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Foreword

The rapidly changing customer preferences in mobility, contribution of the sector to climate change and
the drive for sustainability drives the need for accelerated innovation higher than never before. In addition
to the constant demands to make products low cost, low maintenance, improved reliability, there is also a
mindful demand for improved safety, sustainability, connectivity, self-serviceability, convenience, etc. As
a result, the desired form, fit, and functional needs of the product are becoming more and more complex
with greater integration to both physical and virtual world. Accelerated transition to products catering to
these complexities and increased functionalities would thus require simultaneous innovations in design
for circularity, safety, technologies for net-zero emission, low carbon fuels, preventive maintenance,
telematics etc.

One of the key ways to achieve this accelerated transition is through increased use of advanced
simulations, analysis led design and validations as well as the use of data and data analytics. Use of
machine learning and advanced analytics with connectivity to cloud computing is already exploding
rapidly around the world. Progress in simulations and numerical methods to solve complex issues in EV
and battery systems are being made. At the same time, continued innovations and new chemistries are
being researched upon to improve the performance and safety of the batteries. India also continues to look
for alternate fuels as well as new materials and chemistry for batteries to address the issues of energy
security and reduce dependence on petroleum and Lithium, respectively.

This issue presents to you, articles spread across important topics covering automotive safety,
electric/hybrid mobility, advanced numerical and analytical methods and powertrain technologies. We
look forward to using this platform to bring to you solutions to more real-world challenges and research
findings which will help the community to together transition into sustainable and safe-mobility.

Dr. Anuradda Ganesh

Chief Technical Advisor &

Director, Cummins Technologies India Pvt Ltd., Pune
Emeritus Professor, IIT-B, Mumbai
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Bilateral Facet Dislocations With and Without Head Impact
Sustained by Restrained Occupants

Chandrashekhar K. Thorbole

Thorbole Simulation Technologies, LLC, 2524 Horizon Blvd. Rogers, Arkansas - 72758, USA

ABSTRACT

This paper aims to understand the different injury mechanism
involved with traumatic Bilateral Facet Dislocation (BFD) and
fracture of the cervical spine. The intent is to demonstrate
and elucidate tensile and compression induced injury
mechanisms producing BFD by employing real-world crash
investigations in association with all the past laboratory
testing and studies done by numerous researchers. The
study indicates that in a frontal crash scenario, maintaining
the position of the shoulder belt is paramount, and any
migration towards the base of the neck allows the fulcrum

formation that amplifies distractive moments on the neck
producing BFD. Similarly, in a rollover crash scenario, roof
intrusion magnitude, and its rate along with roof deformation
pattern can impose a rotational constraint on the head and
plays a vital role in producing BFD. Roof design must
address the formation of pocketing in the roof due to
deformations imposing rotational head constraint exposing
neck to buckling and subsequent BFD as the roof intrusion
continues.

KEYWORDS: Frontal crash scenario, Human cervical spine, Bilateral Facet Dislocation (BFD), Head impact, Rollover crash
scenario, Zygapophysial joints, Neural arch, Safety.

Introduction

The human cervical spine consists of seven vertebrae
interconnected by articulating joints and tissues
supporting the human head. Facet joints, also known as
Zygapophysial joints, can be best visualized from the side
laterally. The neural arch (dorsal part) of typical
vertebrae supports seven processes: four articular
processes, two transverse processes, and one spinous
process. The superior and inferior articular process on
each side forms an articular pillar. The articulating joints
between these pillars are called facet joints. The
articulating surfaces of these pillars are at an angle
steeper in the upper region than in the lower region.
Figure 1 shows the side view of the cervical spine
highlighting the facets joints and pillars, forming
articulating joints of the cervical spine.

The facet dislocation injury pattern typically involves
upper superior vertebral body displacement relative to the
inferior vertebral body, mostly in the forward direction. The
anterior displacement disrupts ligaments and locking of facet
surfaces, significantly reducing the spinal canal's
anteroposterior diameter. Figure 2 shows the schematics of
facet dislocation at the C5-C6 level that compares normal
with the dislocated condition. Facet dislocation with fracture
mainly of the facet or lamina is termed as Facet fracture-

dislocation. The dislocation injury produces devastating
outcomes due to sever dynamic cord compression at the
instant of dislocation injury. Figure 3 shows the schematics
of cord injury due to facet dislocation. This paper focuses on
neck injuries involving spinal cord mainly produced by facet
dislocations with or without fracture. The vehicle kinematics
and structural deformations govern the restrained occupant
kinematics during a collision. Furthermore, the head and
neck kinematics of a restrained occupant is modulated by
several factors such as crash type, restraint performance,
and compartment intrusions. This paper describes real-
world frontal and rollover crashes to elucidate the role of
head and neck kinematics with and without compartment
intrusion in producing BFD at C5-C6 level inducing spinal
cord injury. Mechanistic classification by Allen Jr et al. [1]
for the lower cervical spine injury and dislocation is based on
the mechanism of injuries such as compression-flexion,
vertical compression, distractive-flexion, and other
combinations.

The motivation of this paper is to demonstrate using
real-world frontal and rollover crash about the production
of BFD injury with different injury mechanism. In doing
so, the study will demonstrate the concomitant injuries
that accompany the BFD injury mechanism and facilitate
differentiating the injury mechanism producing similar
C5-C6 BFD injury patterns.

ABBREVIATIONS: BFD - Bilateral Facet Dislocation; GCS - Glasgow Coma Scale; CT - Computerized Tomography; MRI - Magnetic
Resonance Imaging; EMS - Emergency Medical Services; A.S.I. S - Anterior Superior lliac Spine
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Fig. 1. Schematic of cervical spine from side showing facet joints and
pillars.

Fig. 2. Schematics of Facet dislocation at C5-C6.

ARAI Journal of Mobility Technology Vol 2; Issue 2 o April —June, 2022

Fig. 3. Schematics of cord injury due to canal narrowing at the instant
of dislocation.

Method

In this study, the field crash investigations conducted
by the author on the selected matter are presented to
elucidate more on facet dislocation and fracture injury
mechanism under different loading conditions. The
selected case matter involved a frontal and a rollover
crash. The case selection criteria for the frontal crash
involved the following.

1. Presence of cervical cord injury at the dislocation

level.

2. Anterolisthesis of C5 over C6.

3. Ligamentous disruption at the injury level.

4. Concomitant cerebrovascular injury at the injury

level.

5. Properly restrained occupants at the time of

collision.

6. No external or internal head or face injury.

7. No structural intrusion at the location of the

subject occupant.

Similarly, for the rollover crash the selection criteria
was the following.

1. Presence of cervical cord injury at the dislocation

level.

2. Anterolisthesis of C5 over C6.

3. Ligamentous disruption at the injury level.

4. Concomitant cerebrovascular injury at the injury
level.

5. Properly restrained occupants at the time of
collision.

6. Presence of head injury.
7. Significant roof intrusion into the survival space.

Frontal Crash Case Report with C5-C6 BFD

The crash involves a 30-year-old female who was the
left rear belted passenger of a four-door sedan. She
weighed 72.5 Kg (160 lbs.) at the time and is 170.18 cm
(~5ft 7 in) in height.

At the crash scene, she was alert and oriented to
person, place, and event with her GCS (Glass glow coma
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scale) of 13. Her physical assessment at the scene showed
abrasion to both hips, abrasion, and avulsion to her left
neck and chest area with no other visible injury. She
complained about abdominal pain and complete
numbness in all four extremities. The vehicle inspection
showed that the vehicle's damage was limited to the
frontal body, with almost no intrusion into the front
occupant's survival space.

Figure 4 shows the damage pattern on the vehicle. The
vehicle EDR data recorded 39.0 mph as longitudinal
Delta-V in 100 ms and 6.2 mph for lateral Delta-V. All
available frontal airbags for the driver and the front
passenger also deployed along with the driver side curtain
airbag and the driver seat-mounted thorax airbag.

The inspection of left rear seatbelt webbing and the
hardware showed load marks consistent with proper use
of the seatbelt. Furthermore, the fat stranding analysis
using CT (Computed tomography) imaging scans of pelvis
and abdomen indicates proper placement of the lap belt
before the crash.

Figure 5 shows the fat stranding at the ASIS (anterior
superior iliac spine) due to lap belt loading during the
subject frontal crash. Figure 6 shows the shoulder belt
loading marks on the body near the base of the neck on the
left. Figure 7 shows the C5-C6 dislocation pattern that
involves bilateral facet dislocation with the widening of
posterior disc space and interspinous space with
disruption of the disc. The imaging studies also revealed
cerebrovascular injury at the dislocation level.

s

Lh [l“

_-"“'--‘x_k‘\ e ‘

Fig. 5. Fat stranding as visible on the CT abdomen at A.S.L.S level.
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Mid sagittal view

Fig. 7. C5-C6 level dislocation with ligamentous injury occurred in the
frontal crash.

Rollover Crash Case Report with C5-C6 BFD

The crash involves a 22-year-old female who was the
front belted passenger of a four-door sedan. She weighed
74.8 Kg (165 1bs.) at the time and is 172.7 cm (~5ft 8 in) in
height. At the crash scene based on EMS records, she was
alert and oriented to person, place, and event with her
GCS (Glass glow coma scale) of 15. The CT and MRI
studies at the hospital showed C5-C6 level BFD with 3-
column injury and severe compression of the cervical cord.

She was unable to move or feel anything below her
upper chest at the scene. She also sustained an acute
bilateral traumatic cerebrovascular injury at the
dislocation level. The imaging studies also showed the
scalp head injury with no underlying skull fracture.

Figure 8 shows the roof crush profile of the vehicle
from outside and inside. Figure 9 shows the hair deposit
on the roof substrate, as observed during the vehicle
inspection. Figure 10 shows the local roof deformation
pattern from inside above the occupant's head.

The belt inspection shows consistent load marks on the
webbing and the hardware confirming the proper use of
the seatbelt. Figure 11 shows the head scan that shows
the location of scalp hematoma on her head.

Figure 12 shows the MRI scan of her neck, showing
severe canal stenosis at C5-C6 level due to BFD.

The vehicle rolled the driver's side, making the subject
front passenger a far side occupant. Accident
reconstruction shows four quarter turns (one complete
rotation) driver side with tripping mechanism. The
vehicle was found on its all four wheels at its rest position.
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Fig. 9. Hair deposit on the interior roof substrate above occupant’s
head.

Fig. 10. Roof deformation pattern above the occupant’s head.

—_aA [}

Fig. 11. Location of subcutaneous hematoma over the head.
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Fig. 12. C5-C6 level dislocation with ligamentous injury occurred in
the rollover crash.

Discussion

BFD (Bilateral facet dislocation) produces a narrowing
of the spinal canal as the superior vertebrae move
anteriorly relative to the inferior vertebrae [1,2]. The
spinal cord is subjected to a high rate dynamic pinching
produced at the instant of dislocation [3,4]. In this study,
two different crash modes resulting in entirely different
overall occupant kinematics produced cervical spine BFD
with spinal cord injury. In the frontal crash scenario, the
neck tensile loading, and the rollover crash, the
compressive neck loading superimposed with neck
moments resulted in injury-producing facet joint
kinematics. The current study aims to elucidate facet
joint kinematics using real-world traffic crashes and
laboratory testing as done in the past.

In the frontal crash scenario, based on the injury
diagnosis and vehicle inspection, no evidence of head
impact is available. The BFD produced is entirely due to
the inertial loading of the neck exerted by the mass of the
occupant’s head. Punjabi et al. [5] conducted a laboratory
experiment to quantify facet joint kinematics in a high-
speed frontal loading condition. The experiment employed
a bench-top sled to produce frontal impact decelerations of
the FSU (Functional Spinal Units) mounted on the sled.
The mass attached to the superior vertebrae of the FSU
produced inertial forces and moments modulated by the
sled deceleration severity. The high loading rate testing
showed that facet joints separate first with significantly
higher separation at the posterior edge of the facet
compared to the anterior. Followed by peak flexion
rotation and facet forward sliding occurred. The CT and
MRI imaging confirms the kinematics, as observed by
Punjabi et al. in their testing. The final rest position of
the C5 inferior facets and widening of the posterior disc
space and interspinous space validates the kinematic
observations made by Punjabi et al. in their experiment.
Flexion-distraction loading pattern produces BFD in the
frontal crash scenario.

Several studies from the past explain BFD injuries to
occupants in the absence of any head impact during the
frontal crash. Shanahan Dennis [6], in his research paper
based on real-world crash analysis, reported seven cases
involving neck fractures and dislocations in the frontal
crash scenario. According to this study, the impingement
of the shoulder belt near the neck during the frontal crash
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amplifies forces on the spine. The study further states
that the belt creates a fulcrum over which the neck flexes.
Smith et al. [7] explain the amplification of moments due
to belt fulcrum formation that shifts the center of rotation
forward, producing injuries. Huelke et al. [8] reported
several cases with neck fracture-dislocation in a frontal
crash without any head impacts. Furthermore, they noted
no correlation between neck injury and crash severity
when an injury occurs without any head impact.

This conclusion supports observations of Shanahan
regarding the amplification of forces and moments due to
belt fulecrum about which the neck flexes. Moreover, the
author of this paper has investigated low severity frontal
crash with delta V less 20mph producing BFD with spinal
cord injury for front passenger further supporting the
conclusions drawn by Huelke and Shanahan.

In the rollover crash scenario, the overall body
kinematics are significantly different compared to a
frontal crash. The loading on the head from the roof
structure mainly modulates the neck kinematics.

The neck is predominantly acted upon by the
compressive load as opposed to tensile, as observed in the
frontal crash without head impact. Despite compressive
loading, the second case's neck injury pattern is like the
first case with some minor difference. It has been shown
by various researchers employing laboratory testing in the
past that compressive load on the head and neck complex
producing BFD injury pattern. Factors such as neck
orientation, location of blunt impact on top of the head,
padding, and head constraint boundary conditions have
been shown to modulate the neck injury pattern [9,10].
Bauze et al. [11] may be the first ones to produce a BFD
injury pattern in the laboratory while applying
compressive loading on the cervical spine while the head
was constrained such that its rotation was restricted.
Hodgson et al. [12], in their laboratory testing’s with
rotationally constrained helmeted heads, showed cervical
spine buckling after head crown impacts.

Nightingale et al. [13] imposed several end conditions
to the cervical spine to understand failure modes under
compressive loading. The study showed that with
rotational constraint alone, all specimens produced BFD.
All the past research points to rotational constraints of the
head as a significant factor in BFD production under
compressive. The head rotational constraint produces
buckling kinematics that positions and orients some
regions of the cervical vertebrae to flex and extend.

While buckling is not injury, but the buckled spine can
lead to compression-flexion or compression-extension type
of injury with a continued increase in load. Henceforth,
any surface capable of producing such end conditions due
to its deformation and failure patterns is highly likely to
produce BFD under compressive loading. In the second
case study involving the rollover crash, the medical
evidence of scalp hematoma shows the traumatic force
acting on the head near the crown.

Furthermore, the vehicle roof's failure pattern shows
the pocketing effects in the headliner substrate,
confirming head rotational constraint produced by the
roof. The roof intrusion caused a traumatic head impact
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near the crown while the head is rotationally constrained
produced BFD.

The detailed knowledge of the injury mechanism
facilitates a crucial understanding of the design
requirements to eliminate design induced hazards. The
two case studies in association with all the laboratory
testing's done in the past by numerous researchers show
the importance of boundary conditions imposed on the
head and neck modulating the neck injury pattern.

In the frontal crash scenario, the shoulder belt
migration near the base of the neck and acting as a
fulecrum imposes constraints and kinematics capable of
producing BFD and cord injury, and hence, it must be a
vital restraint design performance criteria.

Occupant submarining on the seat causes the seatbelt
migrations from the stronger skeletal sites to the
undesirable sites such as the abdomen and the neck
[14,15,16,17]. Hence, to eliminate the BFD injury risk due
to the belt fulecrum formation in a frontal crash, it is
reasonable to implement a restraint design that prevents
occupant submarining.

Similarly, in the rollover crash scenario, the roof high
rate intrusion and the roof's capability to impose head
rotational constraint must be eliminated to design out the
hazard of severe neck BFD injury. The alternative
designs that prevent submarining or roof designs
maintaining structural integrity are not the focus of this
paper. However, the study focuses on the conditions
required to produce BFD in frontal and rollover crashes,
which have been discussed using real-world examples.

Conclusion

Two real-world investigations are presented involving
traumatic BFD at the C5-C6 level. In the frontal crash
scenario, the shoulder belt transition towards the base of
the neck and forming a fulcrum amplifying force and
moments above the level of the fulecrum produced BFD at
the C5-C6 level. In the rollover crash scenario, the head's
traumatic impact from the intruding roof buckled the
cervical spine and exposed it to BFD at the C5-C6 under
continued increasing load from the roof. In both the
crashes, the occupants sustained cervical cord injury. The
case studies in association with all the laboratory testing
by numerous researchers in the past confirm that tensile
or compressive loading of the cervical spine under certain
conditions produce BFD. Furthermore, in the absence of
any information about the related accidents, the presence
and absence of head injury play a vital role in describing
the mechanism that produced BFD.

In the frontal crash scenario, the amplification of
loading due to the belt fulcrum point formation produces
vertebrae kinematics as required to cause BFD. The
vertebral body kinematics has been produced in the
laboratory in the past. In the rollover crash scenario, the
roof intrusion and local deformation pattern of the roof
produce rotational constraint of the head causing buckling
of the cervical spine followed by BFD as the load continues
to increase on the head from the intruding roof. The
buckling of the cervical spine has been produced in the
laboratory and provides excellent details of explanation
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regarding the neck injury sustained in the rollover case
study. The concomitant scalp hematoma and the hair
deposit found on the headliner substrate confirm the roof's
role in producing the BFD in a rollover crash.

The injury mechanism analysis and study are crucial
for automotive passive safety. These two real-world cases,
in conjunction with laboratory testing, shows that
preventing occupant submarining that repositions the
shoulder belt near the neck can eliminate the risk of BFD
in frontal crash scenarios. Furthermore, limiting the roof
intrusion and maintaining the roof structure can prevent
the traumatic head impact and formation of the rotational
constraint for the head, eliminating the risk of spine
buckling and subsequent BFD.
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ABSTRACT

Irrespective of specific applications, the Small Commercial
Vehicles (SCV) are always subjected to severe working
conditions, especially the front wheels experience higher
loads than design intended due to higher overloading by
customers, driver abuse and frequent brake applications.
The front axle wheels fasten system plays a key role for
safety of the vehicle and pedestrian.

The wheel separation can lead to serious injuries to
passengers of the vehicle and pedestrian or from another
vehicle maneuvering including fatalities. In this project
investigation, the causes that promote failure of front axle
wheels fasten system and subsequent wheels separation of
SCV is analyzed carefully. Metallurgical analysis of the failed

fasten system shows that it is characterized by a series of
synergetic steps that include plastic deformation of nuts and
studs caused due to disproportionate torque tightening
practices. Also, the effect of other external factors that lead
to deterioration of stud fatigue life such as road camber and
driver abuse are analyzed. Based on this promise, the
present investigation deals with detailed analysis of the root
causes contributing such failures are analyzed and
discussed in this paper. This study would help the fellow
designers to select optimized fastening system considering
all the parameters influencing wheel separation due to stud
failures for SCV, passenger vehicles and heavy duty trucks.

KEYWORDS: Wheel stud failure, wheel fastener, wheel separation, deformation, fatigue life, optimized fastening system, stud
clamping load, metallurgical analysis, chemical composition, microstructural analysis, fractographic analysis,
hardness test, road camber, fracture surface, SEM, torsional load, tempered martensite, design load, thread

section.

Introduction

The ever increasing demand for SCVs to move logistics
such ecommerce goods and groceries has led to the
operation of SCVs all round the clock. Revenue generation
and profitabality of SCV owners have improved
significantly owing to this increased running hours. It is
important that safety critical components of SCVs are
robust such that they ensure safety of drivers and others.

The wheel being a safety critical component, must
satisfactorily perform its function for the intended design
life. The design of wheels have become more complicated
due to the demand for lighter weight and aesthetic wheel
configuration coupled with vehicle overloading practices
by the customers operating SCVs. Thus, it is paramount
to perform rigorous assessment of wheel elements design
on the strength and durability perspective. Strength and
durability of the wheel elements are underpinned on well-
designed wheel studs. Since, failure of them could cause
huge risk of accidents.

The wheels poise the complete load of vehicle through
vertical reaction from the road. wheel studs clamp wheel
rim and hub securely with sufficient clamping load so that
vertical load transfer happens from tyre through wheel

rim to the hub. The wheel studs while clamping wheel rim
and hub may undergoe radial load due to vertical reaction
forces exerted during vehicle operation. During vehicle
operation, any relaxation in clamping load on the wheel
studs could them to cyclic radial loads compromising
fatigue reliability of the wheel studs.

To keep up with the market trend, a new SCV with
higher payload carrying capacity and superior engine was
developed. In general proto build vehicles will be
subjected to extensive durability trials simulating
customer road and load conditions preceding to the release
of production vehicles to the market. In-addition to
conducting performance and endurance trials, the proto
vehicle drivers would themselves do wheel retrofitments
when in need using vehicle tool kit during endurance
trials. The intention of this activity was to capture
customer abusive behaviour on vehicles pertaining to
retrofitment activities and improve design if necessary.
Therefore, during the endurance trials proto vehicle
drivers used wheel spanners for removing and fastening
the front wheel studs without following any defined torque
tightening procedure or torque wrenches.

During this extensive endurance trials, all the front
axle parts were performing good except front wheel
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studs.Considerable number of the proto vehicles started
exhibiting wheel stud failures only on the front RHS
wheels (Right Hand Side of vehicle) after covering
70,000km in Highway as shown in Figure 1. Details of the
failures are shown in Table.1

Fig. 1. Photographs of wheel stud failures.

The authors in this paper had attempted to analyse the
causes that promoted the failure of front axle RHS wheel
studs and proposed a solution that would be useful for the
fellow design engineers to select an optimized fastening
system for the wheel elements.

TABLE 1

Proto vehicle wheel stud failure km status

SL Failure

No. Vehicles Application km REMARKS
1 |Proto Vehicle - 01|Highway [71522 |1 RHS wheel stud got failed
2 |Proto Vehicle - 02| Highway [72435 |1 RHS wheel stud got failed
3 |Proto Vehicle - 03| Highway [82289 |1 RHS wheel stud got failed

As a primary step, visual inspection of the failed wheel
studs was done to understand the mode of failure. Design
calculations were revisited to check for any fallacy in
design. Since the effect of road camber on load acting on
the wheel studs were overlooked during the initial phase
of design, it was done to understand its consequences on
the wheel stud loads. A metallurgical analysis viz.
Chemical composition study, Microstructural analysis,
Fractographic analysis and hardness test were conducted
on the failed samples to get clear picture on the failure and
to propose a design solution. Finally, the proposed design
solution was validated through bench level and vehicle
level tests to proceed for implementation.

Visual Inspection

As a part of failure study, the failed sections of the
failed hub studs shown in Figure. 2 were visually
inspected.
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Figure. 2 (a) & (f) confirms that, the failure has
happened between hub and wheel rim interface joints.
Figure.2 (b) shows the grade identity of 10.9 on wheel stud
which confirms to the specification. The failure mode is
not obvious in Figure.2 (¢) & (e). The section in Figure.2(d)
reveals fatigue mode of failure.

Fig. 2. Visual Inspection of Failed Wheel Studs.

Design Calculation

During a vehicle’s life cycle, the wheels are exposed to
large variation in load and road conditions. The bench-
marked operating load conditions were taken into account
for the design calculations. For this SCV, the design
calculations were considered for M14 X 1.5mm wheel
stud.

T
Fv = KD
T = Fv[(0.16 * p) + (0.58 * pm * d2) + (0.5 * un * du)]
Fv

170000

[(0.16 * 1.5) + (0.58 * 0.2 * 13.025) + (0.5 * 0.18  17.5)]
Fv = 51kN

Where,
Fv - Stud clamping force;
T - Tightening torque
P - Thread pitch=1.5mm
um — Thread fiiction co-efficient
un — Under head co-efficient
d2 — major diameter
du — head diameter
For M14 x 1.5mm wheel stud, theoretical clamping
load calculated was 51kN with tightening torque of
170 Nm. With five studs being used, the total clamp load
of 256kN was considered to ensure the integrity between
wheel rim and hub.
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(d — 0.938)2
Le -
(d — 0.649 % p)
(14 — 0.938)?
Le = = 13.097mm

" (14 — 0.649 * p)
As = 0.5 xm*do * Le = 273mm?
Fs = AxAs = 275kN

m
At = i do? = 138mm?

= ks = 1332M
T pa
d2\?
Fso = ﬁ = 5227kg
4%9.81
Where,

Le — Effective length of engagement
As - Shear area

Fs — Shear force

A — Shear strength = 675Mpa

At — Tensile stress area

do —Pitch diameter = 13.26mm

o — Tensile stress

Fso — Stripping strength of stud

Influence of Road Camber on Wheel Stud Failures

Road Camber is the slope gradient of road surface set
in transverse direction to discharge precipitation from the
road. Camber on straight roads are provided by raising the
centre of the road known as crown with respect to the road
edges as shown in Figure.3. Usually slope camber of up to
3% is provided for highway roads. This camber on road
surface would prevent damage of the roads due to
percolation of rain water. Since left hand traffic is
practised in India, the vehicles plying on the straight
roads have their LHS wheels bearing more load than their
RH counterpart owing to road camber. In such instance,
LHS wheel studs should experience fairly higher load
than its RH counterpart. This phenomenon was evaluated
in FEA for road camber with 3% slope.

Fig. 3. Road camber.

Multiplier = 0,109
1524
[1,341:--03 I
117600 |
— 1meas | RH
— LINE2
2 ermeaz |
ATISE a2
l:a.mmz
16806 07
- GAOIE 60

\ —
Max = 152603 "

Nadu WESIOT o

-Vslue =14982 Value =

.Value =830

Rear : 1512

Front : Value = 825

Fig. 4. Flat Road - Zero Camber (load values in kg).

177

hC FeisuBLie 1 (VERTICAL_3G) Load Factor = 1.000000E+00

Multiplier = 0.90100
1 645 /03 \

tuuzmu [ nt
1 700F 0

— 10973 [

— se0Ed2 [

S 737EW0
SABE 2

[ 3656E 2
1 A2BE 02

— QOUDE+m .o .

. 'Value = 1645
Value = 882

Rear: | ‘Value = 1359
Front : Value =773

o
Fig. 5. LH Road Camber — 3% slope (load values in kg).

By referring Figure.4 & 5, it can be observed that due
to LH road camber with slope 3%, RHS front wheel load
had decreased from 825kg at Zero camber to 773kg i.e
Load on RHS heel decreased by 6%. Thus road camber
conditions at India have no influence on RHS wheel stud
failures.

Chemical Composition Study of Failed Samples

Chemical composition analysis for a pair of failed
wheel stud samples were conducted by optical emission
spectroscopy. The results of which are shown in Table 2.
It had been observed that the chemical composition of the
failed wheel stud samples satisfies the nominal
composition of steel 15B41/ Grade 10.9.

TABLE 2

Chemical Composition of Failed Samples

- Drawing Observation %
Description oie
Specification sample 1 sample 2
C 0.28-0.55 0.39 0.40
Si - 0.22 0.21
Mn - 1.49 1.47
S 0.045 max 0.01 0.01
P 0.040 max 0.006 0.006
Cr - 0.12 0.12
B - 0.003 0.003
STEEL PER SAE Conforms to drawing Conforms to drawing
Material Grade 11199 PROPERTY specrﬁca?mn with re?ge:t specm:aflon with re?ged
CLASS to chemical composition to chemical composition
10.9/15B41 and hardness and hardness
Hardness (HRc) 33-39 34-37 33-36
" Tempered martensite with | Tempered martensite with
Microstructure
no decarb on surface no decarb on surface

Microstructural Analysis of Failed Samples

The failed samples were then subjected to
metallurgical analysis to study their microstructure. The
samples were prepared for inspection by various grade of
SiC paper polishing under colloidal solution for
refinement. Post polishing it was etched with 3% of nitric
acid. With the sections in place as shown in Figure.6 the
microstructural properties were analysed under optical
microscopy. The corresponding microstructures were
obtained in the samples. Figure.7 shows Sample-1 results,
where-in the microstructure on the surface of the stud is
basically tempered martensite at the case and core, no
decarburization was found on the thread. It can be
observed from Figure.8 that the core of the section sample-
2 & 3 presents tempered martensite in core together with
bainite. Microstructures indicate that hardened &
tempered process were done properly.



Fig. 6. Microstructure analysis — Cut Sections (a) Sample-1, (b)
Sample-2, (¢c) Sample-3.

Sample 1: @ 500X

Sample 1: @100X

Fig. 7. Microstructure shows Tempered martensite in core & no
decarb seen in thread.

No microstructure defects were found in both failed
samples. Hydrogen embrittlement was not observed in all
the stud samples. These test results conclude that failed
stud samples are in agreement with the material
specification and no abnormalities were observed.

Sample 3: @ 500X

Sample 2: @ 500X

Fig. 8. Microstructure shows Tempered martensite together with
bainite.

Hardness Test on Failed Samples

Hardness is defined as the resistance of the subject
material to penetration by another harder material.
Hardness measurements were made on segmented M14
stud specimen to determine the hardness gradient from
the thread surface to the core of failed stud. The sectioning
was carefully prepared using diamond disc and abundant
amount of coolant were used to mitigate heat generated
during cutting process. The hardness test was carried out
by using Rockwell hardness tester. In Rockwell hardness
test method, the hardness of the specimen was mesured
by means of measured indentation depth. As shown in
Figure. 9, the test specimen thickness was kept at 12
times the depth of indentation and secured on the support
table. A diamond cone with 120° apical angle was used as
an indenter. With the help of a handwheel, the specimen
was pressed against the indenter until preliminary test
force FO of 10kgf for 3 seconds .Then an additional test
force F1 of 90kgf was applied for 6 seconds. Permanent
increase in depth of penetration ‘e’'under preliminary test
force after removal of additional force was recorded. The
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Rockwell hardness value HRC was read from the machine
directly after withdrawing force F1.
The Formula for determining Rockwell Hardness
number is
HRc =N — e/S
Where,
e = Remaining indentation depth in mm
HRc = Rockwell hardness value on the C scale with
diamond cone as indenter
N = Numerical value tied to S;

= = LRl o -

Fig. 9. Hardness Measurements - Test Specimen - Sections
(a) Sample-1, (b) Sample-2, (¢) Sample-3.

Multiple indentations were done at different positions
at a distance of 2.5 times the indentation diameter from
the test specimen edge to determine the variation in
hardness from surface to the core. Core and surface
hardness values were observed to be in the range from
33HRC to 37HRC which are in-line with the specification

Fractographic Analysis of Failed Samples

Fractographic analysis was carried out on three failed
studs to identify the failure mode and sequence of failure.
The analysis was done using Scanning Electron
Microscope (SEM). Figure.10 depicts the images of areas
pertaining to fracture surfaces of failed Stud sample-1.
The most significant observation is that failure has
initiated from thread root under torsional load. The SEM
image reveals that, crack which had originated at the
thread root had undergone propagation prior to final
fracture. From Figure. 10, beach marks can be clearly seen
indicating fatigue failure.Unsuitable wheel installation
with deficient torqueing practice have allowed for the
possibility of very higher preloads on the studs leading to
crack intiation at thread root. This crack couldt have
propagated under the influence of service loads. The
slackening of the stud might have then set in allowing for
unidirectional bending fatigue failure.

=
e 03
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g

T f -ﬂr'. %
Fig. 10. Failed Stud Sample-1 & its fracture surface.

Figure 11. depicts failed stud sample-2 and fracture
surface. It can be seen that mode of failure was
unrecognizable by observing both failed sample and SEM
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image. However this failure can be attributed to over-
torqueing of studs to some extent.

Fig. 11. Failed Stud Sample-2 & its fracture surface.

In Figure.12, failed stud sample-3 exhibits some
significant results. Cracks are observed at the thread root
of studs, with multiple initiation points. The adjacent
SEM image corresponds to an area with the important
presence of ductility fracture.

Fig.12. Failed Stud Sample-3 and its fracture surface & SEM image.

Metallurgical analysis of presented failed wheel studs
reveals that all the wheel studs failed due to over
tightening of wheel nuts causing too high pre-load to the
wheel studs. The excessive tension in studs had resulted
in yielding of the stud causing relaxation in tension. This
pre-load relaxation in studs subjected them to cyclic loads
during vehicle operation resulting in fatigue failure at the
end. Since the design load calculations were intact, it was
decided to go with a superior stud of same grade with
improved fatigue properties which also should withstand
the abusive torque tightening practices of the customers.

With the help of fastener suppliers and along with our
Metallurgical experts opinion, M14 stud of material
SAE4140, Grade 10.9 was chosen. SAE4140 wheel studs
possesses improved hardenability, tougness and fatigue
properties due to additional alloying of Chromium and
Molybdenum as shown in Table 3.

TABLE 3
Chemical Composition comparison of SAE4140 and SAE15B41
Grade/Elements % SAE 4140 SAE 15B41
C 0.38/0.43 0.35/0.45
Mn 0.75/1.00 1.25/1.75
Si 0.15/0.35 0.15/0.35
Cr 0.80/1.10 0.040 Max.
Ni - 0.035 Max.
Mo 0.15/0.25 -
S 0.04 Max. -
P 0.035 Max. -

A comparison study on hardenibility of materials
SAE15B41 and SAE4140 was made and the results were
plotted as shown in Figure 13. The graph clearly shows
that SAE4140 has better hardenability compared to
SAE15B41 owing to its additional composition of
molybdenum and chromium. Bench level tests were
conducted for abusive torqueing conditions to corroborate
the material analysis of SAE4140 wheel studs and are
discussed futher.
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Fig. 13. Hardenability comparison of SAE4140 & SAE15B41.

Bench Level Abusive Torqueing Test on Existing -
SAE15B41 and Proposed - SAE4140 Wheel Studs

The vehicle during operation are subjected for regular
service tyre change, brake pad change and similar services
which may lead to high torque application by the vehicle
driver and service mechanic while reassembly. In order to
capture this scenario, bench level abusive torqueing test
was conducted on existing studs - SAE 15B41 & proposed
studs — SAE4140.

Set of five new studs of material SAE 15B41 were
assembled to a wheel hub. The wheel hub was then
clamped tightly to a fixture table and wheel rim was
carefully placed over the wheel hub with the guidance of
wheel studs. Wheel nuts of grade class 10 were hand-
tightened all over the studs. Using a calibrated torque
wrench of capacity 980NM, torque was gradually applied
over the all the nuts in clockwise sequence as shown in
Figure 14(a) and the readings were noted.

Among the five studs, four were torqued until failure
and one was torqued till crack initiation by gradually
increasing the torque as shown in Figure 14(b). Failed
studs of material - SAE 15B41 is shown in Figure.15(a),(b)
& (e).
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Fig. 14. Bench Level Abusive Torqueing Test: (a) Fixture setup for
torque test, (b) Bolts failed due to abusive torqueing.

=
&
=) o <
——
<

-

@
=
-

s

-
™
&)

Fig. 15. Studs failed abusive torqueing test: (a),(b) &(e) — SAE 15B41;
(c),(d) & (f) — SAE 4140.

The abusive torqueing test was repeated with the
studs of proposed material-SAE4140 using the same setup
as explained above. Failed studs of material - SAE4140 is
shown in Figure.15(c),(d) & (f). By physical observation, it
can confirmed that, failure have originated from the
thread root under torsional load.
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Fig.16. Microstructure analysis @500x: (a) — SAE 4140 showing
tempered martensite, (b) - SAE 15B41 showing tempered martensite.

The samples failed by bench test were subjected to
metallurgical and fractography analysis for study. By
microstructural analysis, there observed no abnormalities
in terms of decarburization or internal oxidation in both
SAE5B41 & SAE4140 bolts as shown in Figure.16. The
surface and core microstrures were observed to be
temepered martensite.

The fractography study which is shown in
Figure.17&18 reveals that, failure had been initiated from
thread root and progressed towards the core section. The
fracture surface reveals dimple mode failure, which
indicates ductile failure by excess torsional load.

Fig. 17. Fractography analysis of SAE 4140 studs failed by bench level
abusive torqueing test (a) - Dino image shows fracture surface at stud
thread, (b) - SEM image @ 1000x magnification shows dimples
indicating ductile mode of failure.

it Ro¥ 5 #i
Fig. 18. Fractography analysis of SAE15B41 studs failed by bench level
abusive torqueing test (a) - Dino image shows fracture surface at stud
thread, (b) - SEM image @ 1000x magnification shows dimples
indicating ductile mode of failure.

From abusive torqueing test, it is evident that,
proposed SAE 4140 wheel stud is capable of withstanding
higher abusive torque of 750Nm(avg.) than existing
SAE15B41 wheel stud which was able to wtihstand only
591Nm(avg.). The comparison of abusive torque test
results are in shown in Figure. 19.
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Fig. 19. Abusive torque test results comparison between SAE4140 &
SAE15B1.

Vehicle Level Endurance Trials with
Proposed - SAE4140 Wheel Studs

Based on the confidence from bench level tests and
metallurgical analysis results, new proto-built vehicles as
well as proto vehicles which had SAE15B41 wheel stud
failures were assembled with proposed SAE4140 wheel
studs and endurance trials were carried out. Similar to
earlier validation practice, the proto vehicle drivers
followed removal/refitment of front wheel studs using
wheel end spanners at service intervals/as required
during endurance trials. The endurance trials on the three
proto vehicles (which had SAE15B41 stud failures) were
stopped upon they covering 49,000 to 64,000km without
any wheel stud failures since most of the other proto-built
vehicles crossed highest failure km of 82,289km without
any issues. More than 14,000 vehicles were sold with
SAE4140 wheel studs assembled to them. Many customer
vehicles have crossed 90,000km without any wheel stud
failure issues. Few customer vehicles have crossed 1.2
lakh km without any front axle wheel stud failures till
date as shown Table.4.

TABLE 4

Details on km coverage of few customer vehicles & proto vehicle
(which had SAE15B41 stud failures) endurance trials fitted with
SAE4140 wheel studs

Sl. . P . Covered
No. Vehicle ID |Application km Remarks
Customer . As on 08.07.21
1 Vehicle - 01 [Highway | 119858 1\ i valli, AP
Customer . As on 10.07.21
2 Vehicle — 02 Highway 100,581 Guntur, AP
Customer . As on 20.07.21
3 |Vehicle-03 | Highway | 94236 |y 4 ap
4 Customer Highway & 90.100 Ason 12.07.21
Vehicle - 03  |Intracity ’ Guntur, AP
5 Customer Highway & 81.782 Ason 12.07.21
Vehicle - 04 |Intracity ’ Krishnagiri, TN
Proto . Failure - 71,522 km
6 |Vehicte-01  |Hi8hWay | 54782 1555 196304 km
Proto . Failure - 72,435 km
7 |Vehicle- 02 | THghway | 49916 1550 199 351 km
Proto . Failure — 82,289 km
8 |Vehicle-03 | Highway | 64230 \oh 46510

Summary

A thorough analysis was done in identifying the causes
that promoted the failure of front axle RHS wheel studs at
70,000+ km and a design solution is proposed.

Design calculations were revisited to check for any
fallacy in design and concluded that original design
specification holds good for this SCV. Load shift from RHS
wheel to LHS wheel due to road camber was studied. It
was observed that due to LH road camber with slope 3%,
RHS front wheel load had decreased by 6% thus
confirming that Indian road camber conditions didn’t have
any influence on RHS wheel stud failures. However, for
wheel stud failures on LHS wheels, influence of Indian
road camber conditions should be taken into account while
analyzing such failures. Because, LHS road camber
causes increase in load on LHS wheels by 6% on front
axles and 9% on rear axles which is significant.

Metallurgical analysis of presented failed wheel studs
reveals that all the wheel studs failed due to over
tightening of wheel nuts causing too high pre-load to the
wheel studs. The excessive tension in studs had resulted
in yielding of the stud causing relaxation in tension. This
pre-load relaxation in studs subjected them to cyclic loads
during vehicle operation resulting in eventual fatigue
failure.

Since the design load calculations were intact and
metallurrgical results confirmed that the failure of studs
were due to excessive torqueing, it was decided use a
superior wheel stud of same grade with improved fatigue
properties and can withstand the abusive torque
tightening practices.

With the help from metallurgical experts and fastener
suppliers, SAE 4140 stud of grade 10.9 was proposed
which is superior to SAE 15B41 stud. SAE 4140 studs
have improved mechnical properties due to its additional
composition of molybdenum and chromium. Bench level
tests were performed to confirm whether SAE4140 wheel
studs would withstand excessive torque while tightening.
The test results reveled that, SAE 4140 wheel stud was
capable of withstanding higher abusive torque of 750Nm
than existing SAE15B41 wheel stud which was able to
wtihstand torque only upto 591Nm on average.

Endurance trials conducted on proto vehicles with
SAE4140 wheel studs and crossed highest failure km
without any issues. Based on the above confidence,
SAE4140 wheel studs were sucessfully applicated on SCV
front axle wheels. More than 14,000 vehicles were sold
with SAE4140 wheel studs till date and many customer
vehicles have crossed 90,000 km. Some of them covered
1.2 lakh km without any front axle wheel stud failures.
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ABSTRACT

Aerodynamic drag force is one of the main obstacles on
moving a vehicle. This force significantly reduces a vehicle's
speed and, as a result, its fuel efficiency. In today’s scenario,
fuel efficiency is a prime concern in vehicle design, so a
reduction in aerodynamic drag force is highly important.
Road vehicles are designed to pass through surrounding air
and displace it as efficiently as possible. Due to the rear
shape of a car, airflow suddenly separates from the vehicle
at a point near the rear windscreen. This flow separation at
the rear end of the car is responsible for the drag force, which
is the main opposition to the vehicle's forward motion. This
drag force is proportional to the square of the velocity of the

car and, as a result, increases significantly after certain
speeds. To reduce the drag force, the flow separation at the
rear end needs to be avoided. In hatch-back type cars, to
avoid this separation, a vortex generator (VG) can be used.
VG creates the vortex at the rear end of the car, which delays
the flow separation and, ultimately, drag is reduced
significantly. In this work, the effect of a VG on the pressure
distribution, velocity destitution and aerodynamic drag on the
hatchback type car, is studied by the numerical simulation.
The numerical simulations are carried out using the ANSYS
FLUENT® software. The simulation setup is validated with
wind tunnel test results.

KEYWORDS: Drag force; Vortex generator (VG); Aerodynamics forces; Flow separation; Velocity distribution; Pressure distribution; CFD.

Introduction

Aerodynamics is a branch of fluid dynamics that
studies interactions between the air and solid bodies
moving through it. The aerodynamic forces exerted on a
vehicle by the air due to the relative motion of the air and
the vehicle when it goes forward. This causes the
resistance to vehicle's moment [1-2]. The motion of air
around the vehicle is called a "flow field," which is an
analysis by using various properties like velocity,
pressure, density, and temperature. These properties are
a function of position and time and can be calculated by
using equations for the conservation of mass, momentum,
and energy [3].

When a vehicle is moving, lift and drag are the two
primary aerodynamic forces acting on the vehicle. The lift
force is acting in the vertical direction on the vehicle body.
As the effect of lift force is produced, up-thrust or down-
thrust depends upon the shape of the vehicle. Up-thrust is
undesirable as it reduces the tyres' ground grips, whereas
down-trust enhances the tyre’s road-holding [4-6]. The lift
force is represented by,

Fi=2pV?CiA (1)
Where,

Fr= Lift force
Cyr, = Lift coefficient

A= Frontal area of the vehicle
V= Wind velocity
p = Air density

The lift coefficient Cy, is a dimensionless quantity that
is a measure of the difference in pressure created above
and below of vehicle body, it is also used to compare the
different vehicle shapes [5, 8].

From an energy-saving point of view, the aerodynamic
drag force receives special attention [1-2]. The drag force
acts in the opposite direction of car movement. Due to
constraints created by boot space, rear windscreen, size of
car, regulations, etc., cars end up being somewhat
obliquely and boxy shaped. Such a shape is responsible for
creating the low pressure zone behind a car in a forward
motion [5]. This low pressure zone is called the "wake
region" [6, 9]. During the airflow over the surface of the
vehicle, in the wake region, there are some points when
the change in velocity comes to stall and the air starts
flowing in the reverse direction. This phenomenon is
called "separation" of the flow field, which is undesirable
in vehicle motion [7-8]. Ultimately, this airflow separation
pulls the car from behind and opposes the forward motion
of the car. This is called the "drag force." To avoid this flow
separation, the transitions of the airflows from the roof to
the rear window need to be smoother [7-9].

183



184

The drag force is represented by,

Fp= > pV2CpA l2)
Fp = Lift force
Cp = Lift Coefficient

The drag performance of vehicles is characterized by
the drag coefficient (Cp) This non-dimensional coefficient
allows the drag performance between different vehicles
and different setups of the same vehicle to be compared
directly [5, 8].

Various kinds of literature are available in the public
domain on active and passive systems to minimise the
drag force. In case of the active system, jets are used to
create vortices, while on passive systems, a modified
shape is used to reduce the wake region. The studies by
Abdellah Ait Moussa et al. [13] worked on the reduction of
aerodynamic drag in generic trucks using optimised
geometry of rear cabin bumps. Damjanovic et al. [14]
investigated the use of a spoiler to reduce race car
aerodynamic drag. Computational analysis of flow
separation to reduce the drag force vehicle is performed by
Rouméas et al. [15]. Wang et al. [16] studied the active
system for drag reduction, even with wheel-vehicle
interaction drag force can be reduced. A Steady Jet Flow
(SJF) system is reduced the pressure difference at the rear
end, this system was used in works by Pastoor et al. [17]
for drag reduction. C.H. Bruneau et al. [19] used a
combination of jet actuation and a porous top layer on the
Ahmed body and presented numerical results showing a
remarkable drag reduction of around 31%. Salati et al.
[20] examined VG in a truck model with both numerical
models and wind tunnel tests and concluded the
advantageous effects, besides drag and overturning
moment reduction. Lee et al. [21] stated that the spoiler
can reduce the vehicle's drag by 3.1%. Zhigang Yang [2]
worked on the aerodynamics of pick-up trucks and
described the geometrical aspects to reduce drag force.
Xin-kai Li et al. [23] examined the offset between two
delta-shaped winglets and concluded the maximum drag
reduction was achieved at a 5 offset distance/VG height
ratio. To the author’s best knowledge, less exposure has
been observed in the study of the effects of various
numbers of VG on the pressure contours, velocity vector,
and aerodynamic drag force in the case of a hatchback
type car.

This paper is structured as follows. The finite volume
numerical simulations are performed on ANSYS FLUENT
software. The numerical simulation setup is validated
with a wind tunnel test in Section 2. A similar set-up has
been used in section 3 to analyse the effect of VGs on the
aerodynamic characteristics of a hatchback car, namely,
velocity destitution, pressure distribution, velocity
vectors, and drag force. First, a car model without VGs is
considered the baseline configuration, and using
numerical simulation, the aerodynamic characteristics of
the baseline model are evaluated. Second, on the same
setup, one to five number of VGs are attached at the rear
end of the car and evaluate aerodynamic characteristics.
Furthermore, these aerodynamic characteristics are
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compared with each other and with the baseline
configuration.

Experimental Validation of Simulation Setup
Vortex Generator

In various car models, VG is used to reduce the drag
force. The rear end of hatchback cars is somewhat
obliquely and boxy. As discussed in section 1 flow
separation takes place at the rear end of the car and air
starts moving in the reverse direction, which causes the
drag force as shown in figure 1 [8, 21]. A VG is one of the
solutions to this problem [17,21]. A VG is an aerodynamic
surface made up of a small vane or bump that is attached
to the back of the car because of its shape and position,
which creates a vortex [20].VG controls the boundary
layer transition by creating a vortex at the rear end, which
delays the flow separation and, ultimately, drag is reduced
significantly [19, 21, 22].

Fig. 1. Flow of air at rear end of car.
Experimental Setup on Wind tunnel test

The validation of the numerical simulation setup is to
be done by using the wind tunnel test ring. The airfoil
model, having a chord length of C=100 mm and a length
of L= 300 mm, is placed in the wind tunnel at an angle of
attack of a=50 with the free stream direction. The
upstream velocity V= 15m/s and the density p is 1.2kg/m3.
The air velocity is assumed to be steady state, inviscid,
and uniform. A piezometer is used to measure the
pressure difference AP along the length of the airfoil
model. The experimental setup is shown in figure 2.

Fig. 2. Wind tunnel experimental setup.
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The elemental pressure force per unit span of airfoil is
can be expressed as,
df= AP dl, N E:))
Due to airfoil model angle of attack this element
pressure is divided into two component, and they are
calculated by,
df,= AP dy veen(d)
df,= AP dx .oe(B)
Therefore, total force in X and Y direction is can be
evaluated by integrating the element force along the Y and
X direction respectively. This is to be done by measuring
the pressure using piezometer along curtain interval in
the X and Y direction of airfoil model so,
Fe=[4Pdy ..... (6)
Fy=[AP dx ....(T)
Dynamic pressure on airfoil model is obtained by,

F=— pV’C e(8)

Where C is force coefficient which is have two
component in X and Y direction which are,
_ [aray

Co= 2 = .9

GPV?) Gpv?) ©)
_ Fy _ Japax

Cony = Tr e (10)

For airfoil angle of attack a=5° and piezometer angle of
inclination 6=0° the Cp and Cy, are calculated by,
Cp=Cysin® +Cycosa ... (11)
CL=Cycosa-Cygsin® ... (12)

Numerical Simulation setup on CFD software

To validate the numerical simulation setup, all
parameter values like velocity, the density of air, size of
airfoil model, etc. are taken as the same as used in the
wind tunnel experimental test in section 2.2. The airfoil
3D model is created in the SolidWork software and import
into the ANSYS software for further analysis. The
necessary boundary conditions like inlet velocity, outlet
velocity, and wall movements are applied, and the model
is mesh with an element size of 1.5. Figure 3 (a) and (b)
show the velocity distribution and streamline flow around
an airfoil. The Cp and Cy, are obtained from simulation and
compared with wind tunnel test results in Table 1.

Fig. 3 (a) Velocity distribution around airfoil.
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Fig. 3 (b). Velo. streamline around airfoil.
TABLE 1

Experimental and simulation results comparison

Sr. Parameter Wind tunnel | Numerical |Percentage
No. aramete experimental | Simulation| Error

1 |[Drag Coefficient (Cp) 0.213 0.197 9.2%

2 |Lift Coefficient (Cy) 0.197 0.174 8.8%

It has been observed that the absolute error between
the wind tunnel experimental test and the CFD
simulation of Cp and Cp, is less than 10% and they are
considerably closer to each other. Hence, the above-
mentioned simulation setup is considered in the present
work for further study of the car model with VG and
without VG.

Numerical Simulation

The hatchback car model shown in Figure 4 was
selected for the study. The 3D geometrical model of the car
is created in the SolidWork software and has an overall
length of 3765mm, an overall height of 1500mm, and an
overall width of 1690mm. As per the many kinds of
literature, the optimum height of the VG is defined as
being almost equal to the boundary layer thickness [5].
The most favourable size of VG is found to be 25.45 mm X
10mm of a bump-shaped piece with a rear slope angle of
25°. Figure 5 shows the dimension of VG [23,24]. The
location of vortex generators is selected at a point
immediately upstream of the flow separation point and a
point at a distance of 100 mm from the facade of the roof
end.

Fig. 4. Hatchback car base model.
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25.45
G 10mMmm

Fig. 5. Dimensions of Vortex generator.

A further computational analysis is carried out in the
ANSYS FLUENT software. The car model is imported into
ANSYS software. For the computational simulation, it has
been assumed that the airflow is a steady-state with
constant velocity at the inlet, constant pressure outlet, no-
slip wall boundary conditions at the car's body, and
inviscid flow wall boundary conditions at the car's surface,
roof, and sidewall. The enclosure size is based on
literature [21], and dimensions in X, Y, and Z directions
are 6L X 2L X 2L, m, respectively. The necessary boundary
conduction like inlet velocity, outlet velocity, and wall
movement is applied in simulation. The model is
discretized with triangular elements of size 1.5. The other
simulation parameters are given in table 2, and the
ANSYS simulation setup is shown in figure 6.

TABLE 2
Simulation Parameters.
Sr. Parameter
Parameter Boundary conditions
No Values
o Magnitude measured
1 [Velocity inlet 60 km/hr
normal to boundary
Gauge pressure magnitude |0 Pa
. . Normal to
Gauge pressure direction
boundary
2 |Pressure outlet|Turbulence specification  |Intensity &
method viscosity
Backflow turbulence
) _ 10%
intensity
Fluid type Air
3 Fluid Density (p) 1.175 (kg/m3)
properties 1.7894 x 10-5
Kinematic viscosity (V)
(kg/(m s))

To analyse the effect of VG on drag force, the first
simulation (simulation 1) is performed without VG by
taking the above-said parameter. During the simulation
process, drag force, lift force, drag coefficient, and lift
coefficient were tracked. Simulation 2 is carried out by
taking the 1 number of VG mounted at the centre of the
roof. The simulation parameters for simulation 2 and
further simulations are kept the same as in simulation
number 1. Similarly, simulations 3 to 6 are performed by

taking the 2 to 5 number of VGs, respectively. For all
simulations, the above-mentioned parameter values are
obtained. The pressure distribution, velocity distribution,
and velocity vector of all 6 simulations are plotted to
analyse the flow separation. A detailed comparison of CFD
results is discussed in the following section.

Fig. 6. ANSYS simulation setup.

Result and Discussion

All the simulations mentioned in the previous section
are performed and their results, like pressure
distribution, velocity distribution, velocity streamline,
and value of drag force, are obtained and discussed in
detail in the following subsections.

Pressure Distribution

The pressure distribution around the car model for all
simulations is as expected. The high-pressure zone is
depicted in red in Figures 7(a-f), and the low-pressure
zone is depicted in blue.

It was observed that the pressure distribution in
different areas behaves differently because of the way air
particles interact with a certain portion of the car. At the
front of the car, there is a direct collision of air partials, so
for all simulations at the front, there is a high-pressure
zone. On the other hand, at the rear end, the pressure is
considerably lower. As discussed earlier, the low-pressure
zone at the rear end is the main factor in creating the drag
force. Figure 7 (a) shows that the low-pressure zone blue
spots are more prevalent at the rear end of Simulation 1
(without VG) than in the other figures. While, in figures 7
(e) and (f) (simulations 5, and 6), low-pressure zones, blue
spots are observed on the roof of the car. Low-pressure
zone spots in figures 7(b) and (c) (Simulations 2 and 3) are
comparable to fewer in other figures. As the number of VG
increases, as in figures 7 (e) and (f) (simulations 5 and 6),
low-pressure zones are observed at the roof of the car,
which increases drag force at the roof of the car.

Velocity Distribution

Figure 8 (a to 1) depicts the velocity distribution and
velocity vectors of all simulations at a symmetry plan.



Sanjay D. Patil: Effects of Vortex Generators on Aerodynamic Drag Force in the Hatchback Type Car 187

- -

Fig. 7 (a) Pressure distribution of sim. 1. Fig. 7 (b) Pressure distribution of sim. 2.

Fig. 7 (¢) Pressure distribution of sim. 3 Fig. 7 (d) Pressure distribution of sim. 4
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Fig. 7 (e) Pressure distribution of sim. 5 Fig. 7 (f) Pressure distribution of sim. 6

V-

Fig. 8(a) Velocity distribution of sim.1 Fig. 8(b) Vel. vectors distribution of sim.1

T

Fig. 8(c) Velocity distribution of sim.2

s

— —

Fig. 8(e) Velocity distribution of sim.3 Fig. 8(f) Vel. vectors distribution of sim.3
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Fig. 8(g) Velocity distribution of sim.4

Fig. 8(k) Velocity distribution of sim.6

From the figures, it has been found that there were
recirculation zones behind the rear end of the vehicle. This
is due to the created low-pressure zone at the rear end, as
discussed in 4.1. By comparing the simulation figures, it
is seen that the recirculation zone behind the rear end of
simulation 1 (without VG, figure 8 (a and b)) is much
closer to the rear end of the car compared to other
simulations. It indicates the reverse flow of air occurs very
near the rear end of the car. This reverse flow ultimately
creates drag force. In the simulations 2 and 3 (figures 8 (c)
to 8 (f)), as velocity vectors reversed away from the rear end
of the car, the drag force decreased. On the other hand, it is
seen from the velocity vectors of simulations 4, 5, and 6
(figure 8 (h), (j) and (1)) that at the roof of the car, air flow is
also getting reversed, which increases the drag force.

Drag Coefficient

The values of the drag coefficient of all simulations are
tabulated in table 3. Figure 9 shows the variation in drag
coefficient over the number of VG.

TABLE 3
Drag Coefficient Simulation Results
Simulation Number | Number of VG | Drag Coefficient (Cp)

1 Without VG 0.2468
2 1 0.2183
3 2 0.2210
4 3 0.2319
5 4 0.2440
6 5 0.2442

Fig. 8(1) Vel. vectors distribution of sim.6

0.25
0.24
0.23
0.22

0.21
0 1 2 3 4 5

Number of VG

Drag Coeeficent

Fig. 9. Number of VG versus drag coefficient.

From table 3 as well as from figure 9, the drag
coefficient of a car without VGs is higher compared to a
car with 1 or 2 number of VGs. Further, with 4, 5, and 6
number of VGs, the drag coefficient increases. As
discussed in sections 4.1 and 4.2, for simulation no. 1, low-
pressure zones in the rear-end cause the reverse flow of
air in that region and eventually the drag force created in
this region.

With the 1 or 2 number VGs on the car, the low-
pressure zone gets shifted away from the rear end. Hence,
velocity is getting revered away from the rear end. It
results in a drag coefficient in these cases being lower than
in others.

The 4, 5, or 6 number VGs on the car act as a blunt
body in a flow of air. That creates a low-pressure zone at
the roof of the car, which results in bad aerodynamics and
increases the pressure drag coefficient.
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Conclusion

Numerical simulations have been performed on the
hatchback car model without and with an increasing
number of VGs. Its effects on pressure distribution,
velocity distribution, and drag coefficient are investigated
in this work. The low-pressure zone behind the moving
vehicle is responsible for aerodynamic drag. A VGs were
installed to control the low-pressure zone. It was found
that without VG, a low-velocity zone is created near the
rear end of the car, which causes a high drag force on the
car.

The low-velocity zone is shifted away from the rear end
of the car when VGs are used, resulting in a decreased
drag coefficient. In this study, utilising 1 and 2 numbers
of VGs lowered the drag coefficient by up to 11% as
compared to without VG.

This study also gives insight on the effects of a number
of VGs. It was observed that a greater number of VGs were
behaving as blunt bodies in airflow in hatchback cars. This
has an adversely effect on the pressure distribution on the
car roof. As a result, the drag coefficient of five VGs is
higher than the drag coefficient of one VG.
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ABSTRACT

Major Systems of an internal combustion Engine are Air
System, Fuel system, Exhaust system. Any malfunction in
these systems increases emissions. OBD legislation
mandates to monitor these systems for any faults and
appropriate action should be taken in case of the any faults
which increases vehicle emissions.

The idea of the paper is to find the Air mass flow deviation
faults using datamining and machine learning based
approach. Detection of fault is classifying whether system is
faulty or not. Objective is to create a deep learning model
using the available vehicle data to classify the system for a
fault.

Three main inputs for the Air Mass flow in an internal
combustion Engine are

1) Fresh Air which measure using Mass Air Flow
sensor
2) Low Pressure EGR
3) High Pressure EGR
During vehicle lifetime, due to different real vehicle
operating conditions and environmental conditions, deviation
in the set point of air mass flow and actual mass flow are
possible to an extent, which can affect vehicle emissions.
Deviation in the Air Mass flow can be caused by intake Air
mass, LP-EGR, HP-EGR. The Aim of the project is to create
the deep learning model for Air Mass Flow Hi and Low faults
using the available data, and associate the fault to the
component in the Intake Air System.

KEYWORDS: OBD, LPEGR, HPEGR, Machine Learning, Emissions, Deep Learning, Air Mass Deviation, Internal
Combustion Engine, Air Mass Flow, Hi and Low faults, Intake Air System.

Introduction

OBD refers to the On Board Diagnostics, which refers to
Vehicles self-diagnosis, and reporting capability.
Fulfilment of OBD-regulation is required worldwide for
type approval of any vehicle and the regulations discussed
in paper are based on California regulations, where the
regulations are first introduced. Section 1968.2 of

California code of regulations defines the OBD

requirements for California. The purpose of this

regulation is to reduce Motor Vehicle emissions by
establishing emission standards and requirements for

OBD.

e Legislative Requirements Mandates detection and
reporting of Faults in Engine which increases the
Emissions

e Malfunction of any components in the Intake Air
System will have adverse effect on the emissions;
hence detecting Air System Faults is a Mandatory
requirement.

e Any deviation in the Intake Air Mass flow set point can
increase the Emissions in Vehicle so OBD system shall
able to detect and report any such deviation in Air
Mass flow.

e Current approaches dependent on Empirical formulas
for detection of Air Mass flow deviation faults.

e Idea is to apply Al and ML techniques for the
prediction of Fault.

Purpose

The Objective of the Paper is to create a deep learning
model, which can predict Intake Air System Mass flow
deviation faults by making use of the available vehicle
data

Scope of Project

e To predict Air Mass Flow deviation in the Internal
combustion by making use of the existing vehicle
data available

e Model shall be able to predict the cause of deviation
in the Air Mass flow.

ABBREVIATIONS: LP - Low Pressure; HP - High Pressure; EGR - Exhaust Gas recirculation Valvel; OBD - On Board Diagnostics;

Al - Artificial Intelligence; ML - Machine Learning
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e Here Cause of Deviation refers to fault in Air Mass
flow Sensor, Low pressure Exhaust gas
recirculation valve and High pressure Exhaust gas
recirculation valve.

Motivation

Lots of Vehicle measurements are available in the
organization, the idea is to make use of the existing data
to create Model which predicts the Air system Faults. This
helps in making the better engine control and fault
prediction and pinpointing of the Air Mass Faults more
reliable.

Existing System

Current Systems depends on different physical
parameters like Mass flow, Pressure, Temperatures at
different points in the Engine to decide on the deviation in
actual Mass flow and set point, classify whether the
system has fault or not.

Proposed System

The new system should learn fault patterns from
existing data and should predict the faults by analysing
the input sample.

Features of the Proposed System

The System should be able to predict the below faults
by analysing the input sample data
1. Air Mass Sensor High Flow
2. Air Mass Sensor Low Flow
3. Low pressure Exhaust Gas Recirculation High

Flow

4. Low pressure Exhaust Gas Recirculation Low
Flow

5. High pressure Exhaust Gas Recirculation High
Flow

6. High pressure Exhaust Gas Recirculation Low
Flow

7. No Fault

Process
— > -

Fig. 1. Process flow.
(Created by Author to represent the Process flow in executing the project)
The whole process divided into four steps
1. Data collection — First step where all the required
data for creating the model will be collected
2. Data cleansing — Raw data collected has to be
processed to extract the required data and to the
required format.
3. Model Creation- The processed Data has to be fed
to the Machine Learning Algorithms for creating

Data based Model
4. Model Testing — Testing of the Model created in
Step 3
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Data Collection

e Total Data collected :38.5 GB

e Data format: .mdf, .dat

e Data Source: Engine Control Unit

e Type of Data: Numerical

e Data contains recording of different Engine control
signals like Engine Speed, Injection Quantity,
Intake Air Mass flow, EGR rate etc.

e All these Signals are used by the Engine control
unit software to control different Engine Actuators
for Efficient Engine operation and to keep the
Emissions in control

e Aim of the project is to identify signals which
impact the Air system faults, analyze the behavior
of these signals and implement the ML algorithm
which gives the best results

Data Cleansing
Data cleansingor data cleaningis the process of
detecting and correcting (or removing) corrupt or
inaccurate records from a record set, table, or database
and refers to identifying incomplete, incorrect, inaccurate
or irrelevant parts of the data and then replacing,
modifying, or deleting the dirty or coarse data (Source:
Wikipedia).
A training and testing dataset created for training and
testing the model.
The below steps are performed as a part of Data
cleansing
¢ Identification of the required variables(Features) —
Feature selection is one of the key steps in the
whole process of datamining and it will have a huge
impact on the performance of the model. Irrelevant
features can negatively affect the performance of
the model. Hence feature selection has to be done
carefully to achieve the better prediction results. A
total of 18 features selected, features are selected
based on the expert opinion in the Air system,
independent of current inputs for fault detection
and effect of the feature on the fault itself.

TABLE 1
Features considered for the Model creation

Feature 1 Accelerator Pedal Position

Feature 2 Charge Air Cooler Down Stream Pressure
Feature 3 Charge Air Cooler Down Stream Temperature
Feature 4 Air Mass Per Stroke

Feature 5 Actual EGR Percentage

Feature 6 Boost Pressure

Feature 7 Set point EGR Percentage

Feature 8 Exhaust Flap Position

Feature 9 EGR Position

Feature 10 | Engine Speed

Feature 11 | Injection Quantity

Feature 12 | EGR Differential Pressure

Feature 13 | Swirl Valve position Demand

Feature 14 | Turbine Input Temperature

Feature 15 | Turbine Input Pressure

Feature 16 | VTGA Position Demand

Feature 17 | Throttle Position

Feature 18 | Engine Torque Request

(Created by Author to represent the features selected for Machine Learning
Model)
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Labeling each Vehicle measurement with Fault
class for each fault from 0 to 6

Each file has been recoded with a particular fault
created. Labeling of each fault with corresponding
fault class is primary step. This fault class serves
as target class for training the model. Labeling of
each training file has to be done carefully as wrong
labeling of file affects the performance of the model.
All the files used for training and testing are
labeled with fault class before start of the analysis.
All l1abeled files are further separated into different
train set as the processing of whole data takes huge
time for the analysis.

After labeling files, each file needs to process for the
features. Vehicle recordings, which only have all
the required features, considered for the training
and testing dataset creation. Each file is analyzed
for the required features and files which has the
required features are separated and used for
training the model.

Fault Class Fault

No Fault

Air Mass Sensor Low Flow
Air Mass Sensor High Flow
Low Pressure EGR Low Flow
Low Pressure EGR High Flow
High Pressure EGR Low Flow
High Pressure EGR High Flow

DO [W[(N RO

Filtering Samples

Not every sample in the files with required inputs
considered for the training as not all required
enable conditions met. Hence, each data sample
added to the dataset only when the fault enable
conditions met.
Not faulty Sample (class 0):
IF (ANY of one Fault criteria is satisfied)
Add Sample to the Dataset;
Else
Discard Sample;
End
Faulty Sample (Other than class 0):
IF (Particular Fault criteria is satisfied)
Add Sample to the Dataset;
Else
Discard Sample;
End
Identification of steady state conditions
Identified the Steady state condition by evaluating
the different engine parameters and sample added
to data set only if the steady state conditions met.
Filtered all transients out of the data set. Sample
space of 30 samples are taken for calculating the
Moving average of Engine Speed and Injection
quantity to verify the steady state
Napg = (g + 1y + 13+ -+ ...+ 1130) /30)
Ignore sample, which has a deviation of over 10%
from moving average

Density

IF |ngpg —ny| < 10% :
Add Sample
ELSE:
Discard Sample
‘n’ represents Engine Speed and Injection Quantity
¢ Normalization of data

Normalization of data is one of the important
steps in the data mining. Different features are
recorded on a different scale and it is very
important to bring all the feature to the same
scale. Normalization is required to achieve this.
Min-Max normalization applied to normalize
data.
Formula:

X =< () — (min) > ((x )

nerm (max) = Gmin) )5 TETEY

- (xminnew)) + ((xminnew))

Xnormperc = Xnorm * 100

x = sample value

Xnorm = INormalized sample value in the range

[01]

Xnormperc = Normalized sample value

in the range [0 100]

Xmax = maximum value of x in the dataset

Xmin = minimum value of x in the dataset

Xmaxnew = New maximum value of x = 1

Xminnew = New minimum value of x =0

All the different features, which are in different,
scale converted to the range 0 to 1 or 0 to 100%
for training the model.

¢ OQOutlier Detection
BOX plot drawn to detect the outlier. No sample
removed from the dataset as all the data recorded
in the vehicle and all scenarios represent the
driving behavior.

¢ Density plots

Density plots drawn to wunderstand the

distribution of data
Transformations Techniques are used to correct
the Skewness in the plots

e Files with double faults

Files which more than one fault are discarded for
the creation of dataset

30
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0.30 Feature 1

Density

-4 -2 0 2 4
After Transformation

Fig. 2. Feature Transformation.
Model Creation
Neural network model

A multilayer perceptron comprises of multiple layers
of logistic regression. Multi-layer perceptron is a feed
forward neural network; Multi-layer perceptron model
built fort classification of Air Mass deviation faults.

Neural Network Architecture

//”'

/

0---0000
0---0000
0---0000
0---0000
0---0000
l
0000000

saftmax um.ny

Hidden Layer 64 neurons 4 layers

Input Layer
20 inputs
Nt pociy

Fig. 3. Neural Network Architecture.

The above figure explains the architecture of the

neural network.
Number of Inputs: twenty

12000000
10000000 2299729
8000000

6000000

Samples

4000000

1856065
2000000 1505029

0
0 3 5

Fig. 4. Graph Representing Imbalance Dataset.

315632
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Number Hidden layers: four

Number of neurons in each layer: sixty-four
Output Layer: Softmax

Number of output classes: seven

Note: In The architecture shown above, not all the
connections shown for the sake of simplicity, but neural
network is fully connected.

Soft Max function:

Softmax function calculates the probabilities distribution
of the event over ‘n’ different events. This function will
calculate the probabilities of each target class over all
possible target classes. Later the calculated probabilities
will be helpful for determining the target class for the
given inputs.

0(z) = e*i/ 3K e”

Soft max function used at the output layer for the

Multi class classification.

Neural Network Model —Step 1

e Created Fully connected Neural Network

e 32 neurons in each layer and 3 layers

e Tanh function is used as the activation function

e Number of neurons and layers decided based on
trial and error basis

e Soft max layer at the output

e Trained network with 300 epochs with a batch
size of 30000

e Trained the Model with the same dataset as the
one used for the Decision Tree.

e No sampling techniques has been employed to
capture the time dependence between the
samples.

e A separate a set of files from the data are
considered for the testing the model. The same
data cleansing steps are performed on the test
data files to create the test data set.

Results:
o Efficiency with the Test data is close to ~50%
Reason:

e Data is highly imbalanced and hence there is
chance over fitting. So the model did not really
performed well on the test data

Samples count

187089

37511 13372

Faul®class 2 1 4
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Neural Network Model —Step 2

Handling of Imbalance data

Class weights: It is clear from the figure 7, there is
huge imbalance in the data. Class one and class 4-sample
count are very less in comparison to the class 0 sample
count. This can lead to over fitting; one of ways to increase
the prominence for minority samples is adjust class
weights of the minority classes. Class weights adjusted as
per the sample count, more the number of samples less
weight for the class.
TABLE 2
Class Weights

Class | Weight
0 0.02
0.25
0.15
0.06
0.3
0.1
0.12

DT |W[(N |

Drop out of Neurons: After each layer of the neural
network, 15% of the neurons are dropped out to avoid the
over fitting of the model.

Number 15% is arrived by trial and error basis. Tried
with different values between 5% and 25% and achieved
better efficiency with 15% drop out of neurons.

Model Creation

Below three are the major changes performed in step 2
of neural network model creation
1. Adjusting class weights to handle imbalance data
2. Considering Fault criteria for the creation of data
set. Followed same steps as mentioned in Data
Cleansing
3. Drop out of neurons after the each layer to avoid
over fitting of the Model

Test Data details

A separate a set of files from the original data
considered for the testing the model. The same data
cleansing steps performed on the test data files to create
the test data set.

Neural Network Model details:

e Checked for the Fault Enable condition for each
sample of the dataset

e For No Fault condition, sample is considered if at
least one fault is enabled

e For Faulty sample, sample is added to dataset only
when the specific fault is enabled

e C(Created Fully connected Neural Network

e 64 neurons in each layer and 4 layers

e 15% neurons dropped out after each layer to avoid
overfitting

ARAI Journal of Mobility Technology Vol 2; Issue 2 o April —June, 2022

e Number of neurons and layers decided based on
trial and error

e Soft max layer at the output
e Trained network with 300 epochs with a batch size

of 30000

¢ Results:

e Efficiency with the Test data is close to ~61%

¢ Reason:

e Multiple files for the same driving pattern is
considered.

With neural network model is step 2, efficiency of the
model is not good and still model needs improvement.
While analyzing the reason, found that multiple files for
same scenarios are considered and tests covering different
driving patterns needs to consider for the creation of data
set. Hence decided further to analyze the impact different
files considered for the dataset on the model creation.

Neural Network Model —Step 3

The whole data considered for creation of model
predominantly has three kinds of files
1. Low ambient temperature recording
2. Recorded with Normal drive behavior
3. Standard driving cycles

Model Creation

Major change in step 3 is to consider the Standard
drive cycle data for the creation of dataset.
Size of Data: 15 GB
Size of Data set after data cleansing 1.05GB

Test Data Details

A separate a set of file from the data are considered for
the testing the model. Performed the same data cleansing
steps test data files.

Created a test data of 500MB for testing the model
Model Details

Most of details are same

¢ Created Fully connected Neural Network

e 64 neurons in each layer and 4 layers

e Number of neurons and layers decided based on
trial and error

e Soft max layer at the output

e Trained network with 300 epochs with a batch size
of 30000

e Created a test data of 500mb

e Total number of test Samples:1906324

Results:
e Efficiency with the Test data is to ~92.55%
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Plot accuracy versus Loss:

10

o
(1]

— loss
acCuracy

=
B

accuracy [loss

0.0

100 150 200 250 300
epochs

o 50

Fig. 5. Accuracy Loss versus Epochs.
Results on Test Data:

1906324/1906324 [

Accuracy using MLP is
92.55703687667847

end of NN method evaluation

] - 665 35us/step

In [4]:

Fig. 6. Output.
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Conclusion

Multi-Layer Perceptron Model for classifying Air Mass
flow deviation in the Air System created successfully by
making use of the available vehicle teste data and
validated. An efficiency of 92.55% achieved with the
current model. Further, Multi-Layer Perceptron Model
can be improved by analyzing the reasons for the incorrect
predictions by the model and model needs to be validated
by collecting the test date from different vehicle operating
conditions, different intensities of the fault level and
across different engines.
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ABSTRACT

In the competitive automotive industry, launch of a new
vehicle has become a norm to stay ahead, also the vehicle
manufacturers are competing in terms of increased warranty
on the new launch. Hence it is imperative for rigorous
validation of new vehicle in very short period and requires to
map customer usage pattern in least possible time.

This work is based on an extension of internet of things
(I0T), which provides a tool of capturing vehicle duty cycle
by using combination of analog and digital sensors with
appropriate ADC. The system is enabled with algorithm/
coded to log result, whenever measured physical parameter
goes above/below predetermined level. The work involves
implementation of an auto start and auto shutdown of the
system based on vehicle ignition. Thus, this paper presents

a system that is capable of continuous, real time recording
and edge computing (auto post processing) physical quantity
and ensures complete elimination of human interface,
thereby enabling Remote Data Acquisition, Analysis and
Reporting system (Proposed system). The proposed system
is fit and forget and cost-effective solution, it can be fitted in
any number of vehicles to acquire data for large number of
kilometers to map system level usage pattern. Against the
conventional method with limited kilometers of data to map
customer pattern. The present work is an implementation of
Remote Data Acquisition, Analysis and Reporting system in
measurement of required vehicle parameters of temperature
and humidity in field working conditions.

KEYWORDS: Drag force; Vortex generator (VG); Aerodynamics forces; Flow separation; Velocity distribution; Pressure distribution; CFD.

Introduction

The global method for vehicle validation in automobile
industry includes collection of road load data acquisition
at different customer site and extrapolation of the
collected data to predict the life of a vehicle component.
But the quantum of the data used to predict the life is
limited to only certain distance in certain geographical
location while vehicle is used at all locations. There is a
need for extensive data acquisition which maps the vehicle
usability in maximum possible geographical condition for
high level of confidence. But the current methodology of
data acquisition is manual, laborious, costly, with this it
is difficult to acquire data for all the geographical
locations. Also, data acquisition and data post processing
activity are carried out in series; which leads to prolonged
product validation cycle.

The accomplishment of the vehicle durability
assessment starts with understanding precisely about the
load that the vehicle will undergo during their anticipated
lifetime. RLDA/Duty Cycle is an excellent method to
measure vehicle response for different working condition.
The RLDA/Duty Cycle includes acceleration, deceleration,

displacement, force and any other physical parameter or
the combination of the parameters of the vehicle system.
Depending on the vehicle system physical parameter is
selected-

The proposed work presents an Internet of things (I0OT)
based system which includes raspberry pi coupled with a
signal converter, GSM connectivity, power control circuit
and processing algorithm. This system has wide
accessibility as the user with internet connection can
download/view the data/result from anywhere across the
globe. Another important feature of this design is the
reprogrammable and open source nature of the product; the
program/application can be flashed remotely to incorporate
the improvements in the underlying algorithm to suit the
requirement.

The proposed system can be installed in many vehicle
parallelly, as shown in Fig.1. with that it has an upper hand
over the current method in terms of extent of data used to
predict life/validate the system and the extrapolated results
will be close to the real-life application. Vehicle validation
depends on its subsystem validation, temperature and
humidity are selected for the presented work.

ABBREVIATIONS: IOT - Internet of Things; RLDA - Road Load Data Acquisition; ADC - Analog to Digital Converter; GSM - Global System

for Mobile; GPS - Positioning System
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Fig. 1. Extent of data collection in current and proposed method.

Current Method of Data Acquisition for Duty Cycle
Measurement

The important parameters for any duty cycle are
required related measurement parameters which is useful
to get insights for the particular duty cycle. Example
parameters are temperature, pressure, speed, strain,
force, displacement and humidity etc. Each duty cycle
requires different set of parameters to perform the
exercise. Fig.2 shows the current method for
measurement data for duty cycle. The sensors for different
measurement parameters are connected to the data
logger.

Working of the system

The input sensors connected to the data loggers are
handled by the test engineer and data is acquired during
the vehicle movement. Acquired signals are checked for
signal anomalies (if any) and are corrected. Then
measured signal is calculated using pre-determined
algorithms and software’s and result is published in
presentable format. Since data loggers available in the
market are very costly, it needs a human interface to
ensure safe operation of the system.
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Fig. 2. Process flow for current method of duty cycle measurement.
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The current method of data acquisition is laborious,
costly and time-consuming and it is very difficult to use
such a system to map customer usage pattern from all the
geographical condition. Also, human interface is required
for raw data handling and post processing of the data.

Proposed In-House Developed System Design and
Architecture for Duty Cycle

The system is developed in-house with a concept of
modularity. Major components of the system are made up
of modules with integrated circuits. Each of these modules
has a special function to perform in the system. There are
various readily available, and few specifically developed
modules used to actualize the project. Various components
and modules are listed below in hardware subsystem
design. The ¢ and python programming languages are
used to log the data, analyze, post process and upload the
result to server.

Hardware Subsystem Design

1. Raspberry pi: It is used as the base system.

2. Power Trigger Circuit: Ignition is connected to
raspberry pi and auto start stop module, auto start
stop module includes a microcontroller which
ensures power supply to the raspberry pi based on
the ignition status.

3. ADC or Signal Converters: It is coupled to the
raspberry pi to log different signal. Such as
temperature board or ADC board

4. Temperature, Humidity and Displacement sensor
are connected to the system for duty cycle inputs

5. GPS module is used to obtain geographical details
of the vehicle movement

6. GSM module along with serial communication
module used to upload the data to the cloud or
server.



P
=

y -

Sensors

Temperatu
re Sensor

Humidity
Sensor

Vehicle

Key
On/0ff  JANEAN

Potential Divider
Circuit

Max232
Interface

GSM Enabled
Telematics

On/Off Trigger
Circuit

Base System

Analog to Digital
Converter &
Temperature Board
\

Raspberry Pi

Fig. 3. Hardware details.
Software Subsystem Design

The software can be broadly divided into two parts
data logging and data analyzing.

1. Data logging: - An application is developed in C
or python language which records data from
sensors through ADC at 1000 Hz sampling rate.

2. Data analyzing: - An application is developed
using python which checks for the abnormality in
the recorded data and calculates predetermined
parameters as per the algorithm.

3. Both the applications are compiled and made
auto executable during the boot-up of raspberry
pi.

Tgnition switch

Data recording
application

Post Processing
Application

=

Cloud/Server

Serial

Communication Final Result

Fig. 4. Software flow for data recording and post-processing.
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Working of the System

The raspberry pi is powered by the power trigger
circuit, when the ignition is switched on and
raspberry pi boots data logging and post processing
application is activated. Concept of parallel
computing is used to log sensor (connected to ADC)
input by data logging application and parallelly post
processing application computes the desired output
results to the server based on the measured
parameter. The raspberry pi (base system) which has
been programmed, sends the temperature and
humidity output to the GSM telematics, through
serial communication and then the result gets
uploaded to server. Once the vehicle is switched off,
the system stops logging the data, it ensures that the
last logged data is post processed and required results
are sent to the server, and then switches off itself.
Hence the system is fool proof and works without any
human interface. Fig.5 shows the proposed process for
duty cycle measurement.

System Validation

Dedicated calibration system used in the industry is
used to validate the system. Calibration master and
proposed systems are connected in the temperature
calibration system for capturing temperature values.
Simultaneous data acquisition was carried in both the
systems during temperature increments. Data acquired
from calibration master is compared with proposed
system. Whereas in the proposed system, data is acquired
and uploaded to the server.

Temperature values on both the system are then
compared with temperature increment values (Refer
Figure 6). Based on comparison, it is evident that the
proposed system is in line with the existing proven system
available in the industry.

Humidity sensor is checked by single point verification
with calibrated humidity meter in ambient and dry air
condition and found in line with the humidity meter.
Displacement sensor is calibrated using the proposed
system with respect to known displacement. After
internal validation, the product is installed in field vehicle
for real time.

Results and Discussion

After internal validation, the product is installed in
field vehicle for real time measurements. Test data were
acquired in on-road test vehicle. Measurement captured in
proposed remote data acquisition system is processed
internally and analyzed output is uploaded in cloud.
Temperature data is measured in engine mount of
vehicles mentioned in Figure 7 to study temperature
distribution of engine mount in different category of
vehicles
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Fig. 6. Calibration and comparison of temperature and displacement value system.

Field Trial Time
Vehicle Model m

Vehicle A- MHCV Route A 2000
Vehicle B - MHCV Route B 3000 54
Vehicle C - MHCV Route C 1400 21
Vehicle D- ICV Route D 9000 180
‘Vehide A | T Vehicle E - Passenger Route E 2000 100

Fig. 7. Representative vehicle images and details of proposed system validation.

Processed output is then converted to graphical conditions. Humidity sensor and mounting image is
representation for ease of viewing, as shown in Fig 8. This  shown in Fig 9.

provides information on temperature distribution Humidity measurement of vehicle air tank in vehicle
throughout vehicle running condition in different weather = running condition in continuous road operation shown in
and road events. Fig 10.

Humidity is measured inside the air tank of vehicle to
study the humidity of air in different vehicle operating



202 ARAI Journal of Mobility Technology Vol 2; Issue 2 e April —June, 2022

Location A

30—

20—

Percentage (%)

10—

0

30—

20—

10—

0

Location B 32

40 50 60 70 110 0

Temperature (°C)

Engine mount Front LH
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Fig. 9. Humidity sensor and mounting image.
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Fig. 10. Humidity measurement results vehicle operating condition.

Similar to temperature and humidity, displacement or
any other analog voltage signals can be measured using
the proposed remote data acquisition system. In figure 11
displacement sensor mounting and output distribution
plot is shown. Raw measured displacement data is

converted automatically in post processing and
distribution output is stored.

The proposed system is cost effective, it can be
installed in many vehicles in different operating
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conditions and data collated from all the regions can be
used as a duty cycle input to validate the system.

Automated Post Processing of Signals

Measured signals using proposed system output data
are analysed automatically and only processed output
data are shared in the cloud. The measured data are
usually larger in size due to higher measurement
samplings and longer time recording. So handling of large

20
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amount of raw data outputs in remote and cloud is
extremely difficult. Based on individual parameters
measured, different analysis techniques are written in
python code. Raw data recordings are captured in 1 Hrs of
segment intervals and saved temporarily. Python code
written in such a way that after every intervals of signals
saved, post processing analysis code will be triggered and
analysed.

15—

Distribution (%)
>
|

CD433_FA1_LH_UZ (mm) 0
Displacement (mm)

Fig. 11. Displacement measurement results in field vehicle running condition
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Fig. 12. Representative plots for automated processing results.

Automated post processing analysis takes care of
converting raw data into required output results.
Example, displacement signals are measured in 100 Hz
(samplings per second) and recorded throughout vehicle
running condition. This provide in GB size of raw data for
a day. Handling this would be difficult in cloud, hence in
post processing raw data is analysed and converted to
peak and valley with index. Also rainflow distribution
cycles are calculated for individual patches and temporary
data is deleted. This post processed output data reduces
data size drastically. Analysed output data are

continuously collated and generates a rich data bank for
product validation. All required results are provided
directly without any additional requirement of manual
post processing.

Advantages and Challenges

The system replaces the conventional data logger
which requires human interface for data recording, data
handling and post processing. Whereas the proposed
system eliminates human interface for the above said
activities. Unlike conventional IoT system which is
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limited to low frequency data acquisition, the proposed
system is capable of handling high sampling (1000 Hz),
real time post processing and Internet of thing-based data
sharing to cloud opens many opportunities for the system
in the field of RLDA.
1. The advantages of the proposed system are,
a. Disruptive technology to replace high cost data
acquisition system
b. More amount of data collected from different
terrain

c. Post processing and data handling time is
eliminated

d. The system can be used for the measurement of
different parameters and the capability of the
system shown below

i. Temperature study
ii. Displacement study in suspension and other
aggregates
iii. Torque duty cycle
iv. Critical strain location
v. Force measurement on different aggregates
vi. Road profile measurement

e. Cost effective solution, the price of the system is
Rs. 20,000 while data loggers available in the
market costs minimum Rs. 5 lakhs.

f. No human interface required in data logging
Extended warranty based on customer usage
pattern

2. The challenges with the system are,

a. Not suitable for severe environmental conditions

b. Ability to withstand for only lesser shock loads

c. Lesser robust compared to existing dedicated
systems

Fig. 13. Collated data from different terrain.

ARAI Journal of Mobility Technology Vol 2; Issue 2 o April —June, 2022

Future Scope

1. Bringing automation of handling the output and
use of big data analytics to map terrain wise vehicle
utilization

2. Increased channels for recording different
parameter duty cycle together

Increasing system reliability for tough terrains Ability
to withstand high shock loads.
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ABSTRACT

There is a strong interaction between air and vehicle
components. Aerodynamics plays a significant role in a
vehicle's fuel efficiency. The contact patch load between the
tire and road is directly related to the vehicle load. In this
research, the lift forces generated due to the additional wing
attached to the car model with different spans and heights of
the wing location from the car body is considered for study.
The loads due to change in Angle of Attack (AOA) and their
effect on the tire loads are studied. The upward vertical force
produced from aerodynamic loads reduces the wheel load of

the car virtually. A tire's coefficient of friction would decrease
with upward vertical force. This balance load implies that a
lightweight car would make more efficient use of its tires than
a heavier car. ANSYS Fluent is used for the Computational
Fluid Dynamics (CFD) study. The validation of airflow
characteristics, lift and drag forces from simulations are done
with wind tunnel testing data. Varying the angle of attack,
wingspan, height between the car and the wing's lower
surface, one can increase the capacity of the payload by 10%
or fuel efficiency by 10% to 20%.

KEYWORDS: Aerodynamics,,Navier Stoke equation, Nozzle effect, Car-wing, Drag, Lift.

Introduction

Aerodynamics plays a vital role in the fuel efficiency
and stability of the vehicle. The airfoil in sedan cars are
utilized to create adequate stability; however, the fuel
efficiency decreases. Stability is required to steer the
vehicle at high speeds. While the vehicle is moving with
constant velocity, the aerodynamic forces and the tire
contact patch almost remain constant. More the contact
patch, more stability and less fuel efficiency, and vice
versa. The entire vehicle load transfer to the road via the
contact patch between the road and tire. The vertical load
[[5]] includes lift force and downward force. Force on each
tire is proportional to vertical load and significantly
influences the longitudinal and lateral forces

The idea to use a wing or Airfoil fitted to the Car at the
Center is to make use of the space between the Car's upper
surface and the lower surface of the Airfoil to cause a
Venturi nozzle effect [11]. The difference between the
lower pressure on the Wing's top surface and high
pressure at the upper surface of the Car's body creates
upward lift force. The Wing attached starts from the
center position of the Car and extended until the rear end
of the Car.

In the study performed by Ahmed et al., the ground
vehicle type of bluff body [1] was analyzed. In an open
wind tunnel test section, pressure measurements and
force measurements were done. The drag comes from the
slant [6], [24], and the vertical base surface of the rear end.
Numerical investigations by Emmanuel Guilmineau [8],
[9] show that the angle of the rear window has significant

effects on the characteristics of the wake flow. The drag
always affects the fuel consumption and minimizes with
the proper aerodynamic shape of the vehicle. The work by
W Hucho [10] shows that a vehicle's aerodynamic shape is
resisting the airflow in highways, and pressure drag
contributes to total drag as a major, which consumes
about 50% of the vehicle's fuel at highway speeds. The low
level of drag loads and increased lift loads adds to the fuel
efficiency. In race car aerodynamics [12], [29], the lift
forces in —ve z-direction pushes the Car downward with
the negative angle of attack.

It is vitally important to design new era cars with good
aerodynamic shape [13], [15] to reduce fuel consumption
as much as possible. If it is an electric vehicle [17],
increasing the range to avoid frequent charging on
highways is very advantageous. The engine's efficiency,
idle time reduction, the torque required to drive the wheel
at a higher speed would also affect the fuel efficiency. This
current study focused on the aerodynamic forces. This
type of car design uses air stream as additional fuel,
renewable energy.

The authors in the current paper studied the Car
attached to a wing at the top surface of the Car and
studied the aerodynamic forces. The novelty of the
research is without increasing the coefficient of drag, with
AOA less than 4 deg, lift forces are generated due to nozzle
effect. The weight of the Car could be reduced virtually
using the lift forces. The performed experiments and
study revealed that increasing the wingspan increases the
lift forces. The angle of attack is one of the parameters,
and increasing the AOA, lift and drag forces significantly
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increased. The contact patch loads calculated using the lift
and drag forces generated show that loads on the tires
decrease. These loads help to evaluate the lateral and
longitudinal loads at the contact patch. These loads would
help to design a liter vehicle and improve fuel efficiency.

Tire Load Interaction

The main forces acting at the tire-road contact patch
are longitudinal forces (2], [7], [19] lateral forces, and self-
alignment torque. The ratio gives the coefficient of friction

— th
u ) (D

Ftx is the force in the X direction, F,, the vertical load.
Therefore, the ratio p is friction coefficient [28] depends on
tire slip resulting from contact patch due to vertical load.

In the Pacejka [21] tire model, lateral force and
aligning torque are calculated based on slip angle and
longitudinal force, mainly dependent on normal force Fz
which is transferred to the tire, ignoring the camber angle.

The overall tire deflection estimates by the vertical
load divided by the vertical stiffness. The Tire deflection,
longitudinal force, lateral force, and slip are depending on
the vertical load on the wheel. The vehicle's power must
be equal to the power of the driving wheels.

Fig. 1 shows the general schematic diagram of six DOF
vehicle models.

Lift

L? Drag Airfoil

Center of
Pressure

Rear-Right

Front-Right

Rear-Left

Fig. 1. The schematic diagram of six DOF vehicle model.

The basic equations describing the vehicle dynamics
[4], [18] are as follows.
ay = é[((FXﬂ + Fxg.) cos §) — ((Fyq + Fyg) sin§) + (Fxp +
Fxpp)] (2

~[((Fxq + Fxg) sin 8) + ((Fyn + Fyg) cos 8) + (Fy +
Fyp)] (3

% = i [((Fxg + Fxg) * a * sin 8) + ((Fyp + Fyg.) * a * cos §) —
(Fyn + Fype) * b — ((Fxp + Fxg) cos & * twf * 0.5 — ((Fxp —
Fxpp) * twr * 0.5] ...(4)

ay=
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ay = Vy — vyr ...(5)
ay = Vy + vy ...(6)
Where

v Speed of the Car

a Acceleration

r Yaw rate

F Force

) Steering Angle

The indices refer to wheels

FL Front left

FR Front right

RL Rear left

RR Rear right

a Distance from CoG to the front axel

b Distance from CoG to the rear axel

twf Front track width

twr Rear track width

Izz Inertia around z-axis for the yaw movement

_ TEngine torque*iGear ratio*Tefficiency

theels -

= Frotal Force

.7

Taldqynamic

= FAirdrag + l:Rolling resistance + FInertia l:Slope
...(8)
As the vehicle speed increases, the load on the tires,
rolling resistance, and drag forces [3] also increase. The
drag mainly depends on the frontal design and area of the
Car. Adding the Wing does not increase the frontal area
significantly; however, it depends on the angle of attack.
An increase in AOA results in higher drag force and less
lift force.

F _ Cdcoefficient clrag*s*pair*{;)2 (9)
Air drag — 2 cee

l:Rolling resistance — M(Kerb weight+Passengers) xg* frr * COS X
...(10)

frr is coefficient of rolling force, let us assume Slope

angle

a=0 Finertia = M (Kerb weight+Passengers) * @ * V -(11)
Under constant acceleration, the term Fyp e, ignored.
The lift force is not going to affect the frontal area

calculations.

2
Cleoefficient lift*S*Pair*9

Fiige = 5 ...(12)
The basic dynamic equation has the mass m in the
denominator, which reduces due to the lift force.
The contact patch load for the front wheel is given by

cG
g (1—yp)* Fiire , FairdragcoG
FContactPatch_load = 2 + Fg — e + - ...(13)

Where Fs is the vertical suspension load, WB is the
wheelbase. Drag loads due to Airfoil are transferred to the
CG to calculate loads at the tire contact patch. As a result,
the total load decreases due to the lift loads, reducing Fz
loads and reducing the torque required to drive the
wheels.

A setup for measuring the aerodynamic forces in a
wind tunnel consists of a mechanism suitable for rigidly
fixing the car model's position with the desired orientation
up to £30 degrees relative to the airstream. The wind
tunnel facility has a maximum jet velocity speed of up to
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45 m/s, and it is of an open-return design. The cross-
sectional dimension of the nozzle area where the test
model was placed is 600mm square. It has a glass window
for visual observation of flow phenomenon. Wind tunnel
equipped with a platform-type external strain gauge
balance on which the model is to be mounted. All forces
and moments were measured using a 3-component
balance system. The model is fixed at the center position
in this wind tunnel configuration, as shown in Fig. 3.

CFD

(a) Meshing details: The water-tight geometry has been
used in the analysis from the Ansys space claim. The
CFD mesh is generated using the following method.
More fine resolution meshes were used around the
vehicle. A body of influence is created around the
vehicle, and a finer mesh size of 4 mm is used.
Similarly, one more body of influence is created around
the Airfoil with a small mesh to capture the flow
separation and study the lift forces. Inflation layers
are created around the Airfoil with the growth rate of
1.2. about the CFD model has 60 millions elements and
10 millions nodes for the purpose of analysis. Mesh
independent study has been performed prior to
finalizing this mesh type and size. Polyhedral mesh is
used for discretization.

Computational fluid dynamics (CFD) analysis [8], [14],
[25], [26], [27] is carried out to compare the results.
The turbulence model k- SST model [16] is used in
analyzing the flow characteristics of this
computational problem. The default boundary
conditions used in the CFD [17], [20], [22], [23]
analysis.

The Turbulence Kinetic Energy model is calculated as
shown in equation 14.

ok ok a ok
E+U]’0_Xj_Pk_Bkw+6_Xj[(v+o-vT)0_Xj] (14)

(b) NACA 66(2)015: Symmetrical NACA 66(2)-015 Airfoil
is attached to the car body. NACA 662-015 Airfoil has
greater laminar flow than the 4 and 5 series, and this
type of Airfoil has low drag. The minimum pressure
location is at 0.6 chord length. CFD analysis is done to
study the lift generated with various angles of attacks
ANNEXURE - B:

The Y ordinate matches the centerline of the car body.
The X ordinate of the Center of the pressure of the
Wing measures the same as the Center of Gravity's
(CG) Y ordinate. Due to this, there won't be any
moment acting on the front and rear wheel axel. Only
lift force reduces the load virtually on the car body,
which reduces the overall load acting on the tires. The
gap between the Airfoil and the Car's top surface is
maintained so that the airflow is not affected, as shown
in

Fig. 4. Only the Wing's angle of incidence is modified,
where the Car is parallel to the x-axis.

Table 1 presents the coordinates used for the NACA
662015 symmetrical airfoil. At the same time,
importing the coordinate points into the Fluent,
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adding one more point with Y ordinate as 0 to create a
closed-end for the Airfoil as shown in the table. Units
are in mm.

TABLE 1.

The coordinates of the NACA 662015 airfoil are attached to the car
body.

X _Cord Y_Cord X _Cord Y_Cord
0.00 0.0000 95.00 -0.5660
0.50 1.1220 90.00 -1.4800
0.75 1.3433 85.00 -2.5300
1.25 1.6753 80.00 -3.5980
2.50 2.2353 75.00 -4.2987
5.00 3.1000 75.00 -4.2987
7.50 3.7813 70.00 -5.5760
10.00 4.3580 65.00 -6.3720
15.00 5.2860 60.00 -6.9593
20.00 5.9953 55.00 -7.2833
25.00 6.5433 50.00 -7.4500
30.00 6.9560 45.00 -7.4953
35.00 7.2500 40.00 -7.4300
40.00 7.4300 35.00 -7.2500
45.00 7.4953 30.00 -6.9560
50.00 7.4500 25.00 -6.5433
55.00 7.2833 20.00 -5.9953
60.00 6.9593 15.00 -5.2860
65.00 6.3720 10.00 -4.3580
70.00 5.5760 7.50 -3.7813
75.00 4.2987 5.00 -3.1000
80.00 3.5980 2.50 -2.2353
85.00 2.5300 1.25 -1.6753
90.00 1.4800 0.75 -1.3433
95.00 0.5660 0.50 -1.1220
100.00 0.0000
Test Model

In this study, a 1:18 scaled car model used is the
Porche Panamera model, and technical details were taken
from the Techart [30] and Porche website [31]. The model
used in the windtunnel lab is a die-cast metal miniature
scaled model but a very detailed, available in the market.
The CAD data of the same was replicated using CATIA for
the CFD analysis. The model is attached with the Airfoil
with different wingspans at different heights.

The following parameters were studied.

Starting with a 100mm wingspan increased up to
300 mm in steps of 50mm. (100mm, 150mm, 200mm,
250mm, and 300mm) in total, five wings were fixed to the
car body.

The distance between the Car's top surface and the
Wing's lower surface for the aerodynamic effect is studied.
Initially, it was 25 mm and then increased the height to
25mm, i.e., 25mm, 50mm, and 75mm. The angle of
incidence varied as 0° 5° 8° 15° degrees. However, the
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Airfoil has a stalling angle of 16° hence the study is
limited to 15°.

Fig. 3. The Car body with the Airfoil attached in the wind tunnel test.

ansys

Fig. 4. Geometrical model of the Car body with the Airfoil attached.

Fig. 3 shows the scaled model in the wind tunnel lab
with the Wing fixed on the top.

Fig. 4 shows the geometrical model used in the
analysis.

.
> s%e 0 O W
Dr N

Fig. 5. The CFD model of the Car body with the Airfoil attached.

>

& o

Fig. 6. The Pressure plot of the CFD model of Car.

Fig. 5 shows the polyhedral mesh with symmetrical
modeling. Fig. 6 shows the pressure plot from the CFD
simulation.
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Fig. 7. The Velocity plot of the CFD model of Car.

Fig. 7 shows the velocity plot from the same simulation
where drag remains the same, but the lift force is
improved.

Results and Discussion

(a) Wind Tunnel Results: Results obtained from the CFD
study and results from the wind tunnel tests are
discussed in detail here. The graph shown in Fig. 8

depicts that an increase in the wingspan increases the lift
force for a given airflow velocity. In this experiment,
AOA is kept constant at 5° degrees, and the wingspan
is varied, and the airflow velocity increased from 1m/s
to 20m/s.
Table 2 presents the lift forces measured in the
WindTunnel test with the different wingspans
attached to the car body where the angle of attack is
kept constant.

TABLE 2.

The Wind tunnel test result values of the car model with airfoil
attached

Velocity | 100mm 150mm 200mm 250mm
(m/s) Lift (N) Lift (N) Lift (N) Lift (N)
1.14 0.03 0.02 0.03 0.01
2.3 0.03 0.02 0.01 0.09
4.15 0.06 0.05 0.12 0.24
5.76 0.12 0.13 0.29 0.37
7.3 0.17 0.25 0.48 0.85
9.07 0.25 0.35 0.77 1.01
10.7 0.34 0.46 1.04 1.81
12.2 0.48 0.61 1.37 1.91
13.01 0.52 0.72 1.61 2.22
13.9 0.64 0.92 1.78 2.52
14.76 0.69 1.09 1.95 2.79
15.9 0.88 1.16 2.21 3.12
16.5 1.05 1.29 2.45 3.40
17 1.14 1.36 2.71 3.80
18 1.21 1.46 291 4.23
19 1.29 1.56 3.04 4.43
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The results show in Fig. 9 are the results of the
experiments done in the wind tunnel for the Car attached
with the Wing, of span 100mm and Wing alone analyzed
using the CFD software Fluent. The investigation was
carried out by varying the air velocity from 1m/s to 20 m/s
keeping the angle of attack at 5 deg. This lift force increase
shows that the nozzle effect obtained from the lift is higher
than the only Wing lift forces.
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The graphs in Fig. 10 depict the relationship between
the Wing attached to the Car and the aerodynamic forces.
Observed that when the angle of attack is less than 10°,
an upward force is generated and increases with the angle
of attack. Here in this experiment Wing span used is
200mm, and varied the angle of attack is 5 and 8 degrees.
The lift loads increase 22% when the angle of attack is
changed from 5 degrees to 8 degrees, with the vehicle's
speed is around 70kmph.

5.0
CAR+Different Wing Spans, AOA 5 Deg
4.5
e 100MmM_Lift e 150mm_Lift /
4.0
g 200mMm_Lift e 250mm_Lift /
3.5
g 3.0 emm@un 250mm_Drag e 200mm_Drag / N
[=]
~
E 25 1 :nmm_nrng 1nnmm_nrng
-

Velocity (m/s)

Fig. 8. Lift vs. velocities for symmetric Airfoil attached to CAR with different wingspans.

14

AOA_5Deg_100mm Wing

/

1.2

1.0 [—===100mm Car with- Wing ==s==only Wing

0.8

[
/

0.6

ey

Lift (N)

o

. F

o —_—

0 5

10 15 20

Velocity (m/s)

Fig. 9. Lift vs. velocities for Airfoil attached to CAR and Only Wing without a car.
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Lift v/s Velocity (Car+Wing, Span 200mm)

4.0

==t==5 Deg-AOA
3.5

3.0 —8-8 Deg- AOA

25 0 Deg-AOA

2.0

4

Lift (N)

15

gt

1.0

0.5

0.0

10 15 20

Velocity (m/s)

Fig. 10. Lift vs. velocities for symmetric Airfoil attached to CAR with different angles of attack.

Further, Fig. 11 shows that the lift forces generated
decrease when the height between the Wing's lower
surface and the car body increases. In this experiment,
height is varied from 25 mm to 50 mm. and velocity from
1m/s to 40 m/s. The distance from the ground level is
increased by 24% approximately. The lift loads generated
decreased by 8.3% at the speed of 40m/s with the angle of
attack 8 degrees. This curve shows that the nozzle effect
reduces, and hence the total lift generated decreases as
the height increases. The results shown in this curve are
related to wind tunnel experiment results. The height
increased to 75mm, and the results are much more similar

to 50mm; hence, the optimum height is essential to utilize
the nozzle effect.

CFD Results validation

We used high-performance computing machines for
the CFD analysis. The results obtained from CFD analysis
and Wind tunnel experiments are compared here in Fig.
12. The CFD results for 3D Wingspan 250mm with 8 Deg
of AOA and Wind Tunnell results showed an error of
+1.5% in Wind tunnel results.

12.0

Car+wing_200mm span

=== height 25mm
10.0

== height 50mm
8.0

6.0

Lift(N)

4.0

2.0

0.0

10

20
Velocity m/s

30 40 50

Fig. 11. Lift vs. velocities for symmetric Airfoil attached to CAR with a different height between Car and the Airfoil.
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Results-Airfoil 250mm AOA 8 Deg

16.0

14.0

e==g=== \\/ind Tunnel Results

12.0

e=fi== CFD Results

10.0

8.0

Lift Force(N)

6.0

4.0

2.0

0.0

0 10

20 30 40

Airflow Velocity (m/s)

Fig. 12. Error in Measurements, Lift vs. velocities for Airfoil with wingspan 250mm and AOA 8 Deg.

Experiments were performed and compared using
the wind tunnel to study the behavior with different
wingspans attached to the car body. The aerodynamic
lift loads from the Airfoil to the load balance
measurement are transferred through the car body, as
depicted in Fig. 3. The Car is mounted to strain gauge
balance at the Center of the car bottom and through
which aerodynamic loads are transferred and
measured. This mounting depicts that a car with the
airfoil attachment could pass the lift forces to wheel
axels. Longitudinal forces and lateral forces are related
directly as per equation 13. As Fz (vertical) loads
reduce, the fuel efficiency increases; however, the lift is
directly proportional to the square of the vehicle's
velocity. The more the lift force, the more the vehicle
gets into the unstable mode. Hence study has been done
up to 130kmph of airspeed in the wind tunnel test. In
general increase in lift and a decrease in drag are
shown to increase fuel efficiency.

Since the Car model used in this study is a 1:18
scaled model. The NACA 662015 airfoil of a 200mm
wingspan is up-scaled to normal dimensions, i.e.18, and
with that, the wingspan measures to be 3.6m.
Wingspan was analyzed using CFD, which shows that
it generates 2775N lift force at 36m/s airspeed and 5° of
AOA. After converting this lift force into kg, it is almost
282kg, virtually reducing weight. The car models of this
size have a Kerb weight of approximately 2450kg.
Hence the airlifted weight would be 11.5%. In turn,
reduction in fuel consumption per 100km = 282 x
(0.4/100) = 1.1 L/100km.

Summary/Conclusions

A Car fitted with a simple wing on the top surface
with different wingspans and AOA is studied in this
paper. The measured load depicts the increase in
wingspan influences the lift loads. Computed contact

patch loads due to virtually decreased weight,
aerodynamic drag, and lift loads show that the loads on
each tire reduced. The Venturi nozzle effect generates
lift force at zero degrees of angle of attack and no drag.
The lift loads reduce the loads on the contact patch,
which adds to the 10% fuel efficiency.

Acknowledgement

Sunshine Measuring Instruments Pvt Ltd partially
supported this research by providing the wind tunnel
setup and the models. We are also grateful to Dr. TR
Sitharam and Dr. Prabhu for their guidance.

References

[1] Ahmed, S., Ramm, G., & Faltin, G. (1984). Some
Salient Features Of The Time-Averaged Ground
Vehicle Wake. SAE Technical Paper Series, 473—
503.
https://doi.org/10.4271/840300

[2] Baffet, G., Charara, A., & Lechner, D. (2009).
Estimation of vehicle sideslip, tire force and
wheel cornering stiffness. Control Engineering
Practice, 17(11), 1255-1264.
https://doi.org/10.1016/j.conengprac.2009.05.005

[3] Baymdirh, C., & Celik, M. (2018). The
Experimentally and Numerically Determination
Of The Drag Coefficient Of A Bus Model.
International Journal of Automotive
Engineering and Technologies, 7(3), 117-123.
https://doi.org/10.18245/ijaet.486409

[4] Department of Automatic Control Lund
Institute of Technology, & Gerard, M. (2006).
Tire-Road Friction Estimation Using Slip-based
Observers (ISRN LUTFD2/TFRT--5771--SE).
http:/lup.lub.lu.se/luur/download?func=downlo
adFile&recordO1d=8847816&file01d=8859385




212

(5]

(6]

(7]

(8]

(9l

[10]

[11]

[12]

[13]

[14]

[15]

[16]

ARAI Journal of Mobility Technology Vol 2; Issue 2 e April — June, 2022

Dominy, R. G. (1992). Aerodynamics of Grand
Prix Cars. Proceedings of the Institution of
Mechanical Engineers, Part D: Journal of
Automobile Engineering, 206(4), 267-274.
https://doi.org/10.1243/pime proc 1992 206 18
702

Gaylard, A., Kabanovs, A., Jilesen, J., Kirwan,
K., & Lockerby, D. (2017). Simulation of rear
surface contamination for a simple bluff body.
Journal of Wind Engineering and Industrial
Aerodynamics, 165, 13-22.
https://doi.org/10.1016/j.jweia.2017.02.019
Gillespie, T. D. (1992). Fundamentals of Vehicle
Dynamics. SAE International.

Guilmineau, E. (2014). Numerical Simulations
of Flow around a Realistic Generic Car Model.
SAE International Journal of Passenger Cars -
Mechanical Systems, 7(2), 646—653.
https://doi.org/10.4271/2014-01-0607
Guilmineau, E. (2018). Effects of Rear Slant
Angles on the Flow Characteristics of the Ahmed
Body by IDDES Simulations. SAE Technical
Paper Series, 001-0010.
https://doi.org/10.4271/2018-01-0720

Hucho, W., & Sovran, G. (1993). Aerodynamics
of Road Vehicles. Annual Review of Fluid
Mechanics, 25(1), 485-537.
https://doi.org/10.1146/annurev.f1.25.010193.00
2413

Huminie, A., Huminic, G., & Soica, A. (2012).
Study of aerodynamics for a simplified car model
with the underbody shaped as a Venturi nozzle.
International Journal of Vehicle Design, 58(1),
15.

https://doi.org/10.1504/ijvd.2012.045927

Katz, J. (2006). AERODYNAMICS OF RACE
CARS. Annual Review of Fluid Mechanics, 38(1),
27-63.
https://doi.org/10.1146/annurev.fluid.38.050304.
092016

Kim, I., & Chen, H. (2010). Reduction of
aerodynamic forces on a minivan by a pair of
vortex generators of a pocket type. International
Journal of Vehicle Design, 53(4), 300.
https://doi.org/10.1504/ijvd.2010.034103
Mansour, H., Afify, R., & Kassem, O. (2020).
Three-Dimensional Simulation of New Car
Profile. Fluids, 6(1), 8.
https://doi.org/10.3390/fluids6010008
Matsumoto, D., Kiewat, M., Haag, L., &
Indinger, T. (2018). Online Dynamic Mode
Decomposition Methods for the Investigation of
Unsteady Aerodynamics of the DrivAer Model
(First Report). International dJournal of
Automotive Engineering, 9(2), 64-71.
https://doi.org/10.20485/jsaeijae.9.2 64

Menter, F. R. (1994). Two-equation eddy-
viscosity turbulence models for engineering

[17]

[18]

[19]

[20]

[21]

[22]

[23]

(24]

[25]

[26]

[27]

applications. ATAA Journal, 32(8), 1598-1605.
https://doi.org/10.2514/3.12149

Nabil, T., Helmy Omar, A. B., & Mohamed
Mansour, T. (2020). Experimental Approach and
CFD Simulation of Battery Electric Vehicle
Body. International Journal of Fluid Mechanics
& Thermal Sciences, 6(2), 36.
https://doi.org/10.11648/j.ijfmts.20200602.11
Milliken, W. F. (1995). [Race Car Vehicle
Dynamics (Premiere Series)] [Author: William F.
Milliken] [December, 1995]. SAE International.
Olson, B., Shaw, S., & Ste'pa'n, G. (2003).
Nonlinear Dynamics of Vehicle Traction. Vehicle
System Dynamics, 40(6), 377-399.
https://doi.org/10.1076/vesd.40.6.377.17905
Romijn, T., Hendrix, W., & Donkers, M. (2017).
Modeling and Control of a Radio-Controlled
Model Racing Car. IFAC-PapersOnLine, 50(1),
9162-9167.
https://doi.org/10.1016/j.ifacol.2017.08.1726
RuZinskas, A., & Sivilevi¢ius, H. (2017). Magic
Formula Tyre Model Application for a Tyre-Ice
Interaction. Procedia Engineering, 187, 335-
341.
https://doi.org/10.1016/j.proeng.2017.04.383
Strangfeld, C., Wieser, D., Schmidt, H. J.,
Woszidlo, R., Nayeri, C., & Paschereit, C. (2013).
Experimental Study of Baseline Flow
Characteristics for the Realistic Car Model
DrivAer. SAE Technical Paper Series, 2342-
2350.

https://doi.org/10.4271/2013-01-1251

Targosz, M., Skarka, W., & Przystatka, P. (2018).
Model-Based Optimization of Velocity Strategy
for Lightweight Electric Racing Cars. Journal of
Advanced  Transportation, 2018, 1-20.
https://doi.org/10.1155/2018/3614025

Tunay, T., Sahin, B., & Ozbolat, V. (2014).
Effects of rear slant angles on the flow
characteristics of Ahmed body. Experimental
Thermal and Fluid Science, 57, 165-176.
https://doi.org/10.1016/j.expthermflusci.2014.04.
016

Varney, M., Passmore, M., Wittmeier, F., &
Kuthada, T. (2020). Experimental Data for the
Validation of Numerical Methods: DrivAer
Model. Fluids, 5(4), 236.
https://doi.org/10.3390/fluids5040236

Varshney, H. (2017). Aerodynamic Drag
Reduction of Tractor-Trailer using Wishbone
Type Vortex Generators. International Journal
for Research in Applied Science and Engineering
Technology, V(IX), 1833-1846.
https://doi.org/10.22214/ijraset.2017.9266
Viswanathan, H. (2021). Aerodynamic
performance of several passive vortex generator
configurations on an Ahmed body subjected to
yaw angles. Journal of the Brazilian Society of




Amrutheswara Krishnamurthy: Aerodynamic Effect on Stability and Lift Characteristics of an Elevated Sedan Car 213

Mechanical Sciences and Engineering, 43(3), 25—
31.
https://doi.org/10.1007/s40430-021-02850-8

[28] Wang, R., & Wang, J. (2013). Tire-road friction
coefficient and tire cornering stiffness
estimation based on longitudinal tire force
difference generation. Control Engineering
Practice, 21(1), 65-75.
https:/doi.org/10.1016/j.conengprac.2012.09.009

[29] Zhang, X., Toet, W., & Zerihan, J. (2006). Ground
Effect Aerodynamics of Race Cars. Applied
Mechanics Reviews, 59(1), 33—49.
https://doi.org/10.1115/1.2110263 Haslam, E.
Shikimic Acid Metabolism and Metabolites,
John Wiley & Sons: New York, 1993.

[30] Techart for the Panamera models. (n.d.).
Techart.
https://www.techart.de/en/models/panamera/tec
hart-for-970/

[31] Porsche Panamera 4S. (n.d.). Porsche AG - Dr.
Ing. h.c. F. Porsche AG.

https://www.porsche.com/international/models/p
anamera/panamera-models/panamera-4s/

ANNEXURE - A:

Boundary conditions

Velocity Inlet

Velocity Specification Method

Magnitude and direction

Velocity Magnitude

30 m/s

X-Component of flow direction

1

Specification Method

Intensity and Viscosity
Ratio

Back Flow Turbulent Intensity

ANNEXURE - B:
CFD analysis of the NACA662015

ANSYS

D

o o500 1,000 (m)
— — )
"o e

Velocity Contour

Address correspondence to : Mr. Amrutheswara Krishnamurthy,
Research Scholar, PES University, Bangalore-560085, Karnataka,
India

Email: amruthisac@gmail.com
Phone: 09900523702

%) °

Back Flow Turbulent Viscosity

Ratio 10

Reference Values

Compute from Inlet

Area (m*) 0.25617m*

Density (kg/m®) 1.225

Viscosity (kg/m-s) 1.7894E-05

Reference Zone

Solution Methods

Scheme Coupled

Gradient Least Square Cell Based
Pressure Second Order
Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind

Specific Dissipation Rate

Second Order Upwind




Research Paper

ARAI Journal of Mobility Technology
Volume 2 o Issue 2 o April-June, 2022, pp. 214-219
https://doi.org/10.37285/ajmt.1.2.7

Design & Development of Electro Hydraulic Control Valve
for Integration of Hoist and Steering System of a Dump

Truck (35t)

Sathyarayana H. D., Kamasani Bujji Babu, Renukaraj Y. M., Ankit Shrivastava and

Mahadevan B.

Research & Development, BEML, Ltd, Mysuru, Karnataka, India.

ABSTRACT

The intent of this paper is to propose a system to control the
steering operation and hoist operation of the Dump truck
through combination of electro hydraulic valves and priority
valve housed in Integrated manifold block. Electro hydraulic
control valve(EHCV), and Electronic controller unit (ECU)
for steering and hoist operation of the dump truck. The
orbitrol valve consists of load sensing line, when the Orbitrol
valve sense an effort on the steering wheel by the operator,
the load sensing line will give a feedback signal to the
electro hydraulic valve, which will divert the pressurized
hydraulic oil to the steering system for steering operation,
else the hydraulic oil is available for hoist operation. The
hoist operation is control through Electronic Controller Unit

(ECU). If there is no signal from the controller for hoist
operation the hydraulic oil will flow back to tank. The
Electronic controller will energize the combination of
solenoid operated valves, depending upon the input
received from operator through the momentary switch
(Raise Switch, Lower/Float Switch, Hold Switch) mounted
inside the cabin, which will allow the flow of pressurized
hydraulic oil to the hoist cylinder for body raise and lower
operation through electro hydraulic control valve. The
electronic controller memorizes the signal from momentary
switch and energizes the solenoids as per the logic till the
next input signal receive by controller.

KEYWORDS: Electro Hydraulic Control Valve (EHCV) Steering Control Unit (SCU), Electronic Controller, Load Sensing

Unit, Priority Valve, Dump Truck.

Introduction

In the existing hoist system, hoist operation is carried
out through air over hydraulic system. As air is the
primary source for hoist operation, operator has to wait
for the pressurized air to build up required for hoist
