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ABSTRACT

This paper presents a method for directly measuring the excitation forces exerted on the main bearing journal from the
crankshaft. A method was developed for obtaining the amplitude and direction of the constantly changing excitation forces,
which had not previously been accomplished. The excitation force direction and absolute val ue are obtained when the relative
error between the strain during actual operation obtained from multiple strain gauges affixed to the inner surface of the main
bearing journal and the strain estimated from calibration curvesis at a minimum.

1. Introduction

The excitation forces acting in a powertrain, comprising
the engine and the transmission, and particularly those
excitation forces in the engine exerted by the crankshaft on
the main bearing journals during operation, have an
important effect on crankshaft rumble, and are therefore
critical parameters.

There has previously been no method for directly
measuring the magnitude and direction of the excitation
forces. Although there has been considerable research
leading to various proposals that have focused on indirect
measurement methods such as determining the magnitude
or direction from vibration measurements or identification
using transmission coefficients, direct measurement is still
desirable, particularly from the point of view of accuracy.

When measuring directly, it has been conventional
wisdom to assume that the direction of the excitation force
isfixed, and the value calculated from the calibration curve
for a bolt or strain gauge is used as the excitation force.
However, in actual running engine, the magnitude and
direction of an excitation force is constantly changing. A
method for directly measuring the magnitude and direction
of an excitation force has now been devel oped.

2. Method for Measuring Excitation Forces

2.1 Outline of the Measurement Method

The target of this measurement method is to determine
the excitation forces acting on the main bearing journal sthat
aregenerated by the crankshaft during engine operation. The
excitation forces are determined by obtaining valuesthrough
first calibrating the relationship between the output of four
strain gauges located on an inner surface of each main
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bearing journal and the load at each crankshaft angle. Then
the excitation forces are determined using the calibrated
values and the strain gauge output that is obtained during
engine combustion.

2.2 Test Engine
A Civic 4-cylinder engine was used. The major
specifications for this engine are presented in Table 1.

2.3 Measurement Procedure
Thefollowing procedure wasimplemented for measuring

the excitation forces:

(1) Calibration Test
Strain measurements were taken with a constant radia
load applied to the main bearing journals.

(2) Calibration Curve Calculation
A calibration curve was created for each strain gauge,
the horizontal axisbeing the calibration load on themain
bearing journal, and the vertical axisbeing the calibration
sensitivity vector.

(3) Strain Measurements during Engine Operation
Simultaneous measurements of the strain on each main

Table 1 Test engine specifications
Type _ Water—coole_d,
in-line four-cylinder

Valvetrain SOHC 16 valves
Displacement 1493 cc
Bore/Stroke 75.0mm/84.5 mm
Compression ratio 9.4:1
Maximum power 105 PS /6400 rpm
Maximum torque 13.6 kgm / 4500 rpm

- 139 -



Honda R&D Technical Review

Vol.13 No.1 (April 2001)

bearing journal were taken while the engine was
operating.

(4) Excitation Force Calculation
Thedirection and absol ute val ue of each excitation force
was calculated from the relevant calibration curves.

2.4 Calibration Test Method

Thetest engine block was mounted with ajigon atensile/
compression tester as shown in Figs. 1 and 2, and a static
load was applied to the main bearing journalsviaaload cell
and calibration tool.

Strain gauges were attached, as shown in Fig. 3, at four
positions around each main bearing journal 45° from the
journal mating surfacein consideration of theload frequency,
direction change, sensitivity, etc.

Each main bearing metal was machined asshown in Fig.
4 to provide pockets for mounting the strain gauges.

The effect of heat on the measurement was eliminated
by using a strain gauge with temperature characteristics
appropriatefor usewith aluminum, and by using the 1-gauge,
3-wire connection method.

Load cell

— Calibration tool

Test block
Test jig

Tensile/compression tester

Fig. 1 Calibration test device

Fig. 2 Calibration jig

Applied load angle 6 . .
Main bearing

journal

Crankshaft

Bearing cap

Applied load A(6)
Strain gauge

Fig. 3 Attached Strain Gauges and Applied Load

=

Fig. 4 Strain gauge attachment

Theload applied wasfrom 0to 20,000 N. M easurements
were taken every 500 N, in 10° increments from 0° to 360°.
Special care was taken with machining the main bearing
metalsasthe shape had alarge effect onthe il film thickness.
FEM analysiswas applied to investigate the machined shape
so that changes to the roundness of the internal surface of
themain bearing journal could be minimized. Fig. 5 shows
the difference between the circumscribing circle and
inscribing circle concentric with thereferencecirclethat was
determined by the least-squares method applied to the
measured values. Table 2 and Fig. 6 givethe FEM analysis
results of the machined shape. A high concentration of stress
was apparent around the initial shape of the machined area
of the bearing metals. Thus, these were not adopted for
testing. However, by correcting the shape of the machined
area, the roundness of these partswas roughly equivalent to
that of the mass-production parts and a relatively uniform
stress could be obtained. Therefore, the parts with the
modified machined area could be used in the tests.

Circumscribing circle

Roundness curve

Fig. 5 Roundness measuring method
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Table 2 Roundness measurement result range, calibration data were determined with aload from O

Roundness (um) to 20,000 N. Theload direction is defined according to the
Mass-produced metal 10.25 coordinate system shownin Fig. 3. Calibrationwascarried
Successful notch 9.05 out every 10° of crankshaft rotation. However, since a
Failed notch 20.01 resolution of 1° was required for calculating the excitation

forces, it was converted by Lagrange interpolation to
calibration datafor 1° increments.
2.5.2 Calibration Curve Calculations

Thecalibration curvesshownin Fig. 8 were constructed

No stress Stress . . . . . L
concentration concentration by interpolating and plotting the calibration sensitivity vector
around the around the that had been obtained from the test results for an applied

notched area notched area

calibration load direction from 0° to 360°.

Generally, when there is a perpendicular force applied
to astructure like amain bearing journal, we can expect the
strain distribution to be like that shown in Fig. 9.

Successful product Failed product 200
— &\ — & — & €p
Relatively uniform high Z 150
stress distribution | = /_\
3 100 \
s/ AN
5 50 /
: A_ X
g 0 \
n \’/ \/ D%
Mass-produced product low -50 . . .
0 90 180 270 360
Fig. 6 FEM analysis of bearing metal Applied load direction (°)
(Stress distribution) . . .
Fig. 8 Callibration curves
2.5 Calculating the Calibration Data
2.5.1 Calibration Data Measurements Journal
The measurement results for this calibration test are Strain >
shown in Fig. 7. The strain output for load exhibits good distribution 4
linear characteristics.
Thus, we decided to use the calibration sensitivity vector a
determined by theleast-square method asthe calibration data. /_ \ _\

Considering the possihility of non-linearity in the high-load

160° 10° Calibration Direction
—— =—— Line from Least Square Method Bearing cap

° o Measured
250

200 /

1 Fig. 9 Strain distribution for a vertical load

=
o u
S O

f This is nearly symmetrical to the right and left of the
8 5 / applied load, but with the journal block side having slightly
@ higher rigidity and lower stress, and the bearing cap side
0 —0\\ having slightly lower rigidity and higher stress. Also, the

-50 ’ side opposite the direction of applied load can be considered
100 : : : to be subjected to compressive stress. The maximum stress
0 50 10. 15 20, would exist at a position +90° from the load, but since the

joint faceis at this position, the point of maximum stressis
shifted dlightly. When the direction of the applied load is
Fig. 7 Calibration test result dightly moved to the right or the left of a perfectly vertical

(for 10°and 160° load direction) applied load, the stress distribution is also slightly altered.

Load application (MN)
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The degree of this change depends on the rigidity of each
area

When inspecting the calibration curves with the above
points in mind, there is nearly a left-right symmetry in the
range from 0° to 180°, while the journal block and bearing
cap rigidity differences can aso be seen. Thus the results
can be judged as qualitatively appropriate.

2.6 Measurement Methods
2.6.1 Measurement Conditions

Engine excitation force measurements were performed
with the engine load absorbed by a dynamometer. The
conditions for the tests are shown in Table 3.

Table 3 Measuring conditions

Engine speed range 1600 to 6000 rpm
Wide open throttle

Dynamometer torque 40 Nm

While motoring
85 °C to 95 °C
Coolant temperature 82 °C

Lubricant temperature

2.6.2 Data Sampling Method

Multi-point simultaneous sampling was given the highest
priority when obtaining data. The datawas processed with
the results used in this method shown in Fig. 10.

During engine operation, the pulse (at top dead center)

—_— — &g — EC £
100 |
: T
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i —— Cylinder pressure | |
—— Pulse every 360° .Cycljz
T
& T
0 Oil 0:2 Oi3 0.4
Time (sec)

Fig. 10 Pulse examples under running conditions
(wide open throttle 4000rpm)

and the cylinder pressure were measured by a revolution
pulse sensor. Using the 360° pulseimmediately prior to the
peak cylinder pressure as start of acycle, and the next 360°
pulseimmediately prior to the peak cylinder pressure asthe
end of the cycle, the crankshaft has rotated by an absolute
angleof 720°. Thesampled dataare expressed astheaverage
of 5 or more cycles.

2.7 Excitation Force Calculations

When the load direction is changed based on
considerations of thetendenciesfor right-left symmetry and
the vertical asymmetry of the strain distribution for the
vertical load shown in Fig. 9, and when the output changes
of each strain gauge are considered, the direction of the
excitation forces can be determined if strain datais obtained
from at least four locations.

Theactua measurement datavectorsfromthefour places
on each main bearing journal aree,, €,, €., and e,. These
are determined, in the same way, from the strain calibration
tests. As calibration load direction 6,, magnitude A,(8,),
and the straine_(x = A - D) of the said locations can all be
determined from the calibration tests, the sensitivity
calibration value vectors, K ,(0), K,(8), K(0), and K (6),
are determined in the following way.

€x

Kx(6k) = (6 Eq. (1)

The main bearing journa strain € _can be determined in
thefollowing way, using sensitivity calibration value vectors
(x=A~D).

& = M0) - Ky(6) Eq. (2)

The main bearing journal strain relative error function
E(0) is obtained from the above.

D
E(©) = X {ex— 1(6) - K@) Eq. (3)
According to this measuring method, the A(6) and 6 that
minimizetherelative error function E(6) are determined and
used as the excitation force and direction.
In Eq.(3), assuming that the g isfixed, the [(0) resulting
in aminimum E(B) can be expressed in Eq.(4), below.

D
T gy - Ky(6)
_ X= A
MO =" Eq. (4)
T Ky2(6)
X=A

In Eq.(4), the A(6) was calculated for 6 throughout the
range from 0° to 359° for €, to € to determine the 6, where
E(0) is at aminimum as well as the corresponding A(6,). ,
Themagnitude of the excitation force A(6,) and the excitation
forcedirection 6, were obtained from the above calcul ations.

3. Measurement Results

The excitation forces determined by this method are
shown in Figs. 11-13.

Fig. 11 givesthe excitation force of each main bearing
journal for the crankshaft angle. When the No. 1 cylinder
ignitionis near 0°, the No.1 and No.2 main bearing journal
excitation forces are at their peaks. This indicates that the
greatest excitation force for each bearing journal changesin
accordance with the firing sequence (1-3-4-2).

Fig. 12 is a Lissgjous figure for the direction of the
generated engine excitation force. The excitation forceisat
an angle approximately 15° from the vertical. Considering
that thiswas mainly caused by the downward load from the
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No.1 journal
No.4 journal
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Fig. 11 Internal force at each main bearing journal
(wide open throttle 1600rpm)
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Fig. 12 Lissajous figure for internal forces
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Fig. 13 Internal force variation
(40Nm torque, no.3 journal)

crankshaft balance rate and that the ignition angle was set at
15° before TDC, the results seem appropriate.

Fig. 13 shows the changes in engine excitation forces
that accompany increasesin rpm. Inthe comparatively low-
speed range, the effect of ignition pressure, which decreases,
islarge. However, in the comparatively high-speed range,
we can see the significant effects from the inertia force that
brings about a clearly defined peak every 180°.

The foregoing results are both non-contradictory and
qualitatively appropriate. Since these results are also
sufficiently linear, itisbelieved that accurate measurements
can be made.

4. Summary

A method for directly measuring the magnitude and
direction of the constantly changing excitation forces was
developed. Thedirection and absolute value of the excitation
forceswere determined from the strain measurements taken
during operation by multiple strain gauges attached to the
internal surface of each main bearing journal. They were
determined when the relative error of the strain estimated
fromthecalibration curvewasat aminimum. Measurements
of the excitation forces were taken for a Civic 4-cylinder
engine in the speed range of 1,600 rpm to 6,000 rpm.
Consistently non-contradictory and appropriate resultswere
obtained. This measurement method for determining
excitation forces can be carried out without using large-scale
measuring equipment, unlike the conventional indirect
methods, making it relatively simple to measure the
excitation forces.
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