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ABSTRACT Knocking phenomenon is an important problem in engine body,
connecting rod and crankshaft design in engines. If knocking continues, all of parts of
the engine may be destroyed. While the pressure peak in combustion chamber is
closing to head dead center (HDC), the knocking phenomenon occurs in a transient
manner. Decreasing crank angle between pressure peak and HDC point and increasing
pressure peak value due to the decreasing peak angle are the reasons of knocking
failure. In this research, the effects of decreasing crank angle between pressure peak
and HDC on transient response (maximum stress) of a in-line four-cylinder diesel
tractor (MF285) engine crankshaft were considered while the pressure peak values
were kept constant to clean its effects. For this reason, a virtual model of the
crankshaft was modeled in Catia engineering software. Loads calculated from the
torque-rev curve and the pressure-volume curve of the engine. The loads projected on
radial-tangentional coordinate on each journal to have a static part and dynamic loads.
The pressure peaks of each journal loads were shifted from natural crank angle (18
degrees after HDC) to HDC point using a linear function to shrink and expand the
crank angles. The results were shown which the strength of the crankshaft increases
when the pressure peak angle is closing to HDC. Namely if the peak angle is closing
to HDC, the transient response stress decreases. Therefore, increasing the pressure
peak value due to decreasing the peak crank angle is the reason of crankshaft failure
in knocking phenomenon. In this research, also, it has been tried to present a logical
method to do a complete transient analysis on crankshafts.

Keywords: Crankshaft analysis, Knocking phenomenon, Transient response analysis,
Finite element analysis.

Nomenclatures

Parameter Unit Description

P kW  Indicatory power
HDC ---  Head dead center
CDC ---  Crank dead center

mm  Crank throw radius

mm  Piston diameter

Piston area: nD*/4

mm  Piston distance from HDC

mm  Connecting rod length

deg Crank angle (Angle between crank and vertical axis)
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A deg  Angle between connecting rod and vertical axis

Y deg  Angle between connecting rod and line normal to crank radius

P kPa  Differential pressure upon the piston

VvV mm®  Displacement volume

V, mm®  Combustion chamber volume

Ratio ---  Compression ratio: (V,+V,)/V,

A" mm®  Variable volume upon piston in work (minus combustion chamber volume): x.A
Ve mm®  Variable volume upon piston plus combustion chamber volume in work: V+V,
F N  Connecting rod force

Fy N Horizontal component of connecting rod force

F, N Vertical component of connecting rod force

Ty N.m Break torque on flywheel

T N.m Friction torque on crankshaft head

INTRODUCTION Crankshaft is one of the main parts of internal combustion
engines. Many researchers have worked on analysing and optimizing this part.
Ouyang et al. in 2004 studied on forecast method of crankshaft breaking by mode
analysis. He founded that it is sufficient to use the frequency changes to identify the
existing of the slight crackles of shaft and crankshaft (Ouyang et al., 2004). Aminudin
et al. in 2005 developed a method for analysis of the mechanical behaviour of a
crankshaft in a four-cylinder internal combustion engine. Their study described a new
method for analysing the dynamic behaviour of crankshaft vibrations in the frequency
domain based on the initial firing stages (Aminudin et al., 2005). Wang et al. in 2005
analyzed a crankshaft cracked in a strange manner when test running had been
performed for only 20 min. Four cracks had been found on the edge of the oil hole.
Using mechanical analysis, microstructure and metallurgy the reason of that event
was revealed (Wang et al., 2005). Montey et al. in 2006 studied on residual stress in a
crankshaft using hole drilling. They determined a new set of calibration coefficients
using the finite elements method in order to analyse residual stresses in a crankshaft
(Montay et al., 2006). Mahjob et al. in 2007 provided a theoretical analysis of the
effects of crankshaft torsional vibration on the engine speed (RPM) performance of
the vehicles. They found that by replacing experimental model with the best degree of
freedom (DOF), and improving the engine speed (RPM), the different velocity
performance of the structure was equivalent to the experimental model (Mahjob et al.,
2007). Lui et al. in 2008 studied on the equivalent mechanics model of strengthening
crankshaft fillet through the rolling process. Calculation and test verification is carried
out by example of 480Q crankshaft. The calculating formulas of the limited rolling
loads and the principle about selecting the rolling loads which is provided by this
paper are propitious to turn away the situation of "no evidence to rely on" in selecting
loads of rolling equipments at present (Liu et al., 2008). Asi in 2009 studied on
fatigue failure of a diesel engine crankshaft in a truck experimentally. He founds the
fatigue cracks are initiated at the highly stressed surface of the crankpin-web fillet
region and propagated across the section as a result of cyclic loading (Asi, 2009).
Espadafor et al. in 2009 analyzed a catastrophic crankshaft failure of a four-stroke 18
V diesel engine of a power plant for electrical generation when running at a nominal
speed of 1500 rpm. The fracture occurred in the web between the 2nd journal and the
2nd crankpin. Their finite element model had been predicted that the most heavily
loaded areas match the fractured zone (Espadafor et al., 2009).

MATERIALS AND METHODS Knocking phenomenon is one of the main reasons
of failures in the crankshafts. Knocking occurs in a transient manner. In this research,
it has been tried to present a logical method to do a complete transient analysis on
crankshafts. If knocking continues, all of parts of engine may be destroyed. While the
pressure peak in combustion chamber is closing to head dead center (HDC), the
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knocking phenomenon occurs. Decreasing crank angle between pressure peak and
HDC point and increasing pressure peak value due to the decreasing peak angle are
the reasons of failure in knocking. The main goal in this research is revealing only the
effects of decreasing the peak angle on transient response (maximum stress) of a
tractor engine crankshaft (MF285). Thus, a virtual model of the part with precision
0.02 mm modeled in Catia eng-soft as shown in Figure.1.

Figure 1. MF285 crankshaft modeled in Catia Eng-Soft.

To provide loads needed in transient analysis, data on the engine catalogue were used.
Two main curves of the catalogue were torque-rev and pressure-volume curves, as
shown in Figure.2 and 3 respectively. Data variation of the pressure-volume curves
was extracted by use of matching a new curve on the catalogue curve.
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Figure 2. Torque-Rev and Power-Rev curves of MF285 tractor engine (performance
after 60 hours operation with fuel oil at 40 °C at pump inlet) (Perkins, 2007).

CIGR XVII™ World Congress — Québec City, Canada — June 13-17, 2010



800

700 A

600 -

500 -

400 +

300 -

Pressure (kPa)

200

0 \ \ \ \ \

0 200000 400000 600000 800000 1000000

Volume(Vpc) (mm3)

Figure 3. Pressure-Volume curve of the tractor engine in a complete cycle (Perkins,
2007; Goering and Hansen, 2004).

Also, the general data of the engine have been shown in Table.1.

Table 1. Main dimensions of MF285 engine and crankshaft.

Parameter Value Unit
Manufacturer Perkins company -
Engine type Self ignition diesel engine ---
Cycle type Four stroke cycle -
Number of cylinders 4 -
Cylinder arrangement Linear-Vertical -
Firing order 1-3-4-2 -
Injection type Direct injection -
Crank rotation CW (from engine front view) -
Engine weight (dry weight) 247 kg
Indicatory power 56 (75) kW (hp)
Indicatory rev 2200 rpm
Maximum torque reserve 260 N.m
Rev in max torque reserve 1652 rpm
Tensile strength 776.25 MPa
Crank throw radius (R) 63.5 mm
Piston diameter (D) 98 mm
Piston area (A) 7543 Mm?
Crankshaft total length 635.5 mm
Connecting rod length (L) 218.6 mm
Compression ratio 16.2:1 -—-
Displacement volume (V) 957959 mm’ (cc)
Combustion chamber volume (V,) 63023 mm’ (cc)

Step one was converting volume data on the horizontal axis in Figure.3 to crank angle
(B in Figure.4). Figure.4 shows crank and slider mechanism as cylinder (1).
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b
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R+L

Figure 4. Schematic of crank and slider mechanism of the engine (cylinder (1)).

With respect to Figure.4, we have:

[(R+L)—(LCos(ax) + R.Cos(B))}A=x.A=V (1)
Also:
a = Arc sin(% Sin(ﬂ)) )
Thus:

( . (R : D 3)
V =L.A(1-Cos| Arcsin ISln(ﬂ) + R.A(1- Cos(p))
And also:

4)

V,, = LA(- Cos(Arc sin(%Sin(ﬂ)D +R.A(1- Cos(B)) +V,

All of the parameters have been defined in nomenclature table.

Equation (3) and (4) has been plotted in Figure.5 in thin and thick lines respectively.
Difference between the curves is equal to 63023 mm® that is combustion chamber
volume (V>).
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Figure 5. Relationship between volume upon the piston with and without combustion
chamber volume and crank angle of MF285 tractor engine in cylinder-01 (plot of

Equations (3) and (4)).

By use of Equation (4) as Figure.5 curve, the volume data on the pressure-volume
curve (Figure.3) were projected on crank angle axis. Figure.6 shows this data
projection. As can be seen, the pressure peak occurs 18 degree after HDC as natural
pressure peak angle. When knocking occurs, the pressure peak angle decreases and

closes to HDC.
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Figure 6. Variation of pressure upon piston after projecting volume on the crank angle
(cylinder (1)).

Step two was subtracting the atmospheric pressure (100 kPa) from all of pressure
value. Figure.7 shows differential pressure upon piston against crank angle in all
strokes for cylinder-01. Differential pressure was derived from reducing atmospheric
pressure (100 kPa) from absolute pressure upon the piston during the all strokes
(intake, compression, power and exhaust).
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Figure 7. Variation of differential pressure upon the piston against crank angle (piston

(1)

Step three was providing data variation of shifting the pressure peak from natural
angle (18 degrees after HDC) to HDC to simulate a knocking phenomenon without
pressure peak value changes. To reach this aim, a linear function was used to shrink
and expand crank angle data before and after pressure peak respectively. Knocking
phenomenon was simulated in six steps. Figure.8 shows the variation of shifted data
around the peak from natural angle to HDC.
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Figure 8. Shifting the pressure peak to back from 18 deg after HDC to HDC point in
six steps (18—15—12—9—6—3—HDC) (piston (1)).

In the rest of the Materials and Methods section, it has only brought the loads in
natural pressure peak, namely 18 degree after HDC. But all of the following process
has also been done for 15, 12, 9, 6, 3 and 0 degree pressure peak angles
simultaneously.

Step four was obtaining variation of the connecting road force in a complete diesel
cycle. Kinetic diagram of the piston was used to reach this aim, as shown in Figure.9.
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Figure 9. Kinetic diagram of piston in piston (1).

With respect to Figure.8 we have:

F, =P.A

And also with respect to Figure.8 and Equation (2):

F, = Fy.tanKArCsin(%Sin(ﬂ)D

)

(6)

Figure.10 shows variation of two component of connecting rod force versus crank
angle. F,, that is equal to Fy and is internal cylinder body reaction on the piston case to
elliptical shape in the cylinder after long work.
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Figure 10. Variation of vertical (Fy) and horizontal (Fy) component of connecting rod
force during a cycle in piston (1) (for peak angle 18 degree after HDC).

Then, the connecting rod force (F) was calculated from Figure.10 data and Equation

(7) as follow:

F=F +F/

(7)
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Because of positive output of equation (7), sign correction exerted on the loads as
Figure.11.
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Figure 11. Correcting the connecting rod force of piston (1) (correcting zone is
between 0-255 degree of crank angle) (for peak angle 18 degree after HDC).

Step five was transferring the connecting rod force in (x,y) coordinate on the piston to

(r,t) rotational coordinate on the crankshaft journal. Figure.12 shows the needed
parameter for this aim.

YN

ﬁ_)x

. .

Figure 12. Schematic of shifting the connecting rod force from piston coordinate (x,y)
to crank coordinate (r,t) in piston (1).

With respect to Figure.12, angle between connecting rod and line normal to crank
radius (y) was calculated as follow:

y=Z-@+p) ®

Thus, with respect to Figure.12 and Equation (8), the two components of connecting
rod force, namely radial and tangentional component, in (r,t) were found as follow:
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F. = F.sin(y) )
F, =F.cos(y) (10)

Therefore, equation (8), (9) and (10) were used to transfer coordinate of loads.

Step six was generalizing variation of load around journal (1) to journals (2), (3) and
(4) using cycle type (four stroke cycle) and firing order (1-3-4-2) of the engine
(Table.1) as shown in Figure.13-a and b respectively.

180° 180°
— —
Intake Compress Cylinder01 Cylinder03
180°< )180Q 180°< )180o
Exhaust Power Cylinder02 Cylinder04
~— ~—
180° 180°
(a) (b)

Figure 13. Arrangement of (a): cycle type and (b): firing order, to generalize the loads.

Figure.14, 15, 16 and 17 show variation of radial and tangentional forces around
journals (1), (2), (3) and (4) respectively.
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Figure 14. Variation of radial (F;) and tangentional (F;) forces around the crank
parallel journal (1) that initiates its cycle with intake (rev: 1652 rpm, peak angle:
natural (18 degree)).
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Figure 15. Variation of radial (F;) and tangentional (F;) forces around the crank
parallel journal (2) (that initiates its cycle with compression) (rev: 1652 rpm, peak
angle: natural (18 degree)).
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Figure 16. Variation of radial (F;) and tangentional (F;) forces around the crank
parallel journal (3) (that initiates its cycle with exhaust) (rev: 1652 rpm, peak angle:
natural (18 degree)).
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Figure 17. Variation of radial (F;) and tangentional (F;) forces around the crank
parallel journal (4) (that initiates its cycle with power) (rev: 1652 rpm, peak angle:
natural (18 degree)).

The maximum torque reserve point in the Figure.2 is the most common point which
the knocking phenomenon occurs. In this point, the break torque (Ty) is 260 N.m.
Thus, with respect to Equation (11), the friction torque that constrains the crankshaft
head, was calculated 46.8 N.m (Goering and Hansen, 2004).

T, =0.18T, (11)

Step seven was meshing and applying the loads on the crankshaft and solve the
problem. Radial and tangentional forces in each journal were modulated with data
variation of their loads. T and a rotational force (centrifugal force) were modulated
with white noise (constant modulation equal to one). Then, the part was meshed with
189532 nodes and 118025 thetra-hedragonal elements. Table.2 shows the element
quality after meshing process. Distortion criteria show that 73.7 percent of the
elements had suitable aspect ratio.

Table 2. Element quality distribution in the meshed crankshatft.

Criterion Good Poor Bad Worst  Average
Distortion (deg) 86999 (73.71% ) 24748 (20.97% 6278 (5.32% 62.731  28.688
) )
Nodes Jacobian 118025 ( 100.00% 0(0.00% ) 0(0.00%) 0.300 0.949
)
Stretch 117945 (99.93% ) 80 (0.07%) 0(0.00% ) 0.153 0.621

Length Ratio 117907 (99.90% ) 118 (0.10%) 0(0.00%) 8.480 1.927

The analysis was repeated for the other data variation of the loads, namely 15, 12, 9,
6, 3, 0 pressure peak angles to have result comparison.

RESULTS AND DISCUSSIONS After nodal solution, transient response of the
crankshaft for all peak angles were revealed. Figure.18 shows maximum transient
response stress of the part. As can be seen, the part has four peaks in a complete cycle.
If we back to Figure.14, 15, 16 and 17, it can be seen which combustion occurs in
cylinder (4) at first. Therefore, with respect to firing order, the first peak must be on
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journal (4) and the other peaks must be on journal (2), (1) and (3) respectively as
shown in Figure.18.

—18 —15 12 9 —6—3 —HDC|

Maximum stress (MPa)

Journal (4) Journal (2) Journal (1) Journal (3)

0 180 360 540 720
Crank angle (deg)

Figure 18. The crankshaft transient response (maximum stress) for peak angle from 18
degrees after HDC to HDC.

After extracting the transient response graph, stress distribution on the part in the all
peaks were determined. Figure.19 shows location of maximum stress in the first peak.
As can be seen, location of the maximum stress occurs in fillet between web and fix
bearing base around journal (4). Also, locations of the maximum stress in the second,
third and fourth peaks have been shown in Figure.20 (occurs in J(2)),
Figure.21(occurs in J(1)) and Figure.22 (occurs in J(3)) respectively. Agreement

between the stress location order and firing order of the engine confirmed the analysis
accuracy.

Figure 19. Maximum stress point of the crankshaft between 0-180 degree of crank
angle (in J(4)).
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Figure 20. Maximum stress point of the crankshaft between 180-360 degree of crank
angle (in J(2)).

Figure 21. Maximum stress point of the crankshaft between 360-540 degree of crank
angle (in J(1)).

Figure 22. Maximum stress point of the crankshaft between 540-720 degree of crank
angle (in J(3)).

Figure.23 shows average transient response stress that is sum of all node stress divide
to 189532 (number of nodes) for peak angle 18 (natural) and 0 (HDC) only. As can be
seen, the part have intense fluctuation at the first. The part shows low resistance
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(higher stress) against motion at first than that end under impact loads because of
static inertia.
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Figure 23. The crankshaft transient response (average stress) only for peak angle in 18
degree after HDC and HDC.

Figure.24 shows that if pressure peak with constant pressure occurs in the peak angle
nearest to HDC, maximum transient response stress decreases.

‘ —e—Journal (4) —=— Journal (2) —— Journal (1) —x— Journal (3) ‘

Transient response peak Stress (MPa)

0 3 6 9 12 15 18
Peak angle to HDC (deg)

Figure 24. Decreasing the transient response peak stress in all crankshaft journals
while pressure peak angle close to HDC.

In Figure.25 it can be seen that safety factor increases if peak angle closes to HDC.
So, crankshaft shows more strength and resistance against knocking, as pressure peak
value is constant.
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Figure 25. Increasing the safety factor in all crankshaft journals while pressure peak
angle close to HDC.

CONCLUSION If the engineers design an engine with variable combustion chamber
to keep constant the pressure peak value, the peak angle can be 0 degree, namely
pressure peak occurs in HDC. Thus, the crankshaft will have maximum safety factor
and consequently can more be optimized and have lower weight.
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