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Crankshaft Design and Analysis Package

ABSTRACT

The design and development of crankshafts for
reciprocating piston engines is a time consuming but
well defined process. This paper is presenting the
highlights and requirements of a project that was
undertaken to create a design package or tool that will
reduce the initial design time to produce a preliminary
CAD model of a specific crankshatft.

The aim of the project was to create a method whereby
the wuser can input and select key information
pertaining to the specification of a crankshaft and the
preliminary process of calculating various influential
factors on geometry and dimensions of the crankshaft
are automated with the end output result being a 3D
CAD model ready to be taken away for further
development.

The benefit of the project is that a CAD model for any
crankshaft (within a given range) can be produced
rapidly with no drafting necessary by the user.

INTRODUCTION

The problem to be tackled with the project was that of
reducing the time to produce an initial CAD model of a
crankshaft for a specific application. There are many
aspects to consider, all of which have an influence on
the shape and size of the crankshaft. All these aspects
which require calculating take time and are specific to
each individual case. The task was to provide a
solution for automating these calculations and driving a
CAD model with the resultant dimensions obtained
from said calculations.

The main aspects of the design of an initial crankshaft
model to be considered here are:

Journal Sizing
Fatigue Resistance
Balance

Determining and taking into account each of these
aspects is tackled in the automated section of the
package.

The user is required to input data that is specific to the
application, which makes the case unique and enables
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the determination of dimensions which are variable
based on these inputs.

To then automate the production of the CAD model,
the package must determine all variable driving
dimensions and feed tem into the drawing so that it can
update to reflect the design begin determined based on
the user inputs.

This process can be repeated and modified as
frequently as required, producing numerous CAD
models in a short space of time, as there is no
calculation or drafting time required, hence greatly
reducing design time.

The package is split into two distinctly separate
features; the user input and calculation feature and the
CAD model feature. Both were developed quite
separately, the only connection between the two
considered always was the method of communication
and required information to communicate.

As an additional aspect to the calculation feature,
torsional vibration analysis has been accommodated to
determine whether the amplitude of angular
displacement of the end of the crankshaft is sufficient
to require the use of a torsional vibration damper.

CALCULATIONS

The procedure for producing dimensions to drive a
final CAD model (as far as this package is concerned)
is split into three main areas as previously highlighted,
each to be run through in turn, some requiring more
than one run.

JOURNAL SIZING — To begin, the initial sizes for
journals are determined based on the net loading on
the crankpin being distributed over an area sufficient to
support this. This is calculated based on the material
specified by the user for the bearing material. Net
loading on the pin is determined from automatic
calculations of inertia force and gas force based on key
inputs, such as maximum cylinder pressure and
associated engine speed, maximum engine speed,
reciprocating mass, bore, etc. The worst case is
determined and used.



By this stage the user would have indicated the
configuration of the crankshaft from a selection, e.g.
inline-4, inline-6, V6, V8 etc. An initial model can be
created based on the inputs so far to allow the next
stage to proceed.

FATIGUE ANALYSIS — The next stage determines the
Fatigue Factor of Safety, hereafter referred to as FFoS.
This is obviously important as it predicts the life
expectancy of the crankshaft based on a FFoS equal
to 1 meaning it would last a minimum of 10’ cycles,
which is effectively infinite. Dependant on user
specifications, a FFoS of 1 is probably to low and may
be anywhere in the region of 1.4 to 1.8 typically. Any
greater could be considered to be a non-efficient use of
material.

Feedback from the current CAD model into the
calculations is required to calculate FFoS. The section
modulus of the critical section in the crankshaft is
required to enable automated calculation of the
maximum and minimum bending stresses in this
critical area where failure is most likely to occur,
especially on the inner fillet of the big end journal.

Figure 1

With maximum and minimum bending stresses
calculated, Goodman Diagram calculations are
automatically calculated based on the mean and range
of stress and also user input specifying the material
properties of the crankshaft, i.e. UTS and endurance
range. This provides the FFoS for the current
crankshaft model.

Other factors which can affect the FFoS value must be
taken into account, such as stress concentration
factors and any residual stresses as a result of heat
treatment or forming operations, e.g. fillet rolling.
Residual stresses will adjust the endurance limit of the
material modifying the FFo0S. This must be calculated
automatically when a residual stress value is input by
the user.

Stress concentration factors coupled with the notch
sensitivity of the material being used must be input and
their result on the effective stresses previously

calculated automatically defined. The effect of this
must automatically adjust the FFoS.

At this point if the FFoS value is unsatisfactory, then
adjustment of the journal dimensions which in turn
affect the dimensions of the material between i.e. the
web, can be performed until a desired FFoS value is
attained by constant feedback of the section modulus
and automatic update of the stress calculations and
thus FFoS. Other factors such as material specification
can be altered to adjust FFoS values.

BALANCING - once the crankshaft has a satisfactory
FFoS, the next stage is balancing. Balancing
calculations must cover the different configurations
automatically based on the configuration chosen by
user. Balancing an inline-4 requires less work than
balancing an asymmetrical crankshaft such as an
inline-3 or cross-plane V8.

The first consideration and ideally the only requirement
for the user to specify when balancing is the
percentage of bay balance i.e. how much of the
rotating and reciprocating mass is desired to be
balanced out. Balancing out 100% of this mass will
obviously result in a heavier crankshaft and the main
bearing relief is a diminishing return, so a compromise
of ~60% is quite often employed. The user can specify
the amount of bay balance as a percentage and the
calculations then generate the necessary dimensions
to create a web that will provide that amount of
balance.

Balancing asymmetrical crankshafts requires
determining the out-of-balance couple which can be
removed with suitably located counterweb on the
crankshaft or with the aid of balance shafts where
necessary. This must all be calculated automatically
based on the fact that the user specified the
configuration.

Figure 2

The above is an example of an asymmetrical
crankshaft, the balancing of which requiring the
automated process of summing vertical and horizontal
moments to determine a single out-of-balance moment
in direction and magnitude.



Masses to be balanced are part user input (e.g.
reciprocating masses) and part feedback from current
CAD model (e.g. mass of crankshaft upper half per

bay)

Balance shaft dimensions are calculated on the same
basis, automatically calculating the required mass and
therefore shape of the balance counter weights to
balance out the necessary out-of-balance force
relevant to the configuration. E.g. 50% of reciprocating
mass, counter-rotating balance shaft for inline-3.

All calculations and wuser inputs lead to the
determination of dimensions necessary to drive the
CAD model so as to correctly represent the crankshaft
being designed. These dimensions must then be fed
into the CAD model in such a way that the drawing can
simply update to reflect these new dimensions.
Therefore a suitable CAD model with enough flexibility
and parametric capabilities is required to be able to
update and change to reflect any configuration with any
given set of dimensions supplied by the calculations.

CAD MODEL - the CAD model requirements as stated
are such that any configuration with varying
dimensions must be possible within a single model.
The CAD model must be able to change its shape and
layout according to the information it is receiving from
the calculation aspect. i.e. it must be able to display an
inline-3 crankshaft if told to do so and then in the next
update change its layout to reflect any other
configuration of 3, 4, 5, 6, 8, 10, 12, inline or vee.

The challenge here is obvious; to create a single CAD
model that can change and represent any configuration
at the press of a button, whereby the button feeds the
CAD model with new data. The data is not only
dimensional values but data to instruct the model as to
what configuration is to be displayed.

Breaking it down into stages of development, firstly the
method of positioning and sizing of just the journals
was determined. After consideration, a maximum of six
big end journals and seven main journals was deemed
enough to cover all configurations. A 12-cylinder
engine, in vee format, would have six big ends and
seven mains. Other v-engines, such as V6, V8, and
V10 are all using a lesser amount of features. The
same goes for inline; assuming inline-6 was the largest
anything else is a lesser number of features.

Thinking about it in this way to begin, the number of
journals for any configuration can be controlled by
simply ‘hiding’ unwanted features. Then the
dimensions that would simply be entered by hand in
the drawing to specify feature shapes and sizes such
as journal diameter and width etc would become
named variables, whose value would be controlled by
the data fed into the drawing from the calculations.

Figure 3

Figure 3 shows an example of the dimensions
controlling some of the features and their position. The
dimensions are not simply numeric but have unique
names to link them to specific values from the
calculations output. So it can be seen how a list of
variables that control the size, shape and position can
be built up to allow total freedom of configuration. The
calculations just need to provide the right dimensions
for the appropriate variable to position the features in
their relevant places to suit to the chosen configuration.

E.g. big end orientation — if pin #1 is always at TDC this
will be the datum. Based on the configuration selected
by the user, for example inline-3, the angular variable
(dimension) can be simply automated and output
dimensions to drive the angular position of pin #2 and
#3 as simply 120° and 240° respectively. So the
drawing will update and the dimension value will
reposition the pins to represent what the user
anticipates, i.e. inline-3 orientation.

Webs and counterweights are similarly located and
sized based on both rules and constraints within the
drawing or calculated dimensions. The more variables
that are controlled by the spreadsheet, the more
flexible the drawing can be to manipulate into
numerous configurations. This is something to bear in
mind when building intelligence into the model.

Suppressing Features — to enable the CAD model to
represent different configurations, it is necessary to
have the ability to suppress unwanted features
automatically.

For example, if the CAD model has a total of six big
ends and seven mains and the user has selected
inline-3, then the CAD model would be required to hide
or suppress big ends #4, #5 and #6 and also mains #5,
#6 and #7.



The trigger for this can be a simple on or off input such
as a 1 or a O to instruct the CAD model to suppress
certain features if a certain input is say a 0.

Within the programming capabilites of the CAD
package, a feature can be suppressed using simple IF
statements. E.g.:

IF <variable> =1
<variable>=0
ELSE
<variable> =1

Surrounding the appropriate feature within the program
with the IF statement will then dictate whether or not
this feature is suppressed based on the input from the
spreadsheet.

Now a CAD model has been created which has shape
and size suitable to withstand the predetermined
loading for an infinite lifecycle. This is the basic model
which can be duplicated to perform further analysis on
and modify to make it manufacturable.

FURTHER ANALYSIS — an example of a further
analysis that could be performed on the model at this
stage is a simple torsional vibration analysis. Now that
there is a working 3D CAD model of the crankshaft
being designed, information can be extracted to enable
calculations to be performed leading to the
determination of the amplitude of angular displacement
on the end of the crankshaft. This will highlight if there
is the need to remedy a torsional fatigue problem by
either redesigning the crankshaft to reduce the
vibration or by applying a torsional damper to the
system.

Determining the angular displacement requires two
main items to be calculated:

1. Natural Frequency of crankshaft
2. Amplitude of Torque harmonic Orders

The natural frequency of the crankshaft enables the
prediction of engine speed that will coincide with the
different orders to set up resonance of the crankshaft
vibration. Resonance will set up the worst vibration and
lead to greatest angular distortion.

The amplitude of torque orders allows the calculation
of the magnitude of angular displacement. Different
harmonic orders have different amplitudes. Different
orders excite resonance at different engine speeds;
therefore a range of orders must be calculated to
determine problem engine speeds.

Torsional Natural Frequency — determining the natural
frequency of the crankshaft can be performed in two
ways:

1. Modal FE Analysis
2. Holzer Calculation

Both methods have been proven to supply very similar
results. The choice of which to use is up to the user.
The user may be limited by software and unable to

perform a FE modal analysis, so a Holzer calculation
may be the only choice.

The FE modal analysis simply searches for all modes
of vibration. The mode of torsional vibration of the
whole crankshaft about the centreline is required. Once
found, the software provides the frequency at which
this mode vibrates naturally, i.e. the natural frequency.

Holzers method ™ involves representing the
crankshaft system as a series of inertia discs joined
with massless springs with torsional stiffness values.

The individual inertia discs represent portions of the
crankshaft that would be considered to be able to twist
in relation to a portion next to it. The spring joining the
two representing a portion of material between the two
portions of crankshaft that would resist the twisting
motion. How the crankshaft is split up will have an
effect on the accuracy of the results. Figure 4 shows
an example of an inlinie-4 crankshaft with flywheel and
pulley either end split up into chosen inertia discs to be
evaluated.

Figure 4

Figure 5

Figure 5 shows the representation of the split
crankshaft as simple discs In and the spring stiffness
values that join them together, kn.

The Holzer analysis is performed using these value,
which are easily subtracted or calculated and the
natural frequency is determined.

Amplitude Of Torque Harmonic Orders — now the
frequency of resonance is known, the magnitude of the
excitation force must be determined so the amplitude
of twist can be calculated.

Any waveform (signal) can be represented by a series
of sinusoidal waveforms known as harmonic orders.
Each successive order increases in frequency by a
factor of one. So the 1% order will have a period equal
to the original waveform period. 2" order will have a
frequency twice that of the original, 3" order three



times and so on. Each has a different amplitude and
each can excite resonance at a different engine speed.

f *60
n

f = the natural frequency and n = the order number.
This calculates the engine speed that will excite
resonance at the n™ order.

Using Fourier Transformation calculations the torque
input waveform can be broken down into individual
orders, each with their own magnitude and phase
value, using the following equation I
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Figure 6

Figure 6 shows the original torque curve over a
complete cycle for a single cylinder. This example is
taken at an engine speed where maximum torque is
produced.
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Figure 7

Figure 7 shows the first three harmonic orders,
recognisable by the frequency of each wave. Note
amplitudes vary.
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Figure 8

Figure 8 is displaying the amplitudes for the increasing
orders. 2" order is the maximum and then the
amplitudes decay as their order increases.

Amplitude Of Angular Displacement — with the two
aspects calculated the angle of twist on the crankshaft
can be calculated using a coefficient based on 1-2% of
critical damping B,

q, = Tn
"0.02*2% | *p?

A rule of thumb to bear in mind here could be that if the
angle of twist is >0.2°then it needs addressing, e ither
by redesign or addition of a torsional damper.

If desired a feedback loop could be created to see if
the crankshaft dimensions could be modified until a
suitable angle of twist can be attained through design,
without adding a torsional damper.

Another aspect to be taken into consideration is the
bending mode natural frequencies of the crankshaft,
which also have an effect on the movement on the end
of the crankshaft and also contribute to the decision of
a damper being fitted.

CONCLUSION

There are many aspects to crankshaft design, not all
covered here. This paper serves to bring to the
reader’s attention some of the initial design
considerations and how they interact and effect each
other and how they would need to be brought together
to form a single user friendly package.

The advantages of a single interface to create
crankshaft designs rapidly is obvious as the reduced
time and ability to produce multiple designs with ease
and no drawing is a great time saving benefit, offering
the owner of the package a great tool to attract
customers.

At the time of writing, a number of conclusions can be
made:

1. Feedback between the CAD model and calculation
spreadsheet must be automatic, to reduce user



requirement to interrogate drawing and enter data
back into calculations to continue optimisation.

A knowledge of software programming is essential
if the package to be given a “front end” user
interface which is presentable to the user in an
easy-to-use format, integrating the spreadsheet
and CAD model into one package.
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