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Engine Component Design System Using
Boundary Element Method
J. Sugitaj  T. Itoh, T. Abe, Honda R. & D.

‘A~STRACT

Analyses through the application of the Finite
Elem”ent Method (FEM) have been most widely
utilized for the design and evaluation of engine
parts. However,  it requires a long tinie to produce
models that have complicated three-dimensional
profiles. Due to this disadvantage,  it is difficult to
use the FEM system in developmental stages.

We deve loped  a  new design  s y s t e m
mmbining  the Boundary Eiement  Method (BEM)
with a pre/post-processor. BEM needs a shorter
period of time to produce models and is more
flexible in making design modifications of the
developed model. We modiied  the BEM analysis
software to reduce merno~  and time needed for
calculations for practical use. Also, we adopted an
interactive p;e/post-processor,  which works in
Cr-fimction  with the Computer Aided Design (CAD)

m, and upgraded the user interface.
An example application of our system to the

‘design  of connecting rods was performed. This
proved the acwracy  of the system when applied to
actual parts design. Furthe~ore,  the system was
successfully utilized to deveiop  a lightweight
connecting rod.

T H E  A D V E N T  OF HIGH  SPEED, H I G H
POWER  ENGINES has recently made it necessary

shorter periods of time. The improvements in
performance,  quality and development efficiency
with the help of structural analysis using a computer
have become indispensable to meet these
requirements.

Unfortunately,  there are few cases where
engine designers have sufficient command of
structural anafysis  in developmental stages. This “is
due to the fact that FEM, which is most often used for
thii purpose,  requires a long time and special skills
to produce. and modify engine parts models with
complicated three-dimensional profiles (e.g.  piston,
connecting rod).

To reduce time required to produce modeis,
speaalized  mesh generators of shape parameter
input have been employed(l)(2)”.  This approach is
limited,  however, since only a fimited number of
profiles can be treated and object profiles are not
c o m p l e t e l y  represented.  Additionally,  an FEM
model consists of a tremendous amount of data and
it is thus extremely difficult to mody the model.

To eliminate these difficulties,  we developed a
structural anafysis system which can be used as a
designing tool. In the development,  we focused on
the following criteria:
The system should

● be capable of analyzing atiltrary profile models
“ allow a substantial reduction in time required to

produce mesh models
● be reliable and easy to use throughout all the

steps -- ranging from model production to
evaluation

We appl ied BEM  for this purpose,  which has
recently received attention as a method of engine
parts analysis(3)(4). Also we developed a new
user-friendly system through the application of a
pre/post-processor  interlinked with the CAD system.
Thus,  all steps from designing to evaluating results
can be performed with ease using lhis syslem.



ANALYSIS SYSTEM

The BEM analysis system is composed of a
C A D  system,  a pre/post-processor  and  BEM
soflware. The outline of the system is shown in
Figure 1. The particulars and functions of these
components are described below.

ADVANTAGES OF BEM -- Since our BEM
system has several advantages” over the FEM
system, the appliition of the system to structural
analysis has been increasirtq  in our company.  f3EM
analysis will become one of the major analysis
methods for engine parts (5)(6).

The comparisons between BEM and FEM are
shown in Table 1. One significant advantage “S that
BEM reduces time oeeded  to produce and modify
models, because it requires only surface element
data and not interrial  element data. Figure 2
illustrates comparisons of requirsd time to produce
models with satisfactory calculation accwacy.  It is

— particularly remarkable that pistons, crankshafts and
‘-” other implicated profile parts can be produced in

shorter periods of time when using i3EM. -
~ Figure 3 shows a crankshaft model made by

our BEM system. The areas of high stress, such as
the fillet-R and oil hole can be minutely divided. and
more correctly reproduced.  This shows that BEM
allows the analysis of extremely complex
configurations,  kvhich has been compromised in the
FEM analysis. In adddion to  these  advantages,
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Fig. 4 Production process for

CAD SYSTEM - Generafly,  most of the time to
perform structural analysis is consumed in
producing the model. Since the system is widely
used in designing stages, it was advantageous to
make it similar to the ex-isting sy~em  which engine
designers are familiar with. A system of this tind
requires no further operation training for the
designers.

In this respect,  we deaded to use CATIA as a
base system (7). CATIA is a general-purpose CAD
system for three-dimensionaf design and has a solid
modeler function. Furthermore,  we developed our
originaf automatic mesh generator and kcorporated
it into CATIA, thus enhanang the mesh produang
ability o: the CAD system. As a result,  we were able
‘ produce arbitra~  three-dimensional profiles and

ide the mesh by taking advantage of the
– interactive function while visually confirming the

progre=  of the work  We could pefiorm the analysis
more efficiently since the data used is compatible to
both the CAD and CAE systems.

Table 2 Functions of pre/post-processor

1. Prqxocessor  functions

Checking and modifying the modef
. Aspect ratii
. Grading
. Normal W?dof

. scaring

Setting the Calculaticxl  conrjitions

. Loads

. Ekxmda~  Cor)ditimls

. Material characteristics
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2. Post-proc~or  functions

. Display of sudace  stiess

. Strw vector diigram

. Disp!ay  of temperature  distribution

. Disptay of d~placement

BEM model

Figure 4 shows an example of model
production. Engine designers first produce a solid
model evaluating the designed profile three-
dimensionafly displayed on the graphic terminal. At
the same time, they assess weight and location of
the center-of-gravity using the capability of CATIA.
Next, the wire frame, which represents the contour,
is made based upon the surface of this model.
Finally, a mesh model is produced by generating
boundary elements using the automatic mesh
generator.

PRE/POST-PROCESSOR  -- The pre/post-
processor checks and modifies the mesh model
made by the CAD system, determines the boundary
conditions, compi les data for  analysis,  a n d
assesses the calculated results. It plays an
important role as a user interface and in part
determines overall calculation accuracy.  Thus, as
shown in Table 2, this processor system was
designed to make use of the analysis software
characteristics and to satisfy demands of the engine
designers.

When using the BEM software,  where data is
composed of surface elements, we first define the
inside region of the model by directing  the normal
vector of each element outward. We also set a
process of automatic checks and modifications of
the vector. Next, in view of the substantial effects on
the analysis accuracy, another automatic check and
modification process was developed for the aspect
ratio of the elements and comparisons of sizes
between adjoining elements,  known as grading.

Requirements to satisfy demands of the engine
designers include operational ease by standardizing
system operations as much as possible. By linking
all the model data of nodal points, elemenis  and
boundary conditions, the basic operat ion
procedures were the same as those of the CAD
system.  Consequently,  all the operat ions were
capable of being conducted by a single graphic
terminal.  Another requirement was the display Of
the value of principal stress on the model sutiace for
comparison with measurements obtained using a
strain gauge.

t



ANALYSIS SOFTWARE - -  The a n a l y s i s
soflware is one of the most impoflant components of
the system. W e  a d o p t e d  BEASY(8), a BEM
software developed by C. M. BEASY  Ltd. The
software analysis functions are listed in Table  3.
However, there were several problems we had to
resolve prior 10 applying it to our system. The BEM
software, which usually requires a long time and
large amount  o f  m e m o r y  f o r  calculations,
necessitates a computer appropriate for high speed
processing and storage of huge quantities of data
AJthough  we used a super computer for this reason,
only small-scale models  cqdd be processed and
the calculation time was long, mating  the system far
from practical.

To tackfe this problem, we collaborated with C.
M. BEASY Ltd., concentrating on the followhg:

Table 3 Applicable areas of BEASY

1. Analysis types

● Ek3stk  stress .anelysis
● Static heat conduction  analysis
● Thatmal  stress anidysls

2. Cakulation conditions

Stress andyds
. PWSSWO  load of artitrary
datiuuon

● Accdwatkw  and rotetiowJ forca
● Pfescdbed d+cemant
● Siding Int&thq spring interface

Heat conduction anet&s
. aoundary  heat co(-Kf*
● Tarnperatura  cond~

.

.

reduction in elapsed time by Improyed  progra,~l
UO and utilization of computer buffer memory
optimization of the use of memory and redu~~ion
in the amount of memories by diving the regions
of lhe model

With the above modifications,  the software
became practical for design work.

EVALUATION OF APPLICATION RESULTS

To evafuate the system capability, we used it to
analyze a connecting rod, focusing on the following:

1) static analysis
2) quasidynamic  analysiswith  the consideration

of inerlia force
3) design of a fightweight connecting rod

When developing. a connecting rod, we
normally go through the study of seyeral profiles
and perform preliminary tension and compression
tests on each connecting rod to assess strength and
stiffness. After these processes,  we perform final
durability tests on those which have passed the
preliminary tests, incorporating them in the engine:
We also followed the same procedures when
conducting the BEM analysis.

Ftgure  5 provides the solid and mesh models
used for analysis. The “solid model precisely
reproduced the actual profile with minimum weight
error. .The mesh model was made to a quarter
model using two planes of symmetry.  It correctly
represented the oil jet hole and other detailed
sections.  “The rod, cap, and bolts were integrated
into one unit, whereas the piston-pin was defined as
a separate region because of the interference of
pres.s-ftiing to the small end.

STATIC ANALYSIS -- Figure 6 shows the
boundary conditions when a tensile load is applied
to a connecting rod:

● the piston-pin receives the force corresponding
to the ,Ioad  from the piston and piston-rings
under maximum ineflia force

Ft

;1(
Ft :
Fb :

8:
d:

Fb fb

@

i i

6

Tensile load
Pressure load due to
tightening the bolLs
Constrained angle
Displacemwl

Fig. 5 Cor - - - - - -I J=-.Ig rod analysis model Fig. 6 EIOUnd2ry  conditions for static analys:s



“ the elements representing bolt and nut seats
are loaded by tightening the bolts

- the area on the cap in contact with the crank-pin
is constrained in consideration of bearing
clearance

. the press-fit stress to the small end  i s
reproduced by applying the piston-pin
displacement identical to the press-fit
interference

Figure 7 shows the distribution of the
calculated maximum principal stress values and a
comparison between calculated and measured
stress values on various areas. It agrees well not
only with the calumn and big end, but also with the
stress concentration around the oil jet hole. Table 4
gives the amount of displacements in the big end
diameter. The calculated values of these
displacements, which have a significant effect on
crank-pin lubri~tion,  agree well with those actually
measured.

Therefore, results indicate ihat the strength
1 stiffness of the connecting rod under static

cmditions  could be precisely c%Aated  using  the
BEM analysis.

Table 4 Comparison between calculated
and measured displacements of big
end diameter
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Fig. 7 Comparison between  calculated and
measured stress values in static analysis

QUASI-DYNAMIC ANALYSIS -- By takir,g the
distributed inertia force into consideration in the
connecting  rod, we were able to more closely
simulate actuat engine operating conditions.
Figure 8 shows the boundaw @nditions:

.

.

.

the piston-pin receives tension load a n d
impression load at each engine speed
the distributed inertia force is applied to the
@nnecting rod
either the rod-side (the upper portion of the big
end) or the capside (the lower ~ortiog of the big
end) is constrained
Under these conditions,  we calculated the

maximum stress amplitude (oa) and mean stress
value (am).

Using strain gauges, we measured stress on
the connecting rod in an engine to compare them
with calculated results. Signals from the engine in
operation were picked up through a link mechanism
shown in Figure 9. Engine spe~”fications  are given
in Table 5.
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Figure 10 shows z comparison between
calculated and measured stress values. The figure
contains Ihe design limit line, which was obtained
considering the fatigue limit of the material and a
margin of se. fety. Except for the shoulder p’tions of
the big end, where stress concentrates (almo$t
reaching the design limit), stress on other points is

This proves that Ihe quasi-dynamic analysis
was effective in estimating the stress of the
cmneding rod under actual operating conditions.

LIGHTWEIGHT  C O N N E C T I N G  ROD  -- To
further enhance the utility of the system, we applied
it to reduce the weight of the connecting rod. Takjng
advanfage of the features  of the system, we stud!ed

c o m p a r a t i v e l y  low. Calculations ‘aoreed a lame number of Rrofiles.
satisfactorily v&h measurements at all points. “

Table 5 Specifications of test engine
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Fig. 10 Comparison between calculated and
measured stress values. in quasi-
dynamic analysis

Fig. II

JL
.-..

I-fl-fl-(
Load

Section  AA

Case 1

Profile sitid~ of lightweight connecting rods

“Figure I I ilkrstrates  two evaluated cases.
Atthough a larger weight reduction was observed in
Case 1, it was estimated that it had the risk of poor
lubrication due to a larger deformation of the
b e a r i n g  ho(ding s u r f a c e  w h e n  loaded.  We
determined that Case 2 should be adopted despite
its smaller weight reduction than Case 1, because it
does not lead to such profiie deformation.

Figure 12 shows a lightweight connecting rod
actually designed and produced based upon Case
2. By incorporating a thin l-shaped section column
and adopting the two rib design to the big end, we
successfully reduced the weight by approximately
2070.

Fig. 12 Lightweight connecting rod
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CONCLUSIONTable 6 Calculated displacements of big end
diameter for lightweight connecting
rod

I Original
comecting  rod 40 52 @

x

Y

Mean stress %

Fig. 13 Calculated stress values of lightweight
connecting rod

Table” 6 lists the calculated displacements of
the big end diameter.  V/eight reduction resufted in
nearly the same amount o~ deformation as th”at of
the original connecting rod. Thii fact suggested that
t’-” profile modification complemented stiffness

rioration  due to weight reduction.
‘ Figure 13 shows the evacuation of calculated

stress values based upon the design limit line to
review durability of an actual engine. Due to profile
modifkdions,  the values of each calculation point
were below the design limit line even though the
weight reduction was implemented.

We assembled the lightweight connecting rod
in an actual engine to perform a durability test, and
there has been no problem detected. This
endorses the validity of the evaluation.

The analysis results verified that it is possible
to estimate stress distribution of the connecting rod
under actual operating conditions. W/e also
confirmed that the system is effective in weight
reduction and allows-more flexible design analysis.

1)

2)

3)

Through the use of BEM,  we developed a
structural analysis system  that proved to be
effective as a tool for engine designers. The
system enables three-dimensional modeling
of engine parts with complicated profiles in
shorter periods of time.
We applied the system to connecting rod
analysis.  The calculated and m“ea.sured  values
were compared, demonstrating that the system
provides a satisfactory level of analysis
accuracy.
We proved the effectiveness of the system by.
achieving a 20?’o weight reduction of the
connecting rod.
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