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ABSTRACT

In scope of this study, main parameters of cam profile are
determined. Also, their effects on cam performance are
examined starting with valve lift, velocity, acceleration curve.
In order to be seen clearly cam behavior and obtain to needed
smooth curve thanks to less jerk of cam follower, different
valve lifts are calculated but more importantly one of the most
critical design criteria on cam profile, acceleration jump as
undesired influence, is investigated how to reduce & avoid.
Primarily, relations related base circle & nose radius of cam
profile, maximum lift of cam follower, lift angle of cam
follower and acceleration jump are considered in terms of
minimum acceleration jump, continuous contact, valve spring
force & contact force-stress. Especially, determination of right
valve spring stiffness is significant & affects other main
parameters so it is plotted graphs of sudden acceleration change
and described how it should be analyzed by analytical & using
Matlab.

INTRODUCTION

Valve train system for an engine is vital importance in
terms of performance, fuel consumption, vibration and noise
etc. Due to the fact that valve train system is main control
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mechanism and predetermined specified motion actor for
engines, all effects on parts of systems should be considered
during design process. Type of the valve train system is
changeable acc.to engine placement & requirements but
consequently, there are common parts for all types of system.
These are the main ones: camshaft, cam follower, push rod,
rocker arm, valve spring, valve etc.

Elements used in valve mechanism used to be under
control motion of the engine. Basic motion of system is
determined thanks to camshaft accordingly cam profile. A cam
is rotating machine element which gives reciprocating or
oscillating motion to another element known as follower. The
cam and the follower have a line contact and constitute a higher
pair. The cams are usually rotated at uniform speed by a shaft,
but the follower motion is predetermined and will be according
to the shape of the cam. The cam and follower is one of the
simplest as well as one of the most important mechanisms
found in modern machinery today. The cams are widely used
for operating the inlet and exhaust valves of internal
combustion engines, spinning and weaving textile machineries,
feed mechanism of automatic lathes etc. [1].

By means of computer aided design & analysis programs,
experimental approach, optimization steps, it is possible to
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reach desired result for cam and valve train system design. If
willing to get optimal and efficient valve system, first of all it
should be started with cam profile determination because one of
the first criteria coming from designer as output is valve lift.
Designers require this dimension is as high as possible due to
volumetric efficiency, but at the same time, require this
dimension is as low as possible due to effected engine out size.
Because of this mentioned conflict, first output of system
should be determined -carefully. According to valve lift
dimension, base circle radius, nose radius will be calculated and
plotted lift, velocity, acceleration graphs. We will be able to see
how system parameters change according to all valve lift. From
this initial point, it is possible to understand for per lift is
necessary different nose, base circle radius in order to get
optimal results.

Basic question for designer is what our optimization
criteria are. In this paper, we will be able to recognize
acceleration jump with graphs influences. Contrary to what is
believed, maximum acceleration of follower is not merely the
strongest criteria. It is not enough to take a decision on system
behavior. It can be come across a situation which has high level
of acceleration but acceleration jump is low. Although
acceleration jump is low, due to high maximum acceleration
designer should not directly eliminate this case. Because
designer’s first approach for cam profile optimization should be
low acceleration jump.

In order to get low acceleration jump, change of base circle
radius, nose radius, valve lift angle, maximum valve lift acc.to
crank shaft angle will be obtained by using Matlab.
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Fig.1. Valve Train Main Parts
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After determine relations between cam performance
parameter and acceleration jump. Other so important issue is
valve spring force due to multifaceted influence. On cam
profile, to be continuous contact, valve spring stiffness should
be calculated carefully acc. to worse case of acceleration.
Otherwise, valve spring may have wrong stiffness and may
cause valve train working problem. The purpose of the valve
spring is to close the valve in a controlled fashion. This requires
maintaining constant contact among valve train components
during valve movement. In the “valve closed” state, the spring
force must be great enough to keep the valve from bouncing on
the valve seat immediately after closing. In the “valve open”
state, it is necessary to prevent “fly-over” i.e., the valve stem
lifting off and breaking contact with the cam at maximum
deceleration. Required spring force should not be so high level
in order to be opened intake and exhaust valve without any
deformation and breaking [2].

1. CAMSHAFT PROFILE DETERMINATION AND
FORMULATION

According to different engine type and requirement, cam
follower type, valve train system placement, cam profile type
will be changed. In this paper, we will investigate and analyze
one of the most used & known cam profile & follower type.
Because of that system criteria which are valve train dwell, rise,
return, velocity, acceleration affect directly engine efficiency
and performance all parameters which cause these results
should be observed by means of determination of cam profile.
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Fig.2. Common Cam Profile

There are three main parts in a cam profile: Heel, nose,
Ramp (opening & closing Ramp). During design of cam
profile, considered contact between cam follower and cam
profile are ensured basically at two areas as base circle and
nose.

When the flanks of the cam connecting the base circle and
nose are of convex circular arcs, then the cam is known as
circular arc cam. A symmetrical circular arc cam operating a
flat-faced follower is shown in Fig.3. in which O and Q are the
centers of cam and nose respectively. EF and GH are two
circular flanks whose centers lie at P and P’ respectively. The
centers P and P’ lie on lines EO and GO produced [1].
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r1: Radius of the base circle r1=0OE,

r2: Radius of nose,

R: Radius of circular flank R=PE,

2a: Total angle of action of cam 2a=Angle of EOG,
a: Semi-angle of action of cam a=Angle of EOK,
¢: Angle of action of cam on the circular flank,

O: From E to C angle of action of cam.

When the Flat Face of Follower has Contact on the
Circular Flank: consider that the flat face of the cam follower
has contact at E. When the cam turns through an angle ¢ (less
than ©) relative to the follower, the contact of the flat face of
the follower will shift from E to C on the circular flank, such
that flat face of the follower is perpendicular to PC. Since OB is
perpendicular to BC, therefore OB is parallel to PC. From O,
draw OD perpendicular to PC [1].

From the geometry of the figure, the displacement or lift
of the follower (x) at any instant for contact on the circular
flank is given by:
x=BA=BO-A0=CD-EO
CD =PC - PD =PE — OP cos©
CD = OP + OE — OP cos© =OE + OP (1-cos©O)
Substituting the value of CD in equation (1):

x = OE + OP (1-cos©) — EO =OP (1-cosO)
x=(PE—-OE) (1 -c0s©)=(R—-r1) (1 -cosO)
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Fig.3. Contact of Cam Follower on the Circular Flank [1]

Cam Follower Velocity at Cam Opening & Closing
Ramp: Differentiating equation (2) with respect to t, we have
velocity of the follower,

_dx _ dx dQ

d; dt  dQ dt
[ =l
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_dx
V= E ()
v =(R-rl) sin® o = (R-rl) sin® ®
When © =0, sin© =0 and v,;, =0
As © increase, velocity of follower will increase.
When O = ¢, velocity of follower will be maximum [vy;.4]
Vmax = ® (R-r1) sind
Cam Follower Acceleration at Cam Opening &
Closing Ramp:

_dv _ dvdQ

“dt dQdt

)

pramicl

a=o (R-1l)cos® o = w? (R-rl) cos©

When © =0, cos© = 1 and acceleration is maximum.
Amax = w? (R' 1'1)

When © = ¢, acceleration is minimum.

amin = w? (R-11) cosd

When the Flat Face of Follower has Contact on the
Nose: The flat face of the follower having contact on the nose
at C is shown in Fig.4. The center of curvature of the nose lies
at Q. In this case, the displacement or lift of the follower at any
instant when the cam has turned through an angle © (greater
than ¢) is given by:

x =AB=BO-0A=CD-0A
CD=CQ+QD=CQ+0Qcos (a-06)
Substituting the value of CD in equation (5):
The displacement or lift of the follower when the contact is at
the K of the nose, when . - © =0 and cos (0. - ©) =1
x=CQ+0Qcos(0-0)—0A =1r2—-rl +0Q cos (a-0) (6)

“4)

)

/N \Nis

Fig.4. Contact of Cam Follower on the Nose [1]
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Cam Follower Velocity at Cam Nose

_dx _ dx dQ
T dt dQ dt
dQ _

[+ = @]
v—dxw
=%

v = 0Q sin(a - ©) ® (7

When o - © = 0, at K of the nose, velocity is zero and
minimum. When (o - ©) is maximum, the velocity will be
maximum. When the follower changes contact from circular
flank to circular nose at point F, when a - © = ¢.

Cam Follower Acceleration at Cam Nose

a_dv_dv daQ
T dt dQ dt
[d_Q: ]
dt
dv
a=—o

a=—w?0Q cos (a-0O) (8)

When o - © = 0, cos (a0 - ©) = 1, at the K of the nose and
acceleration is maximum. The negative sign in the above
expression shows that there is retardation when the follower is
in contact with the nose of cam.

Maximum retardation; a,,, = ®w? OQ

The retardation is minimum when o - © is maximum. This
happens when the follower changes contact from circular flank
to circular nose at point F. when a = ¢

Thanks to these above formulization, it will be possible to plot
graphs of follower lift, velocity, acceleration. So at acceleration
graph, changes from maximum value to minimum value will be
observed and analyze on how to be reduced with parameter
change will be carried out.

Specifications of our engine which we use for this paper as
mentioned below:

i=1 (Single Cylinder) Npominal = 2250 rpm

4 Stroke B =108 mm (Cylinder Bore)
Naturally Aspirated H =127 mm (Stroke Height)
Water Cool Engine €= 1:18 (Compression Ratio)

P. = 0,1 MPa (combustion chamberAir Intake Pressure)
Intake - Exhaust Timing Value:

Timing of Intake Valve open al =60 KMA

Timing of Intake Valve close a2 =80 KMA

Timing of Exhaust Valve open a3 =80 KMA

Timing of Exhaust Valve close a4 =60 KMA

Valve Maximum Lift: h "JK" 7
Rocker arm: [, (Cam Follower Side) 45,65
Rocker arm: 1, (Valve Side) 69,8
Rocker arm ratio: 1,/ [, 0,654011
Maximum lift at cam follower side: h;, 4,57808
Gap be_tween valve and r_ocker arm:s 0.55
"Experimental @800celcius" '

Gap between rocker arm and push-rod: s;, 0,359706
Cam shaft radius(acc.to ry): ;. 22,14029
Base circle radius: r; 22,5
Nose radius: 7, 14
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r; -1, 8,5
0Q=JK+r; -1, 15,5
OP 16,76
PQ=PF-FQ=PE-FQ=0P+0QOE-FQ 2596
PQ=0OP+r; -1, '
Radius of the circular flank: R= OP+r, 39,26
sin ¢ ==0Q*sinf/PQ 0,60
d; = ¢ max. 36,72653
b, = o~y 40,27347
Timing of Exhaust Valve open [Crank Angle] 80
Timing of Exhaust Valve close [Crank Angle] 60
Crankshaft Rated Speed: n (rpm) 2250
Crankshaft Angular Speed: w (Radian / sec.) 235,62
Valve Lift Angle: a [Crank Angle] 77

B: (180- a) 103
Camshaft Rated Speed: ncam (rpm) 1125
Camshaft Angular Speed: wcam (Radian / sec.) 117,8097

Table 1. Calculated Cam Profile Values

CAM PARAMETER AND PERFORMANCE GRAPHS
Acc. to calculated cam profile values table, we can create
performance graph of cam follower.

h [mm]
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Fig.5. Cam Performance Graphs [h, v, a]

After plotting performance graphs, it is important to
determine relations between parameters and performance. As
we mentioned, because of that acceleration jump causes the
worst case in terms of action of cam profile. By means of
Matlab, cam profile parameters will be analyzed as follows;

Basic reason of acceleration jump is sudden change from
acceleration with positive sign to deceleration with negative
sign. This acceleration jump also may cause loose contact
between cam follower and cam profile and so it may do damage
on system equipment. When designing the valve lift curve the
designer should ensure that the jerk and quirk are minimized
within the constraints imposed by performance requirements
[31].

Graphs shown below plots with a difference between
maximum and minimum acceleration value and change of main
parameter by using Matlab.
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Nose Radius Assessment
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Fig.7. Acceleration jump-Nose Radius

Acc.to shown graphs when base circle radius & nose radius
increases up to a certain value, acceleration jump decreases but
after a certain value of base circle & nose radius, acceleration
jump again increases. That’s why, during design process, it
should be found out these min. values.
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Fig.8. Acceleration jump-Valve Lift Angle

Acc.to graph shown above, minimum acceleration occurs
at 180 degree of cam shaft angle. When it comes closer to 180
degrees, acceleration jump decreases. When it goes far from
180 degrees, acceleration jump increases. Because of valve lift
angle is affected by valve intake & exhaust timing open-close,
we may not select valve lift angle which corresponding min.
acceleration value. Valve lift angle is suggested to determine as
follows:
2@ntakegExhaust = (180 + al + a2) /2
al & a2 is timing of valve open-close
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Valve lift angle :(Zmlntake&Exhaust) /2
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Fig.9. Acceleration jump-Max. Valve Lift

Acc.to graph of acceleration jump-max. valve lift, when max.
valve lift increases, acceleration jump increases. Designer
should make a decision to catch optimal result. Because of that
increase of max. valve lift means that increase of volumetric
efficiency. But this increase cannot be endless. It is limited by
engine out size and acceleration jump.

DETECTION OF VALVE SPRING STIFFNESS AND
FORCE

The most important forcing factor for valve spring is not
loose contact between cam and cam follower. As it is
understood from acceleration graph which was changed
suddenly form positive sign to negative sign, around these areas
are critical and dangerous for system. It should be focused on to
be catch actual valve stiffness.

When acceleration sign is positive, cam follower speeds up
and it does not happen any problem in terms of contact. But
when acceleration turns from positive sign to negative sign, so
this is so high speed and sudden, at this time cam follower
tends to speed up. Otherwise, cam tries to deceleration. This
very moment, it is seen conflict at behavior of cam follower
affected by inertia moment.

This loose of contact is instant and short time then cam
follower velocity slow down and ensured contact between cam
and cam follower. Even though this loose contact is short time,
causes to be high level of inertia of cam follower, also make
hard collision between them. That’s why, level of noise
increase, it can be seen breaking and damage on system.
Interruptedly motion of valve may be caused not to take enough
weather at intake stroke so combustion efficiency decreases.
Beside this, at exhaust stroke, it may be problem during
evacuation of exhaust gas, so fall of efficiency occurs.

If needed, to set out of a dynamic model and see system
kinematic behavior, valve spring stiffness is determinant due to
effect of natural frequency, effect on cam contact force &

94

torque as dynamic and static, contact angle. Basic question is
how it should be calculated:

Fig.10. Reduction of Valve Spring Force on Cam Follower
The most critical situation at determination of valve stiffness is
change of acceleration from positive to negative. Designer
should consider this lift value corresponding to change of
acceleration, while taking account into needed force which
supply with inertia moment at critical point.

In order to be calculated valve stiffness, first of all, it should
be applied mass reduction for system parts as mentioned below:
My=m, + 224+ 22 4 [(me + my) (D2 +m,]/2 (9)
my(y+1p)?

1217 (10)
M, : Reduction Mass on Valve
m,: Valve Mass (Included Valve, Spring Seat and
Spring Retainer)
mg: Spring Mass
my: Valve Bridge Mass (It is ignored during preliminary
calculation)
m¢: Cam Follower Mass
my,,.: Push-Rod Mass
m,’: Reduction Mass of Rocker Arm
m,: Rocker Arm Mass
ly: Rocker Arm — Valve Side
l¢: Rocker Arm — Cam Follower Side
For exhaust valve spring;
m,: 0,127kg
mg: 0,047kg (For preliminary calculation, if it is unknown
accept 0,01Kg.)
mg: 0,151kg
myp,: 0,155kg
m,: 0,244kg
ly: 45,65mm
l¢: 69,8mm
0,244(45,65 + 69,8)°

12(45,65)2

m,": 0,130051kg

m,’

R

m,’

IR
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047 69,8 ,
M, = 0,127 + +(0,151+ 0,155) ()" +
0,130051] /2
M,: 0,565393kg
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Fig.11. Change of acceleration suddenly-Valve Lift
Acc. to above graphs, valve lift value corresponding
change of acceleration from positive sign to negative sign
suddenly is 3,326mm. Critical acceleration is 186, 3907581
m/s?. Considering these found values;

Fy = s.M,,. ac.i—” (11)
£
F,: Valve Spring Force [N]
a.: Critical acceleration jump [m/s?]
s: Safety Factor
Fs = 1,5%0,565393x186,3907581x -

F, = 105N
F, = k;. xq,
ks = Fg /X

k,: Valve spring stiffness [N/mm]
X, Valve spring total displacement [mm]
Valve spring total displacement means total of pre-deflection
under preload and the displacement value corresponding
acceleration jump point.
Pre-deflection affects directly valve spring stiffness. While
changing of pre-deflection of valve spring under preload,
stiffness can be adjusted.
Pre-deflection of valve spring accepts as 10mm.
xs= 10 + 3,326 = 13,326mm
k, =105/ 13,326
ks = 7,8793 [

While this stiffness base on, main valve spring size can be

determined:
N

mm?2

T: Torsional Stress on Valve Spring Wire |

]
F,: Valve Spring Force [N]

Dg: Valve Spring Main Diameter [mm]

d,,: Valve Spring Wire Diameter [mm]

k: Correction Factor for Stress

95

8.D; F,
T=

3
T.dyy

Tem: 450MPa Max. Safety Stress (50CrV4 for Spring Steel)
D,: 23mm (Considering valve stems dimension
for pre-calculate)

3 ’ 8.Dg Fy
dw = T.Tem
d, = 3/% =2,39082mm

dy, = 2,4mm

k= :2:1 + —0'6;5 , (Correction factor for stress, especially if it
is used greater than 10.000.000 cycle.) By Bergstrasser.
Ds
€= 4y
c=2=9583
2,4
_ 95831 L 0615 1oqe
4x9,583—4 = 9,583
Tmax = K B'DdS'F; =1,1515 x%ﬁios = 512Mpa

Ow
Due to Tpyax = Tsafe, dw Should be increased.
If considered d,, = 3 mm;

c=2=7,666
— 4xX7,666—1 + 0,615 — 1’1927
4X7,666—4 7,666
Toax = k2225 = 1,1927 x X218 ~ 975Mpa

Due to Ty = 272Mpa < Tg6e = 450Mpa, it is suitable.
s = —saf¢ gafety factor =1,65

Tmax
i: Number of Wire Turn

fmax : Valve Spring Max. Deflection [mm)]
finax : Total of max. Valve Lift and Pre-deflection:7+10=17mm
G: Valve Spring Shear Modules [G=83000 Mpa]

i = dyw fmax .G
i1 .DSZ.‘E

. 3x17x83000
1= m = 9,3690 (accepted 10)

H: Valve Spring Free Height

A: Gap Among Pressed Spring Wire (0,2...0,55)mm.

i": Number of Inactive Spring Wire Turn (1&2)

H=(dy + A) i+fax +i" dy

H=((3+105)x10+17+2x 3 = 58mm

After calculation of main valve spring size, it should be
checked natural frequency of valve spring in order not to be
any conflict. If there is, valve spring size should be changed

by designer otherwise it may be come across resonance.
_ 21,7x10%xdyy

Wspring - i.DSZ (12)
6
Wepring = =22 =56710,7750 [1/minute]

Wepring = 945,1795 (Radian/sec.) & weay = 117,8097245
(Radian / sec.)

Due to [Wgpring # Weam], it can be seen that it will not be
problem in terms of resonance.
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STATIC CALCULATION OF CAMSHAFT DIAMETER

Therein before, it was mentioned relation between base
circle radius and acceleration jump. Acc. to related graph, after
that 23mm of base circle radius, when it keeps on increasing,
acceleration jump increases, too. So designers can indicate its
optimal result is around 22mm. Acc. to only these graphs
results, it should not be decided that it should not to be
increased. Because it can be necessary to increase base circle
radius although acceleration jump increases due to camshaft
strength requirement. Base circle radius is so strongly related
with camshaft diameter. Before determine of base circle radius,
it should be suggested to calculate of camshaft static analysis as
shown below:

(13)
= 180,7N
98 ~ 292,03N

45,65
: Contact Force on Cam Profile.

FN Intake& Exhaust”

0,54489 x 184,52+ 53 x

My 8, B

53,7
355
0,565393 x 232,553 + 105 x

FN Intake’

FN Exhaust’

FN Intake& Exhaust

Cam Gear FN sxnaust FN ntake
B
Flam gonr Camshaft
Fa Fa
18mm 91,91mm 35.9mm 38.29mm

—> L 5> & — >
< L Cas >

Fig.12. Forces on Camshaft

Cam gear mass is 1,812kg and when we have added 0,247kg of
related parts mass. Total cam gear mass is 2,059Kkg.

Fcam gear = G Cam gear = M X 8 = 2,059kg x 9,81 532 =20,198N
Camshaft mass is measured as 1,813kg. For pre-calculate, due
to non-homogeny cam structure and it is not so affected for
static analysis, camshaft mass is ignored.

Y. Fy=0; because vertical force is balanced and zero.

FN exhaust + FN intake + FCam Gear FA + FB

F, and Fp : Reaction force [N]

F, + Fg =292,03N +180,7N + 20,198N =492,928N

Y M=0; because moment is balanced and zero.

> Mg=0, Moment acc. to B point.
Fax166,1=Fy_,  x7419+Fy, ..
+ Feam gear X 184,1

Fp, =(292,03x 74,19 + 180,7 x 38,29 + 20,198 x 184,1)
/166,1

F, =194,480N

F, + Fg =492,928N

Fg =492,928N - F, =492,928N - 194,480N

Fg = 298,448N

Acc. to above results, Section Force Diagrams:

v X 38,29

I.Area

96

M
N
vV
FCam Gear X
18mm
V ="-Fcam gear = - 20,198N Shear Force

N=0
M = - Fam gosr X = -20,198N 18mm = -363,564Nmm
0<x<18

II.Area
M
N
Fcam Gear FA v
18mm X
e 3 .

V =Fp - Feam gopy = 194,480N - 20,198N = 174,282N
N=0

M=-Fcam goar (X +18) + Fp x = -20,198N
(18mm+91,91mm) + 194,480N 91,91mm

M = 15654,694Nmm

0<x<9191
[Il.Area
FN axhaust M
N
FCam Gear FA v
18mm ' 91.91mm ¥
> € >

V=Fa - Feamgear ~ FN ugros = 194,480N - 20,198N -
292,03N =-117,748N

N=0

M = - Feam goay (X +109,91) + Fp (x +91,91) - Fy,, = x

M =-20,198N (35,9 + 109,91) + 194,480N( 35,9 + 91,91)

-292,03N 35,9mm
M =11427,541Nmm
0<x<359

IV.Area
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FN intake M

N exhaust

Fa

FCam Gear

18mm |[91.91mm 359m X v
< >€ <€ >

V= FA - FCam Gear FN exhaust FN intake 194,480N -
20,198N - 292,03N - 180,7N

V =-298,448N

N=0

M = - Feam goay (X +145,81) + Fy (x + 127,81)

B FN exhaust (X + 35’9) ) FN intake X

M =-20,198N (38,29 + 145,81) + 194,480N (38,29
+127,81) - 292,03N (38,29 + 35,9) - 180,7N 38,29 =0
0 <x <3829

Shear Fore: V [N]
Torque: M [Nm]
Normal Force: N [N]

N

C. G
A ey P cxnaust BN freats
A B
Fram gonr Camshaft
Fy Fg
18mm 91,91mm 35.9mm 38.29mm
& > L e .
I ) Calia gl Ll
V[N]
174,282N
20,198N
117,748N
298,448N
15654,694Nmm
‘-m_________‘11427,54-1Nmm
M [Nmm |
—363,564Nmm
\

Fig.13. Section Force & Moment Diagram For CamShaft
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: Dynamic Bending Stress

: Static Bending Stress

: Dynamic Equivalent Stress

: Static Equivalent Stress

Tp : Static Torsional Stress

Tp : Dynamic Torsional Stress

: Maximum Static Bending Stress

: Maximum Static Torsional Stress

: Section Modulus for Bending

: Section Modulus for Torsion

d;p: Dynamic Tensile & Compressive Stress
ap, : Static Tensile & Compressive Stress

For camshaft material is GG30:
N

o,p: Ultimate Tensile Strength (400 — )
o,: Ultimate Bending Strength (480 m’:nz )

Oeqsage - 90 # (Max. Equivalent Stress Thanks to Main

Strength Diagram)
For Static Equivalent Stress:

o, = \/ (0,p + 0.)% + 37, atstatic equivalent stress, there

is no tensile & compressive stress due to there is no axial
force. Also characteristic of bending stress for system is
dynamic not static.

N e B

For Dynamic Equivalent Stress:

G, = +/(G,p + G )? + 3%, 2 at dynamic equivalent stress,
there is no tensile & compressive stress due to there is no

axial force. Also characteristic of torsional stress for system
is static not dynamic

V@ + ) +36,2 =0,
e

O =1,
e
M, = 15654,694 (Max. bending stress acc.to calculated

Section Diagram)

o, =

_ md3
e 32
~ _ 15654,694Nmm
e d3
o 32
=y
Wh

M, =9550 % calculated by P = 16 KW (Power) and
n = 1125 rpm (Camshaft rated speed).
M, = 9550 —- = 135,822Nm = 135822Nmm

_ nd3
b™ 46
_ _ 135822Nmm
=" s
16
0y + 0y < Oeqyyp, (14)
Oe + \/§ﬂ) =< GQQsafe
15654,694Nmm 135822Nmm N
md3 + V3 md? =90 mm?
32 16
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Acc. to safety factor [s] is 1, camshaft diameter

d > 24,708 mm

Acc. to safety factor [s] is 1.5, camshaft diameter

d > 28,287 mm

Acc. to safety factor [s] is 2, camshaft diameter

d> 31,134 mm

Acc. to safety factor [s] is 3, camshaft diameter

d > 35,640 mm

While designers change base circle diameter to get optimal
result in terms of less acceleration jump, should consider
camshaft diameter as shown above. It is not possible to
choose less of base circle diameter than camshaft diameter.
It means that base circle diameter depends on camshaft
diameter directly.

THEORITICAL CONTACT FORCE CALCULATION

As it can be seen, to be calculated camshaft diameter
should be known contact force. At the same time contact
force is related with cam torque and affects systems
behavior. That’s why, it is important to see how it changes
acc. to crankshaft angle.

Fig.14. Actual Natural Frequency Test of Mentioned Engine

Acc.to actual test results applied on valve spring (Data
coming from actual engine):

Ly = 64mm + 0,5mm (Valve Spring Free Height)

D = 22,5mm (Valve Spring Main Diameter [mm])

d = 3,4mm (Valve Spring Wire Diameter [mm])

P, =21 + 1kg (First Valve Spring Load)

P, =43,55 + 2kg (Second Valve Spring Load)

L, = 50mm (Spring Height under First Load)
L, = 35mm (Spring Height under Second Load)
When P, applied on valve spring:

_ _F_ P 21kg _
ky =k, = x  Lo—Li (64— 50)mm 1,5 kg/mm
When P, applied on valve spring:
ky=k,=C=—2—=_235K9 _~ 1 5yg/mm

x  Lo—Lp (64— 35)mm
So itis found k; = k,= 14,715N/mm acc.to actual test results.
k, & k, : Valve Spring Stiffness
x: Pre-deflection of valve spring
F,: Preload Spring Force [N]
F, =kx=14,715N/mm 10mm = 147,15N
F. : Contact force [N]
ky, : Stiffness between cam profile and cam follower due to
contact [N/m]
y(0) : Contact Point displacement on cam profile [mm]
y1 : Cam vertical displacement [mm]
y, : Cam follower vertical displacement [mm]
a: Pressure Angle [°]
Fc=ky (y(8) +y; +yz)cosa+ Fpcosa  (15)
Q. : Camshaft angle speed [radian/sec.]
Ra: Rp + Ry [mm)]
Ry, : Cam base circle radius [mm]
R; : Cam follower roller radius [mm]
y, = Cam follower Speed [mm/sec. ]
0. @1125rpm = 1125 rated speed =
(1125/60)*2m [1/sec.] =117, 8[1/sec.]
0. @750rpm = 750 rated speed = (750/60)*2m [1/sec]
=78,539 [1/sec]
Ry =22,5mm
R; = 10mm
R,= Ry +R; =22,5+10=325mm
ky, value in some studies can be considered as changeable
but for this paper, it is accepted is 1,9x10. [4], [5], [6], [7]

a= arctan(m) (16)
LN

rf=7===—-:=

<-100 50 \4)0\ 20%___3_
g 10 v

15 S

[a

20

Crankshaft Angle [degree]

Fig.15. Relation Between Pressure Angle and
Crank shaft Angle
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Acc. to above graphs, pressure angle is approximately
between +15 degree and -15 degree.

Contact forces are calculated for @750rpm & @1125rpm
and results are as follows:

S
o
e
N
—
-
z© 140
o ]
E 129 ——
o 1O
S
o136 ¥
®
134
-100 0 100 200
Crankshaft angle [degree]
Fig.16. Contact Force @750rpm & @1125rpm
CONCLUSION

In this paper, all design criteria and parameters which
affect cam performance and behavior of cam are investigated
by Matlab, analytical, section force & moment analysis etc.
Especially at pre-calculation and before actual test, these
analysis and parameters should be determined after that tried to
improve the system.

Optimal values of these pre-designs for instance; base
circle radius, nose radius, valve max. lift, valve angle lift, valve
spring stiffness, contact force calculations prepare to get the
best results before actual test.

To be known behavior of cam and see strengths and
weaknesses side of system is so important to go towards
problematic issue. So that, optimal cam profile, cam also valve
spring can be provided and valve train system will be able to
run trouble-free.

NOMENCLATURE

Matlab: It means [Matrix Laboratory], and a program
which supply operation with matrix solve.

Rpm: Revolutions per Minute.

REFERENCES
[1] R.S Khurmi and J.K Gupta: Theory of Machine,
Contents 20, Cams. (2005)
[2] Richard Van Basshuysen, Fred Schafer: International
Combustion Engine Handbook, SAE International,
Germany. (2002)

300

99

(3]

(4]

(5]

(6]

[7]

J.J Williams: Introduction to Analytical Methods for
Internal Combustion Engine Cam Mechanism,
London. (2013)

Trabelsi, Hassen; Chaari, Fakher; Haddar, Mohamed,
Influence of Cam Profile Errors on the Dynamic
Behavior of a Cam Follower System, Madrid. (2007)
M. Tounsi; F. Chaari; MS. Abbes; M. Haddar: Effect
of Camshaft Eccentricity and Follower Backlash on
the Dynamic Behavior Flexible Cam Mechanism.
(2010)

Tounsi M.; Chaari F.; Walha L.; Fakhfakh T.; Haddar
M.: Dynamic Behavior of a Valve Train System in
Presence of Camshaft Errors

M. Husselman: Modeling and Verification of Valve
Train Dynamics in Engines. (2005)





