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ABSTRACT

Recently, due to the need to minimize structural weight and reduce material cost,
several programs are offering optimization capabilities. An optimization capability has
been added to MSC/NASTRAN in V66 and has been enhanced in V67. With V68, it
will be also possible to optimize the shape of a structure.

This paper presents a trial analysis of optimization capability using the current
version ( V67 ) performed on a journal/thrust bearing structure. While supporting the
static load and satisfying design constraints on stress and displacement, weight is
minimized. )

This trial analysis demonstrates the effectiveness of the optimization capability in
MSC/NASTRAN in achieving satisfactory results while saving much of the designer
time which is currently used in a manual iterative optimization procedure.
Improvements such as easiness of use and shape optimization would help to put this
capability to extensive use in design.



1. Introduction

Conventional general-purpose FEM structural analysis programs including
MSC/NASTRAN have been used as a tool mainly for determining a response due to
external force as a definite solution, and many efforts have been made to improve the
solution accuracy.

In recent years, coupled with the improvement in technological capability in
designing, there has been an increasing demand for lightweight structures and cost
reduction of materials, and consequently a variety of studies have now been underway.
However, the practice to date is such that a designer changes structure shapes and
plate thicknesses based on his analysis results, and spends much of his time executing
such a manual iterative optimization procedure, thus limiting the number of analyses to
be conducted. In addition, when there are a variety of design parameters that can be
changed, it is difficult to correctly grasp the effectiveness and correlation of such
parameters. To what extent a specific design can be optimized is therefore
questionable.

In order to meet the above demand, a sensitivity analysis based program for
optimization of plate thickness, material constant, shape, weight, cost and other factors
has recently made its debut in the market, and is now beginning to be used as a
designing tool.

Also in MSC/NASTRAN, the optimization function has been added to V66 and
subsequent versions for functional upgrading. For the purpose of checking its
optimization function and usage, we have recently conducted static analyses to
minimize structural weight using a simplified analytic model of a bearing structure of an
actual machine, under the design constraints on stress and displacement using
MSC/NASTRAN V67.

2. Object Structure, Analytic Model and Optimizatian Condition
The analysis is carried out on a simplified journal/thrust bearing structure

supporting axial and radial force. The structure is shown in Figure 1. _ Its material is
steel.



. Figure 1 Simplified Bearing Structure Used in the Analysis

The analytic model was constructed using 8-node solid elements (HEXAs) and 4-
node plate elements (QUAD4 ). The graphic plot of the FE mesh of this analytic model
is shown in Figure 2. Number of nodes and number of elements are shown in Table 1.

Material properties are shown in Table 2.

1] Table 1 Scale of Model
T Number of Nodes 795
1] Number of Elements QUAD4 374
// ey HEXA 240
// //
/: ] Table 2 Material Property
{1
%: |_L+1 | Young's Modulus (kgf/mm?2)- 21000.0
1 L

L1~ Poisson's Ratio 0.3

///

//‘
B
] L1

Figure 2 Graphic Plot of FE Mesh of Analytic Model
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The bolted portions in the bottom are completely constrained, an evenly distributed
vertical downward load of 10 tons is applied to area A in Figure 3 and an evenly-
distributed thrust load of 5 tons is applied to area B.
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: Figure 3 Conditions of Analysis
The purpose of optimization in this case is to minimize volume (weight). For this
purpose plate thickness is allowed to be changed partially. However, stress and
displacement must be kept less or equal to a constant allowable value for each.
Pigeonholing these details gives the following:

Objective function:
The purpose is to minimize the total volume while meeting constraint conditions.

Design variables:

As design variables, plate thicknesses of PSHELL ID 1 to 5 shown in Figure 4 are
taken. All the five plate thicknesses have the same initial value of 10.0mm and can be
varied in the range from 1 mm to 30 mm.

Constraint conditions:
1 The absolute value of the maximum principal stress in plate elements is to be
kept less than or equal to 30 kgf/mm?2,
2 Difference between displacements in Z direction at point A and at point B
is to be kept less than or equal to 0.1mm. See Figure 4.
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Figure 4 Position of Design Variable

3. Input Data for Optimization

The input data used in analysis is shown in Table 3. In the following,entries
related to optimization are explained.

Section for objective function setting:
Taking volume as an objective function is instructed in the 4th field of DRESP 1[1]

entry, and finding its minimum value is instructed in the 5th field of DESOBJ entry
having the same No. as that for the 2nd field of DRESP 1 entry.

Section for design variable setting: -

The type of property entry is instructed in the 3rd field of DVPREL 1 entry, property
identification number of PSHELL entry is instructed in the 4th field, and taking the 4th
field of this PSHELL entry, i.e. the plate thickness, as a design variable is instructed in
the 5th field.

In DESVAR entry, the initial value of the said plate thickness is shown in the 4th
field, and the variable range is shown in the 5th and 6th fields.
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Section for setting of constraint condition 1 :

In DRESP 1 entry, property identification number (1 to 5 in the present analysis) is
specified in the 9th field. In the 5th field it is specified that these are PSHELL IDs.
Instruction that the constraint condition is given by stress, is in the 4th field. The stress
component is shown in 7th field. Here, 7 is the maximum principal stress in Z1 plane,
8 is the minimum principal stress in Z1 plane, 15 is the maximum principal stress in Z2
plane, and 16 is the minimum principal stress in Z2 plane. These stress component
numbers are tabulated in Table 4.

The range of allowable stress is shown in the DCONSTR entry having the same
No. as that for the 2nd field of DRESP 1 entry.

Section for setting of constraint condition 2 :

In this problem, the difference between displacements at node No.370 and at node
No.34 is the constraint condition 2, and is given as a displacement at node No.795
(dummy node) using a MPC relationship.

The MPC data is prepared according to the expression:

W795 = W370 - W34

This constraint condition may also be specified using the DRESP 2 entry.
However, in this analysis MPC entry has been used.

In DRESP 1 entry, it is specified that the displacement in the 3rd degree of
freedom at node No.795 is chosen as the constraint condition.

In the DCONSTR entry having the same No. as that for the 2nd field of DRESP 1
entry, the range of allowable displacement is shown.

Parameter setting :

The 3rd field of DOPTPRM entry specifies the printed output during optimization
phase, and its 4th field shows the maximum number of design cycles to be performed.
Other parameters are kept with their default values.



Table 3 Partial Table of input Data

ID X X
TIME 100
SOL 200
CEND

S
TITLE = STATIC ANALYSIS OF BEARING  1992/09/01
MAXLINES = 1000000
$
DISP ( ,PRINT)
SPCFORCES ( ,PRINT)
STRESS ( ,PRINT)
ECHO
$
SpC
MPC
S
SUBCASE 1
SUBT CASE 1
LOAD 100
PARAM,APPC,STATICS

_____ —_— —-———— —_——— 4

S Optimization of Elastic Stress Analysis is instructed +

s____ ———— ——— - —_———

ALL
ALL
ALL
UNSCORT

(U A

1000
200

Won

L]

$
BEGIN BULK

PARAM AUTOSEC YES
PARAM GRDPNT 0
S
$
G e +
$ Section for Objective Function setting +
S e ———— ———t
S
DESOBJ . 20 v MIN
DRESP1 20 V  VOLUME
S e —— - - —————
$ ID 20 on the 2nd field of DESOBJ correspond to that on DRESP1 +
S - e ———— +
$
$
5- - O —— +
$ Section for Design Variable setting +
______________________________ +
$
G —— +
S Initial Lower Upper +
S value bound bound +
e e ——————————— - - +
DESVAR 1 Al 10.0 1.0 30.0
§mmmmmm e -—- P-1D e *
DVPREL1 10 PSHELL 1 4 +DV1
+bvl 1 1.0
e —— -
$ ID 1 on the 2nd field of DESVAR correspond to that on DVPREL1 +
S—- ———————— ———— e e e +
$
DESVAR 2 A2 10.0 1.0 30.0
DVPREL1 11 PSHELL 2 4 +DV2
+Dv2 2 1.0 )
$
S
$
$
$
$
$
DESVAR 5 A2 10.0 1.0 30.0
DVPREL1 14 PSHELL 5 4 +DV5
+DV5 5 1.0
$



+MPC

G e e e e +
S Section for setting of Constraint Condition 1 +
] +
S
G e +
S Lower Upper +
S bound bound +
D e +
DCONSTR 21 ALL  -30.0  30.0
S e e Stress item —————--- P-1ID
DRESP1 21 S1 STRESS PSHELL 7 1
- e Bt +
S ID 21 on the 2nd field of DCONSTR correspond to that on DRESP1 +
s - D -— -+
DCONSTR 22 ALL  -30.0 30.0
DRESP1 22 S2 STRESS PSHELL 8 1
DCONSTR 23 ALL -30.0 30.0
DRESP1 23 S3 STRESS PSHELL 15 1
DCONSTR 24 ALL -30.0 30.0
DRESP1 24 S4 STRESS PSHELL 16
$
S
S
$
S
S
$
DCONSTR 41 ALL -30.0 30.0
DRESP1 41 §17 STRESS PSHELL 7 5
DCONSTR 42 ALL  -30.0 30.0
DRESP1 42 S18 STRESS PSHELL 8 5
DCONSTR 43 ALL  -30.0 30.0
DRESP1 43 S19 STRESS PSHELL 15 5
DCONSTR 44 ALL -30.0 30.0
DRESP1 44 S20 STRESS PSHELL 16 5
S
e +
S Section for setting of Constraint Condition 2 +
R 2 —
S
$~==~ Dummy node —--—---—
GRID 795 0.00 0.00 0.00
S
MPC 200 795 3 1.0 34 3 1.0
+MPC 370 3 -1.0
S
S e e e e e e e ——— e +
S Lower Upper +
S bound bound +
§ormmm e _—— _—— —
DCONSTR 45 ALL  -0.10  0.10
————— -—== - —————- Disp. Comp. ——~- Dummy node ~--—
DRESP1 45 D3 DISP 795
_____ _— — ———— ——— S,
S ID 45 on the 2nd field of DCONSTR correspond tc that on DRESP1 +
§mmmm o T +
$
S - e it -=+ .
$ Max. number
$ of design cycles
§-—— AP +
DOPTPRM 5 10
+DOP
S <PSHELL>+ + o ———— + ——— Fom e o +
PSHELL 1 1 10.0 1 1
PSHELL 2 1 10.0 1 1
PSHELL 3 1 10.0 1 1
PSHELL 4 1 10.0 1 1
PSHELL 5 1 10.0 1 1
PSHELL 6 1 15.0 1 1
PSHELL 7 1 10.0 1 1
PSOLID 8 1 0
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MATI 1 21000.0 0.37.959-10
§--—-m N O B et

spCl 1000 123456 421 422 423 439 440 441

sPCl 1000 123456 631  THRU 642

SPC1 1000 123456 703 THRU 714

§-mmmmm P LOAD> =~ = e e e

PLOAD4 100 9 0.530 34 119+PL1
+PL1 0 0.0 0.0 -1.0

PLOADA 100 10 0.530 36 118+PL2
+PL2 0 0.0 0.0 ~-1.0

$

$

$

$

$

S e T — ——

GRID 1 -50.00  0.00 -350.00

GRID 2 -50.00 ~54.75 ~345.69

GRID 3 -50.00  54.75 -345.69

GRID 4 -50.00 -108.16 -332.87

s

$

s

: §

g J

GRID 792 -50,00 500.00  0.00

GRID 793 50.00 500.00  0.00

GRID 794 100.00 500.00 0,00

§mmmmmm <ELEM>=—~====mmmmmmmmm oo e ——

CHEXA 1 8 17 20 9 8 101 104+CH10001
+CH10001 93 92

CHEXA 2 8 21 17 8 10 105 101+CH10002
+CH10002 92 94

CHEXA 3 8 20 24 11 9 104 108+CH10003
+CH10003 95 93

$ p CH10004
$ CH10004
$ CH10004
S CH10004
$ J CH10004
$ CH10004
CQUADA4 612 6 784 792 630 612

CQUAD4 613 6 612 630 793 785

CQUAD4 614 6 785 793 794 786

ENDDATA

S

$



Table 4 Partial Table of Stress Component

Real Stresses or Strains

Complex Stresses or Strains

Element Real/Mag.
Name ltem ltemn or
{(Code) Code Item Code ltem Imag./Phase

QUAD4 6 8 Shear Angle atZ1 6! Normaly at 21 P

(33) 7 Major principal at Z1 7! Shear xy at Z1 RM
(Cont.) 8 Minor principal at 21 8! Shear xy al 21 P
9 von Mises or
Maximum Shear atZ1 722 = Fibre Distance 2
22 = Fibre Distance 2 10! Normal x at 22 AM
1! Normal x at 72 11} Normal x atz2 P
12! Normal y at 22 12! Normal y at 22 RM
13! Shear xy atZ2 13! Normal y atz2 P
14 6 Shear Angle at Z2 14 Shear xy atZ2 RM
15 Major principal at 22 15 Shear xy atZ2 P
16 Minor principal at 22
17 von Mises or
Maximum Shear at Z2
QUAD4? 2 Lamina Number
(95) - 3 Normal-1 Undefined
4 Normal-2
5 Shear-12
6 Shear-1Z
7 Shear-2Z
8 8 Shear Angle
9 Major principal
10 Minar principal
1 von Mises or
Maximum Shear
QUADSB 5! Normal x at Z1 5! Normal x at Z1 RM
(64) 6' Normal y at Z1 6! Normal x at 71 IP
7 Shear xy at Z1 7! Normal y at 71 RM
8 8 Shear Angle at Z1 8! Normal y at 21 P
9 Major principal at Zt 9! Shear xy at Z1 RM
10 Minor principal at Z1 10! Shear xy at Z1 P
11 von Mises or
Maximum Shear at Z1 12 Normal x at 22 RM




4. Results of Analysis

The results of the present analysis are as follows:

Table 5 is a part of MSC/NASTRAN output list showing the aspect that the
configuration is being optimized by repeated design cycles. Table 6 has been
rearranged from Table 5 to give more intelligible data.

According to Table 6, the initial principal stress with maximum absolute value of
-49.2 kgf/mm2 is reduced to -29.9 kgf/mm2 in the final configuration. Also, the initial
difference between displacements at points A and B of 0.6867 mm is reduced to
-0.0974 mm in the final configuration. Both of those meet the constraint condition.

The volume of the final configuration could be reduced by about 11% from that of
the initial configuration.

Figure 5 and Figure 6 show respectively the deformation and the principal stress
contour before optimization, while Figure 7 and Figure 8 show the deformation and the
principal stress contour after optimization.

When comparing the figures of principal stress contour before and after
optimization (Figure 6 and Figure 8) , it can be seen that stress has been leveled in the
configuration after optimization, while high stresses arose locally in the configuration
before optimization.

The computer used in the present analysis is a CRAY X-MP, and the computing
time used in optimization (9 design cycles) was 300 seconds, which is about 7.3 times
longer than the 41 seconds of computing time used in one-cycle run of elastic analysis
for the initial configuration.
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Max. Displacement 4.56 mm
Displacement Difference
f/\ between Remarked Point 0.6867 mm

7 2.000E+01
6 1.000E+01
5 0.000E+00
4 -1.000E+01
3 -2, 000E+01
2 -3. 00CE+01
1 -4, 000E+01

Figure 6 Principal Stress Contour before Design Optimization
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Max. Displacement 4.98 mm
Displacement Difference
prd between Remarked Point 0.0974 mm
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1 -2.000E401

Figure 8 Principal Stress Contour after Design Optimization
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5. Conclusions

In this trial run of Sol 200 (structural optimization capability) of MSC/NASTRAN
V67, the following has been found.

In conventional design work, a configuration meeting the constraint conditions is
found out, mainly by repeatedly making design changes based on examining the
results of structural analysis and the experience and engineering sense of designers. It
has been difficult to optimize a structure by reducing the objective function while
meeting the constraint conditions.

However, when this optimization capability was used, it was possible to find out a
configuration meeting the set conditions, in a computing time only about 7.3 times as
long as that in conventional static analysis, by only adding optimization data to the data
prepared for conventional structural analysis.

The objective function (volume) could be reduced by about 11% from its initial
value, by adjusting the design variable (plate thickness in 5 different parts) so as to
meet the constraint conditions (stress and displacement).

It was found that even optimization of a structure by taking only the plate thickness
as a design variable was a strong tool for increasing the efficiency of design work,
when the structure could be modeled with shell elements.

Though the optimization capability of MSC/NASTRAN can be a strong tool in
design work, the constitution of input data is complicated and hard to understand such
that it is difficult for designers to have this capability at their command. Though the
current input method which have a large degree of freedom for setting the conditions of
optimization is necessary, a simpler input method enabling designers to easily set
these conditions is further required. For example, it will be very convenient to provi-
de a simple input generator.

In the optimization capability of V67, plate thickness of shell elements and property
data of bar elements (except BEND element) can be set as design variables.
However, configurations can not be varied by changing the coordinates of nodes.
Designers are manually performing optimization of configurations by transfer of nodes,
and the increase of efficiency of this work is hoped for.

The authors express their wish that further improvements will be made on the
points mentioned to make MSC/NASTRAN a stronger and more effective tool for
design and analysis.
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