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Abstract. Stainless steels are now widely used for automotive exhaust systems, driven by the
need to increase the durability of exhaust systems, which are subjected to severe conditions
and include components of high technology such as manifold, catalytic converter and particle
filter. This causes a direct consequence of the effort to decrease automotive pollutant
emissions due to the new environmental regulations throughout the world. During the last
few years, the increasing use of stainless steel fabricated exhaust systems has led us to study
new production technologies of forming and welding. Modern exhaust systems must
withstand severe cyclic mechanical and thermal loads in an engine cycle. Up to now, highly
loaded parts of exhaust systems are predominantly designed experimentally by means of
lengthy and expensive component tests. A further shortening of development time without
quality loss is possible only by increasing application of computer simulation. The aim of a
series of coupled computational fluid dynamics-finite element, CFD-FE, simulations
performed here, was to investigate the thermo-mechanical behavior of a stainless steel
engine exhaust manifold which is in early stage of design. It is going to be designed for the
national diesel engine of IPCO, EF7, instead of the existing cast iron one. For this purpose,
both fluid flow and solid walls are considered simultaneously. We assume that there is steady
state, incompressible and turbulent flow with k-& turbulence model. Since the failure of the
exhaust manifold is mainly due to the geometric constraints of the less expanded inlet flange
and cylinder head, the analysis is based on exhaust system model with three-dimensional
temperature distribution and temperature dependent material properties. Large compressive
plastic deformations are observed for the elevated temperature of thermal shock cycles.
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1 INTRODUCTION

Exhaust manifolds are generally simple cast iron or stainless steel units, which collect
engine exhaust from multiple cylinders and deliver it to the exhaust pipe. In order to decrease
the pollutant emission and fuel consumption of vehicles, exhaust systems are becoming more
and more developed, often including advanced technical components such as very thin-
walled and low-weight exhaust manifolds. Thus to increase the durability and thermo
mechanical fatigue, TMF resistance, exhaust manifolds are now widely made up of stainless
steel bent tubes or stamped shells steel (rather than cast iron) from grades with very high
temperature properties as well as forming ability [1,2].

An exhaust manifold is generally subjected to many repeated run-stop cyclic loadings.
Most of the cracks found in the stainless steel exhaust manifold are caused by out-of-phase
(OP) TMF, where the compressive strain occurs at high temperature. Although creep may
have occurred at an elevated temperature, its effect on the fatigue life is relatively small
because of the compressive state of strain. Therefore, the fatigue failure is dominated mainly
by mechanical fatigue and plastic strain [3, 4].

Highly loaded parts of the engine systems are predominantly designed experimentally by
means of lengthy and expensive component tests. To decrease the development cost and time,
computer simulation should be utilized which at the same time, provides handling of the
growing number of model variants and design optimization. This way, experiment is only
needed at the end to verify the simulation results [5, 6].

The aim of a series of coupled computational fluid dynamics-finite element, CFD-FE,
simulations performed here, was to investigate the thermo-mechanical behavior of a stainless
steel engine exhaust manifold which is in early stage of design (fig 1). It is going to be
designed for the national diesel engine of IPCO, EF7, instead of the existing cast iron one [7].

Fig 1. Under construction exhaust manifold sample.
2 Analysis Procedure

Typical thermo mechanical loading subjected to an exhaust manifold during car lifetime is
very hard to define and is certainly not reproducible. Thus a standard durability simulation
which corresponds to severe running conditions is typically performed. Figure 2 is the simple
thermal shock mode used to simulate the thermal load cycle consisted by the heating and
cooling process. One cycle consists of idling, full load at the rated speed that gives the
maximum power and cooling process to ambient temperature [4, 7].
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Fig 2. Thermal shock condition.

Time (s)

The process of the coupled CFD-FE analysis of the exhaust manifold is as following (fig

3):

1- Construction of the finite element model for the hot end exhaust system , simple

cylinder head, bolts, gusset and the catalyst;

2- Construction of the CFD model for the runners from the cylinder head flange on the

basis of FE model,
3- CFD analysis of exhaust manifold flow;

4- Mapping the heat transfer coefficients obtained from CFD analysis into the FE model;
5- Determining the temperature distribution during the thermal shock loading based on

the input data from gas flow simulation;

6- Simulation of thermal behavior based on the thermal stress analysis which considers
elasto-plastic material with temperature dependent properties using three -

dimensional temperature data.
7- Optimization of the design to reduce plastic strain;

Construction of the finite element model

A

v

Construction of the CFD model

A

CFD analysis of exhaust manifold flow

Mapping the CFD results into the FE model

| Heat transfer analysis |

Material properties >« Boundary condition

y
| Thermal stress analysis |

| Design optimization |

Fig 3. Analysis procedure of the exhaust manifold.
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3 CFD Analysis

In the interest of good performance of the turbo charged engine a low pressure drop of the
exhaust manifold is necessary. It is necessary to calculate the heat transfer coefficients as
boundary conditions for the FE analysis. Therefore, the fluid flow and the heat transfer
through the exhaust manifold are computed by a CFD analysis using the CFD code FLUENT.
This procedure assumes a constant mass flow rate through all manifold gas admissions, so
that always steady state conditions are calculated [15, 18].

CFD results are mapped subsequently on the ABAQUS-FE-mesh and used to obtain

corresponding thermal deformations and stresses. This mapping operation is done by a code
which is developed using MATLAB software.

3.1 Technical Approach

3.1.1 Geometry

To calculate the flow field in the exhaust manifold, the model should contain the runners

from the cylinder head flange, the junctions and the surfaces up to the flange upstream the
exhaust turbine (fig 4).

242 Mm

a1 mm

127 mm

R5=" mm

119 mm

a0 mm

(156 mm

Fig 4. Computational domain
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3.1.2 Mesh

For the CFD calculation a hybrid mesh with three sub layers consisting of 300.000 cells
has been created (fig 5). In order to transfer the data accurately from the CFD code to the FE
code, CFD mesh is constructed on the basis of the Fe elements of the manifold gas carrying
surfaces [15, 18].

@ Wg\t 13" Annual & zhrﬂgfgﬂ.{éﬂdlfgyﬁgﬂélgg@). ll/'/
2

Fig 5. Unstructured mesh

3.1.3 Boundary conditions

The boundary conditions for the 3D CFD model are taken from the gas exchange 1D
simulation with GT Power software when engine operates with full load with 6000 rpm
(figure 6). With this software it is possible to get the flow conditions at every point of the
model. Data of mass flow rate, temperature and pressure have been taken as boundaries
conditions for the CFD model. For the steady state calculations the point with the maximum
mass flow is most interesting. At this point the exhaust blow causes the maximum pressure

drop [18].

—CyL1 = =Cyl.2 - G.3 —-=Cyl.4 —downstream

Worst case boundary
conditions for the steady
state calculation:

Imlet;

+ Mass flow 298915
Temparalura 1322K
Cutlet:

Pressure 2,62 bar
*Temperalura 1214K

Flow Rate (3/s) Temperature (K) Pressure (bar)

g T } T ¥
=30 ¢ %0 180 i 360 450 540 630
Crank Angle (* ATDCF Cyl.1)
Fig 6. Boundary conditions for CFD calculation.
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3.1.4 Flow specification and assumptions for the FLUENT calculation
The Flow specification and assumptions for steady state CFD calculations is:
e Turbulent flow with k-¢ turbulence model is considered.
e Mass flow inlet and pressure outlet are specified as boundary conditions.
¢ Flow is considered incompressible and the gas is assumed perfect gas.
e The differencing scheme for exhaust system calculation is upwind, a first order scheme.
e The method for pressure and velocity coupling is SIMPLE for the steady state CFD
calculations.

During the time of one working cycle when the engine operates with 6000 rpm at full load,
the variation in exhaust gas temperature will only slightly influence the wall temperature
distribution due to the short time nature and small geometry. In contrast to this, the variation
in velocity has a large effect on the heat transfer into the manifold wall through the heat
transfer coefficient. The higher the local velocity, the higher the Reynolds number and
therefore via the Nusselt number the higher the heat transfer coefficient. This is the reason
why wall boundary is set to the fixed temperature of 875°C but CFD analysis is done to
obtain heat transfer coefficients [4, 18].

3.2 CFD results

Figure 7 shows the Mach numbers at the exhaust manifold surfaces. The Mach numbers are
low, M < 0.3, for all cylinders. The bends are smooth enough and thus the flow acceleration
at these bends is moderate.

Figure 8 shows the total pressure at the exhaust manifold surfaces. All cylinders have
similar total pressure level at outlet section. The pressure level for the cylinders 1 or 4 is a
little bit higher than the others because the geometry has an additional bend.

Figure 9 shows the heat transfer coefficients (HTC) at the inner wall of the exhaust
manifold. The highest values are in the runners inlet region where the gas flow has the
highest velocity. Also, at these regions, turbulent flow causes the high values of HTC. The
highest value (282 W/m2K) is not in the critical level.

Table 1 includes the total pressure drop from the cylinder head flange to the turbine flange
for each cylinder. The pressure drop for the cylinders 1 or 4 is a little bit higher than the
others because the changing of the flow direction is not as smooth as the flow in the other
cylinders and also the distance between the two bends is shorter.
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Fig 7. Mach number at the exhaust manifold surface.  Fig 8. Total absolute pressure distribution.
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Fig 9. Heat transfer coefficient @6000rpm.

Cylinder 1

Cylinder 2

Cylinder 3

Cylinder 4

3.3 Optimization Criteria

To optimize the flow behavior in an exhaust manifold the following criteria must be held:
¢ No high total pressure,
e No high Mach number,
¢ Low and similar pressure drop in all cylinders.

These conditions can be achieved by optimizing exhaust manifold design. The
modifications include the complete design upstream and downstream the catalyst. The
parameters for an optimization are:

e Pipe diameter.

e Pipe bends.

e The shape of the pipe junctions.

e The shape of flange between the turbine and the pipe [7, 16].

4 FE Analysis

To simulate the thermally induced stresses and deformations induced by the temperature
distributions FE simulations have been performed using ABAQUS (Version 6.8). The thermo
mechanical load is a result of material expansion due to the high temperatures.

In this investigation the value and the distribution of the plastic strain at the end of second
cycle have been considered as an indicator for the possible structural failure [7, 17].

4.1 Technical Approach

Generally the FEM calculations can be divided into the parts “Thermal Analysis”
(calculation of the temperature distribution at engine operation) and “Structural Analysis”
(simulation of'load history and assessment of durability) [2, 7].

The thermal analysis is executed in a pre-step in order to calculate the temperature
distribution of the engine for operation at rated power. The resulting nodal temperatures are
an additional boundary condition in the subsequent structural analysis.

The results of thermo mechanical analysis act very sensitive versus temperature
distribution. Additionally the material behavior has to be temperature depended and exactly
defined at low and high temperature.

The thermal boundary conditions are divided into internal and external surface. The
boundary condition of internal surface comes from the forced convection with the exhaust
gas. The estimation of local convection coefficients needs a fair knowledge of both the fluid

7
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flow near the manifold wall and the gas temperature. The resolution of this fluid problem is
performed using the commercial FLUENT code. This commercial code and the method to
calculate the heat transfer coefficient were described before.

With help of a code developed in MATLAB, the HTC’s will be mapped on the FE mesh
for the thermo mechanical analysis. Fig 10 shows the results of CFD-Analysis and the
mapped values on FE mesh for the structure analysis.

For the external surface of exhaust manifold the correct HTC’S to define is difficult. Due
to the high temperature of pipes, the heat exchange on the external surface has to be modeled
using both natural convection with air at room temperature and radiation. The boundary
conditions on the outside of the component were only roughly adjusted so that the model
temperatures match the measured ones at specific locations of the manifold surface. This
confirms again that the inner heat transfer mainly influences the temperature behavior of this
component.

4.2 Finite element model

Fig 11 shows the finite element model for the heat transfer and thermal stress analysis. It is
composed of the exhaust manifold, simple cylinder head, bolts, conical bush and the catalyst.
Though the manifold is made up of 1.5 mm thick bent tubes, we constructed it with two
layered 8 node brick elements because the temperature difference between the outside and
inside of the tubes imposes a high gradient through the thickness. The conical bush is
modeled with second order tetrahedron elements and the catalyst is modeled with shell
elements and the cylinder head, bolts and the gusset are also modeled with brick elements [2,
13].

Contours of Surface Heat Transfer Coef (w/in’k)

CFD-MODEL 282402 FE-MODEL

LB7e+02
L.iTe«02
LEFe+02 (08
1.56e+02
L 4fe+02
1.36e+02
1.25e402 &
1.19e+02
1.08e+02
9,97e+0]
.00e+01

e =
R R
e

damd
g R
I AL eodaaes
(ORRGRLLL
i ;.;MMMW,
ST I’gnqumg;
AN\ rff""l A
TV kA
ANV A
4 ANV
LN

—

Fig 10. Mapping the CFD results on the Fe model.
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Spacer

Catalyst

Exhaust manifold

Cylinder head

Conical bush

Fig 11. Finite element model of the exhaust manifold.

4.3 Input data for the FEA calculations

Inputs for the FEA are divided into thermal and mechanical boundary conditions and
loads.

4.3.1 Thermal boundary conditions and loads

Thermal cyclic loading is applied as 3-D temperature distribution to the finite element
model. It is composed of two steps; heat up and cool down. During the heat up process, the
entire model is heated from room temperature to the maximum temperature distribution
obtained from the CFD analysis. And, during the cool down process, the assembly model
goes back to room temperature in a steady state condition. Figure 12 shows the load steps
with prescribed load history of one cycle [4].

Temperature (°C) Level
cycle

Heaifhp ckﬁl down /

/_\

Bolt pretension load

<

Max temp at 6000 rpm.

Room temp

Time (s)
Fig 12. Load step during thermal shock test.

The thermal boundary conditions are heat transfer coefficient and the gas/environment
temperature of internal and external surfaces of manifold. The heat transfer coefficients for
the internal surface are coming from CFD Analysis, the gas temperature (= 875°C) from Gas
Exchange Analysis. The environment temperature is assumed as 35°C. The determination of
heat transfer coefficient at the external surface of manifold is already described in 4.1 and is
aexternal = 30 W/mK.
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4.3.2 Mechanical boundary conditions and loads

Beside the thermally induced strains, the exhaust gas manifold is subjected to mechanical
loadings due to the fixing screws and the differential gas pressure on the inner surfaces.
Under normal conditions, the influence of the pressure differences can be neglected for this
kind of solid component, because the pressure of the cooling flow and the exhaust flow in the
exhaust manifold vary between 2.0 and 3.0 bar depending on the operating point. The stresses
induced by these pressures are relatively low in comparison to the thermal stresses induced
by the temperature distribution. Therefore they are considered to be negligible within the
scope of this investigation.

Only the fixing screws may introduce a considerable mechanical load [14, 15]. For all the
clamping bolts at the cylinder head flange the pre-load is assumed as 16.5 KN according to
IPCO experience.

To assure correct boundary conditions on the side of the cylinder head, the gasket between
these two components and its non-linear compressive behavior has been modeled as well.
The connection between manifold and conical bush is realized with a clamp strip. This
contact will be considered for the calculation as a stiff connection and means no relative
movement between manifold and bush. The catalyst is welded to conical bush also the
bracket and catalyst are welded together i.e. no relative movement [7].

4.4 Material properties

In the design process the austenitic stainless steel type 304 is decided for the material of
the manifold. St304 is a family of alloys with sufficient nickel to produce an austenitic
structure which has unique and superior properties. It is heat resistance and has excellent
resistance to growth and oxidation at temperature up to 1050°C. Low coefficient of thermal
expansion with good thermal shock resistance is a typical property of this material and used
in gas turbines, turbocharger housing, exhaust manifold and hot pressing dies [12]. The
widespread use of austenitic stainless steels in elevated temperature conditions indicates their
attractive thermo-mechanical properties [10, 11].

Fig 13 shows the stress-strain relationship at different temperatures and the mechanical
and thermo-physical properties of Stainless steel 304 are shown in Table 2.

700

800

500

&
0
o

stress(Mpa)

%}
[s}
=]

100

strain

Fig 13. Stress-strain behavior of stainless steel 304 at different temperatures [12].

10

https://Autolibrary.ir/



i %@}i 13" Annual & 2hrﬂgf$f;{4{ﬂd%€gl£boggm° ir/

Fd2010-26-28 Oct. Shiraz University
Shiraz Iran

Table 2. Material properties of stainless steel 304[12].

Temperature | Modulus of Elasticity | Thermal Conduction | Thermal Expansion | Poison’

°C) (GPa) ratio
(J/mm °C s) cc™h

0 198.50 0.0146 1.70¢ 294
100 193.00 0.0151 1.74.¢7 295
200 185.00 0.0161 1.80¢” 301
300 176.00 0.0179 1.86¢7 310
400 167.00 0.0180 1.91¢7 318
600 159.00 0.0208 1.96¢ 326
800 151.00 0.0239 2.02¢7 333
1200 60.00 0.0322 2.07e-5 339

4.5 Heat Transfer Analysis

The objective of the heat transfer analysis is to capture the three-dimensional temperature
distribution of the exhaust system. This is a dominant step of the coupled CFD-FE analysis,
because the accuracy of thermal data governs the accuracy of the mechanical response of the
structure [4, 19].

The input data are gas temperature and the internal heat exchange coefficient which come
from gas flow simulation in the exhaust pipes in steady state, incompressible, and turbulent
model [7]. The temperature field is then calculated in a steady-state condition in a finite
element code and Fig 14 shows the temperature field at the end of heating. The maximum
temperature uniformly occurs in the manifold tubes, where the high temperature gas flows in
a short thin-walled passage very fast.

In compare to the rest of manifold the flange has relative low temperature value. It results
from two reasons; (i) exhaust gas doesn’t contact with the flange, and (i) heat is transferred
from inlet flange to the cylinder head, because the cylinder head has lower temperature
compared to the exhaust manifold due to the coolant. Therefore the thermal expansion of
manifold is much higher as flange’s thermal expansion and because of that the expansion of
manifold will be impeded with flange [4].

4.6 Thermo-mechanical stress analysis

In order to perform the elasto-plastic thermal stress analysis, it is necessary to consider the
temperature distribution, mechanical constraints, and temperature dependent material
properties. The main element of the loading is the thermal load and the only mechanical load
is the bolt tightening which can be represented rather easily. The bottom surface of the simple
cylinder head and the vertical supporting bolts of the catalyst are constrained.

The analysis is carried out in three steps for the same model of the thermal analysis; first,
bolt pretension load is applied, and then the heat up and cool down processes of the thermal
shock happen respectively. The heat up and cool down processes will be repeated for one
another time [2,4,7].

11
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Fig 14. Temperature field at the end of heating.

4.7 Results of the FEM simulation

Realizing the fact that crack initiation and crack propagation in ductile materials is
preceded by the development of localized plastic deformation zones the values as well as the
distribution of this scalar strain is the best indicator for possible structural regions failure.
With this critical regions of the structure may be detected clearly and non-ambiguous. This
will be considered as an indicator for the possible structural failure. But it is difficult to find
the acceptable limit for the plastic strain. According to IPCO experience the maximum plastic
strain at the end of second cycle is to hold less as 1% [7].

The distribution of plastic strain at the end of second cycle is determinate (fig 15). There
are some areas with plastic strain more as 1%. the maximum value is 2.8%. In this calculation
all the cylinder head bolts at flange are fix and relative movement of flange at the gasket’s
plan is not possible.

PEEQ=2.8%

\

Fig 15. Equivalent plastic strain range at situation of no relative movement of flange.

For the assembly of manifold one bolt must be used as fixing point i.e. there is small
tolerance between bolt’s shaft with 8mm diameter and the bore with 8.5 mm diameter. Other
bolts might have a bigger diameter as the bolt’s shaft. This makes the relative movement of
flange possible.

With this boundary condition the distribution of plastic strain at the end of second cycle is
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determinate and shown in fig 16 The expansion of flange is now not stopped and can slide at
the gasket’s plan. As the result there is no area with high plastic strain in the manifold to
observe. Fig 17 shows the maximum movement of bores relative to fix bolt at the gasket’s
plan in both directions. This movement is necessary to get no high plastic deformation in
manifold. To make the machining easier, can the bores drilled with constant diameter 10.5
mm.

PEEQ
(Avg: 75%)

PEEQ=.964%

48.036e-04
40.000e+00

Fig 16. Equivalent plastic strain range at situation of relative movement of flange.

Bolt-6: Fixed @ 8.5 mm

Recommended
Bolt-283: @8.5mm

diameter @ 10.5

Bolt A B
number | mm | mm
1 10 8.5
4 10 9
5 10.5 | 8.5
T 10.5 | 9
s S 1
............... m ® ®
\ Y
4 2

® L ]

)

Fig 17. Max bores movement at gasket' plane relative to fixed bolt.

5 Discussion / Conclusions

The modeling with the elements of type C3DSI, the use of at least two elements across the
wall thickness of the exhaust manifold and the nonlinear analysis enable a reasonable
simulation of a rather complex problem and ensure relatively realistic predictions of the
thermal gradients occurring under extreme conditions. It can be seen that plastic strain which
has the dominated effect on the damage evolution, is maximum at the junctions where the
expansion of the tubes is restricted by flanges and the cylinder head. The results of this
investigation confirm that significant plastic strain can be expected at selected areas of the
component. The equivalent plastic strain concentrations can be interpreted as remarkable
indices for extreme level of temperatures and temperature gradients and as an indicator for
the possible structural failure and show at the same time the sensitive areas for potential
enhancement measures. Next development steps of the exhaust manifold will be taken based
on these informations.
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