
today’s hom
e com

puters outperform
the m

ultim
illion-dollar m

ainfram
es

that F
E

A
 professionals used in the

early days.
Im

p
roved

 3-D
 p

aram
etric solid

m
odeling. T

his factor has had a huge
im

pact on the entire design-to-m
anu-

facturing process. Instead of re-creat-
ing geom

etry in the context of the FE
A

softw
are,

geom
etries can be im

ported
directly from

 various C
A

D
 program

s.
In m

any cases,associativity to the pa-
ram

eters in the solid m
odel can be

m
aintained. For evaluating out-of-print

part geom
etries,param

eters can be eas-
ily used to m

odify the solid m
odel to

m
atch the as-m

anufactured configura-
tion. E

xisting FE
A

 m
odels need only to

be updated,rather than be created from
scratch. T

his reduces the tim
e required

for a sim
ulation from

 days to hours.
M

ore accessib
le u

ser in
terfaces.

FE
A

 softw
are vendors still em

ploy an
arm

y of specialists to develop and re-
fine subroutines for handling exotic m

a-
terials,esoteric loading and ever-larger
m

odels. H
ow

ever,these specialists have
also focused on creating m

ore user-
friendly softw

are. A
s a result,

m
ore

FE
A

 tools leverage com
puter and C

A
D

advances,
and the tools include inter-

faces that help guide the user through
the analysis. O

ne such softw
are pack-

age is W
orkbench E

nvironm
ent,

from
A

N
SY

S Inc.,C
anonsburg,Pa.

The A
nalysis Process

W
hen evaluating out-of-print parts

w
ith F

E
A

,
the first decision is w

ho
should perform

 the analysis. T
he ideal

person is the design-team
 m

em
ber

m
ost fam

iliar w
ith the part and m

ost
com

fortable w
orking w

ith both F
E

A
and C

A
D

 softw
are. 

If no one possesses these skills,then
the m

anufacturing team
 should con-

sider training the best-qualified candi-
date. If production volum

e and scrap
costs are high,

it pays to develop in-
house expertise.

In other situations,
how

ever,
it m

ay
pay to outsource the analysis. W

hen
doing so,

choose a vendor w
ith solid

C
A

D
 skills and experience w

ith the
types of parts being studied. T

he com
-

pany should also have a high-end FE
A

package,not the low
-end softw

are typ-
ically used for quick,

prelim
inary

analyses. Such “dow
n-and-dirty”

soft-
w

are tools m
ay be acceptable at the be-

ginning of a design project,
but not

w
hen a part is undergoing detailed

evaluation. W
hen determ

ining w
hether

or not a part w
ill fail,it is essential to

use the m
ost accurate tools available. 

T
he next step is to calculate the de-

viations in the part’s as-
m

anufactured geom
etry.

A
 d

raw
in

g
 o

r sk
etch

should be created that
sh

ow
s 

h
ow

 
th

e 
p

art
varies from

 the configu-
ration specified in the
en

g
in

eerin
g

 d
raw

in
g

.
T

his inform
ation then

can be used to m
odify

the existing specified
geom

etry to m
atch that

o
f th

e m
an

u
factu

red
parts. In the best-case
scenario,

only a few
 pa-

ram
eters w

ill need to be
changed to m

odify the
geom

etry.
If an F

E
A

 m
odel al-

ready exists and an asso-

ployed is in the m
anufacture of fan

blades. T
he geom

etries of these tall,
thin structures are directly related to
their aerodynam

ic perform
ance and

operating life. It’s fairly com
m

on to
find a batch of inaccurately m

achined
blades. T

he airfoil m
ay lean too m

uch
to one side,for exam

ple,or be too thin
or the fillet at the airfoil’s base m

ay be
too sm

all. A
ny one of these flaw

s can
shorten the blade’s operating life. 

H
ow

ever,
so

m
e rejects m

ay
 n

o
t

threaten equipm
ent perform

ance or
durability. A

 relatively sim
ple FE

A
 can

help determ
ine how

 out-of-print parts
m

ight be used m
ost cost-effectively,al-

low
ing these m

anufacturers to utilize
costly titanium

 hardw
are that w

ould
have rem

ained on the scrap pile.

Cost-Effective Tool
N

ot long ago,
taking advantage of

FE
A

 required a com
pany to em

ploy a
staff of engineering specialists. T

his
put FE

A
 technology beyond the reach

of m
ost sm

all-to-m
edium

-size com
pa-

nies. R
ecent hardw

are and softw
are ad-

vances have “dem
ocratized”

the tech-
nology,

how
ever,

allow
ing alm

ost any
m

anufacturing organization to em
ploy

FE
A

. 
T

hree critical advances have m
ade

FE
A

 m
ore accessible:

D
ram

atic increases in com
puting

speed and capacity. S
ince the F

E
A

m
ethod essentially converts geom

e-
tries,

loads and constraints into one
huge m

athem
atical m

atrix that m
ust be

solved,
the technique requires signifi-

can
t C

P
U

 tim
e,

m
em

o
ry

 an
d

 d
isk

space. Today,
these com

m
odities are

less expensive than ever,and even com
-

plex problem
s can be solved affordably

on a standard-issue PC
. In fact,m

ost of

I
n a perfect w

orld,all draw
ings

w
o

u
ld

 b
e clear,

every
 p

art
w

ould be m
achined w

ithin tol-
erance and no one w

ould m
ake

m
istakes. B

ecause w
e live in

an im
perfect w

orld,
how

ever,
a certain percentage of parts end up as
scrap. 

In m
ost cases,parts are scrapped be-

cause they do not m
eet som

e critical
specification on the draw

ing. If this
causes a problem

 w
ith com

ponents fit-
ting together,

rew
ork is usually the

only w
ay to salvage the parts. B

ut if the
specification is for perform

ance or
durability,then the parts m

ay be usable
w

ithout rew
ork—

if you can prove they
still m

eet the overall goals. 
Sim

ulating a part’s behavior w
ith fi-

nite elem
ent analysis is a fast,accurate

w
ay to determ

ine w
hether an out-of-

print part is usable “as is”
or needs to

be rew
orked to m

eet specifications.
D

esign team
s typically use a com

bi-
nation of tests,calculations and FE

A
to determ

ine the optim
al geom

etries
and construction m

aterials that w
ill

allow
 a part to perform

 at its best for
a given period of tim

e.
For parts that do not m

eet initial
specs,

FE
A

 allow
s a design team

 to
predict the effects of such factors as
stress,tem

perature,displacem
ent and

harm
onic frequencies. T

his capabil-
ity inform

s them
 how

 these parts
w

ould behave in the “real w
orld.”

So far,
the turbom

achinery indus-
try has led the w

ay in applying FE
A

to evaluate out-of-print parts. T
hat’s

not surprising,
considering a single

com
ponent can cost up to $50,000.

O
ne area w

here FE
A

 is w
idely em

-
Fig

u
re 1 (left): A

 p
aram

etric so
lid

 m
o

d
el o

f a fan
 b

lad
e. Figure 2 (right): FEA

 softw
are

w
as used to create a m

odified version of the fan blade’s geom
etry.

All images: Phoenix Analysis & Design Technologies  

Figure 3 (left): A
nalysis show

ed that blade thinning w
ould not cause a frequency problem

.  Fig
u

re 4 (rig
h

t):

W
h

at th
e vib

ratio
n

 resp
o

n
se w

o
u

ld
 b

e b
efo

re an
d

 after a co
rn

er o
f th

e b
lad

e w
as clip

p
ed

 to
 sh

ift fre-

q
u

en
cies.

FEA
 so

ftw
are h

elp
s 

m
an

u
factu

rers red
u

ce scrap
.
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ciative-type program
 is used,

then the
m

odel w
ill only need to be updated

w
ith the new

 geom
etry. If an F

E
A

m
odel does not exist,though,one m

ust
be developed. 

O
nce a m

odel is obtained,
applying

the proper load is critical for determ
in-

ing w
hether or not a part is acceptable.

T
he analyst m

ust w
ork w

ith the entire
product team

 to establish w
hich loads

the part w
as designed to w

ithstand. 
F

inally,
the F

E
A

 m
odel m

ust be
solved. T

he predicted stresses,
dis-

placem
ents,

frequencies or tem
pera-

tures resulting from
 the analysis m

ust
determ

ine w
hether or not the part w

ill
be acceptable. T

he results m
ust hold

w
ithin acceptable lim

its,
and proper

docum
entation m

ust be created to jus-
tify using an out-of-print part. 

If the analysis show
s that the part

cannot be used as is,
then the team

m
ust decide w

hether it can be m
ade us-

able through rew
ork. A

gain,FE
A

,par-
ticularly softw

are w
ith associative- and

param
etric-m

odeling capabilities,
of-

fers a practical approach for determ
in-

ing the kind of rew
ork needed. 

FEA
 in A

ction
F

E
A

 w
as ap

p
lied

 to
 d

eterm
in

e
w

hether or not an out-of-print fan blade
could be used and,if so,the am

ount of
rew

ork that w
ould be necessary. 

Typically,
a blade’s thickness deter-

m
ines w

hich excitation frequencies
w

ill cause it to vibrate. (E
xcessive vi-

bration can cause a blade to quickly
fail.) W

hen a blade is inspected and
found to be too thin or too thick,

the
first concern is w

hether its natural fre-
quency has shifted into an “excited”
range. 

A
n F

E
A

 program
 w

as used w
ith a

C
A

D
 package to determ

ine if a thin-
ner-than-specified blade w

ould be ac-
ceptable (F

igure 1). S
ince an F

E
A

m
odel already existed,

the first step
w

as to change the param
eter that sets

the thickness of the airfoil. T
his w

as
done in the F

E
A

 package; the solid
m

odel w
as updated and a m

odified
m

odel w
as created (F

igure 2). L
oads

and m
aterial properties w

ere verified,
and a natural-frequency sim

ulation w
as

conducted. 
A

fter the sim
ulation ran about 20

m
inutes on a laptop com

puter w
ith a

1.8G
H

z Pentium
 4 processor and 1G

B
of R

A
M

,the first six frequencies w
ere

calculated. A
 review

 of the first fre-
quency show

ed that blade thinning did
not shift the frequency into an area that
w

ould cause problem
s (Figure 3). O

nce
this inform

ation w
as properly docu-

m
ented,the team

 could release the part
for use.

If the analysis had indicated a prob-
lem

,then the FE
A

 m
ethod w

ould have
been used to determ

ine w
hether a re-

w
orked blade w

ould be acceptable. A
com

m
on w

ay of rew
orking a fan blade

to shift the frequency is to clip a corner
of its tip. F

igure 4 depicts w
hat the

blade’s vibration response w
ould be

before and after rew
ork. Investigating

this m
odification took less than 4

hours. 

W
ithout F

E
A

,
an expensive vibra-

tion test w
ould have been required.

T
his expense w

ould have included the
cost of the design team

,test engineers,
technicians and usage of a test labora-
tory. In addition,

the entire process
m

ight have taken from
 2 to 5 days,de-

pending on the part and personnel and
facility availability. 

G
one are the days w

hen finite ele-
m

ent analyses required m
ainfram

e
com

puters and took 6 m
onths to com

-
plete. N

ew
 com

puter and softw
are tech-

nology have m
ade FE

A
 faster,m

ore ac-
curate and easier to perform

. 

A
bout the A

uthor
E

ric M
iller is a founding principal of

P
hoenix A

nalysis &
 D

esign Technolo-
gies Inc.,

a Tem
pe,

A
riz.,

provider of
m

echanical-engineering services that
specializes in design,

analysis and
rapid prototyping. For m

ore inform
a-

tio
n

,
ca

ll (8
0

0
) 2

9
3

-7
2

3
8

 o
r visit

w
w

w
.padtinc.com

.

E
ngineers developed the finite el-
em

ent analysis m
ethod because

they needed to predict the behavior of
objects that w

ere too com
plex to rep-

resent w
ith a sim

ple equation. Because
of their com

plex designs, analyzing
buildings and aircraft delta w

ings w
ere

som
e of the first applications. 

W
hat FEA does, essentially, is to take

a com
plex object and break it into a

collection of blocks, or elem
ents, that

can be described w
ith sim

ple m
athe-

m
atical equations. For exam

ple, to de-
term

ine stress and deflection, you
w

ould use the relation of force to stiff-
ness tim

es deflection.
For stress analysis, FEA

 softw
are

breaks any geom
etry up into these

blocks in a process called “m
eshing.”

The resulting m
esh, or collection of

blocks, is then converted into a large
num

ber of equations, one for at least
every corner of every block. The equa-
tions are then assem

bled into a large

m
atrix. 
H

ow
 the part is held, and w

hat
forces act on it, are represented as vec-
tors in the m

atrix equation:

F = KU
, 

w
here F is the force vector, K is the

stiffness m
atrix, w

hich is m
ade up of

the assem
bled equations, and U

 is a
vector that contains any fixed dis-
placem

ents on the geom
etry. 

Since the force and displacem
ent at

m
ost elem

ent corners is not know
n,

the m
atrix equation is num

erically
solved for the unknow

n forces and dis-
placem

ents. These calculated values
are then used to predict deflection,
stresses and reaction forces. A sim

ilar
process is em

ployed for therm
al, vibra-

tion and electrom
agnetic analysis. 

To learn m
ore about the FEA m

ethod,
visit w

w
w.nafem

s.org.
—

E. M
iller

The FEA m
ethod
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