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This paper introduces a new study to improve the performance of a v6-engine
crankshaft, as V-type engine crankshaft has little consideration in the literature.
First, static analysis for the v6-crankshaft is presented, which includes geometric
parameters, loading analysis, and material selection. Secondly, the finite element
method is applied to analyze a model for v6-crankshaft with a fine element mesh.
The boundary condition is formulated to simulate the proposed model. Then, a
solution for maximum equivalent stress, total deformation, and safety factor is
carried out. The solution indicates fillet areas are the most critical sections with the
highest stress concentrations. Finally, a parametric optimization technique is
performed to detect the optimum values for fillet radii that produce minimum
equivalent stress and minimum total deformation. The optimized model is compared
with the original model and theoretical calculations. In the optimized model,
maximum equivalent stress is reduced by 34.45% with an increase in mass by 0.02%.
Geometric optimization of the v6-crankshaft design provides an effective
methodology to improve its performance.

1. Introduction

The crankshaft is an essential element in an
automotive engine. It transmits the reciprocating
motion of the piston to a smooth rotational
motion. The reliability of an internal combustion
engine is based mainly on the strength of the
crankshaft. Stress concentration should be
seriously considered under the effect of static
and variable loads. Failure problems of
crankshafts occur primarily at the rounded
transition area from the crank to the journal. It is
mainly the journal fillet and crankpin fillet. So,
fillet areas need to be strengthened to enhance
the service life of the crankshaft. The fillet

rolling process provides an effective technique
to improve the behavior of crankshaft fillet
areas. The crankshaft fillet and fillet rolling
process have recently been investigated by many
researchers. The importance of the fillet rolling
process has been discussed [1]. The endurance
stress increases with the fillet rolling process
compared to the un-rolled condition.

The optimum rolling load for the crankshaft
design was between 20 and 24kN. The fillet
rolling process was modeled in FEA with
various machine parameters and real boundary
conditions. Calculations were applied and
validated by the measurements and tests [2].
Residual stresses produced by the fillet rolling
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process were investigated [3, 4] to identify its
effect on the fatigue process of a ductile cast iron
crankshaft under bending loading. A two-
dimensional plane strain finite element analysis
(FEA) was also applied to analyze residual and
bending stresses near the fillet of a crankshaft.
Then, bending fatigue tests were conducted.
Factors affecting the fillet rolling process were
simulated to enhance the influence of
compressive residual stress in crankshaft fillets
[5]. Resulted variables of impact angle, impact
speed, and impact rotation angle were 45°, 10
m/s, and 4.5°, respectively. FEA was performed
on different types of engine crankshafts such as
a single cylinder four-stroke engine crankshaft
and a diesel engine crankshaft [6, 7] to get the
difference in stress level at critical locations.
Pressure-volume diagram was used to find the
load boundary condition. Dynamic analysis was
performed analytically and simulated in
ADAMS. It was concluded that stress
concentration is significantly initiated in the
transition area between the main journal and
connecting rod journal, and the crank. The
single-cylinder ~ engine  crankshaft  was
investigated to improve fatigue life by changing
the crankpin fillet radius and crankpin diameter
[8]. The effect of different fillet structures on the
safety factor of a marine diesel engine crankshaft
was presented [9]. Hence, the most suitable
crankshaft fillet structure is a two-way sinking
groove fillet with a minimum safety factor of
2.209.

Generally, the working conditions of the
crankshaft are complicated due to complicated
geometry and variable loads during the working
process. Therefore, the stiffness and fatigue
strength of the journal should be checked during
the crankshaft design. A practical technique was
involved to investigate the crankshaft fatigue
based on a customized experiment platform [10].
Then, statistical regression analysis of eight
commonly used hypothesis distributions was
conducted. Failure analysis of single-cylinder
diesel engine crankshaft and crankshaft of a
motor diesel vehicle was carried out [11, 12].
The failure occurred at the sharp fillet region and
the lubrication holes, where the stress
concentration was at the highest level. The finite
element method (FEM) was applied by ANSYS
software for crankshafts of a single-cylinder
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engine and crankshaft of a four-cylinder engine
[13, 14]. Both crankshafts were modeled and
compared in terms of stress and deformation to
optimize the of crankshaft geometry and safe
design.

Dynamic and modal analysis on crankshaft was
introduced [15-17] for L-twin cylinder and
diesel. Crankshaft dynamic analysis showed that
the design of the statically safe crankshaft may
fail under the dynamic loading condition of the
crankshaft. Maximum deformation and stress
appeared at the web edge of the counterweight
and maximum stress intensity was initiated at the
fillets between crankshaft journal and crankpin.
A large amplitude was applied to prevent
resonance. The maximum equivalent stress of
the optimized crankshaft model was reduced by
9.43%, maximum deformation was decreased by
3.68%, and the mass was reduced by 1.30%. The
relationship between the frequency and the
vibration modal was explained.

Low weight and high structural rigidity are
important factors essential for all elements of an
internal combustion (IC) engine. So, much
research has been presented to optimize the
proper material properties for a crankshaft.
Modeling and optimization analysis of the
crankshaft were performed to evaluate the
fatigue performance of different types of
materials such as forged steel, and ductile cast
iron [18, 19]. A modified lightweight safe design
was proposed using AlSI 1045 which produced
maximum von Mises stresses of 184.21 MPa,
safety factor of 2.4428, and weight reduction of
4.04 % less if compared to the considered
crankshaft model. FEA of the crankshaft with a
4-cylinder petrol engine of Maruti swift was
carried out by ABAQUS software using six
materials [20]. The optimized crankshaft was
much stiffer than the C 70 Alloy material. It
resulted in a 65.539% weight reduction.
Modeling and analysis of a four-wheeler
crankshaft with different aluminum alloys were
presented [21]. This result illustrated that
aluminum alloy 7475 was better than 6061 alloy
and the thermal gradient value was higher.
Experimental and analytical investigations of
steel specimens with high surface quality were
discussed [22, 23]. A new optimizing
counterweight methodology was developed to
reduce total mass [24].



JCARME

In the v6 engine, six cylinders are connected to a
common crankshaft in V-configuration. A v6
crankshaft is more compact, shorter and has
higher speeds than inline engine crankshafts.
Pistons usually have a smaller stroke, leading to
faster acceleration and lower operating
temperature.  The v6 crankshafts are
commercially successful in mid-size cars
because it is less expensive to build and consume
less fuel than the v8. A high-strength marine
diesel v-type engine crankshaft was analyzed
[25]. It was detected that crankshaft fatigue
strength may be maximized by larger fillet
radius, web thickness and, web width. The effect
of fillet radius and web thickness on crankshaft
fatigue strength was higher than web width.
From the above literature, most research
discussed static failure analysis, fatigue analysis,
design optimization, and material selection for
inline engine crankshafts. Little work has been
carried out for the v-type engine crankshafts. In
this work, the v6-engine crankshaft is
investigated to determine the optimum fillet
radius that ensures minimum equivalent stresses
and total deformation at the most critical area in
the crankshaft.

2. Static analysis of v6-crankshaft

The objective of static analysis of the v6-
crankshaft is to detect its operational behavior
under mechanical loading to ensure operation
safety. There are two different load sources in a
crankshaft operation; inertia and combustion.
The inertia of rotating components applies forces
to the crankshaft which is directly related to the
rotating speed and acceleration of rotating
components. Gas combustion forces are
transmitted to the crankshaft based only on the
dimensions of the piston and connecting rod.
These two load sources generate both bending
and torsional loads on the crankshaft. Torsional
load is usually ignored for the stress analysis of
the crankshaft [6], as it is less than 10% of the
bending load. In addition, when the peak of the
bending load takes place, the magnitude of the
torsional load is zero. Assuming a v6-crankshaft
with a single crank throw, all stresses acting
upon the crankshaft critical sections [25] can be
calculated as illustrated in the following
sections.
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2.1. Normal stresses at crankshaft fillets

In v-type engine crankshafts, two radial forces
are generated on each crankpin as there are two
cylinders connected on the same crankpin, as
shown in Fig. 1. Normal stress due to bending
moment is generated at each crankshaft phase.
However, the main geometric parameters of the
v6-crankshaft, which are wused in many
applications such as the Ford F-150 engine, are
defined in Table 1.

For maximum pressure, Pmax, produced by gas
combustion and the inertia, a maximum force
Fmax, Will be generated and can be calculated by
Egs. (1 and 2).

dé

Fmax = Pmax'n4 (1)
dé

Fonin = P i )

For a crankpin, assume that an average force,
Fave, is acting at midpoint C, as shown in Fig. 1.
Hence, nominal normal stress due to bending
moment acting on the web cross-section, ous,
can be defined by Egs. (3 and 4).

6M
oyg =t b;‘;e (3)

Maye = (4)

where:

Fave

S

U

w L
Fig. 1. Applied forces acting on v6-crankpin.

Table 1. Main geometric parameters of the v6-
crankshaft model.

Parameter value
Parameter name

(mm)
Length of the crankshaft, Lcs 564.88
Main journal diameter, d; 63.5
Crankpin diameter, dc 76.2
Length of the main journal, L, 53.34
Length of the crankpin, Lc 54.62

Fillet radius of the crankpin, Rcr 0.64
Fillet radius of the main journal, Rr 0.64
Web thickness, W 19.00
Web width, B 100.00
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Mave is the average equivalent bending moment
acting at point C.

Nominal normal stress due to radial forces acting
on the web cross-section, owg, can be defined by

Eq. (5).

ONR =% Feq/Aweb (5)

where:

Feq is the equivalent radial forces acting on the
web cross-section; and Awen IS the web cross-
section area, Awer=W.B

Stress  concentration factors should be
considered to calculate the effect of normal
stresses at the critical sections of the crankshaft.
For the crankpin fillet, only normal stress, due to
the bending moment, is presented by Eqg. (6).

ocrF =2(c1 @ o) (6)

where:

ocr is the maximum normal stress in a crankpin
fillet; and ay is the stress concentration factor for
bending in a crankpin fillet.

For the journal fillet, normal stress, due to
bending moment and radial force,s is calculated

by Eq. (7).

O =% (1 ® on + 32 @ ORR) (7)

where:

osr IS the maximum normal stress in the journal
fillet; and p1 and p» are the stress concentration
factors in the journal fillet for bending and
compression.

In addition to the maximum bending stresses in
fillets, additional bending stresses, cadd, due to
misalignment, deformation, and vibrations
should be considered.

2.2. Torsional stresses at crankshatft fillets.

Torsional stresses should be determined at the
crankpin fillet as well as for the journal fillet.
For the crankpin fillet: nominal torsional stress
acting on the crankpin cross-section, tc, can be
calculated by Eqgs. (8 and 9).

16T
Tc = - dg (8)
Tcr=* (are 1c) )
where:
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cr IS the maximum torsional stress in crankpin
fillet; and ar is the stress concentration factor for
torsion in crankpin fillet.

For the journal fillet: nominal torsional stress
acting on the journal cross-section, 1;, can be
calculated by Egs. (10 and 11).

T = T (10)
nd]

F=2(fren) (11)

where:

7r IS the maximum torsional stress in the journal
fillet; and fr is the stress concentration factor for
torsion in the journal fillet.

2.3. Equivalent von-mises stresses at the
crankshatft fillets.

Bending and torsional stresses at the fillets
generate a biaxial stress effect represented by
Egs. (12 and 13).

For the crankpin fillet:

Oycr =

n J (Ocr + Oaga)? + 312 (12)

For the journal fillet:

Oyr = J(UIF + aadd)z + 31}, (13)

3. Modeling of v6-crankshaft and material
selection

For accurate results during the simulation
analysis, a 3d model of the v6-crankshaft has
been carried out using SolidWorks software with
geometric parameter values given in Table 1.
The General specifications of the V-type engine
are included in Table 2. Medium-carbon steel
alloys, such as nickel-chrome-moly alloy SAE-
4340 and AISI 1045, are commonly used for the
manufacturing of crankshafts to ensure hardness,
yield strength, fatigue strength, ductility, and
other desired properties of the crankshaft.
Forged steel, AISI 1045, is selected for this
simulation with specifications given in Table 3.
Using these parameters, the generated model of
the crankshaft in SolidWorks has been imported
to the ANSY'S workbench for further simulation
study.
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Table 2. V6-engine specifications [25].

Specifications Value

No. of cylinders 6

Power 180 HP
Torque, T 238 N.m
Engine displacement 20L

Top speed 107-176 mph
RPM, N 5400

Piston diameter, dp 70 mm

Table 3. Mechanical properties of AISI 1045 forged
steel.

Property Value
Modulus of elasticity (GPa) 205
Poisson ratio 0.29
Ultimate tensile strength (MPa) 625
Yield stress (MPa) 530
Density (kg/m?3) 7850

3.1. Model finite element analysis

FEA has been used to detect the state of stresses
at critical sections to optimize the life of the
crankshaft. The proposed crankshaft model
geometry is meshed with tetrahedral elements.
Mesh refinement should be improved for critical
locations such as crankpin fillet and journal fillet
to enhance simulation results. The proposed
mesh resulted in about 572383 elements with
365317 nodes. However, all analyses depend on
the linear properties of the crankshaft material.
The generated model mesh is shown in Fig. 2(a).

3.2. Model boundary conditions.

Boundary conditions are critical factors that
control the accuracy of the simulation process.
The boundary conditions in the ANSYS
software model include the applied load on the
crankpin neck surface and other constraints
based on the crankshaft bearing configuration.
Torsional load is usually ignored in the static
analysis of the crankshaft. To formulate a
crankshaft subjected to bending stress, the whole
surface of each crankpin is a force of 50 kN
produced from the kinematic analysis of the
proposed  v6-crankshaft.  However, the
crankshaft is expected to have fixed supports at
the ends and cylindrical supports at the main
journals, as shown in Fig. 2(b).

3.3. Model solution

The model solution has been carried out for
equivalent von Mises stress, total deformation,
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axial deformation, and safety factor. The
maximum stress value is 430.2 MPa at the
journal fillet area, as shown in Fig. 3(a).
However, similar lower stress values are located
away from the fillet areas. Maximum total
deformation is 0.14 mm at the web surface area,
as shown in Fig. 3(b). Maximum axial
deformation is 0.08 mm at the crankpin fillet, as
shown in Fig. 3(c). Minimum safety factor is
1.338 at the journal fillet area, as shown in Fig.
3 (d).

4. Parametric optimization

From the previous solution, fillet areas are the
most critical stress areas. So, optimum values of
journal fillet radius and crankpin fillet radius
ensure maximum crankshaft safety. To optimize
these parameters, a parametric  direct
optimization tool has been used. All
optimization  parameters, initial  values,
constraints, and objectives are presented in Table
4. Optimization results are indicated in Table 5
for eight sample design points that meet the
optimization constraints and objectives.

000 100,00 (mm) 1,/{
(a) 5000 9

317204 2370

[ Cylindncal Support: 0. mm
[B] Cylindrical Support 2: 0. mm
[C] Rotational Velocity: 90, rad/s
[B] Cylindrical Support 3: 0. mm
[E] Fixed Support
[EJ Force: 50000N
[B] Force 2:50000N
[H Force 3: 50000 N

(b) 000 200,00 (mim) . ‘,I\ )

100.00

Fig. 2. (a) FEA model and (b) boundary conditions.
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Table 4. Optimization parameters, constraints and objectives.
Input parameter Initial value  Constraints Output parameters Objective
Crankpin fillet radius, Ree (mm) 0.64 05<Rcr<1.0 Maximum equivalent stress minimize
Main journal fillet radius, Ry (mm) 0.64 05<Rp=15 Maximum total deformation ~ minimize
Crankshaft mass, m (kg) 24,087 Crankshaft mass, m (kg) minimize

Table 5. Optimization results for input and output parameters.

Sample design  Rsr (mm), Rcr (mm), Mass Ma>'(imum Maximumtotal
. ' ' equivalent stress  deformation (mm), Safety factor, P6

points P1 P2 (kg), P3 (MPa),P4 p5
1 0.5625 0.53125 24.08669314 481.1051788 0.144379082 1.1966203
2 0.6875 0.78125 24.08781741 415.8406631 0.144214505 1.384425032
3 0.8125 0.65625 24.08776051 387.8292924 0.144206576 1.484416558
4 0.9375 0.90625 24.0891681 351.8447111 0.144014455 1.636233841
5* 1.0625 0.59375 24.08853087 329.4767403 0.144028252 1.747316738
6 1.1875 0.84375 24.08999093 317.3090301 0.143843003 1.814320327
Ll 1.3125 0.71875 24.09015477 310.3313898 0.14382158 1.855114378
8* 1.4375 0.96875 24.09189964 281.9995004 0.143522339 2.04149377
* Candidate desian points

Urit: MPa Urit: mm

?/“721024 2:39PM ?/T!EIZ‘OZQ 2:53 PM

—
Unit: mm
Glabal Coordinate System
Time; 1

2/11/2024 244 PM

0.081547 Max

-0.099643 Min

0.00

100.00 {rmrm)

50.00

(a)

100.00 (mm)
50.00

(©)

012522
= 010956

003912
. 0.07826
] 0062608
L] 0.aeas6
. 0.031304
b ooises

0.14087 Max

0.00

100.00

(b)

2/11/2024 345 PM

15 Max

10

g

1.3381 Min
0

0.00

(c) Axial deformation distribution, and (d) Safety factor values distribution.
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100,00 (mm)
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Fig. 3. Original model solutions: (a) Equivalent von-mises stress distribution, (b) Total deformation distribution,
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Candidate points NNSYS

LS 1 24.092 14438 481.11 2.0415

Sample 2
e ——— Sample 1 =—

Sample 3
Sample 4
Sample 5
Sample &
Sample 7
\ )

0.49999 0.49999 24.087 14352 282 11966

P1 P2 P3 [kgl P5 (x10-") [mm] P4 [MPa] P6

Fig. 4. Sample design points chart.

15

0.5

Sensitivity
=}

-0.5

-1.5
P3 - geometry

mass
| Crankpin fillet raduis o
B Main journal fillet raduis 0.952380952

P4 - equivalent P5 —tut?l P6 - safety factor
stress deformation
0 o 0
-1 -0.976190476 1

Output parameters

Fig. 5. Sensitivity analysis chart for output optimization parameters.

5. Results and discussion

From the above optimization results, it can be
denoted that increasing the values of fillet radii
causes an increase in crankshaft mass and safety
factor. A corresponding decrease in von Mises
equivalent stress and total deformation is
observed, as illustrated in samples chart shown
in Fig. 4. It is also denoted that the change in the

main journal fillet radius has a noticeable effect
on all output parameters.

In contrast, the crankpin fillet radius has no
noticeable effect on these parameters, as
illustrated in the sensitivity chart shown in Fig.
5. So, further analysis for the effect of change in
fillet radius of the main journal on other
optimization parameters has been carried out, as
illustrated in Fig. 6. Generally, an increase in the
main journal fillet radius is directly proportional
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to the crankshaft mass and corresponding safety
factor. While an increase in the main journal
fillet radius is inversely proportional to the
maximum equivalent stress.

The optimization process produces the best three
candidate design points, as indicated in Table 5.
The candidate optimum points are compared
with each other and with the original model state
as shown in Table 6. It is shown that candidate
point 8 is the most proper design point as it
produces a suitable decrease in equivalent stress

(34.45%) and minimum increase in total
24.093
24.092
B
= 24.091
o
2
&
£ 2409
£
2 24,089
o
2
c
& 24.088
(=]
24.087
24.086
0 02 0.4 06 08 1 12 14
Main journal filletraduis (mm)
(a)
0.1445
0.1444
F 01443
E 01442
5 0.1441
‘Ef 0.144
é 0.1439
% 0.1438
 0.1437
2 0.1436
0.1435
0.1434
0 0.2 04 0.6 08 1 1.2 14

Main journal fillet raduis (mm)

(©
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deformation (1.91%) with moderate mass
increase (0.02%) if compared to the original
model given in Table 6.

5.1. Optimized model results

The optimum design point ‘8’ is applied to the
model and all design parameters are
recalculated. Then, the optimized model
solution is generated for equivalent von Mises
stress, total and axial deformation, and safety
factor, as shown in Fig. 7.

600

[
<)
S

400

300

200

Equivalent stress (MPa)

100

0 02 04 06 08 1 12 14 16
Main journal fillet raduis (mm)

(b)

25

15

Safety factor

05

0 0.2 0.4 06 0.8 1 12 14 16
Main journal filletraduis (mm)

(d)

Fig. 6. Influence of main journal fillet radius on different design parameters: (a) influence of journal fillet
radius on crankshaft mass, (b) influence of journal fillet radius on equivalent stress, (c) influence of journal

Table 6. Variation of output parameter values for proposed design points vs original model.

P3 - Geometry mass

P4 - Equivalent stress P5 — Total deformation

Pro_posed Ryr Rer (kg) (MPa) (mm)

01N ) (mm)  parameter variation b rameter variation by rameter Variation

point value from value from value from
reference% reference% reference%

Point8* 1437 0.968 24.091899 0.02 281.9995004  -34.45 0.143522339 191

Point 7 1.312 0.718 24.090154 0.012 310.3313898  -27.87 0.14382158 2.13

Point5 1062 0593  24.088530 0.004 329.4767403  -23.4 0.144028252  2.27

* Optimum design point
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Uit: MPa
Time: 1
2/12/2024 911 PM

282.88 Max
251.45

220,02
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Unit: mm

Time: 1
2/12/2024 9:09 PM

0.14353 Max

0.00 200,00 (mm) ‘)\‘
[ — z X

100.00

(b)

/122024815 PM

15 Max

10

2.0351 Min
0

0.00 100.00 (mm)
— ) P

50.00

(d)

Fig. 7. Optimized model solutions: (a) equivalent von Mises stress distribution, (b) total deformation
distribution, (c) axial deformation distribution, and (d) safety factor values distribution.

5.2. Optimized model validation

To validate the efficiency of the optimization
process, the optimized model solution should be
compared with the theoretical calculations and
original model solution as illustrated in Table 7.
Theoretical calculations are based on Egs. (1-
13). However, an increase of 124.6% and
54.36% in journal fillet radius and crankpin
radius respectively generate an increase of
0.02% in crankshaft mass. It also generates a
decrease of 32.6% in maximum von Mises
equivalent stress, 7.2% in a safety factor, and a
6.2% decrease in total deformation. As
compared with previous work, very little work
has been found for the proposed type of v6
crankshaft. Another type of v6 crankshaft has
been investigated [25]. However, common
results are detected such as the effect of the main
journal fillet radius on maximum equivalent
stress.

6. Conclusions

A model for v6-crankshaft has been presented
for static analysis. A simulation process, using
ANSYS software, has been applied to evaluate
the state of stresses at stress concentration areas,
including finite element analysis, material, and
boundary conditions identification. The model
solution has been generated for maximum
equivalent stress, total deformation, and safety
factor. Geometric optimization has been
developed to obtain the most proper values of
the main journal and crankpin fillet radii with
their corresponding values of maximum
equivalent stress, total deformation, safety
factor, and crankshaft mass. The study proved
the main journal fillet radius has the greatest
effect on the output parameters. The optimized
model resulted in a 0.02% increase in crankshaft
mass, a 34.45% decrease in maximum
equivalent stress, and a 1.91% increase in total
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deformation. These results indicate more
enhancement in v6-crankshaft performance.
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