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Crack Prediction and Subsequent Simulation 
Driven Redesign of an Exhaust Manifold 

 

Mark Stephenson 

MAHLE Powertrain 

With development times reduced to a minimum, MAHLE Powertrain (MPT) often finds that in 

the early phases of a project getting an engine running on a test-bed to confirm performance 

targets are achievable is paramount. Thus CAD models for complex castings often have to be 

released for manufacture at the same time as for analysis. This was the case on a recent 

project where MPT had been tasked with uprating the customer’s base engine to achieve a 

significant increase in power. The engine was to be turbo-charged and a new exhaust 

manifold was required as soon as possible to enable performance testing to begin. Thus as 

soon as the CAD model was completed it was sent for prototype casting as well as for 

analysis. 

In order to assess the durability of the manifold a transient thermo-mechanical analysis was 

performed. The transient simulation cycle mimicked the exhaust manifold crack test which, as 

the name suggests, is a test designed specifically to test manifold durability. This test involves 

running the engine at maximum power for 3 minutes and then motoring it for 3 minutes. This 

cycle is then repeated. The test lasts 200 hours so the manifold undergoes 2000 thermal 

cycles. 

Analysis of the initial manifold design showed unacceptably high cyclic plastic strains inside 

the manifold outlet region where the 4 manifold runners join together.  When tested the 

manifold developed cracks in exactly the same area as predicted by the simulation. It was then 

a race against time in order to come up with an acceptable new manifold design before the 

manufacture of the next phase started.  Simulation allowed several design variants to be 

virtually tested in a short timeframe leading to a manifold design that subsequently passed all 

durability tests, including the manifold crack test, without any failures.  

1. Introduction 

For a recent engine project MAHLE Powertrain was asked to turbo-charge a customer’s base 

engine in order to achieve a significant power increase. Amongst other changes this 

necessitated the design and manufacture of a new exhaust system for which a structural 

analysis was required to ensure durability. The manifold, turbo and downpipe assembly are 

shown in Figure 1. As with most engine programmes today development times are being 

reduced to a minimum and getting running hardware as soon as possible, to allow engine 

development and calibration, is paramount. Thus as soon as the CAD model for the new 

manifold had been completed it was sent for prototype casting as well as for analysis. 
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Figure 1.  Exhaust manifold, turbo and downpipe assembly. 

 

2. Exhaust Thermo-Mechanical Analysis 

As part of the engine durability testing an exhaust manifold crack test is performed.  This is a 

test specifically designed to show up any weaknesses in the exhaust manifold and if a 

manifold can pass this test it is very unlikely to fail in service. The test involves running the 

engine at maximum power for approximately 3 minutes and then motoring it at 3000 rpm for 

3 minutes to blow cool air through the engine and thus rapidly cool the manifold; this cycle is 

then repeated. The test lasts 200 hours so the manifold undergoes 2000 thermal cycles. 

As this crack test is the most demanding cycle the manifold will be subjected to the durability 

analysis of the manifold mimicked this test.  Thus a transient thermo-mechanical analysis was 

carried out. 

2.1 Transient Thermal Analysis 

For the thermal analysis the heat input to the exhaust comes from heat transfer coefficients 

and a bulk fluid temperature calculated from a CFD analysis. Transient CFD analysis of an 

engine cycle is carried out in order to determine the heat transfer coefficients (HTCs) through 

the cycle for both maximum power and the motored cool down conditions.  This data is then 

time averaged to give an average value for the cycle that can be used in the FE analysis. These 

HTCs are mapped from the CFD mesh onto the structural mesh as *FILM coefficients. 

Cooling of the manifold due to convection and radiation are also taken into account and the 

appropriate HTCs and radiation coefficients are applied to the external surfaces.  
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The FE model which includes a section of cylinder head, the exhaust manifold, turbo 

assembly and downpipe is shown in Figure 2.  

 

 

Figure 2.  FE model of exhaust manifold assembly. 

 

Following an initial step to warm the manifold up 5 cool down heat up cycles were analysed. 

The first step started with the manifold at ambient temperature with the boundary conditions 

for maximum power applied for 9 minutes to ensure the manifold achieved a steady state hot 

condition. For the cool down step the boundary conditions for the motored condition were 

applied and the analysis run for 3 minutes. The manifold was then heated up again for 3 

minutes. The temperature of the manifold during the 5
th

 cool down and heat up cycle is shown 

in Figure 3.  Figure 4 shows the temperature of the splitter plate at the exhaust exit over the 

first 12 seconds of the heat up cycle. It can be seen that the splitter plate temperature rises 

rapidly and far quicker than the surrounding material.  The same is also true for the cool down 

condition. 
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Figure 3.  Exhaust manifold temperatures. 

 

 

Figure 4.  Internal manifold temperature during first 12 seconds. 
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2.2 Transient Structural Analysis 

The structural analysis model has sliding contact defined between all mating parts and 

temperature dependent material properties including plasticity for the manifold and turbo 

housing. 

Before starting the transient structural analysis an initial “cold assembly” step was run in 

which all the bolt loads were applied. Following this step a transient structural analysis was 

performed for exactly the same steps as the thermal analysis with temperatures being read 

across from that analysis. 

2.3 Equivalent Plastic Strain 

Durability of the exhaust manifold was assessed by looking at the variation in equivalent 

plastic strain (PEEQ) over one cycle. 

Equivalent plastic strain, PEEQ, is defined as 𝜀 ̅𝑝𝑙|0 + ∫ �̇�
𝑝𝑙𝑡

0
𝑑𝑡 (Dassault Systèmes, 2013), 

where 𝜀 ̅𝑝𝑙|0 is the initial equivalent plastic strain and �̇�
𝑝𝑙

 depends on the material model. For 

classical metal (Mises) plasticity �̇�
𝑝𝑙

= √  
2

3
𝜀̇𝑝𝑙  : 𝜀̇𝑝𝑙. 

Thus as the equivalent plastic strain for each increment is added to that of the previous 

increment it increases throughout the analysis.  Figure 5 below shows the variation in PEEQ 

during the analysis at 2 points on the manifold. 

Figure 5.  PEEQ variation through simulation. 

The cyclic plastic strain amplitude is the change in strain over a cool down heat up cycle 

divided by 2.  In Figure 5 for cycle 3 the strain varies from A to B and the cyclic plastic strain 

amplitude can be defined as 𝑃𝐸𝐸𝑄𝑎𝑚𝑝(%) = 100 ×  
(𝑃𝐸𝐸𝑄𝐵−𝑃𝐸𝐸𝑄𝐴)
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Figure 6 shows the variation in cyclic plastic strain across the 5 thermal cycles. Ideally the 

simulation would be continued until the variation in PEEQ amplitude stabilized. However 

with large model sizes, lots of contact and non-linear material properties it is generally 

impractical to run analyses beyond 3 cycles. 

 

Figure 6.  Variation in PEEQ amplitude between cycles. 

3. Results for Initial Design 

Empirical data based on results after 3 thermal cycles suggests that a PEEQ amplitude of 

greater than 0.5% is likely to result in cracking. 

Figure 7 shows the PEEQ amplitude for the 3
rd

 thermal cycle. The maximum cyclic strain 

occurs in the splitter region of the manifold exit where the 4 manifold branches converge. The 

peak value of 1.23% is well above the target level and thus cracking is very likely. 
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           PEEQamp = 1.23 

Figure 7.  PEEQ amplitude. 

4. Test Results  

The first prototype manifolds were used for performance development of the engine and for 

verifying the durability of the engine for the increased temperatures and loads associated with 

the power increase. Cracks were found in the exhaust manifold not only following the 200 

hour exhaust manifold crack test but also following a 500 hour mixed load test and a 180 hour 

high speed test. The cracks were all in the splitter region of the manifold exit.  The position of 

the cracks matched perfectly to where the high plastic strain amplitudes were predicted. 

Images of a cracked manifold and the corresponding strain amplitude can be seen in Figure 8. 
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Figure 8.  Exhaust manifold crack following test. 

5. Design Variants 

Between getting the results of the exhaust manifold crack test and the design freeze for the 

production intent phase of the project there was a 6 week window of opportunity to modify 

the manifold design to improve its durability. 

The high plastic strains in the splitter are caused by this material getting hotter or cooling 

down much quicker than the surrounding material which leads to high thermal strains. The 

design therefore needs to be either more flexible to allow this area to expand and contract or 

more robust in order to withstand these thermal strains. Thus 3 design variants were modeled 

in order to get an idea as to the effect of reducing the length of the splitter (more flexible), 

making the splitter full length and increasing its thickness from 4 to 6 mm (more robust). 

These 3 design variants are shown in Figure 9 along with their corresponding cyclic plastic 

strain amplitude results. 

 

 

 

Cyclic plastic strain amplitude 
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         Manifold Design 2          Manifold Design 3            Manifold Design 4 

          Reduced splitter          Full length splitter      Splitter thickness increased 

 

             PEEQamp = 1.7                PEEQamp = 0.9   PEEQamp = 0.9 

Figure 9. Manifold design variants 2, 3 and 4. 

 

Designs 3 and 4 gave a good improvement in cyclic plastic strain but are still too high. Based 

on these results 3 more design variants were analysed. Design 5 had all of the splitter material 

removed. Design 6 was based on design 3 but with an “S” shape to the splitter to try and allow 

some flexibility. Design 7 had the same increased splitter thickness as design 4 but with a 

modified more “V” shaped profile. Figure 10 shows the designs and results for these 3 

variants. 

 

       Manifold design 5            Manifold design 6              Manifold design 7 

        Splitter removed   Full length “S” shaped splitter        Thick “V” shaped splitter 

 
                PEEQamp = 0.7               PEEQamp = 1.4    PEEQamp = 1.1 

Figure 10.  Manifold design variants 5, 6 and 7. 
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With a cyclic plastic strain amplitude of 0.7 design 5 was the best design so far. However 

having no splitter is not such a good option from an engine performance point of view and 

there was also very little option for modifying the design further to reduce the strains to an 

acceptable level. Both designs 6 and 7 had a detrimental effect on plastic strain amplitude.  

With design time running out one last design variant was analysed. Based on all the results 

obtained it was decided that design 4 offered the most scope for reducing PEEQ amplitude to 

acceptable levels.   For design 8 the splitter thickness was increased even further to 8mm and 

the shape of the splitter was modified so that it was fully rounded. Figure 11 shows design 8 

and its results. 

  

   Splitter thickness increased and rounded profile 

 
               PEEQamp = 0.59 

Figure 11.  Manifold design 8. 

 

With an equivalent plastic strain amplitude of 0.59 manifold design 8 was considered 

acceptable with any further increase in thickness likely to have a negative impact on exhaust 

gas flow due to the reduction in flow area. 

6. Summary 

Transient thermo-mechanical analysis of an I4 exhaust manifold design showed unacceptably 

high cyclic plastic strains inside the manifold outlet region. When tested the manifold 

developed cracks in exactly the same area as predicted by the simulation.  

Simulation allowed several design variants to be virtually tested in a short timeframe in order 

to develop a manifold design that would be durable.  The final design of manifold successfully 

passed all durability tests including the manifold crack test. 
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