580 450

Shut down 300 580 - 265 300
Cool down (steady state) 100 50 300

Table 8. Thermal boundary conditions for waste gate in T2.

Step Duration [s] Temperature [°C] h [kW/(m2·°C)]

Preheat (steady state) 1 0 - 50 150
Start 420 200 - 480 150
Load 1200 480 - 580 300

Shut down 300 580 - 265 150
Cool down (steady state) 100 50 150

Table 9. Thermal boundary conditions for cooling water in T2.

Step Duration [s] Temperature [°C] h [kW/(m2·°C)]

Preheat (steady state) 1 0 - 50 5000
Start 420 50 - 82 5000
Load 1200 82 5000

Shut down 300 82 - 72 5000
Cool down (steady state) 100 50 5000

Results

In Figure 10 can be seen the normalized absolute maximum principal stress and tem-
perature of a critical point (see Figure 11) in the studied exhaust pipe during a thermal
cycle in SS. Step duration acts only as a kind of scale factor for the temperature fields
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that should be achieved at the end of a step, and thus the time scale is not physically
meaningful in a steady-state analysis. The main drawback of this method is that only the
stress states deriving from the fully developed and fully cooled down thermal field can
be seen, there is not any stress history in between. Naturally, the maximum stresses in
maximum temperatures and residual stresses in a cooled-down state can be collected, but
these values do not tell the whole truth or if the critical point found with this method is
the actual critical point in the structure.

Figure 10. Absolute maximum principal stress (normal-
ized) and temperature of the critical point in SS.

Figure 11. Normalized stress amplitude
field and the critical point in SS.

The transient method’s capability of noticing the phenomena during the heating and
cooling is seen in absolute maximum principal stress and temperature history diagrams
presented in Figure 12. Bluntly, the absolute maximum principal stress on the critical
point ascends on the tensile side during the engine start and the beginning of loading
but descends to circa two-thirds from a fully reversed compressive stress during the end
of loading and shutdown steps. On the steady-state cooldown step, the stress reaches a
magnitude of near zero.

Figure 12. Absolute maximum principal stress (normalized)
and temperature of the critical point in T1.

Figure 13. Normalized stress ampli-
tude field and the critical point in T1.

The stress amplitude field from the second thermal cycle of T1 can be seen in Figure
13. The most noteworthy change in transient simulation results compared to the prior
steady-state simulation results is the significantly higher stress amplitudes in locations
that were nearly zero-stress zones. The new and correct critical point is even on the
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other exhaust pipe than the prior critical point. The absolute maximum principal stress
amplitude during the second thermal cycle with the T1 thermal boundary conditions
reached a stress value of 1.35.

Comparing the stress and temperature history diagrams from T1 and T2 (Figure
14), the main difference is the amount of details in variation. As the stress amplitude
distribution is the primary variable needed for efficient modification of the geometries to
find feasible designs, the lack of details in stress history apart from the extreme values
is not a problem. The time saved in the simulation is an asset of greater value, which
justifies the use of simplified thermal boundary conditions during the product development
process. The difference in the stress amplitude fields resulting from T1 and T2 is minimal
and the critical point is located in the same rounding below the smaller flange.

Figure 14. Absolute maximum principal stress (normalized) and temperature of the critical point with
T1 (14 steps) and T2 (5 steps).

Table 10. Comparison of calculation times with different approaches.

Calculation time [h]

Method
Unique TBC
definitions

Heat transfer
analysis

Stress
analysis

Critical stress
amplitude (norm.)

SS (2 cycles) 3 0.4 6.7 0.283
T1 (2 cycles) 14 3.1 18.7 1.349
T1 (3 cycles) 14 3.1 29.1 1.348
T2 (2 cycles) 5 1.8 13.5 1.358

A comparison of calculation times between the SS, T1 and T2 thermal boundary
conditions (Table 10) shows fundamental differences in the approaches explained in this
paper. The conventional method SS, including only the steady state thermal boundary
conditions of preheating, full load and cool down, is the most time-efficient approach but
does not fully reveal the stress states of the studied component during a realistic thermal
cycle. The most accurate approach T1, which has transient thermal boundary conditions
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defined in detail following the slightest changes in engine speed or load level, leads to
rather heavy and time-consuming calculations. Especially the sequentially coupled stress
analyses proved long, reaching calculation times of over 9 hours per thermal cycle. On the
other hand, the critical stress amplitudes obtained from this method can be considered
the most accurate regarding the available input data. The improved T2, which includes
the main transient thermal boundary conditions from the detailed definitions, can be seen
as a compromise between the SS and T1, leading to rational stress results and reasonable
calculation time. For the case study in this paper, it can be noticed that additional
thermal cycles after two cycles do not lead to added value regarding stress results. Thus
it can be concluded that the plastic deformation with the applied loads has fully developed
during the first thermal cycle, and the stress results collected from the second cycle are
reliable for feasibility examination.

Figure 15. Stress amplitude fields in original and modified exhaust pipe designs.

Figure 16. Absolute maximum principal stress (normalized) and temperature of the critical point in T2
with the original and modified exhaust pipe.

Simple geometric modifications were applied to the critical locations of the original
exhaust pipe assembly to reach acceptable stress amplitude limits. Figure 15 shows the

168



most significant geometrical modification and effects in the stress amplitude field in the
area of the critical point of the exhaust pipe. By enlarging the radius of the rounding from
R10 to R15 and lightening the material from the rib below the flange the stress range
deriving from thermal expansion during the thermal cycle can efficiently be decreased.
The effect of local geometrical optimization near the critical point can be seen in Figure
16. While the thermal cycle of the critical point remains, the lesser restriction of thermal
deformation results in a drop of the stress amplitude from 1.35 to 1.0 which can be
considered acceptable.

Discussion

Field reports of crack failures in locations of exhaust pipe components where problems
had not occurred before nor simulations pointed out launched a study considering new
challenges related to low-cycle thermal fatigue in large-bore four-stroke medium-speed
engines. In this study, the simulation methods for these new thermal stress challenges,
particularly in cast iron exhaust components, emerging along the change in power plant
engines’ usage profile were developed further and demonstrated using a case study of a
nodular cast iron exhaust manifold. The main goals of the study were to find a suitable
workflow for simulating components under vastly fluctuating thermomechanical conditions
and to bluntly illustrate some simple design modification principles for the most critical
components.

The drawbacks of conventional steady-state heat transfer analysis in the studied ap-
plication were pointed out and the costly but more accurate method of transient heat
transfer analysis was improved, resulting in significantly shorter calculation times. Prac-
tically the design process might require numerous geometrical optimization iterations until
structurally functional and durable designs, which are also realistic to manufacture, are
found. Here the importance of lightened calculation and shorter analysis times can be em-
phasized. A comparison of the results of conventional (SS), accurate (T1) and improved
(T2) workflow in the case study assembly showed that the most critical stress amplitude
locations might not be visible at all with the steady-state thermal cycles. On the other
hand, the improved transient thermal cycle definition revealed the same stress history as
the accurate definition in a much shorter calculation time. Simple but effective geomet-
rical modifications, such as enlarging the rounding radius and slightly removing material
from the critical location, were applied to the studied EN-GJS-500-14 exhaust manifold
to decrease the highest stress amplitude during the thermal cycle from the value of 1.35 to
1.0. The decreased stress amplitude value of 1.0 was considered safe for low-cycle thermal
fatigue based on the SN-curve of a material with close to similar microstructure, regarding
the uncertainties with a safety margin in the fatigue limit.

Even though the improved workflow developed during the study firstly led to more
realistic results and secondly shortened the analysis times remarkably, along with the ac-
quired knowledge of the effective geometrical modifications, there are still many aspects
of thermal stress simulations with viable future research. Naturally, fatigue tests in target
conditions for the studied materials would provide precise information for a basis for the
material model to be used in simulations. Additionally, the deformation-based accep-
tance criteria used more in thermal problems in the automotive industry might also be
feasible in large-bore engines as an alternative to stress-based criteria. A coupled CFD-
FEM analysis could prove useful, especially in capturing the realistic thermal field as a
function of time to be utilized in stress analysis. Finally, taking advantage of the con-
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stantly evolving contemporary deep-learning strategies might shorten the overall design
process times with the ability to predict the stress distribution in a modified geometry
without the need for a full cost-heavy calculation. These areas of uncertainty or possible
added value regarding the subject would suggest listing fatigue tests of EN-GJS-500-14
in a temperature range of 100...600 °C, added with more in-depth method development
studies of deformation-based acceptance criteria for thermomechanical problems, coupled
CFD-FEM heat transfer analyses and physics-informed machine-learning algorithms for
geometry optimization as the primary subjects for future research.
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