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Forensic Engineering Report:
Finite Element Analysis of a
Flex-Fan Blade Failure

by John Marcosky, P.E. (NAFE 205F)

Abstract

Dynamic failure of an after-market automotive radiator cooling flex-fan will
be used to describe the application of finite element analysis as a Forensic
Engineering diagnostic and reconstruction tool. The replacement flex-fan assem-
bly installation and operation history prior to the failure event will be presented
including methodologies employed during the reconstruction.

Introduction

During normal use, mechanical mechanisms may experience dynamic loads
not identified during the design process or pre production testing. Laboratory
static tests quite frequently do not address dynamic loads and subsequent com -
ponent stress distribution. Components such as a vehicle engine driven radiator
cooling flex-fan are designed to change shape during their operating range and
therefore experience unidentified increased stress areas.

A recently installed replacement automotive engine driven cooling flex-fan
experienced attachment rivet failures and several blade separations from the
companion hub assembly. Reconstruction and analysis were conducted using
accepted engineering principals. These principals include; anticipated dynamic
fan blade loads, material specifications, stress analysis of component parts,
Optical Microscopic, “O.M.” and Scanning Electron Microscopic, “S.E.M.”
analysis. Dynamic flex-fan blade deformation and stress distribution experi -
enced by the fan blade were observed using a finite element analysis. This anal -
ysis revealed flex-fan blade resonant frequencies, corresponding blade flutter
and high concentrated stress at the attachment rivet areas throughout the engine
rpm operating range.

Accident Background

Prior to this accident, a general engine tune up of a 1970 Chevrolet Camaro
equipped with a 350 cubic inch V-8 was performed at the owners residence.
Included was replacement of the existing electric radiator cooling fan with an
aftermarket engine driven flex-fan. This fan required a 2-inch spacer between
the existing water pump and fan hub for proper radiator surface orientation. All
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fan attachment bolts were tightened, the V belt installed and checked for adjust-
ment. A stationary vehicle open hood inspection was conducted with the engine
running at idle to verify proper pulley and fan alignment. This vehicle was not
equipped with a radiator-fan shroud. The Camaro was then driven approxi-
mately twenty-five miles on city streets and returned to the residence.

Following this test drive an open hood, engine running examination was
conducted during which the throttle linkage was blipped three times. Estimated
peak engine speed was between four and five thousand rpm. The operator was
standing adjacent to the vehicle left front fender facing the engine compartment.
His right hand was extended to the carburetor throttle linkage and left-hand rest
ing on the fender. During the last rev cycle, three adjacent flex-fan blades sepa-
rated from the hub assembly. One struck the operator in the face and another
penetrated the open hood panel as shown in photo #1 and 2. A third struck an
adjacent car.

Photo 1 Photo 2

The operator lost his left eye, fifteen percent of his frontal lobe, partial loss
of hearing and balance. Witness statements indicate due care was performed
during the fan installation and this incident.

Vehicle Inspection

A post event inspection of the subject 1970 Camaro engine bay was con-
ducted at the residence where it was preserved in its after accident condition.
The original flex-fan assembly consists of a steel spider-shaped hub with two
identical, painted, six-point legs that sandwich the fan blades. Three aluminum
rivets for each blade or a total of eighteen rivets retain the complete assembly.
Four equally spaced bolt mounting holes are located at the hub center area
which does not have an internal spacer to compensate for blade thickness. This
installation required a 2-inch spacer between the fan hub and water pump pulley.
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Examination of the engine bay revealed the replacement fan hub assembly
and two inch spacer were properly attached to the water pump pulley. This vehi-
cle was not equipped with a radiator fan shroud as shown in photo #3 and #4.

Photo 3 Photo 4

Each hub spider leg and corresponding remaining fan blade was assigned a
reference number for photographic identification purposes. Three stainless steel
blades remained attached to the steel fan hub spider by their aluminum rivets as
shown in photo #5 and 6. Blade numbers 4 and 6 were loose at their rivet attach-
ments and could be rotated at the outer edge approximately 1/32 inch.

Photo 5
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Photo 6

Inspection of the hub rivet holes for each separated fan blade revealed no oval
distortion or exterior paint disturbance. Both hub faces were spread apart at these
locations. Blade number six was bent about a radial axis toward the radiator.

Engine pulley outside diameter measured 7 3/4 inches and the water pump
pulley measured 6 1/4 inches. Both pulleys were in alignment and the water
pump shaft appeared unaffected by this event. Fan belt tension was normal. No
additional engine compartment damage was observed.

Three detached highly deformed fan blades, five manufactured rivet head
segments and seven formed (bucked) rivet end segments were recovered from
the scene as shown in
Photo #7.

Reportedly, no
other rivet segments
were found at the acci-
dent scene. The fan
blades are stainless steel
and measured 0.027
inch-thick. Hub assem-
bly (two spiders and the
blade) thickness mea-
sured about 0.103
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inches. The convex side of one blade bore a notice that this side was to be installed
toward the radiator. Each detached blade was assigned an arbitrary number, one to
three for identification; not intended to match a pre event spider location.

Flex-Fan Blade Failure Analysis

An exemplar fan, Photo #8, was
obtained which had six 0.027-inch-thick
stainless steel blades, each fastened
between two painted steel spiders (that
formed the hub) by three aluminum rivets.
The hub assembly (two spiders and the
blade thickness) was about 0.103 inches
thick. These stainless steel blades were
moderately magnetic, indicating that they
had been cold worked: their hardness was
Rockwell 15N 77.4 (equivalent to an ulti-
mate tensile strength of approximately
152,000 psi. The convex side of one blade
bore a notice that this side was to be
installed toward the radiator.

Photo 8

Rivet bucked end measurements varied from 0.233 to 0.249 inches in diam -
eter; manufactured heads were about 0.4 inches in diameter. Hardness tests were
attempted on the flat surface of the bucked rivet ends; however, because these
ends were not perfectly flat and perpendicular to the rivet axis, the data obtained
were not reproducible and therefore invalid.

Separated Blades From the Subject Flex-Fan

The three detached fan blades to be examined were numbered for purposes
of identification; fan blades 1, 2 and 3 and are shown in Photo # 9. For ease of
reference, the two sides of each blade were called the concave (cc) and convex
(cx), respectively; rivet
holes were identified as
the inner (I), center (C)
and outer (O), referring
to their distance from
the center of the fan
assembly. Blades 1 and
2 exhibited possible
evidence of multiple
strikes. Blade 3 did not
exhibit as severe a dam -
age pattern, but had Photo 9
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been “pinched” at a point just beyond the tip of the spider. Blade 3 also had the
installation-information note attached.

Separated Blades Rivet Holes

Both sides of each of the rivet holes on the three blades were examined
under binocular microscope. On all of the holes, the surface surrounding the
convex side had a rubbed appearance, whereas the concave side appeared
smooth with a rounded edge. As both sides of the blades are in contact with the
steel spider interior, the cause of this difference in appearance is believed to be
the hole punching process. Rivet holes were found to have a diameter of about
0.185 inch.

None of the holes appeared distorted or out-of-round; however, the edges of
several holes appeared to have “lips” or roughness on the convex side and there-
fore may also be related to the hole forming process. However, in a few cases, a
“lip” was observed on the concave side. In these cases, the “lip” is believed to
be related to the separation incident.

Scanning electron microscope photographs were also taken of several blade
holes. A halo appearance was observed on the concave side and appears to be
part of the hole punching process. These examinations confirmed the results of
the optical examination.

Failed Rivet Examinations:

Four of the five failed manufactured rivet head segments and six of the
seven failed bucked rivet end segments recovered at the scene shown on photo
#10 were available for this examination. Reportedly, no other rivet pieces were
found at the accident scene.

Failure of the nine rivets
used to assemble the three blades
to the spiders would be expected
to result in a total of eighteen
rivet pieces, there are apparently
six rivet pieces missing. s
Available samples may represent Photo 10
as few as six of the nine rivets (if all four manufactured heads were originally
attached to four of the six bucked ends) or as many as all nine of the rivets. No
attempt was made to match the various manufactured heads with their corre -
sponding bucked ends. Research revealed rivets used by the manufacturer were
heat treated aluminum 5052 alloy. Rivet dimensions, material specifications and
strength characteristics were obtained from engineering drawings.

-
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A mathematical analysis during the engine operating range, revealed insuf-
ficient centrifugal forces acting on the blades which would produce rivet over-
load stress conditions and subsequent failure. The results are presented in the
finite element analysis section.

Because they were deformed by the separation process, as well as by the
original riveting process, the diameters of the rivet shanks were difficult to accu-
rately measure; however, their diameters appeared to vary between 0.182 and
0.183 inches.

Optical photographs of the rivet fracture surfaces are shown on photos #11,
#12 and #13. All of the fracture surfaces are relatively flat, perpendicular to the
rivet axis, and composed of two different appearing areas on the fracture sur-
face: a large, shiny, rubbed area and a small, dull-appearing, area. The dull area
on all the rivet pieces were found to be composed of “dimples”. “Dimple” is a
term used to describe the details of the fracture surface generated by microvoid
coalescence, which is the characteristic mode of failure of ductile metals when
they have been subject to loads in excess of their strength. In addition, the shape
of the “dimples” relates to the direction at which the loads were applied relative
to the fracture surface. For example; on the fracture surface of these rivets, the
shape of the “dimples” corresponds to shear fracture. The general deformation
of the rivet segments supports the finding of a rivet shear failure. The shiny area
will be described during the analysis of photo #14.

Photo 11
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No evidence of a typical prior fatigue crack, any other sub-critical crack
growth, or any material or manufacturing defect was found on any of the rivet
segments. Fatigue striations or “beach” marks would be a concentric ring pattern
emanating from the origin site of the fatigue crack and were not observed both
optically and in the scanning electron microscope. Additionally, the detailed

Photo 12

Photo 13
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structure of the dull portion of the rivet showed that deformation had occurred,
and in the fracture failure the forces involved were usually well below the yield
stress of the material in shear. Therefore, deformation does not occur except in
the last area to fail and would be limited in scope. In these rivets, there exhib-
ited extensive evidence of deformation.

Shiny fracture sur-
face of rivet (3H)
reveals both straight
and semicircular lines
leading to a final frac-
ture surface; shown on
photo # 14. The straight
lines are shear and the
semicircular are chatter
marks or “chatter band”
where the shear forma -
tion occurred. These : >
chatter marks are part of Photo 14
a concentric circle and appear formed by the outside surface of a hole as it chat-
tered, sheared and was pulled across the fracture surface. Chatter marks differ
from fatigue marks which would be concentric around a point of origin, instead
they are concentric about a point more or less in the center of the shank.
Additionally, fatigue beach marks would have to predate the shearing process
and the shearing process would obliterate them. Therefore, these marks had to
be created at the same time as the shearing process in order to still be in exis-
tence and therefore are not fatigue beach marks.

Considering the short flex-fan blade assembly operational time period and
subsequent blade separations combined with insufficient calculated overload
forces acting on the blade attachment rivets; a finite element analysis was con-
ducted to determine if unknown blade configurations and stress distributions
existed during dynamic conditions.

Finite Element Analysis of the Flex-Fan Blade:

The finite element method is a numerical analysis procedure for obtaining
an appropriate solution to engineering problems that do not have exact mathe-
matical solutions. It is a very diverse and flexible tool and can be applied to a
broad range of fields from stress analysis to acoustic and flow problems includ -
ing static, dynamic and thermal analysis. In the static analysis, the computer
determines the element stresses and deflections. The eigenvalues, eigenvectors
or natural frequencies and node shapes are computed in the dynamic analysis.
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In the finite element method of structural analysis, the part or structure is
broken down into a series of discrete or “finite” volumes of the part material
These are called elements, and they may be rectangular or triangular for 2-D
analysis or polyhedrons for 3-D models. The geometric points defining the ele-
ment corner points are called nodes. Behavior of the finite element model will
converge to the behavior of the real structure if proper modeling and analysis
techniques are used. The part loading is simulated by applying proper force
magnitude to the nodes. Restraints to the part are also imposed at specified nodal
points. Celestial Software Inc., Images 3D Finite Element Analysis program and
Interactive Microcomputer Analysis & Graphics of Engineering Systems were
used for this analysis. Blade mesh, element and node identifications are shown
in Figure #1, #2 and #3.

Flex-Fan Blade Mesh

Figure 1
Flex-Fan Blade Nodes & Restraints
- -
t "
e £ -.,:
! ——+
=l c a | ;t'
L. Ao \E w_\‘l
SRR o
ke
>
Figure 2
Flex-Fan Blade Elements
e S DD N R
e e e e R
1 Irltfl“l‘f 2 I I A I
L::"]-f*"'::"-'
‘{‘_"‘%'j" 1 - -
e - - - - - - -
B <
Ty T LN
T
2




Copyright © National Academy of Forensic Engineers (NAFE) http://www.nafe.org. Redistribution or resale is illegal.

Originally published in the Journal of the NAFE volume indicated on the cover page. ISSN: 2379-3252

NAFE 205F

PAGE 11

FINITE ELEMENT ANALYSIS OF A FAN BLADE FAILURE

The following three load case flex-fan blade stress conditions are presented

in the finite element analysis:

1. Fan blade centrifugal force at 400 rad./sec.

2. 0.20 psi axial pressure differential

3. Combination of axial pressure differential and centrifugal force

TOBT6LZ - 10-3901¢"~ CO-390R9° OMHESTOL" O0HERLAT'- 00RLZZ9' S  SpeO}
T-ITHE EO-BLOVE" €0-500ET" QO+E0L0Z"~ 004RLEZT™ 0O+A9SIS = b SpevE
WS UTHw
T0-29MT TO-RRGKT T0-26981 - T0-BTPLE"  OO+EREST - OOHE0R'- L1 SPEOY
T0-3€8€2°~ T0-ASG9"~ TO-BC06T - OOHASTRZ*~ OHASOET' OOFBOIEY' 81  SDUOT
T0-I290E "~ 10-1L0b€ - £O-Z00CT - O04ISOTE" ODFIEEZT = OOHEBITS” pRo7
T0-95142"° 10-3GE1€° 20-36801° TO-20V9C'- GMEZLAT" OO+BLETS - € Spae
sel  AAVIdwe
039901 TC-HTPGT" TQ-EBEST - OOHARLLE™ O0OHAGHIT" TO-3400° 91  Spro
T0-F1062°- T0-1696C°~ TO-RL0RT"~ 0O4+HSEZT"~ T0-BINBL" OO+ARERZ" ({1 %201
T0-H9142°~ TO-3GETE"~ 20-26801°- T0-B06EH' O0O+EGEST'~ 00+ALETS €  Speot
T0-36987*  T0-8090C°  20-29007"- 10~32086 - Z0-2ET*~ Q0+H0GLL'~ € spro

) it KM
£0-89681" - €0-FWOET'~ T(-H2622° - DOHICEHE" « QOHILIES' - QOMELPTT"- 6T  SpRol
20-82958"~ 10-35021"- TO-B0T9E"  Z0-BLSSZ - 10-3R(LL° OOIE6IZ'- 9T  Spaot
£0-H061S°- Z0-VEET - 20-%G096° OO+I6GPE" O0+3G09%° OQO+E0PEE" 1 spen]
) it Il
2O-FCEEL"- ZO-TV09G"- TO-FERGT"~ OQHILLED" OOHELLOP OOMILOED'- 9T  Speol
T0-85987°~ TO-3Y902°~ 20-30001° OO+IVHOT™  Z0-HOOTY' - QG+ALVLL' 2 Speo}
£0-20616" Z0-FTELT" 0-F5L96'- QO+RTHE" > 0O+ESESY'~ OUNIEHEE - T speo]
vorl iV
s fx b 4 LH ] Xl opod speom

SIGSHALS NO/GHY SAV0T- YK
TNOOTAILINES 3 JADSTAW €. 35T peor)

$3/10/10 19°1 UOTSE)  SISSHULS/SUWY] ZI¥1d RA0S

= 9] AMRAS TOTRSOT0  R6Y (2) q@braldop =
smesssamerecz=x ( § §§ 9 YN ] seessezzoizezas
[ 815 ] T
06/50/20 CEEOTRIN/S  ADOTORENT 30 IIOLTISHT IMNIATT

T0-39.6L° 20-3€288° FO-B6VT°- OOACTET'- TO-FIGOE" 00:LLOY'~ §  SPeol
Z0-84120°- 20-206T6°~ W0-10069° - ODHRLO0T"  10-H042€°- 00+36682° ¢ Speot
WG Ve
20-88999" - Z0-ROLS'~ TO~HELBC™ CO-HAOFC’~ OOARLUTI' OO+R986T° 4  opvo]
o-32T6)  0-308%5° TO-EL9YCT TO-BWEZL T0-21909°- (OHIWCYR'- 3T SROT
20-29T28° 20-30PT6° 90-H0999" OGHRION~ TO-3G6SC’ 00+866KC°- ¢ peot
2029080~ Z0-F6LL8"- CO-REEIT"- TO-ATEIE’ TO-390LL'- O0G+ROKGT §  speo]
b HY v
L0-3GL0E"~ 20-809€"= T0-R92Y"  00+32201°~ T0-39903'~ T0-222¥C‘- 9T  Speot
20-JT680° 20-FH9BS° Z0-HB6OC” VO-BGGSY' 10-896LT"- TO-OTSL'- LI SpEOl
0Ll C0IGALY' €0-BEERT T0-ATHE- TO-TE0L° OGHAONGT'~ £ SpROT
L0-28509° - 20-A4699°~ £0-20TST" TO-BSOLY’  TO-E69TT'- OOAAPESZ” T SpioT
TR 1y
CO-BPO2T"  €OMITHZT" ZO-RPOMG™ OONIEZET" O0+B266T" TO-ELobk" ST  Speor
TO-B¥6L2° 20~EPLTH  20-10951°- EO-GCLEE TO-DOTL2'~ TOMAGTZE" OT  Spev
€0-BEGLE"  EO-FOTVL Z0-329987- OOMIRZET'~ OOITZLT'~ OMEQL2T -1 SPoUL
(LT 14"

CO-EVECT"  EO-RTLNS' 20-3200S° TO-RGRG6‘~ OO+RTGLT'- 00436991° 91  speot
70-39509° Z0-RP699° €0-30%67°- TO-BLEOK - Z0-22229° OOwELEsZ- 7  9pROT
CO-BEGLE" - E0-H6TRL - T0-0299E° OOHRGOET’ O0+M069T" 00+3892T" 1 speot
wel  BIVdesa

n iy b | 3 i b sx axs
SISSIEIS %0/ SAY0Y EAYId

T34 2°0 JUSSIAGT 290 pe0]

£8/10/¢0°19'T WOTSION  SISSTELS/SANOT MFM INKS

= " IINN08 TRRSRT0 4967 (0} 3WTAM =
sensemmnzaszaz (€ §§ )Y N | sossssezazszsac
12286000 1 B
06/60/10

ele JU=aWol|Al pue ad104

€EC0TRA/S  A0TOMBOEA 10 TEMATISNE EMIUYT

Figure 4



Copyright © National Academy of Forensic Engineers (NAFE) http://www.nafe.org. Redistribution or resale is illegal.

Originally published in the Journal of the NAFE volume indicated on the cover page. ISSN: 2379-3252

NAFE 205F

JUNE 2006

PAGE 12

Figure #4 is a partial tabulation of the flex-fan blade Force and Moment
data for the axial pressure differential and combination pressure differential and

centrifugal force.

Figure #5 is a partial tabulation of the flex-fan blade plate Element Nodal
Principal Stress for the combination of pressure differential and centrifugal force.
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Analysis during the engine operating range revealed insufficient centrifugal
force acting on the blades which would produce rivet overload stress and subse-
quent failure. Figure #6 is a tabulation of the generated flex-fan blade centrifu-
gal force, at various engine rpm. Flex-Fan blade natural frequencies were
obtained which revealed dynamic blade flutter. Figure #7 is a tabulation of these
flex-fan blade natural frequencies. Photos #15, #16 and #17 are flex-fan blade
configurations during these natural frequencies.
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Analysis of flex-fan blade flutter revealed compromising of rivet retention
due to tensile induced loads and subsequent compromising of the retaining hub,
permitting blade movement. Engine firing frequency creates a rotational fan
assembly pulse consistent with the identified rivet chatter lines resulting in rivet
failure and separation of the flex-fan blade from the companion hub.
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Conclusion

It is apparent, mechanical mechanisms experience dynamic loads not iden-
tified during the design process or pre production testing. Laboratory static tests
frequently do not address anticipated dynamic loads and subsequent component
stress distribution. Dynamic flex-fan blade deformation, stress magnitude and
distribution experienced were identified using a finite element analysis. This
analysis revealed flex-fan blade resonant frequencies, corresponding blade flut-
ter and high concentrated stress areas within the expected engine operating
range. Combined with the physical evidence provided by failed rivet fracture
surfaces, metallurgical analysis and a finite element analysis the reconstruction

R
RN
“\\ .\\\
“'\'v ey
\.,'_‘0::‘.\\
P-4
L
w wvi
- a a
O O ¥
=)
hel LA <
g ™ N e
[t <
e © o
Al
P
Q
=
(]
=
o
Q
bl
o
=
—
2
=]
Z
€L
2 .
z ; i
= 5
< K]
[ : 1
% i
= ~ 3
e .
3 i
= g
2
43]
w
o
w)
[Fal
N
I
LD"?-

Photo 15



Copyright © National Academy of Forensic Engineers (NAFE) http://www.nafe.org. Redistribution or resale is illegal.
Originally published in the Journal of the NAFE volume indicated on the cover page. ISSN: 2379-3252

PAGE 16 JUNE 2006 NAFE 205F

of flex-fan blade separations during a short operating period was determined.
Application of finite element analysis as a design and/or Forensic Engineering
reconstruction tool is essential in identifying failure modes and providing alter-
native solutions.

3 n
R o v
> ) 8
v o~
o 3
s i )
~
= Q ©
e o
[a W
P
Q
<
(0]
=
g
e
=
£
2
<
z
O
el
< '
= i
8 o
o
» -
2
s ]
B N
2
> :
e}
Lﬁ v
a a
v (8]
N
~ o
m .,
o o
[a} %)

Photo 16



Copyright © National Academy of Forensic Engineers (NAFE) http://www.nafe.org. Redistribution or resale is illegal.
Originally published in the Journal of the NAFE volume indicated on the cover page. ISSN: 2379-3252

NAFE 205F FINITE ELEMENT ANALYSIS OF A FAN BLADE FAILURE PAGE 17

g 3
L w
> u a
5 % °
N <
7] E o <
L — <+
= Ll —~
2 ©
o
z
=
)
=
o
153
St
=
[
=
=
=
Z
o
=
=
m
=)
=
O
>
2
o -
2 .
L o
> ety
o ;
= ~heay
&3] a o a
g R A o
N s:f',"‘}; $
og" '»-':/ <
bl
noy by
(o]

Photo 17



Copyright © National Academy of Forensic Engineers (NAFE) http://www.nafe.org. Redistribution or resale is illegal.
Originally published in the Journal of the NAFE volume indicated on the cover page. ISSN: 2379-3252

PAGE 18 JUNE 2006 NAFE 205F
References
1. Bowes, W. H. and Russell, L.T., Stress Analysis by the Finite Element

Method for Practicing Engineers, Lexington Book, D.C. Health, Lexington,
Mass. 1975

Dubinsky, R.G., “The Finite Element Method and Computer Aided
Engineering-Users View,” A.S.M.E. Design Conference, Session 2.1-Finite
Element Method in Automotive Design, Chicago, April 27, 1981

Huebner, K.H., “The Finite Element Method for Engineers,” John Wiley &
Sons, New York, 1975

Parker, G.R., “modeling Moving Parts with Dynamics FEM, “Computer-
Aided Engineering, October 1984

Bathe, K.J., “Finite Element Procedures in Engineering Analysis,” Prentice
Hall, Inc., Englewood Cliffs, New Jersey, 1981

Cheung, Y K. and Yeo, M.F., “A Practical Introduction to Finite Element
Analysis,” Pitman Publishing, London, 1979





