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THE PNEUMATIC PROPULSION SYSTEM OF A ROAD VEHICLE
Catalin CHIOREANU, Tudor MITRAN', Sorin PATER, Marius PELE

University of Oradea, Str. Universitatii, Nr. 1, 410087 ORADEA, Romania
(Received 15 September 2019; Revised 05 October 2019; Accepted 02 November 2019)

Abstract: The paper presents the functional scheme of a pneumatic propulsion system for road vehicles. This
includes a high-pressure air tank, a low-pressure air tank and a pneumatic motor that converts the energy stored in
the compressed air tank into mechanical work. The design of the pneumatic motor is an innovative one (the authors
have no information about such system that has been designed or manufactured worldwide). It takes over the
functions of the gear box: the adjustment of the torque and the change of the rotational sense. In order to estimate
the autonomy of such a vehicle, one has developed an energy balance of the propulsion system. Based on the
energy consumed for the generation of the high pressure compressed air it aims to estimate by calculus the
distance that the vehicle can travel. This solution aims to offer a less polluting propulsion systems for the road
vehicles. As known, the manufacturing and the recycling technologies for the electric batteries produce polluting
materials and emissions.

Key-Words: Compressed air. Energy balance. Pneumatic motor. Pneumatic propulsion.

NOMENCLATURE

a : the cam’s rotational angle, rad

ict : the number of cylinders for one torque step, m?

it : the number of torque steps,

Mcm : the mean torque developed by one cylinder, Nm

n, : the maximum rotational speed, rot/min

m4: the mass flow that passes from the high-pressure tank to the low-pressure tank, kg/s
m,: the mass flow that passes from the low-pressure tank to the pneumatic cylinders, kg/s
V, : the volume of the high pressure tank, m*

R : the air constant, J/(kg.K)

T1 : the temperature of the compressed air inside the high-pressure tank, K

dp/dr: the variation of the pressure inside the high-pressure tank due to the air consumption in the interval dr, Pa/s
pa : the air density, kg/m®

Vi the volumetric flow of the air consumed by the pneumatic motor, m®/s

dr : the driving’s wheel diameter, m

nr : the pneumatic motor’'s maximum rotational speed, rot/min

rO : is the base circle radius, mm

s(a) : is the function of the piston’s displacement, mm

1. INTRODUCTION

The idea of a pneumatic propulsion system is not a novelty. The pneumatic propulsion system for road
vehicles should be an alternative to the electric propulsion. The main disadvantages for the electric
propulsion are: the fact that the manufacturing and the recycling technologies are pollutant and, at least
at this moment, the rechargeable batteries infrastructure involves a great amount of electric current that
can lead to failures of the electric grid. Another advantage of this solution is the much shorter time
necessary for the compressed air tank to be refilled in comparison to the one necessary for the electric
batteries. Some theoretical studies aimed to reveal the strong and the weak points of the pneumatic
propulsion systems for road vehicles [1].

’ Corresponding author e-mail: tudor_mitran06@yahoo.com
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These studies also offer information for the optimal conditions for the operation of such propulsion
systems. Other studies in this field were focused on the environmental impact and on the costs of this
solution [2]. These studies give information about the feasibility of implementing such propulsion systems
and the conditions in this can happen.

The French company Motor Development International (MDI), established in Luxemburg [3] have
realized a partnership with Tata Motors [4] in order to develop a large range of road vehicles with a
pneumatic propulsion system. All these steps where not been finalized in serial product, although the
main construction concepts of the vehicles were enounced.

The most proposed solutions are based on the Internal Combustion Engine cycle, that means that the
general construction of the pneumatic motor is similar to the thermal engine. Another possibility is the
use of pneumatic cylinders with single or with double action.

The objective of this paper is to present a new, innovative, concept for a pneumatic propulsion system
for road vehicles. This is a continuation of the studies presented in a previous paper [5].

The authors have no information about such system that has been designed or manufactured worldwide.
It takes over the functions of the gear box: the adjustment of the torque and the change of the rotational
sense. The energetic balance should point the performances of the proposed system. Considering the
energy conversion, one can estimate efficiencies with close values for both propulsion systems
(pneumatic and electric), but the reliability (the safety in operation) and the endurance of the new
pneumatic system will be net superior to the ones of the nowadays electric propulsion systems. Based
on the theoretical study, one can think about the development of the system and it’s practical application.

2. THE FUNCTIONING OF THE PNEUMATIC PROPULSION SYSTEM

In figure 1 is presented the operational scheme of the new proposed pneumatic propulsion system [6].

RzP
MP

pl, V1, T1 Mi, mp

SCM

il
T

Figure 1. The functioning scheme of the pneumatic propulsion system

The system consists of the following main components: the high-pressure air tank RzP; the pressure
regulator Rp; the low-pressure air tank Rzp; and the pneumatic motor with stepped torque adjustment
MP. The pneumatic motor takes over and transforms the pneumatic energy from the low-pressure air
tank in mechanical energy, generally under the form of a rotational movement, with the following
parameters: the motor torque (M) and the rotational speed (n,). These parameters can be adjusted by
modifying the motor torque developed by the pneumatic motor. The adjustment of the rotational torque
can be done in steps through the motor command system (SCM). Also, through the SCM system one
can realize the braking of the vehicle with the recovery of the braking energy (by passing the motor into
compressor mode) and, also, the inversion of the vehicle’s moving sense.

The propulsion system operates as follow: the pneumatic motor (MP) takes over the pneumatic energy
from the low-pressure tank (Rzp) and transforms it into mechanical energy at the parameters necessary
for the actuation of the vehicle’s running system. The pressure p2 (0,8 — 1 MPa) and the temperature T2
of the air inside the tank Rzp are maintained constant, so that the pressure and the temperature of the
exhaust air from the motor should be approximately equal to the environmental pressure and
temperature (p0 and TO). The pressure p1 of the air inside the tank RzP varies due to the consumption,
from the maximum value p1 = p1max = 20 — 30 MPa, to a minimum value p1 = p1min = p2.

The pneumatic motor with stepped variable torque is a reversible pneumatic machine with stepped
adjustment of the rotational torque. It is composed of more identical adjustment steps successively
connected to the pneumatic energy source [6].

The functional scheme of the variable stepped adjustment pneumatic motor is presented in figure 2.

6
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Figure 2. The functional scheme of the variable stepped adjustment pneumatic motor.

In the figure 2 it is presented the functional scheme of the pneumatic motor with two steps of the torque
adjustment (TR1 and TR2). The TR1 torque adjustment consists of: the pneumatic motor (MP1) with
constant capacity sense distributer DS1, for the change of the rotational sense: actuation distributer
DA1, for the supply of the motor with compressed air; braking distributer DF 1, for the braking with energy
recovery of the braking energy.

The functioning of the pneumatic motor is the following:

1. The start and the acceleration of the rotational movement

Depending on the rotational sense, the sense distributers (DS1) and (DS2) are simultaneously switched
on in the position 1 or 2 through an electromagnetic command. The supply of the pneumatic motors of
the adjustment steps with compressed air is successively realized by switching the actuation distributers
(DA1) and (DA2) in position1, by an electronic system with Zenner diodes. The shaft of the hydraulic
motor is moving when the torque M1 developed by the motor is bigger than the resistant torque Mr. The
rotational acceleration depends directly proportional on the difference between the rotational torques
(M1-Mr) and inversely proportional to the reduced moment of inertia of the powered vehicle.

2. The rotational movement with constant angular speed

The rotational speed is constant when the motor torque is equal with the resistant one (M1=Mr).
Depending on the resistant torque variation, the moment developed by the motor is varied in steps
through the electronic system with Zenner diodes.
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3. The braking of the rotational movement with the recovery of the braking energy

The pneumatic motors of the adjustment steps turn into a compressor mode. The compressed air
produced by the adjustment steps is discharged in the low-pressure tank (Rzp) if at least one of the
braking distributers (DF1 or DF2) are in the position 1. For the braking, the actuation distributers are
switched in the position 0, and the braking distributers are successively switched in the position 1
through the electronic system with Zenner diodes. The value of the braking torque (Mf) developed by the
pneumatic motor depends on the number of the braking activated steps.

3. THE CONSTRUCTIVE SCHEME FOR ONE TORQUE STEP OF THE PNEUMATIC MOTOR

The main parts of the torque step with one pneumatic cylinder are (figure 3): the pneumatic cylinder (CP)
with double action and bilateral rod and the cams (Cm1 and Cm2). Under the action of the air pressure,
the piston inside the pneumatic cylinder has an alternative rectilinear movement that is transformed,
through the cams, into rotational movement. The transmission of the movement from the piston to the
cams is done through the sleepers (T1) and (T2). The cams (Cm1) and (Cm2) are fixed on the shafts
(A1) and (A2) that are rotating with the same rotational speed, in opposite senses, through a gear
transmission or by another way to transmit the rotational movement.

0
Due to this mode of the cam mechanisms construction, the resultant of the forces 18y (the action force
of the element 2 — the tappet, on the element 1 — the cam) that actions on the cams is coaxially to the
axis of the piston rods and, in this way, there are no radial forces that should produce friction forces.

T,
=N
N pc1pez (LN
ENONR
Ny § I'|1.|
1“ ol
P
—
3
/' ThQ)
/
i/ [\
p
R =2-Fj, -cosp

Figure 3. The constructive scheme of the torque step of the pneumatic motor.

The air pressure inside the variable volume chambers C1 and C2 (figure 4) formed inside the pneumatic
cylinder is controlled by the distributors (DC1) and (DC2), that alternatively, put in connection the
chambers with the low-pressure tank (Rzp). DC1 and DC2 are distributors 3/3 with three connections
and three positions. They are switched by the cams CD fixed on a shaft and offset to the Cm1 and Cm2
cams axes with an angle 1/2 (fixed on the shaft A2 from the figure 4).

8
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In the position 0 of the distributor, the chamber inside the pneumatic cylinder is connected to the
atmosphere, the exhaust process of the air from the chamber to the atmosphere takes place; in position
1 of the distributor, the chamber inside the pneumatic cylinder is closed and the expansion of the air
inside the chamber takes place; in the position 2 of the distributor, the chamber inside the pneumatic
cylinder is connected to the low pressure tank Rzp and the chamber is supplied with air under pressure.
When the piston moves from the point pvm1 (the point of minimum volume of the chamber C1) to the
point pvM1 (the point of maximum volume of the chamber C1) the motor stroke takes place, and when
the piston moves from the point pvM1 to pvm1 the exhaust stroke takes place. When in the chamber C1
takes place the piston’s motor stroke, in the chamber C2 takes place the exhaust stroke, and vice versa
(figure 4).

Fp
m2 \_ Cam AX1S
0 g
CP
"\,k ILI C1 "."'I JI TlT
pml 2, Bl _pym? | — actuator distributor
EL |— po p= Ccam axis
%] E m a
- [£a)
M1 C2
: ILI TP
cam axis
-| ] 1
M JIT TlT
| |
p0 p2

actuator distributor

'_’ Ccam axis

-

Figure 4. The actuation scheme of the distributers DC1 and DC2.

The piston’s motor stroke includes the admission stroke (sa) and the expansion stroke (sd). At the
admission stroke, the cam CD switches the distributor in the position 2. During this stroke, the cam CD
rotates with the angle y2. The air parameters inside the cylinder are constant: the pressure pa=p2=ct.
and the temperature T2=ct (inside the low-pressure tank). This temperature is maintained constant at the
value of the environmental temperature (TO) or the temperature inside the cabin, if the exhaust air is
used for air conditioning. This can be done by using a heating system.

At the expansion stroke, the cam CD switches the distributor in the position 1.

During this stroke, the cam CD is rotating with the angle y1. The air parameters inside the cylinder's
chamber are variable: the pressure p=[pa, pd], the temperature T=[Ta, Td]; pa is approximately the
pressure inside the low pressure tank; pd is the pressure of the air inside the chamber at the end of the
expansion stroke; pd=po+Apd; p0 is the environmental pressure and Apd=0,1-0,2 bar is the pressure
loss during the exhaust of the air in the atmosphere; by expanding the air near the environmental
pressure, one can obtain a maximum efficiency of the pneumatic motor; Ta=T2 where: Ta is the
temperature at the beginning of the expansion process.

At the exhaust stroke the cam CD switches the distributor in the position 0. During this stroke, the cam
CD is rotating with an angle yO=Tr.

The air parameters inside the cylinder's chamber are considered to be constant: the pressure pe=pd and
the temperature Te=Td.
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The following notation is used: kp=pa/pd. During the intake process, the volume V of the chamber varies
between [0, Va] and in the expansion process the volume varies between [Va, Vt], where:
Va=m/4Dm?sa; Vt=1/4Dm?%sp; Dm is the diameter of the pneumatic cylinder; sa is the intake piston’s
stroke; sp is the piston’s stroke.

One considers that the air expansion is a polytropic process of an exponent n:

. \ 1 n-1
pa-V, =pd-V, :sa:W-sp;Ta:kp” -Td
P (1)

If the pneumatic motor has the cams Cm1 and Cm2 with a sinusoidal profile, the function of the piston’s
displacement is:

T

ﬂ-{0(-1-sin(2-0()} if a<z

_E.LG_l.sin(Z-G)-Zﬂ'j ifa>r
T 2

(2)

The rotational angle y2 of the cam CD that switches at the intake stroke, results from the following
equation:

sazﬂ-[ﬂ-%xsin(zﬂ)} = ﬂ-[yz-%-sin(zyz)}sa:o
VA

T

The function for the variation of the air pressure inside the chamber C1 of the cylinder is:
pa if a<y2

pCl(a)=ipa-| 22| if y2<a<z
s(a)

pd if a>rx

The function for the variation of the air pressure inside the chamber C2 of the cylinder is:

pd if a<r
pC2(a) = pa if z<a<rz+y2

pa _sa_ if a>Tm+y2
sp-s(a)

The function for the variation of the pressure angle is:

()

_ d
B(a)= atan[ro +5(Q) -ES(G)J

The function of the torque developed by the cylinder's chamber C1 is:

MC1(a)= %-sz [r0+s(a)]-sinB(a)-pC1(a)

10
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The function of the torque developed in the chamber C2 of the cylinder is:
MCZ@)=E~Dm2{m+s«U]§nGHa»pCZm)

(8)
The function of the total torque developed by one pneumatic cylinder is:

M1(a) = MC1(a) + MC2(a) (9)

The mean torque developed by one pneumatic cylinder is:

MCm = —"‘02” M(G) ‘da
2r (10)

In order to reduce the movement’s irregularity degree, the engine’s torque step can be provided with
more cylinders. The cams of one cylinder are fixed on the shafts with an offset regarding the cams from
the other cylinders so that the torque irregularity degree should be reduced.

The total torque developed by the pneumatic motor is:

M1=ict-it-MCm (11)

The power developed by the engine at the maximum rotational speed is:

P=""\n1-M1[W]
30 (12)

In stationary regime, the mass flows are equal:

m1=m2 (13)
dr dr R-T1 dr (14)

M2 =pa-¥m — rﬁQ—ﬁ"&m [kg/s] (15)

The emptying time of the high-pressure tank:
T9=L1.T_2.(m_1j
(16)
If all the motor’s cylinders have equal dimensions, the air volumetric flow is:
=" _jct-it-Dm?-sa-n1

(17)

The maximum distance that the vehicle can travel is:

V1 T2 (p1max j
(18)
11
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If one imposes a certain value of the vehicle’s autonomy (the mileage between two refuels), the capacity
necessary for the high-pressure tank results from (17).

60 Ad ¥m T1 p2
7 dr nr T2 pimax-p2 (19)

4. NUMERICAL APPLICATION

Based on this algorithm, a numeric application was developed.

The initial data for the calculus is:

- the torque step: the piston’s stroke sp=50 mm; the cams rotational speed n1=3000 rot/min; the intake
pressure pa=0,8 MPa; the pressure at the end of the expansion pd=0.12 bar; the temperature at the end
of the expansion Td=293 K; the exponent of the expansion process n=1.38; the inner diameter of the
cylinder Dm=50 mm; the number of the cylinders for one torque step ict=4.

- the pressure inside the low-pressure tank p2=0.8 MPa;

- the maximum pressure inside the high-pressure tank p1max=20 MPa;

- the number of the torque steps i=5;

- the diameter of the driving wheel dr=560 mm;

- the rotational speed of the driving wheel at the maximum rotational speed of the motor nr=1000/min;

- the imposed mileage between two refuels Ad=100 km;

The calculus was developed by using the Mathcad program and it was aimed to determine the capacity
of the high-pressure tank needed for a mileage of 100 km between refuels at full load.

The results of this calculus are the following:

- the pressures ratio is: kp=pa/pd=6.67;

- the piston’s intake stoke is:

sa-= Wsp
p
sa =1/6.679""®-50 = 12.6 mm;
- the temperature at the beginning of the expansion is:
n-1
Ta=k -Td
Ta=6.679!"%*11-%1.293 = 494 K;
- the variation of the pressure inside the chambers of the pneumatic cylinders (Cm1 and Cm2) are
presented in the figure 5.

— pCla) i pC2(a)
i

[bar] s f f,
pCl(a) 5.733
M)
F{— 3467
1.2
0 51429 102 857 154286 205.714 257143 30E5TI 360
0, 180 60,
—
™

Figure 5. The variation of the pressure inside the cylinder’'s chambers C1 (pC1) and C2 (pC2)

12
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- the torques developed in the chambers and the total torque of the pneumatic cylinder are presented in
figure 6.
- the mean torque developed by the work of one cylinder is:

IZWM(a)da
MCm="2———=9 [N-m]
2r

MC1 () N M1 () /— mc2(a)
[Nm] * ~
A VA
MC2a) A | / : \

Miliex]

; 7 >
0 | .
0 104 W 300 400
0 180 360,

—
m

Figure 6. The variation of the torques developed by the of the cylinders C1 (MC1) and C2 (MC2)
and of total torque of one step (M1)

- the irregularity degree of one torque step is: $1=3.449;

- the total torque developed by the pneumatic motor is:

M1=ict-it-MCm = 4.5.9 = 180.2 N-m

- the power developed by the motor at the maximum rotational speed:
P=1n1M1/30=1r3000180.2/30=56.6 kW,

- the volumetric flow of the air consumed by the motor at the maximum rotational speed is:

¥m=10° -2 .ict-it-Dm*-sa-n1=10° . ——.4.5.50%.12.6-3000 =0.050 m*/s
120 120

- the volume of the high-pressure tank for an autonomy of 100 km at full load is:

viz10e 80 Ad ¥m T1  p2 .5 60 100 0.05 203 8

7z dr nr T2 pimax-p2 7 0.7 1000 494 200-8
The numerical application is based on deducted relations, that don’t take in consideration the losses.
The role of the application was to ride the graphics, and the initial values (such as the wheels diameter)
have no relevance, because any value is possible in a practical application.
This numerical application is not a designing calculation, it’s role is to demonstrate that the obtained
values can practically be achieved.
For example, a minibus with the pneumatic motor’s power of 56.5 kW, for an autonomy of 100 km.,
needs a high-pressure tank with a capacity of 3.35 m?, loaded at maximum pressure of 20 MPa.

=335 m®

5. CONCLUSION

From the previous presented calculation, it results that the pneumatic propulsion is an alternative to the
electric propulsion.

The main advantages of the pneumatic propulsion system equipped with the new motor with stepped
torque adjustment presented in this paper are the following:

- it realizes all the propulsion functions, with the recovery of the braking energy;

- the dynamics of this propulsion system is superior because the torque developed by one torque step is
constant and it does not depend of the rotational speed;
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- one can estimate an efficiency at least equal to the one of the electric propulsion systems. The
production of the pneumatic energy for the road vehicle supply is made with high performance electric
actioned compressors with an efficiency of 70-80% at values closed to the efficiency of the electric
battery recharge. The efficiency of the pneumatic motor is superior to the alternative current motor used
for the propulsion of the electric vehicles because those systems need an inverter to convert the DC into
an alternative current with variable frequency and voltage.

- the dynamic parameters of the pneumatic propulsion system are not depending on the load degree (the
pressure) of the high-pressure tank. They are constant regardless the pressure inside this tank, with the
condition that p1 = p2.

As one can see, the results of the calculus are for an operation at full load.

The range of autonomy in real conditions is higher. Theoretically a road vehicle is functioning at full load
for maximum 10% of it's operation.

The results of this study can be extended to different operating regimes, so more accurate results can be
taken into consideration for comparing this propulsion system with the electric one.

Also, one must observe that, for the calculus, the pressure of the air inside the high-pressure tank was
considered to be p=20 MPa.

The numerical application is based on deducted relations, that don’t take in consideration the losses.
The role of the application was to ride the graphics, and the initial values (such as the wheels diameter)
have no relevance, because any value is possible in a practical application.

This numerical application is not a designing calculation, it's role is to demonstrate that the obtained
values can practically be achieved.

For example, a minibus with the pneumatic motor’s power of 56.5 kW, for an autonomy of 100 km.,
needs a high-pressure tank with a capacity of 3.35 m®, loaded at maximum pressure of 20 MPa.

Recent research [6] show that it is possible to manufacture high pressure air tanks made of carbon fiber.
They have a honeycomb structure and can support pressures up to 30 MPa. A great advantage is that,
in the case of a crash, the material is brittle and creates no shrapnel.

The tank can be placed on the floor of the vehicle. Also, parts of the car's body can be supplementary
high-pressure air tanks.

So, theoretically, an autonomy of 100 km (at full load). can be reached by such a minibus.

This solution is applicable in urban transport for small size vehicles or minibuses.

From an environmental point of view, this solution permits the realization

There are current applications that permit the storage of the compressed air at 40-50 MPa in perfect
safety conditions, including the consequences of the car crash [6].
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Abstract: Present paper aims to determine a comparative analysis of mechanical part hardness, used in
automotive field, by highlighting values measured in different functional surfaces. Therefore, it was used a Fervi
DO08 hardness tester and it was applied the Rockwell scale in order to enunciate several conclusions regarding the
influence of heat treatments on materials, as well as hardness value distribution on the entire surface of a
mechanical part. At the same time, it was used a coordinate measuring machine to determine depth of imprinted
indentation on tested surfaces. Such an analysis allows evaluating the behaviour of a mechanical part in case of
different stresses which occur during functioning.

Key-Words: Hardness, Heat treatment, Coordinate measuring.

1. INTRODUCTION

Hardness testing has the aim to determine physical properties of materials with the purpose to evaluate
behavior under the influence of mechanical actions, as well as a quantifiable assertion of results, in order
to evaluate whether a metal part meets stress demands that occur during functioning [1].

Main scope of the paper was to determine by measuring the tappet hardness of an internal combustion
engine. Tappets (or cam followers) are constituent parts of the distribution system of a motor vehicle,
with function to actuate the valves of internal combustion engines [2].

For the experimental tests it was used a mechanical tappet, of cylindrical shape, with a plate at the
inferior part which comes in contact with the valves.

The part used for testing was made of alloyed steel and was submitted to tempering (heat treatment) on
the entire surface so that it complies with requirements assessed by the operating conditions.
Considering the wearing process of a tappet during functioning, it was performed a comparative analysis
of hardness, at the middle point of the cam follower (tappet) and in several points on the exterior circular
line of the tappet’s plate.

Also, in order to highlight variation of hardness values on the entire longitudinal axis of the tappet, there
were performed tests at both ends, in the middle point of the surface (one at the plate end and the other
at the tappet’s rear, also known as its tail) [2].

There have been processed and analyzed all results obtained from experimental tests, in order to
highlight differences regarding mechanical properties determined on multiple surfaces of the same part
which was prior submitted to tempering (heat treatment).

2. DEVELOPMENT OF EXPERIMENTAL TESTS

Experimental tests consisted in applying a static method to determine hardness, with the use of a Fervi
D018 hardness tester.

The practical part was preceded by a functional checkup of the tester, realized with the use of a
reference sample, with inscribed values for Rockwell hardness validation.

Several examples of calibration references are presented in figure 1a).

Corresponding author e-mail: ramona.stoica@mta.ro
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Figure 1.a) Reference sample HRC b) Conical diamond indenter

After verifying the proper functioning of the tester (calibration process) it was selected an appropriate
type of indenter based on the analyzed material and taking into account all specifications from specialty
literature, as well as the indications provided by the manufacturer of hardness tester [1][3].

Therefore, the tester was equipped with a conical diamond indenter, presented in figure 1b), which is
specific to the Rockwell hardness test.

This method is used in case of hardened materials such as tempered alloyed steel (HRC - conical
diamond indenter), tools made of hardened alloys (HRA — conical diamond indenter) and soft, malleable
or untreated metals (HRB).

In this case, considering the material of the analyzed tappet, it was used the HRC scale [1][3].

The procedure to determine material hardness consisted in [3]:

cleaning of the tappet’s surface, followed by grinding operation (the abrasion was realized with a
grinding machine) so that the analyzed surface is polished, without scratch, rust stains or other
defects;

proper display of the tappet, on a V (Vee) anvil which is used for cylindrical shaped rods or tubing, so
that there are eliminated errors specific to testing and reading the imprint made by the indenter. This
stage ensures an orthogonal position between the tip of the indenter and the tested surface, but also
a fixed position of the tappet under the influence of the indentation force;

verifying minimal thickness of the tappet so that the material is 10 times higher that the depth of
indentation;

realising the contact between tested surface and indenter, by applying an intial charging force of 10
kgf (10 daN);

the pressing lever was set to 100 kg (980.7 N);

pressing the start button of hardness tester, the charging force was automatically loaded so that in
the moment of maximum load, the main force was instantly applied. The force is maintained for 5
seconds.

follow-up, hardness value was read from the tester's screen;

for result validation there have been performed 5 measurements (one for each middle point at both
ends where are the functional surfaces of the tappet and three indentations near the exterior
diameter of the tappet's plate).

Testing procedure is depicted in figure 2.

Figure 2. Hardness testing in the middle of tappet's plate
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Figure 3. Hardness testing in the middle of tappet's rear (tail)

As it can be observed from figure 2 and figure 3, hardness value in the middle of tappet's plate is 32
HRC. Likewise, the value measured in the middle of tappet's rear was 24 HRC.

Regarding the values obtained from measurements near the exterior diameter of the plate, and
considering that the mechanical part reached the end of its life cycle, hardness values obtained in
various points on the diameter were different, resulting an average hardness of 38 HRC.

Figure 4. Areas from tappet's plate where hardness was tested

Analysis of results has highlighted that hardness values in superficial layer of tappet is higher than the
value measured in the middle of material.

Differences obtained can be attributed to the tempering process, namely:

- holding period for temperature equalization on the entire section of the mechanical part,

- duration of the heating process,

- carbon concentration within the alloy,

- tempering environments, which must be chosen based on the mechanical part diameter and cooling
speed etc.

Results obtained with the hardness tester can be validated with the use of a coordinate measuring
machine, which allows determining hardness by mathematical computing [1]:

HRC=E-e (1)
where E is a suitable chosen value, and e is the depth of residual indentation.
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In present paper it was used the coordinate measuring machine, presented in figure 5, for determining
the indentation depth in order to compare values obtained on different areas of the tappet.
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Figure 6. Indentation depth measured in the middle of the tappet’s plate
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Several examples of results provided by the coordinate measuring device are presented in figures 6 and
figure 7. In the upper-left quadrant of figure 6 is indicated the position of indentation made in material
and in the upper-right quadrant are illustrated values of coordinate points of the indentation, as well as
the depth of residual mark of 0.184 mm. At the same time, from figure 7, in the upper-left quadrant it can
be observed the depth value of each imprint made by the conical diamond indenter, namely 0.139 mm,
which is measured on Z axis.
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Figure 7. Indentation depth in one point on the exterior diameter of tappet’s plate
3. CONCLUSIONS

Present paper had the purpose to list and elaborate phases made for a comparative analysis of
mechanical part hardness, in different points on the transverse sectioning plane.

Methodology of experimental research must be applied considering all conventions from specialty
literature, as well as the instructions recommended in the hardness tester workbook.

All characteristic stages must be passed through in order to eliminate errors while measuring and
reading values.

From the analysis of hardness values, obtained both in the middle of tappet's plate and in several other
points near the exterior diameter, it was observed that the heat treatment of tempering which was
applied for improved mechanical properties, had different influences on the entire section.

Therefore, in the middle area there have been obtained lower hardness values than on the exterior
circular line of the tappet's plate. Possible explanations have been detailed in chapter 2, regarding the
procedure of experimental tests.

At the same time, following the analysis of results obtained by using the coordinate measuring machine,
it was observed that the imprinted depth of indentation on the surface with 38 HRC hardness was 0.139
mm, whereas the value of indentation depth with 32 HRC hardness value was 0.184 mm, as was to be
expected.

Therefore, it is a compulsory request to determine hardness materials in order to certify that a
mechanical part can face stress, wearing process etc., depending on its functional usage.
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Abstract: Some particular types of accidents between motor vehicles and VRU produce partial intrusions of the
VRU’s body inside the passenger compartment through the vehicle’s windshield. Collisions which result in
windshield perforations can significantly alter the preconized human-body kinematics, throw distance and injuries,
therefore making the reconstruction of the accident more difficult. Due to the complex nature of windshield
deformations, the current state-of-art does not allow for the different stages of windshield deformation growth to be
simulated in a multibody software. This paper presents a technique for simulating vehicle-VRU impacts with
windshield perforations, comprised of locally altering the exterior contour of the vehicle’s windshield damaged area,
therefore being possible to simulate the intrusion inside the passenger compartment. A vehicle-cyclist crash-test
which resulted in a 600 cm® windshield perforation and was simulated by applying the presented technique is
exemplified as a case study in this paper. The results of the simulations yielded similar dummy kinematics, proving
the viability of the presented technique for the kinematic sequence reconstruction of impacts with windshield
perforations. An analysis of the influence yielded by the generation of a windscreen perforation over the VRU
transport phase and throw distance was also conducted.

Key-Words: Cyclist impact, Windshield deformation, Windshield perforation, Multibody simulation.
NOMENCLATURE

VRU: vulnerable road users

1. INTRODUCTION

Pedestrians and cyclists are regarded as vulnerable road users in traffic due to a high degree of
exposure and a significant degree of susceptibility to serious and lethal injuries [3].

In order to improve VRU safety, the kinematic and dynamic behavior of a human body when subjected to
an impact with a vehicle must be well comprehended. Accident reconstruction serves as a tool in
establishing the causes which lead to an accident and also its effects. The accident reconstruction
process is generally extensively conducted through multibody simulations, especially for accidents
involving VRU, since the multibody approach offers significantly more data and elements of control than
other reconstruction methods such as simplified mathematical models.

The multibody representation which consists of 20 individual articulated bodies is also more consistent in
terms of biofidelity than other simplistic approximations.

Accidents between motorized vehicles and VRU are a common concern for forensics and researchers
due to the frequently resulting severe or lethal injuries of VRU.

The most severe injuries are generated due to the head-windshield impact, such as skull and facial bone
fractures, concussions or diffuse axonal injuries [1]. Depending on the impact configuration, eye injuries
can also occur if the face of the VRU impacts the windshield.

Modern laminated windshields have better performances in terms of preventing lacerations and eye
injuries compared to the early tempered windshields [2][4], which have been replaced in production for
virtually all vehicles. Laminated glass has a composite structure with superior mechanical properties and
better energy absorbing capabilities than single glass [10].

’ Corresponding author e-mail: ovidiu.condrea@unitbv.ro
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The PVB interlayer which connects the sheets of laminated glass prevents glass destructuration into
multiple large and sharp fragments due to its adhesive properties [10].

Another important safety aspect of the laminated windshields is given by the decreased chances of
occupant ejection or VRU intrusion inside the passenger compartment through windshield perforation is
prevented, due to their improved penetration resistance [7]. Yet at high impact velocities, depending on
the angle between the VRU impacting body zone and the windshield, even laminated windshields may
locally fail if the PVB interlayer is ruptured to a certain degree or if delamination occurs.

Delamination is a process which occurs when one or both sheets of windshield glass separate from the
PVB interlayer [6]. Generically, windscreen delamination is caused by air entrapment during the
fabrication phase or air/moisture admission during the exploitation phase [6].

There is also a natural tendency for laminated windshield failures to result as a windshield ages, since
the adhesive properties of the PVB interlayer which connects the two sheets of glass diminish in time
due to heat exposure [6]. Therefore, high vehicle impact velocities and windshield delamination can lead
to perforations [5] in the windshield structure during impacts with VRU or occupants, as it is the case for
older tempered windshields, resulting in intrusions in the passenger compartment.

This particular impact scenario is very difficult to recur in the virtual environment of available multibody
software packages since the vehicle is generically represented as a rigid body and the windscreen
stages of deformation can’t be simulated.

VRU kinematics are heavily influenced by intrusions in the passenger compartment.

The transport phase which begins after the first contact between the windshield and the head and lasts
until the VRU is thrown off the vehicle [8] is significantly longer when windshield perforations are
generated in the impact. Consequently, VRU throw distances are also increased and must be
distinctively analyzed in relation to impacts without windscreen perforations.

This paper presents a vehicle-cyclist crash-test resulted in windscreen perforation which was simulated
in the PC Crash multibody software and describes the used technique which can be applied to simulate
any vehicle-VRU impacts with windshield perforations. Using the conditions obtained through the
validated simulation and by generating an identical simulation but without perforating the windscreen, a
comparative analysis between the cyclist kinematics was conducted in order to assess the influence of
windscreen perforations over the transport phase and the resulting throw distance.

2. EXPERIMENTAL TESTING

A vehicle-cyclist crash-test was carried out using an anthropometric dummy, an Opel Corsa B vehicle
and a regular bicycle. The dummy was maintained into stationary position with an electromagnetic gibbet
support mechanism (shown in Figure 1) and released immediately prior the impact through the means of
a laser detection system.

Figure 1. The crash-test scene and the gibbet support mechanism
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The vehicle was braked with a deceleration of 6.5m/s? and the vehicle impact velocity was 10.1 m/s.

The bicycle-dummy assembly was hit in the rear extremity by the front of the vehicle at a 00 impact
angle. The lateral offset of the collision was 0.25 m.

The crash-test was recorded both with a Fastec HiSpec 5 high speed camera and with a drone.

The dummy was instrumented with a tri-axial accelerometer mounted inside the head’s center of gravity
in order to record head accelerations, which are shown in Figure 2.

Head acceleration values

3E0 .:: ! | headimpact -,l head impact with the ground
300 _|I -

N 250 1\

S [l

- 200 |

S 150 ! !l

e |

3 100 [ A

o I/

< \

-100 -
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
Time [s]
——X axis —Y axis Z axis

Figure 2. Head acceleration values recorded during the experimental testing

Upon the vehicle-dummy pelvis impact, the head of the dummy impacted the windscreen in the upper
right corner, resulting in a perforated windscreen area of nearly 600 cm?, shown in Figure 3. The length
of the deformation measured along the windscreen is 0.45 m, with a corresponding width of 0.2 m.
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Figure 3. The windscreen perforation which resulted in the carried-out crash-test

Literature indicates that windscreen perforation is the final stage of windscreen deformation [9]. Initially,
a circumferential windscreen deformation is generated upon impact.

As the deformation energy is increased, the circumferential deformed area will record several axes of
deformation linked to the center, similar to a spider web.

Upon reaching a threshold value of the deformation energy, the structure of the windscreen in the spider-
web deformed area will fail, resulting in a perforation.
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The stages of windscreen deformation are presented in Figure 4.

This aspect was also observed for the carried-out crash-test as the perforated surface of the windscreen
holds a distinctive spider-web type of deformation (shown in Figure 5), which is approximately concentric
to the perimeter of the perforated surface.

Circumferential deformation Spider-web deformation Perforation

© ® @
= =

Impact severity

Figure 4. The stages of windscreen deformation [9]

Figure 5. Spider-web type of deformation seen on the perforated area of the windscreen
3. METHOD FOR SIMULATING IMPACTS WITH WINDSCREEN PERFORATION

In order to properly analyze VRU impacts which result in windscreen perforations, simulations must be
performed in a virtual environment.

Technically, for simulation software which rely on the multibody approach, such as PC Crash, vehicle
deformations and their gradual evolution are virtually impossible to reproduce since the vehicle is
considered a rigid body.
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Although circular and spider-web deformations can be neglected and still obtain accurate kinematics
since the integrity of the windshield is not severely affected, this is not the case for windshield
perforations.

However, it is possible to simulate VRU intrusions in the passenger compartment or unbelted occupant
ejections, if the exterior contour of the vehicle is altered.

The shape of any vehicle in PC Crash is defined by a tridimensional triangulated contour stored in a
separate DirectX file for nearly all existing vehicle models.

The simulation method is comprised of an ensemble of procedures meant to modify the default design of
the vehicle’s frontal profile by inserting a cavity into the windshield in accordance with the configuration
of the perforation.

The presented method was used to simulate the carried-out crash-test as it is shown further and it can
be applied to any accident which results in windscreen perforations.

The first step consists in establishing the dimensional configuration of the perforation, which is done
through the inspection and measurement of the windscreen’s deformation.

An important parameter is the space of intrusion travelled by the dummy inside the passenger
compartment, which can only be determined through video analysis.

In the case of real accidents, the injuries recorded by the human body can indicate the depth of the
intrusion by evaluating how further tissue lacerations are relatively positioned to the head.

The second step consists in inserting the default contour of the vehicle and simulating the impact after
applying the required adjustments.

The insertion of the cavity into the windscreen (see Figure 7) is realized by drawing a polyline onto the
lateral profile of the vehicle in accordance to the depth of the penetration determined through video
analysis, followed by applying the extrusion function of the program, as shown in Figure 6.
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Figure 6. The extruded polyline marking the depth of the penetration
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Figure 7. The cavity in the vehicle’s windshield obtained by applying the extrusion function

The final step consists in simulating the impact after inserting the multibody model of the cyclist-dummy
assembly and adjusting the cyclist posture, as well as the dimensions and masses of the assembily.

A significant amount of iterations are required to determine the defining kinematic and impact
parameters.

Firstly, vehicle velocity and deceleration are iterated until conformance since these parameters are not
particularly influenced by the impact due to the significant differences in mass and velocity between the
vehicle and the dummy.

Secondly, the orientation of the bicycle at the time of impact must be established in order to further
eliminate unknown variables.

The analysis of the deformations recorded by the vehicle and bicycle can indicate the angle of impact
with reasonable accuracy.

Since the crash-test was also recorded via a drone and a high-speed camera, the angle of impact
between the vehicle and the bicycle was determined with certainty.

Finally, the impact parameters, as well as friction coefficients must be iterated until the simulation
resembles the kinematic behavior of the dummy as described by the video recordings.

The simulation was validated by obtaining a good congruence between the kinematic phases of the
simulation and the carried-out crash-test, as it is presented in Figure 8.

In order to determine the influence of windscreen perforations over cyclist kinematics, the
experimentally validated simulation was modified by inserting a default profile for the vehicle, thus
rendering null the previous windscreen alterations.

By analyzing cyclist kinematics for both impacts with and without windscreen perforation, it has been
determined that the duration of the cyclist transport phase is over five times higher for the case with
windscreen perforation than for the case without, as shown in Table 1.

The cyclist throw distance was increased by 23% for the case with windscreen perforation compared to
the case without, yet for higher vehicle impact velocities it is possible that the difference would result
higher.

There is also a possibility for cases in which the resulting throw distance is diminished, with further
research needed to clarify this aspect.

4. CONCLUSION

Windscreen perforations occur in particular cases of vehicle-VRU impacts generated at high vehicle
impact velocities or due to windscreen delamination. Current state-of-art does not allow for windscreen
stages of deformation to be simulated in multibody software. The simulation method presented in the
paper allows a good kinematic sequence reconstruction of vehicle-VRU accidents with windscreen
perforations by altering the exterior contour of the vehicle, as exemplified in the experimental case study.
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The results of this study show that the generation of a windscreen perforation during an impact can
increase the duration of the VRU’s transport phase by over five times, which consequently increases the
overall VRU throwing distance.

Time Simulation Time Test
o n
o a
240 ms
- E
. #
N #
Figure 8. The kinematic phases of the carried-out crash-test and simulation
Table 1.
Cyclist transport phase duration for impacts with and without windscreen perforations
With windscreen perforation Without windscreen perforation
Head impact time 240 240
(ms)
Launch moment (ms) 650 326
Transport phase 410 86

duration (ms)
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