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The exhaust manifold system plays a vital role in the internal combustion engine of a
vehicle, functioning in conditions of high temperature and pressure. The objective of this
analysis is to assess how the presence of the crack influences the pressure drop across the
exhaust manifold. Understanding pressure drop is essential in determining the efficiency
of the exhaust system and its effect on engine performance. Furthermore, we investigate
how a crack in the exhaust manifold affects the flow patterns of exhaust gases, including
changes in velocity, pressure distribution, and turbulence within the manifold; The results
of the analysis show that the crack has various implications for both the performance and
structural integrity of the manifold. It causes an increase in pressure drop across the
manifold, resulting in reduced engine efficiency. Additionally, the crack induces
turbulence or vortex formation in the exhaust gases, further impacting the system’s
performance, and finally, the impact of the presence of a crack typically results in an
elevated coefficient of friction.

1. INTRODUCTION

In the highly competitive automotive industry, there is a
pressing need for durable, cost-effective, and lightweight
automotive products. To meet these demands, powerful
numerical techniques are increasingly being utilized to solve
structural problems. One focal point involves advancing
exhaust systems to diminish noise and emissions, bolster
durability, mitigate corrosion, enhance serviceability, and
maintain economic feasibility. Given the critical role of the
exhaust system in removing hazardous fumes, extensive
research and analysis are being conducted to investigate and
analyze crack propagation [1-4]. The objective of this paper is
to assess the fracture and crack propagation analysis of the
exhaust manifold when subjected to thermo-mechanical loads.
Fracture toughness analysis is necessary to determine the
initiation and propagation of cracks under applied stress.
Crack propagation occurs when the material's fracture
toughness exceeds the critical fracture toughness. Fayed [5]
illustrated crack growth in naval gas turbine exhaust System:s,
especially those located at the weld toes of butt and fillet weld
joints near the lower support ring, have been analyzed by the
authors. They computed Von Mises stress and nominal
principal stresses in the area and anticipated an increase in
design and fatigue life up to 6.e* cycles. This is a crucial area
and any improvements made here would be significant. In a
study by Gorji et al. [6], the exhaust system of an ultra-fuel-
efficient vehicle was analyzed using CFD to investigate
turbulent flow in the exhaust manifold and achieve a smoother
flow. Consequently, they successfully optimized the exhaust
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manifold design in terms of both materials and geometry. On
the other side Hidayanti et al. [7] introduced a method to
determine the fatigue life of mounting brackets using CEA, as
opposed to physical testing. They analyzed the exhaust system
using MSC/NASTRAN to identify the primary cause of high
stress in critical areas and the predominant mode leading to
failures; Lee et al. [8] conducted a thermomechanical analysis
on a tractor exhaust manifold, utilizing Austenitic Stainless
Steel-321 as the material. The objective was to examine the
response of the manifold at elevated temperatures, with
thermal effects factored in to assess the outcomes of the FEA
simulation. Using a free vibration-based modal analysis, they
determined the fundamental frequencies, Manohar and
Krishnaraj [9] focus on redesigning exhaust manifolds to
evaluate thermal stresses and deflections under diverse
conditions. It aims to address defects such as cracks and ensure
design reliability. The study suggests profile redesigns to
mitigate turbulence effects. Utilizing advanced software tools,
the research conducts fluid dynamics analysis to assess flow
characteristics and static structural analysis to evaluate
strength under thermal loads, aiding in material selection for
optimal performance. In a study by Shinde and Panchwadkar
[10], this article investigates thermal fatigue in exhaust
manifolds under varying conditions, assessing grey cast iron,
stainless steel, and D5S alloy. Results show grey cast iron
experiences the highest stresses, stainless steel exhibits
notable deformation, and DS5S alloy has a shorter lifespan.
Insights from this study inform exhaust manifold design and
material selection for improved performance. The main
objective of this study is to analyze the impact of cracks in the
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exhaust manifold on specific characteristics, such as the
pressure distribution, as well as the changes in velocity and
turbulence within the manifold. The article is organized into
multiple segments, commencing with a flow chart illustrating
the analysis method in the initial section, followed by an
exploration of the simulation and development process in the
subsequent part. Section 3 delves into mathematical modeling,
while Section 4 outlines the CFD analysis of the exhaust
manifold in the presence of the crack. The primary outcomes
of the simulations are detailed in Section 5. Ultimately, the
article concludes by summarizing the study's findings and
results.

2. METHODOLOGY AND APPROACH

Conducting a computational fluid dynamics (CFD) analysis
of a cracked exhaust manifold involves simulating the flow of
exhaust gases within the manifold [11], taking into account the
presence of the crack. This type of analysis is important for
understanding the impact of the crack on fluid flow patterns,
pressure distribution, and the overall performance of the
exhaust system.
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Figure 1. Analysis method

The process of analyzing a structure involves several
essential steps, which are depicted in the flowchart presented
in Figure 1. First, a detailed 3D model of the exhaust manifold
must be developed using CAD software (CATIA V5 R21).
This should include an accurate representation of any
predefined internal crack on the exhaust manifold, as well as
the definition of material properties such as thermal
conductivity, and density. These properties are crucial for
accurate heat transfer simulations, and the model of turbulence
adopted should also be defined at this stage. Next, a high-
quality mesh should be generated for the computational
domain. The mesh needs to possess sufficient refinement to
capture the complexities inherent in the geometry, particularly
near critical areas such as bends and junctions. Once the mesh
is generated, boundary conditions for the simulation should be
defined. This includes specifying inlet conditions for the
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exhaust gases, such as temperature, pressure, and flow rates.
An appropriate CFD solver should then be chosen based on the
nature of the simulation. After setting up the simulation, it
should be executed, and convergence should be monitored to
ensure that the solution reaches a stable state. Settings may
need to be adjusted to improve convergence. Finally, the
simulation results should be analyzed, visualizing and
interpreting  velocity contours, pressure distributions,
temperature profiles, and any other relevant parameters. These
results should be compared with those obtained from an
exhaust manifold without a crack, and the interpretation of the
results should be done accordingly.

3. MATHEMATICAL MODELING

The selection of the k-omega SST model for simulating
flowl was based on the recognition that the k-epsilon model
lacks accuracy in capturing the turbulent characteristics of
boundary layer 3 until detachment occurs. The SST turbulence
model is a hybrid two-equation model that seamlessly
transitions from the k-omega standard model employed in the
boundary layer to the k model as the flow moves away from
the surface, thereby restricting its influence. This model
incorporates an adjusted formulation of turbulent viscosity
that considers the impact of transporting primary shear stresses.

Table 1 compares different models used for calculating flow,
as described in reference [12]. The models include K-Epsilon,
K-Omega, and K-Omega SST.

Table 1. Comparison of flow calculation models [4]

K-Epsilon K-Omega K-Omega SST
k-kinetic energy of turbulence

Combination of

The scale of w- ke (vorticity)

turbulence models k-¢ and k-
The flow is fully Laminar- Laminar-turbulent
turbulent turbulent flow flow
The SST k-omega turbulence model serves as a

computational fluid dynamic turbulence model, offering

refinements to the standard model through the following

features:

e Both the standard k-omega model and the transformed k-
epsilon model undergo multiplication by a blending
function, and the results of both models are summed. The
blending function is designed to assume a value of one in
the proximity of the wall, activating the standard k-omega
model, while being zero away from the surface, thereby
activating the transformed k-epsilon model.

e The SST model introduces a damped cross-diffusion
derivative term in the omega equation.

e The definition of turbulent viscosity undergoes
modification to accommodate the transport of turbulent
shear stress.

e Notably, the modeling constants differ between the two
models.

It is a two-equation model that solves two turbulence-
related variables, k (turbulent kinetic energy) and omega
(specific dissipation rate) [13-23].

Turbulence Kinetic Energy (k):

a(pk) d(pkUy)  d | 9(pk)

at aXi - a Tk —aX] ] + Gk - Yk + Sk (1)



Specific Dissipation Rate (®):

d(pw) OJ(pwl;) 0 d(pw)
Fra o ox| % + Gy — Y + S, )
where:

e G, denotes the generation of ®.

e Gy signifies the generation of k resulting from mean
velocity gradients.

e 1 and T, stand for the effective diffusivity of k and o,
respectively.

e Yiand Y, represent the dissipation of ® and k within the
turbulence, symbolizing the cross-diffusion term.

e Siand S, are source terms defined by the user.

The SST k-omega model solves two transport equations for
k and omega, in addition to the continuity, momentum, and
energy equations. The transport equation for k accounts for the
production, diffusion, and dissipation of turbulent kinetic
energy, while the transport equation for omega accounts for
the production and destruction of a specific dissipation rate.

Skin friction coefficient Cf [24-26]:

. = 2T 3)
T pUZ

where:

e prepresents the fluid density, which remains constant in
our simulations.

e 1t denotes the streamwise component of shear stress at the
wall.

e Uy stands for the bulk velocity.

The SST k-omega model combines the advantages of the k-
omega and k-epsilon models to improve accuracy in a wide
range of flow conditions. The SST k-omega model is widely
used in CFD simulations of turbulent flows in various
engineering applications, such as aerodynamics, combustion,
and heat transfer.

4. MODELING AND CFD ANALYSIS
4.1 Modeling and meshing
The modeling of the system is carried out using CATIA V5

R21 software using the part design. The CAD model of the
manifold exhaust system is shown as above Figure 2.

Figure 2. Perspective view of the exhaust manifold

To examine the exhaust manifold we utilized the FEM to
derive an approximate solution based on partial differential
equations. It is impractical to solve these equations for the
entire region simultaneously, especially for complex physical

problems. Therefore, to obtain a numerical solution describing
fluid flow, the domain should be divided into elements, in
which the equations are solved for every cell, the exhaust
manifold was meshed to 81851 Nodes using a tetrahedral mesh.
To gain more detailed insights into the impact of the crack on
specific characteristics of the exhaust manifold, we will be
focusing on the pipe of the exhaust manifold that has been
subjected to a semi-elliptical fracture [27], which is denoted
by its red frame as shown in Figure 3.

Figure 3. Meshed exhaust manifold with a crack

An inflation mode was used also with 3 layers, adding
additional layers of mesh cells near the solid boundaries where
the flow gradients are significant. These layers are
progressively refined towards the wall, allowing for better
resolution of the boundary layer and capturing the flow
phenomena occurring in that region, this technique is used in
computational fluid dynamics (CFD) simulations to capture
the near-wall flow behavior with higher resolution.

4.2 Material fluid properties

The exhaust gas will be treated as an incompressible fluid
functioning within the temperature range of 800K to 810K.
The materials chosen in Ansys V19 are Nitrogen NOX,
Gasoline, and Air [28, 29]. The material properties for these
conditions are listed in Table 2.

Table 2. Material properties

Nitrogen Air+Gasoline
NOXx (c8h18)
Density (kg/mq) 1 1.0685
Viscosity (Pa-s) 1.72 e® 3.0927 e
Specific heat (J/kg-K) -- 0
Thermal conductivity 0.0454 0.0250

(W/m-K)

Table 3. Boundary conditions

Parameters Value
Temperature (K) 800
Young’s Modulus (GPa) 2.¢

Density (Kg/m?) 7.85¢

Wall Shear (Mpa) 76923
Relative Wall Thickness(mm) 0.1
Poisson’s Ratio 0.25

4.3 Boundary condition

It is crucial to accurately specify the boundary conditions of
the exhaust manifold. The fluid's inlet characteristics, such as
velocity and pressure, must be indicated [30-32]. Fluid and



solid domains are delimited using wall boundary conditions as
described in Table 3.

5. RESULTS AND DISCUSSIONS

Using the Ansys tool, the thermal model has been
elaborated to examine the temperature, pressure distribution,
and heat transfer inside the exhaust manifold and describe
fluid flow in it.

5.1 Pressure

The Figure 4 shows how the pressure is distributed inside
the exhaust manifold, From the pressure contours it can be
observed that the pressure from inlet pipe one to the exit is
decreasing, which is also a required condition for the flow to
happen in the outlet direction, the minimum back pressure is
observed in the crack region =1.07 Pa, Yet the maximum back
pressure noticed is 266 Pa.
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Figure 4. Pressure distribution
5.2 Velocity

As per the boundary conditions, the inlet is set to 20m/s, we
can notice in the Figure 5 that the velocity is decreasing
through the outlet of the pipe. It’s remarkable also that there is
a discernible reduction in fluid velocity at the center of the
crack. This implies that the crack acts as a flow restriction or
an obstruction to the fluid passing through it.

Velocity
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Figure 5. Velocity distribution
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Figure 6. Velocity contour of the exhaust manifold outlet

In the Figure 6, Moving from the central part of the pipe
toward the wall, there is a gradual decrease in fluid velocity.
This is characteristic of a parabolic velocity profile, with
maximum velocity at the center at 20.76 m/s and a decrease
toward the walls at 17.3 m/s.

5.3 Turbulence Kinetic energy

The Figure 7 depicts the spatial distribution of TKE along
the cracked pipe (b) and the standard pipe (a), we can observe
that the presence of the crack leads to an increase in TKE
[max=2.7m*s?]. The irregularities introduced by the crack
disrupt the smooth flow, generating turbulence, we notice also
that in the vicinity of the crack, there is a wide range in TKE
value [Max=2.7m*.s*Min=8.482¢ 'm*.s*] contrary to the
standard pipe [Max=2.352m>.s*-Min=1.401m>s*]  that
confirms where turbulence is particularly intense.
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Figure 7. Turbulence kinetic energy for cracked vs standard
exhaust manifold

5.4 SKkin friction coefficient, Cf

Figure 8 presented below shows how the skin friction
coefficient varies along the wall of the exhaust manifold, with
a special focus on the impact of a visible crack.

At the start position, which is closest to position 0, the skin
friction coefficient is relatively low due to smoother surface
conditions. As we move towards the midsection positions
along the surface, there is a noticeable increase in the skin
friction coefficient until we see a peak at the wall position of
0.05 m [0.018]. This peak is caused by the presence of the
crack, which introduces topographical irregularities, altered
material properties, and perturbations leading to a substantial
amplification of frictional resistance. As we approach the end
of the pipe, we can see a gradual decrease in the skin friction
coefficient. Despite this decline, the coefficient remains at a
high level, emphasizing the long-lasting impact of the initial
crack.
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Figure 8. Skin friction coefficient on the wall of the exhaust
manifold

6. CONCLUSIONS

In conclusion, this study focused on the structural design
and computational fluid dynamics (CFD) analysis of a cracked
exhaust. The analysis method involved a comprehensive
approach, including the development of a 3D model using
CAD software, mesh generation, defining material properties,
and conducting CFD simulations. The SST k-omega
turbulence model is widely used for simulating turbulent flows
in various engineering applications. The results of the CFD
analysis revealed significant implications of the crack on the
exhaust manifold’s performance and structural integrity. The
crack led to a decrease in pressure drop across the manifold.
Moreover, the presence of the crack induced turbulence and
vortex formation in the exhaust gases, further impacting the
system’s performance. The velocity contours indicated a
reduction in fluid velocity at the center of the crack, suggesting
that the crack acted as a flow restriction or obstruction.
Additionally, the analysis of Turbulence Kinetic Energy (TKE)
highlighted increased turbulence in the cracked manifold
compared to the standard one. the comprehensive
understanding of the skin friction coefficient variations along
the wall of the exhaust manifold provides valuable insights for
structural assessment and emphasizes the critical importance
of addressing and mitigating the consequences of the
identified crack in the exhaust manifold.

In practical terms, these findings underline the importance
of addressing cracks in exhaust manifolds promptly, as they
can compromise engine efficiency and contribute to increased
turbulence in exhaust gases. Turbulence can also contribute to
increased noise and vibration levels within the exhaust system.
This not only affects the comfort of vehicle occupants but may
also indicate structural issues that could lead to further damage.

As a potential future direction, we could investigate the
implementation of generative design techniques to
automatically create novel exhaust manifold designs. By
establishing specific design constraints and performance goals
and utilizing generative design algorithms, we can generate an
optimized geometry for the exhaust manifold that maximizes
efficiency, minimizes weight, and can endure thermal stresses.
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