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Abstract: The forthcoming Euro-7 emission framework has
redefined performance and durability standards for commercial
diesel engines, compelling manufacturers to enhance drivetrain
structures without compromising on mass efficiency or NVH
(Noise, Vibration, and Harshness) characteristics. This study
presents the design and finite-element analysis of a flywheel
housing developed for a 13-litre Euro-7-compliant heavy-duty
diesel engine. A parametric 3D model was constructed in CATIA
V5 and evaluated in ANSYS Workbench 2024 R2 for combined
torque, clutch thrust, and gearbox overhung loads. Modal and
harmonic response analyses were employed to verify frequency
separation from engine firing orders and to assess the damping
potential of compacted graphite iron (GJV-450). The optimised
design achieved a 17 % weight reduction, a minimum factor of
safety of 1.75, and a first-mode frequency of 173 Hz, well above
the sixth firing order (= 120 Hz at 2400 rpm). The results affirm
that a well-ribbed CGI flywheel housing satisfies Euro-7 durability
and NVH targets while remaining castable and lightweight.
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Nomenclature:

Tpax: Maximum Engine Torque

mg: Gearbox Mass

E: Distance from Bell Face to Gearbox Centre of Gravity
E: Young’s Modulus of Material

oy Yield Strength
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fn: Natural Frequency

P: Density

FoS: Factor of Safety

Z: Material Damping Ratio

I. INTRODUCTION

The tightening of European emission and noise standards
through the Euro-7 regulation marks a paradigm shift in
heavy-duty diesel-engine design [1]. Beyond curtailing
exhaust emissions, the legislation mandates system-level
acoustic and vibrational performance, thereby transforming
ancillary components, such as the flywheel housing, from
passive enclosures into critical load-bearing and NVH-tuning
structures [2].

The flywheel housing, also known as the bell housing,
serves several structural and functional purposes in the
powertrain assembly. It transmits torque between the engine
crankshaft and the transmission system, preventing effective
load transmission during acceleration and deceleration [3].
Moreover, it helps sustain the static and dynamic mass of the
gearbox, which also provides stability of the drive train and
integrity of alignment. One important use of the housing is to
ensure the accurate axial and radial alignment of the engine,
the clutch gearbox, and other components, thereby avoiding
early wear or failure due to vibration [4]. The flywheel
housing also serves as a partial acoustic shield and vibration
modulator, beyond its structural role, suppressing the
transmission of noise and oscillatory energy through the
powertrain—a key factor in NVH (Noise, Vibration, and
Harshness) compliance in high-performance engine systems
[5-6]. In the past, 11-13 L housings were cast in ductile iron
(EN-GJS-400/450), a strong, damping material at the cost of
weight. Nevertheless, higher torque density (around 2900 N -
m) and size considerations are now driving the use of
compacted graphite iron (GJV-450), whose vermicular
microstructure is 35-40 per cent stiffer-weight. They can be
20 per cent more damping-capable than ferritic-pearlitic
ductile iron [7].

Design-wise, the housing should be flexible to
accommodate torsional, axial, and bending loads from the
clutch, gearbox inertia, and mount reactions.
Overdeformation (>0.05 mm) may cause the input shaft of the
gearbox to become slack, accelerating gear wear and
producing a rattling noise [8]. In modern design verification,
finite-element analysis (FEA) is used to model these
multidirectional load interactions and to ensure that natural
frequencies and dominant engine
firing orders (usually 20-
120Hz (600-2400rpm) in an
inline-six) are separated.
Analysis of modal assurance
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and harmonic response complements the traditional
validation study, which employs a static approach [9].

Gearbox

o

!

£} Engine-side flange with primary datum bore;

£3 Bell cavity enclosing the flywheel and clutch;

E) Gearbox flange providing pilot alignment and load
support;

3 Mounting bosses and ribs distributing torsional and
bending stresses; and

E) Inspection and starter apertures for maintenance and
integration of ancillary components.

[Fig.1: Functional Role of the Flywheel Housing Between the Engine Block and the Gearbox]

This paper develops and evaluates a 13-L Euro-7 engine flywheel housing using a CAD-to-FEA workflow. The objectives

arc:

=  To establish a geometry that balances stiffness, mass, and castability.

* To quantify stress and deformation under combined static loads.

»  To determine the first several natural frequencies and verify order separation.

=  To propose weight-reduction measures without compromising structural integrity.

II. DESIGN METHODOLOGY

A. Geometric Design Approach

The flywheel housing geometry was modelled using CATIA
V5 R30 based on the mounting interface dimensions of a 13-
L inline-six Euro-7 diesel engine. The design incorporated a
circular bolt pattern (10 x M12-10.9 bolts) and a dowel-pin
alignment system ensuring co-axiality between the crankshaft
bore and the gearbox pilot within £0.05 mm. Wall thickness
was initially set to 8 mm, guided by empirical stiffness—mass
trade-offs from prior heavy-duty housings [10].

[Fig.2: Parametric CAD Model of the Euro-7 Flywheel
Housing]

Reinforcement ribs were distributed radially from the crank
bore to the bell rim, while a circumferential ring rib stiffened
the bell face to reduce ovalisation under torque loads. Fillets
(r = 3-6 mm) were introduced at all stress concentration sites.
The housing includes starter and inspection apertures, with
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local boss thickening to prevent stress peaks, and mounting
bosses aligned with the vehicle frame reaction paths. All
external faces have a draft of> 3° for sand-casting
manufacturability.

B. Material Selection

The flywheel housing base material was selected as
Compacted Graphite Iron (CGI-450) to achieve the best
combination of stiffness, vibration damping, and castability,
which are often difficult to achieve simultaneously in
powertrain components. CGI has a tensile strength of
between 35 and 20-25 per cent higher, an elastic modulus
increased between 20 and 25 per cent, and damping capacity
up to 30 times better than in traditional grey and ductile iron
(GIL and GIJS) allotropes, which is mainly due to its semi-
vermicular (worm-like) graphite structure enabling both
strength and damping [11]. This microstructural property
enables GJV-450 to exhibit better fatigue resistance and
dimensional stability when subjected to dynamic and thermal
loads in Euro-7 heavy-duty engine parts, where lower noise,
vibration, and harshness (NVH) are the primary factors, as
well as structural rigidity [12].

Table I: Material Properties of GJV-450

Property Symbol Value Source

Density p 7200 kg m= | EN 1563
Young’s modulus E 170 GPa [2]
Yield strength oy 450 MPa [2]
Poisson’s ratio v 0.27 —
Damping ratio S 0.015 [4]

This combination yields high
vibration  attenuation and
excellent dimensional
stability during thermal cycles
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typical of heavy-duty operation.

C. Load Case Definition

Four principal load cases were defined to capture
operational extremes (Table 2).

Table II: Load Cases for Static Analysis

Case Description Loading Inputs

Engine torque Tmax=2900N applied tangentially at
LCl1 R .

reaction the crank interface

LC2 Gearbox mgge = 230 X 9.81 X 0.16 =

overhung load 361NN - pmbending moment
LC3 Clutch axial 20 kN axial load on bell face

thrust

LC4 | Combined case Superposition of LC1-LC3

A bolt preload of 55 kN per M12-10.9 bolt was applied
according to VDI 2230 [5]. Contact friction at the bell face
was modelled with p = 0.15 to represent oil-film conditions.

D. Boundary Conditions and Meshing

The finite element (FE) model of the flywheel housing was
developed in ANSYS Workbench 2024 R2 using a
hexahedral-dominant mesh. The global element size was
maintained at 5 mm, while regions with high stress gradients,
such as fillets and bolt holes, were refined locally to 2 mm to
capture stress concentrations accurately. The engine-block
interface was constrained through remote displacement
couplings, effectively replicating mount compliance under
operational loads [13].

Remote
displacement
couplings

[Fig.3: Finite-Element Mesh and Boundary Conditions
Applied for Combined Load Case LC4]

To avoid artificial stiffness and load singularities, the
gearbox mass and clutch thrust loads were distributed via
RBE3 (Rigid Body Element type 3) connections. During the
early analysis stage, a linear-elastic, isotropic material model
was used to verify solver stability and to evaluate baseline
structural integrity. Mesh convergence was ensured when the
variation in von Mises stress between successive mesh
refinements fell below 3%, confirming the adequacy of the
selected element density for accurate stress prediction.

III. STATIC STRUCTURAL ANALYSIS

A. Stress Distribution

The housing was analysed for the combined load case
(LC4), which superimposes torque, clutch axial thrust, and
gearbox overhung bending.
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[Fig.4: Von Mises Stress Distribution for LC4]

The maximum equivalent (von Mises) stress occurred at the
starter-boss fillet region and was = 254 MPa, well below the
450 MPa yield strength of GJV-450. Localized stress bands
appeared along rib junctions and bolt-land transitions but
remained elastic. The torque path through the radial ribs and
ring rib produced a uniform shear gradient, confirming proper
rib alignment.

B. Deflection and Alignment Integrity

The bell-rim had the most significant deformation, 0.042
mm, which was mainly at the lower gearbox flange due to
gravity and the bending moment mge = 361N-pm. The
change in face flatness under load was 0.031 mm, within the
tolerance range (< 0.05 mm). This stiffness ensures that the
crankshaft and gearbox pilot are coaxial, preventing the
spline from becoming misaligned.

C. Bolt and Joint Integrity

The preload analysis for 10 x M12-10.9 bolts showed a
mean tensile utilisation of 0.72 and a frictional slip safety of
more than 2.2 per VDI 2230. Neither axial nor torsional peak
loads caused any joint separation. The bolt stress of 680 MPa
remained below 70% of the material's yield strength of 940
MPa.

D. Factor of Safety Summary

Parameter Value Criterion Status
Peak oy 254 MPa | <450 MPa/FoS 1.5
Max deflection | 0.042 mm <0.05 mm
Bolt stress 680 MPa <940 MPa x 0.7
Face flatness | 0.031 mm <0.05 mm

The static assessment confirms a minimum FoS = 1.77,
ensuring elastic behaviour under worst-case operating loads.

IV. MODAL AND HARMONIC ANALYSIS (NVH)

A. Modal Analysis

The first six natural frequencies of the flywheel housing
were obtained by performing a modalanalysis using the Block
Lanczos solver in ANSYS Workbench 2024 R2. The
boundary conditions, which included gearbox coupling
stiffness and engine-face limitations, were identical to those
in the static analysis. Maintaining sufficient frequency
separation from the dominant
engine firing instructions was
the primary objective.
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Table I1I: Natural Frequencies and Mode Characterisation

Type of Frequency Dominant .
Mode Deformation (Hz) Region Observation
1 Global 173 Midsection Safe (>6th
bending ribs engine order)
2 Torsional twist 191 Around Minor phase
crank bore lag
Radial bell- No couplin
3 face 216 Outer flange oupling
. risk
deformation
Between .
4 Local rib twist 243 mounting ngh
damping area
bosses
Starter boss Boss Local
5 . 271 resonance
bending aperture
only
Axial High-
6 breathing 314 Bell cavity frequency
mode mode
otaDeformation
m)
42259
3.7602
3.2945
2.8288
2.3631
{ 1.8974
1.4317
1.8490

[Fig.5: First Bending Mode (Mode 1) Showing Global
Flexural Deformation]

The modal results indicate that the first natural frequency
(173 Hz) exceeds the critical 6th engine firing order (120 Hz
at 2400 rpm) by 44 %, satisfying the NVH design target.

B. Harmonic Response Analysis

All-important combustion and gearmesh excitation orders
were covered by the harmonic response analysis, which was
conducted in the 20300 Hz range. To simulate engine torque
fluctuations, excitation amplitudes were applied at the
gearbox pilot node. For the GJV-450, a material damping
ratio of {=0.015 was set.
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[Fig.6: Frequency-Domain Analysis Curve at Gearbox
Flange (Displacement Amplitude vs. Frequency)]

The critical threshold of 20 um RMS for gear-mesh
vibrations was well below the maximum displacement
amplitude of 7.8 pm RMS at 115 Hz. The inherent damping
properties of CGI and the vibration-isolating function of the
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ring ribs reduced responses above 200 Hz. Additionally,
across the working speed range of 600-2400 rpm, the
Campbell diagram (Figure 7) confirmed that there was no
overlap between the system's inherent frequencies and
excitation orders (up to the eighth order).

C. NVH Compliance Summary

Parameter Requirement Result | Status

First natural frequency > 1.3 x firing 173 Hz
frequency (=160 Hz)
Max displacement <20 um RMS 7.8 um
amplitude
Mode separation >30 Hz 44 Hz
margin

Damping ratio >0.01 0.015

350
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300

Engine order Jiriés (1x-8x)

250

]
S
=]

-
w
o

Frequency (Hz)

-
o
=]

w
o
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[Fig.7: Campbell Diagram Showing Frequency Order
Lines and Modal Frequencies]

According to Euro-7 regulations, the flywheel housing
maintains dynamic isolation from essential engine
harmonics, as shown by the modal-harmonic analysis.

V. WEIGHT OPTIMIZATION AND DESIGN
REFINEMENT

A. Objective and Method

A Design of Experiments (DOE)—driven optimisation study
was conducted in the ANSYS Workbench Parameter
Optimisation Module to reduce mass while maintaining
structural stiffness and NVH compliance. The variables
included wall thickness, rib height, and ring-rib thickness
(Table 4). The objective function targeted the minimum
mass, subject to:

Omax < 300 MPa, f; > 160 Hz, §,,,x < 0.05 mm

Table IV: Design Variables and Constraints

Design Variable Range Constraint Optimization Goal

Wall thickness (t) 6—10 mm Omax<300MPa Minimize mass
Rib height (h) 60—90 mm fi>160Hz Maintain stiffness

Ring rib thickness 8—14 mm 6<0.05mm Improve NVH

B. Optimization Process

The response surface methodology
(RSM) was used to develop a surrogate model relating
geometric variables to stress, deflection, and modal frequency
outputs. Twenty design points were simulated using Latin
Hypercube Sampling. Regression
coefficients showed that rib
height (h) most strongly
influenced the first natural
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frequency, while wall thickness (t) affected both mass and
stress.
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[Fig.8: Response Surface of Frequency vs. Rib Height
and Wall Thickness]

C. Results and Discussion

The optimum configuration yielded:
=  Wall Thickness (t): 8 mm
= Rib Height (h): 70 mm
= Ring Rib Thickness: 12 mm
*  Mass Reduction: 17 % (16.9 kg — 14.0 kg)
= First Natural Frequency: 185 Hz (1 12 Hz
improvement)
* FoS: 1.75 maintained

Table V: Optimization Results Summary

Parameter Baseline | Optimized | % Change | Status
Mass (kg) 16.9 14.0 -17.1
fi (Hz) 173 185 +6.9
Max 6_vm (MPa) 254 260 +2.3
Deflection (mm) 0.042 0.039 =71

The resulting topology demonstrated a favourable stiffness-
to-weight ratio and preserved manufacturability, with wall
transitions exceeding casting draft constraints.
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20| os
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[Fig.9: Topology Density Plot Highlighting Optimized
Rib Geometry]
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VI. MANUFACTURABILITY AND QUALITY
ASSURANCE

A. Casting and Process Design

A sand-casting simulation was used to confirm that the
optimised design could be manufactured. To ensure smooth
metal flow and stress relief, the geometry maintained a
consistent wall thickness of 6—10 mm, fillet radii of 3—6 mm,
and draft angles of >3° (external) and >1.5° (internal). At
apertures, the dimensional accuracy of the core print
alignment was confirmed. There are no hot spots close to the
rib-boss regions, according to the Casting simulation. Post-
machining residual stresses were reduced and solidification
gradients were minimised by carefully positioning the riser
and chill. The -casting process flow and chill/riser
arrangement for flawless CGI housing are depicted in Figure

R

,, |
[ Core making ] Mould “
cavity
Y
[ Mould assembly J
[Fig.10: Casting Process Flow and Chill/Riser Placement
for Defect-Free CGI Housing]

Pattern

making Sprue
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27
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Mould
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Y
Casting

Chill

B. Machining and Tolerancing

All datum surfaces were carefully established as
fundamental references for dimensional metrology and
machining, ensuring perfect alignment and durable
mechanical integrity. The principal datum (A), which forms
the central alignment axis between the engine and gearbox,
was determined to be the crank bore. Dowel holes established
the tertiary datum (C) to ensure rotational correctness, while
the bell face served as the secondary datum (B) to regulate
axial orientation. A single CNC horizontal boring machine
was used for all machining, improving geometric consistency
and reducing alignment deviation. Face flatness within 0.03
mm and runout below 0.05 mm were verified through
tolerance stack-up validation, satisfying the exacting
requirements of a built-to-last powertrain assembly.

C. Inspection and Quality Control

Key datum concentricity and orthogonality were verified
within micrometre tolerances through precision CMM
inspection. After passing a pressure test at 0.4 MPa, the
housing was guaranteed to be completely sealed and
microleak-proof. Internal flaws such as porosity or inclusions
were confirmed to be absent by UT and RT, and machined
surfaces were certified free of cracks by DPL. The
microstructure was  stabilised,
residual stresses were reduced,
and fatigue resistance and
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service life were improved via a controlled 600 °C annealing
process.

Table VI: Quality Control and Inspection Plan

Parameter Method Frequency | Acceptance Criteria
Concentricity CMM 100 % <0.05 mm
Face flatness Surface 100 % <0.03 mm

plate + dial -
Internal No significant
defects RT/UT Sampling Porosqy or
inclusions
Surface DPI 100 % None detected
cracks
Pressure seal Leak test Sampling <1 % leakage

D. Process Validation

A CGI grade (GJV-450) was used for trial casting, and
prototypes were machined to final specifications. Measured
stresses from strain-gauge tests correlated with FEA
predictions within £9%, validating the model.

The key outcomes are summarised below:

N
B
o

F % Measured Data
=== Best Fit (R’=0.991)
i Ideal 1:1 Correlation

Experimental Measured Strain (pe)
— [ = = ] N
N B [~} [=] [=] N
© o o ©o ©o o
%
A%
%
3
%
%
%
%
%
V

-
o
o

140 160 180 200 220
FEA Predicted Strain (pe)

100 120 240

[Fig.11: Correlation of Experimental Strain Results with
FEA Predictions]

VII. RESULTS SUMMARY AND CONCLUSIONS

A. Summary of Findings

For a Euro-7 13-litre heavy-duty diesel engine flywheel
housing, this study combined CAD-based design, finite-
element analysis, modal validation, and manufacturability
assessment.

Aspect Methodology / Observation Result
Material selection Compacted Graphite Iron (GJV-450) chosen for strength—damping synergy Yield =450 MPa, {=0.015
Load cases Static torque (2.9 kN-m), gearbox bending (361 N-m), clutch thrust (20 kN) Realistic Euro-7 loading spectrum
FEA (LC4) Combined static analysis Max stress = 254 MPa; Deflection = 0.042 mm
Factor of Safety FoS=1.77 Satisfactory for continuous duty

Modal analysis

Ist mode = 173 Hz; torsion = 191 Hz; axial breathing =314 Hz

All > 1.3x firing frequency

Harmonic response

Peak displacement 7.8 um @ 115 Hz

< NVH limit (20 uym RMS)

Optimization DOE-based RSM, 17% weight reduction Mass: 16.9 — 14.0 kg
Validation Experimental-FEA strain correlation R2=0.991
Manufacturability Sand-cast CGI with optimized riser/chill design Defect-free prototype

B. Discussion

It has been shown that geometry-based optimization of the
flywheel housing can significantly enhance structural
efficiency without impacting stiffness or NVH compliance. A
circumferential ring rib and radial reinforcement ribs reduced
deformation under the influence of clutch and gearbox loads,
thereby increasing alignment stability. The first natural
frequency was isolated by modality to ensure that it was far
apart in order of magnitude, thus minimizing noise
propagation. The FEA-based design workflow for next-
generation Euro-7- and Euro-8-compliant diesel platforms is
justified by the strong correlation between simulation and
experimental results. Better fatigue durability was also
achieved with CGI, without the need for intricate damping
inserts, consistent with sustainable design principles.

VIII. CONCLUSIONS

The newly developed flywheel housing satisfied all Euro-7
performance and Lifespan benchmarks, proving its material
strength and measurement accuracy. Under combined
loading, it maintained a Factor of Safety (FoS) of at least 1.75,
with deviations under load limited to 0.05 mm or less. Based
on modal and harmonic analysis, its vibration behaviour is
stable well above eigenfrequencies, guaranteeing operational
durability. We achieved a 17% mass reduction without
compromising stiffness or production feasibility through
material distribution and parametric optimisation. The mould
injection process and machining further confirmed the
component's ability to be produced with high dimensional
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accuracy and without defects. The experimental strain-gauge
tests demonstrated a high degree of correlation (R? > 0.99)
with the FEA predictions, confirming the quality of the
Digital twin. These findings together offer a strong and
extensible basis for developing next-generation, high-torque,
low-noise powertrain systems that fully comply with Euro-7
specifications.
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