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FOREWORD

This report describes a contractual work effort conducted

by personnel of the Impact Physics Branch, Experimental and

Applied Mechanics Division, University of Dayton Research Institute,

Dayton, Ohio under Project 2402, "vehicle Equipment Technology,"
Task 240203, "Aerospace Vehicle Recovery and Escape Subsystems,"

Work Unit 24020318, "Simulation of Bird Impact on Aircraft
Transparenriés."

The work reported herein was performed during the period
16 January 1978 to 16 February 1979 under the direction of Dr.
John P. Barber, the principal investigator. The Air Force
project engineer was Mr. Robert E. McCarty (AFFDL/FER). The
report was released by the authors in March 1979.

This report is one of three which will be published under
contract number F33615-78-C-3402, The remaining two will deal
with the effects of bird attitude upon impact loads, and
development of a substitute bird for testing respectively and
will be released as the work is completed.
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LIST OF UNITS
- Mass g (gram) = 0.0022046 1bm (pound-mass) 3
kg (kilogram) u 103g = c
Length m (meter) = 3.2808 ft (feet)

= 39.37 in (inches;}
cm (contimeter) = 0.01 m
= 2.54 in oM

wm (millimeter) = 0.001 m ; i
Time s (second) -
us (microsecond)= 107%5
rorce N (Newton) = 00,2248 lbf (pounds=force) ;_;
MN (Mcgancwton) = 10%N :
3 -
Density kg/m3 = 0.0624 lbm/l"t’ © e
-f =
= 3.613 % 107> b Jin’ 3
2
Pressure MN/m*” = 10 bars -
” ,
= 145.04 1b./in” -
Frequency n, (hertz) E:
ki, (kilohertz) = 10° n,
£
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SECTION I

INTROLUCTION

Collisions between bivds and aircraft have proved to he an %

expengive and persistent problem to the United States Air roxce. i

The severity of the problem has increased as high=speeqd, _%

low-altitude ajvcrait missions have cvolved. Windshield, canopy, ié

and support strictures have proved to be particularly vulnerable to ﬁ

birdstrike. Not. only are these parts of the aircraft sensitive to j

inpact damnge, but the consequences of damage on pilot performance ig

are severe. A number of aircraft and pilots have been lost due to :J

birdstrike on windshields, canopies, and support structures. ié

- ‘The bivdstrike vulnerability of the crew enclosure and j
| transparencies in Aily Force airvcraft has rvesulted in o number of ;:
radesigh programs. ‘'These redesiqgn programu have usually been }

conducted in an iterative build and test mode. ‘This method 5

of design is cxtremely expensive and time consuming. ‘Thae Air E

Force has, therefore, developed an interest in modern structural "

design techniques applied to the windshicld hirdstrike problem. ;

E This approach to the birdstrike design task involves the use Bl
of modern finite element structural analysis techniques. These %

techniques have been adapted to analvze the transient dynamic ?

) events such as birdstrike. The structural analysis techniques 3
g themselves have undervgone extensive development over the years ;.
g and have become highly reliable and efficient structural design %
% tools. TIn order to adequatcly predict response, however, these .j
; techniques require good definition of the material propeorties ?
i and accurate descriptions of the transiont impact loads. This %5
: ) report deals with the description of impact loads for use with §
3 finite element. codes. é
3 The University of Dayton Researvch Institute (UDRI) began g
:_ work on the characterization of bird impact loads in January ‘

4
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thiroughout the program to

analyzed and presented in

quantitative measurements
The work was cxtended and
described in great detail
data on birds weighing up
for birds up to 4 kg were

theoretical base for bird

January 1975.

of 1974, This work was jointly sponsored by the Air Force
Materials Laboratory (AFML) and the Air Force Flight Dynamics
Laboratory (AFFDL). A continuing effort has been conducted

on the measurement and characterization of bird impact loads
since that time. The original work, documented in Reference 1,
developed the basic experimental techniques which were used

obtain birxd impact load data. This

program concentrated on small birds (up to 120 g) and impacts at
normal incidence. Work was continued on the measurement of
small bird impact pressures. The data were more thoroughly

Reference 2. This report identified

the basic processes of bird impact and provided the first

of the pressures and forces involved.
reported in Reference 3, which

the impact behavior of birds. Extensive
to 600 g were reported. Some data

also obtained. The basic fluid

behavior of birds during impact was identified and quantified.
The development of the first satisfactory bird impact flow models
was reported and the techniques necessary for proper scaling of
the impact loads with bird size were identified. A more detailed

impact modelling was described in

Reference 4. This work presented a more detailed analysis of

'Barber, 5.P. and J.S. Wilbeck, "The Characterization of Bird
Impacts on a Rigid Plate:

Part I," AFFDL-TR-75-5, ADAO21142,

’Petexrson, R.L. and J.P. Barber, "Bird Impact Forces in Aircraft
Windshield Design," AFFDL~-TR-75-150, ADA026-628, March 1976.

*sarber, J.P., H.R. Taylor, and J.S. Wilbeck, "Bird Impact
Forces and Pressures on Rigid and Compliant Targets," AFFDL-
TR-77-60, ADA0O61-313, May 1978,

“Wilbeck, J.S., "Impact Behavior of Low Strength Projectiles,"
AFML~TR-77-134, ADA060-423, July 1978,
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the basic process of bird impact and provides the theoretical
basis for bird impact modelling as a fluid process. Additional
impact work was conducted under an Air Force Aero Propulsion

3 R I L

Laboratory contract and is reported in Reference 5. This report

. presented a much more careful experimental investigation of
fl - impact loads using simulated birds and ice. Careful mecasurements
> were made and agreement with prediction of the theoretical model
was found to be excellent.

All of the work described above was conducted with, and
2 based on, data produced with birds weighing 600 g or less.
i Although scaling derived from theoretical considerations worked
3 extremely well over the range of bird masses from 60 g to 600 g,
there was still some concern about the applicability of these
models to birds with masses in the range from 1800 g to 3600 g.
In particular, the 1800 g birds represent the standard design
case for aircraft transparencies. It was, therefore, deemed
necessary to collect experimental data on 1800 g and 3600 g
birds to eurure that the theoretical models developed for use

3 with structural element codes were applicable for this size bird.
4 This report describes the experimental measurements made on
1809 g and 3600 g birds. The scaling relationships derived

in the previous programs were checked and found to adequately
describe the impact of these large birds.
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SBauer, D.P. and J.P. Barber, "Experimental Investigation of
Impact Pressures Caused by Gelatin Simulated Birds and Ice,"
UDR~TR~-78-114, November 1978.
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SECTION IIX
EXPERIMENTAL TECHNIQUES

The experimental work described in this report was con-
ducted at the University of Dayton Research Institute. This
section contains a description of the experimental techniques
used to obtain temporally resolQed pressure measurements during
bird impact onto a rigid plate. Descriptions of the experimental
range and launch technique, target instrumentation, and data

collection are given in the sections tha® follow.

2.1 LAUNCIHII TECHNIQUES

For experimental investigations of bird impact, a launch
technique is necessary which can accelerate birds of the
required mass to the required velocities. The birds must be
launched with controlled orientation (preferably with zero
pitch and yaw), and such that they do not break up or severely
distort prior to impact. A launch technique was developed with
which birds of up to 3.6 kg could be launched to velocities
up to approximately 300 m/s.

The system consisted of a 177.8 mm bore compressed air
gun with supporting compressor, instrumentation, and control
systems. The compressor system consisted of a 1.42 m?/min,

3.5 MN/m? compressor pumping into a 0.11 m? intermediate storage
tank. The intermediate storage tank was connected via a flexible
hose and quick disconnect coupler to the large air storage

tank used for driving the gun. The driving air storage tank had
a capacity of approximately 0.85 m?., There was a valve system
located between the driving air storage tank and the breech

of the gun. This valve system was designed to valve the high
pressure air from the driving storage tank into the gun tc



bperate the qun,  The valve wag
4 phoumat e
togethey with

d stand
actuatoy .

ard hutzturfly
SYstem wigp

viilve
The breech o

nd of the qun,
the Comprossor storage tank ang dx‘.iv.ing tank
syYstems, g shown in Pigure ).
]
Inl\'xm; ’ ’
fank —

lnturmmii..nv
Storage Tank

b

Figure 1

- Compressor Storage Tank and Driving Tank Svstoms

The gun | tself

ID heavy Wwall tuboey, They were
ring

consisted of two, 4.88 m lTong,

177.8 mm
connectoed

togethor vijg
and lange svatom,

R fl.ocut.inq
L=boame bolted to

The tubes WCre supported on two he

avy
the floor .

connected to

A vont section wag
the muzzie of the qun tuboe and wag

designed Lo release the
driving Pressure from (he back or

the proije
in g mut {loyr

ctile Package.  hig
vent ::buLion Was onclosod which dor eccted the
venling qgases: hnrm]o::s;ly towards the 'loor,
The by were placed in g sabot, or carrior,
The sabot Wil

For launchinq.
O 177,.8 wm Oh

Foam plast je

cylinder,
O substitute of

balga woodd,

Wasoemployed, ga

Poam plasy iC

artor jdongi Pying

: Best Available Copy



. \ N Oty Y L L T
B T L A L= ML W00 et Syl b L - e 1T TEns om kT o e R . Y4 -

A K SR TS e s s e

several unsatisfactory characteristics of the original balsa

wood sabots. There is only one supplier of balsa wood in the
United States, and the sizes and quantities which could be supplied
were only marginally satisfactory for these large sabots.

180 mm balsa planking was not available, so up to nine smaller
planks had to be bonded together to form a work piece large
enough to fabricate these sabots. This fabrication technique
produced sabots which were only marginally strong enough. They
often broke during fabrication. The molded plastic sabots proved
completely satisfactory for launching birds over the range of
sizes and velocities used in this study. They are light,

strong and very dimensionally stable.

As the sabot represents a significant fraction of the launch
mass, it must be stripped from the bird before the bird impacts
the target. Accordingly, a tapered tube sabot stripping section
was connected to the muzzle end of the vent section. The sabot
stripper tube consisted of a steel tube with an initial ID of
177.8 mm that was progressively reduced. A series of longi- E*
tudinal wide slots were cut into the stripper tube to facilitate ]

the rapid release of the driving pressure, thus reducing the %
forces required to decelerate and stop the sabot. When the ‘?
launch package entered the sabot stripper tube, the sabot was %

progressively decelerated until it stopped. The bird relcased 2
from the sabot pocket and continued on trajectory to the target.
For the high velocity shots, an extension to the stripper tube
was required. It consisted of nine bars welded arcund a ring

and connected to the stripper tube through a flange system.

The vent section muffler and stripper tube are shown in Figqure 2.
The sabot stripper functioned satisfactorily over the entire

2 s visg LT ST I
igEibirs e o EIaLE S d St gl

range of masses and velocities which were used in this program.
Free flight observations of the bird showed that the bird

f
"o

PRI
i I

was oscillating after sabot separation. This oscillation was
apparently initiated by the release of the bird from the sabot.

To assist in the smooth release of the bird, holes were drilled

in the base of the sabot. These holes permit the driving pressure
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14 to act on the base of the bird itself.  Thevetore, the bird was

both pushed and pulled out of the sabot during the separation
proces:. Phis tochnigque appeared to greatly veduce the birvd

oscillation problem.

b ]
-

.2 VELOCTTY, LOCATION, AND ORIENTATION MEASUREMENT

The velocity of the bird was measurad prior to impacl

e b bt e 2t & o e o At b e

using a simple time of flight technique. Besween the muzzle ot

the sabot stripper and the tavrget, two hel ium/neon laser boams

4

gl

wore divected across the trajectory. When the bird intevrupted

Haees

the first laser beam, a counter was started.  The countor was

stoppad when the bird interrupted the sccond laser beam, The
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distance between the laser beams and the olapsed time were

used to calculate the velocity. To increasce the accuracy of ;
the velocity measuroments, monitor bird orientation, determine .

projectile impact location on target, and verily bird integrity
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prior to impact, two orthogonal pulsed x-ray systems were set —f

up at each laser beam station. The resulting radiographs of %

A the bird in flight were used to accurately establish the position :?
of the bird with respect to the laser beam and to monitor the Q
condition and orientation of the bird. “"The accurate determination é

i of projectile location and orientation relative to the target is 3
necessary to properly describe the pressure distribution. Using o

this technigque, velocities could be mecasurced to within one per- '5

cent, projectile impact location on target could be determined to ¥

i within about 1.25 cm, and orientation to within 0.5 degrees. j}
Bird disintegration during launch was extremely rare and was i%

not an experimental problem. The instrumentation described above ;'

is shown in Figure 3. ;g

2.3 PRESSURE MEASUREMENTS AND RECORDING 1§

The impact shock pressures can b extremely high, the i%

duration of the impact is relatively short and there could be Zi
important transient pressure excursions. The pressure sensing ?

dovices must be capable of wmeasuring and withstanding these {f

high pressures and the pressure sensing and recording equi pment ?;

must have adoquate bandwidth to detect and vecord important iz

pressure transieonts. ég
Piczoelectric quartz pressure transducers were used as the ;3

basic sensing devices for these oxperiments. These transducers i

have a compact impoedence converter physically located in the '%

coaxial line close to the crystal, and thoy have a specified ;
bondwidth from 0 te 80 Kllz. Since these transducers are not ,?
spoecitically desiganed tor impact testing, calibration was E

necessary to verify their operation, In Reference 1 Bavber

gives details of calibration technigques in his report. The

"Rarber, JLP. and J.8. Wilbeok, "The Charactevization of Bird
tmpacts on a Rigid Plate: Part 1," AFFDL-TR-75-5, ADAD21142,
January 1975,
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transducers were mounted lush with the surtace ot o heavy
steel plate. Up to nine transducers were simultancous iy
mounted in the plate on ovthoaonal axes.

The pressure signals were recorded using an electronice
digital memory system.  This system usos an analoa to digital
siognal converter. The systom has a 200 kHz sample vate, and
cach channel can store 2048 data points in shift reaistoers.  The

pressure signals vere displayed on an oscil loscope, as a function
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of time, and the time intorval of intorest determined. Then,
digital data over these intervals was recorvded on a cassette

and could be printed out on an electronic data terminal. This
technique significantly increased the accuracy and reliability of

the data.
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SECTION 1
EVEERTMENTAL RESULTS

A total of 83 data shots were performed to investigate the
scaling of bivd impact loads. The objective was to demonstrate
that the scalinu relationships which worked extremely well over
the range of bird masses from 60 to 600 g, wore applicable to
bird masses ranging from 1800 to 3600 u. The projeoctiles used
in these tests includad bivds (chickeng) and bivd substitutes
(porous gelatini. Thoy wore dwpacted at three impact anales
(M0, 45°, 28%) and at velocities ranging from 100 m’s to 300 m's,
The substitute birds wore right circular cylinders with a length
to diameter ratic of approximately two.

The time varving prossure data were collected using a
digital data memory systom as descovibad in Section 1. From theso
recorded data, measuroments were made to obtain peak prossurs and
stoady flow pressuve. The vesults of these measurements toqoether
with comparisons to theorctical resalts and measureoments trowm
impacts of smaller size birds and birvd substitutes roporvted by
darber in Reforence 3 and Bauwer in Reference 5 are presented in
the tollowing sections.

3.1 INTRODUCTION

Birds independent of their masses can be assumed to be
right civcular cyliaders with a length to diameter ratio greaterv

‘Rarber, J.P., H.R. Taylor, and J.S. Wilbeck, "Bird lmpact
Forces and Pressures on Rigid and Compliant Tarqgets," AFFDL-
T(-:l -60, ADA061-313, May 1978.

“Rauver, D.P. and J.P. Barber, “"Experimental Investigation of
lmpact Pr\bsurcs Caused by Gelatin Simulated Birds and 1co,"
UDR-TR-78=114, November 1978. Daieed
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than two, and to behave like fluids during impacts. These two o]
E basic assumptions provide the basis for understanding the scaling ;
F of bird impact loads. 2
3 Because the impact process is basically fluid dynamic, the ;
;ﬁ characteristic pressures are the lugoniot, ov impact, prossure }
3 and the flow, or staqgnation, pressure. Both of these pressures ‘%
3 aepend only on the impact velocity and the material properties g
i of the bird (i.e., density and shack velocity). The maynitudes f
E of these pressures should not vary with bird size, however, the f
: spacial and temporal distribution of pressure should, Since f-

birds of ditferent mass arve, however, deometrically similar %
3 (i.e., they have similav length to diameter ratios), pressure ¥

distributions should scale lincarly with bivd dimensions.
That is, pressure distributions should depend only on normalizoed =

distances (vhere normalization is carried out with a bird

dimension such as diameter or lenyth) . This was, in fact, -
2 ]
= shown in Reference 3 for birds and Reforence 5 tor substitute E:
3 birds up to 600 u. 3

-3

Bird and gelatin impacts on a steel target plate may bo

considered as soft body impacts since the stresses gencratoed during

Witk

fmpact substantially exceed the strength of the projectile but
are waell below the strength of the target material. Prossure
voecords obtainad rfrom such impacts ave shown in Figure 4, 5 and

b i) il

¢. Fiqures 4 and 5 show typical pressure traces from normal
and oblique impact of a nominal 1RO g and 3600 g right civeular
cylindrical gelatin projectile.  PFigure 6 shows similar prossurve

traces from impacts of a real bivd (chicken). Tho two preossure

e ‘Rarber, J.P., H.R. Tavlor, and J.8. Wilbock, "Bird Twpact
1. rorces and Pressures on Rigid and Compliant Taragets," AFEDL-

PTR=77«60, ADAOGI-313, May 1978.

“Rauet, NP and J. P, Bavber, "Experimental Investigation of
lmpact Pressures Causad by Gelatin Simalated Rivds and loee, "
UDR=-TR=78=114, Novemnbor (978,
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levels of interest on these traces are the peak pressure and the
steady fiow pressure.

The peak pressure is due to a shock wave formed from the
initial impact, and is mainly a function of the normal compo-
_ nent of impact velocity and the projectile's propertiesg. The
steady flow pressure occurs when the initial shock wave is
overtaken by the release waves formed from the pressure gradient

along the projectile's edge. The phases of the impact process
are cshown in Figure 7. -

i [SIgiies

ey

g g
P iy

3.2 IMPACT DURATION

The time duration of impact of birds was first derived
by Barber in Reference 3 and was found to equal the projectile

length divided by the impact velocity. The same results were _
g found during this experimental program. These results also agree P
with the results presented by Bauer in Reference 5 during his o
experimental investigation on simulated birds. ?

3.3 INITIAL IMPACT PRESSURE k-

During the initial impact, the particles on the front
surface of the projectile are instantaneocusly brought to rest b
relative to the target face and a shock propagates into the
projectile. As the shock wave propagates into the projectile, %
it brings the material behind the shock to rest. The pressure §~
in the shock compressed region is initially very high and is
uniform across the impact area. The pressure behind the shock,

‘Barber, J.P. and H.R. Taylor, and J.S. Wilbeck, "Bird Impact
Forces and Pressures on Rigid and Compliant Targets," AFFDL~
TR-77-60, ADA0O61-313, May 1978.

L Ol 4 e

. *Bauer, D.P. and J.P. Barber, "Experimental Investigation of
Impact Pressures Caused by Gelatin Simulated Birds and Ice,"
UDR-TR-78~114, November 1978.

TTTT
|
;5 P i

FCOPCINER
(Ahivt duitr U i

it
Pt

L4 ot

16

A
5




Eni ot Aol S it S SSRGS

?TARGET
BIRD /
: N %
. — - Z
v Ve

v
HOCK
(a) S K

4
VTN RELEASE
7\
SHOCK
(b)

STAGNATION
e POINT

bt s M it e s i e B

ey w—

~

(c)

2
b
3
3
2
A
E|
i
4
£
-3
3
3
:
%
b
.
=
3
oA
4
i__.l

k]
A

ANNNNNRTANNNN N

(d) |

Figure 7. The Phases of Bird Impact: (a) Initial Impact, _
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(the Hugoniot pressure) is:

Pu = VeV (1)
where ¢ is the density of the rojectile, Vs is the shock veloc-
ity, and v“ is the normal component of impact velocity. The
relation betwecen the shock velocity Vs and the normal component
of impact velocity Vn for gelatin with 10 percent porosity was
derived by Wilbeck in Reference 4. The initial impact pressurves
measured for all normal and oblique impacts for bird and gelatin
are presented in Figures 8, 9, and 10. The wmeasured impact
pressures for normal impact ror nominal 1800 g real bird agree
very well with the calculated pressures. The ayreenment is
better than the cxperimental results from small birds reported
by Barber in Reference 3. The small bird data were probably
af fected by the limited bandwidth (80 kHz) of the transducers.
The shock pulse was barely delined for the large birds (sce
Figures 4-6). Shock pulse duration was only about half as long
for the small bird impacts, and the peaks may have been clipped.
The measured shock pressures for normal impact for gelatin with
10 percent porosity ave well above those anticipated. ‘he shock
pressures approached those expected for pure gelatin and were
up to twice as high as those exvecired for the porous aelatin
bird simulant matervial. A thorough investigation was conducted
and the source of these extremely high and unexpectod pressures
was determined and eliminated during the later shots.

Tt was found that the part of the bird initially striking

the target was essontially pure gelatin., Birds were launched

*Wilbeck, J.85., "Impact Behavior of lLow Strength Projectiles,”
AFML-TR-77-134, ADAOG0-423, July 1978,

‘Barber, J.P., H.R. Taylor, and J.S. Wilbeck, "Bird Iwmpact

Forces and Pressures on Rigid and Compliant Targets,® AFFDL-
TR-77-60, ADAO61-313, May 1978,
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Figure 8b.
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such that the end of the bird which first struck the target £
was the end that was at the bottom of the mold during the 5
molding process. The presence of pure gelatin at the bottom
of the mold was due to the tendency of the phenolic microballoons,
- which were used to provide porosity, to float out of the gelatin
during the curing process. This was confirmed by making density
neasurements along the axis of the bird. The results for several
processes are shown in Figure 1l. Pure gelatin was found at the
bottom of the mold and extremely low density gelatin at ihe top
e of the mold. Numerous different processing techniques were tried
\ in an atter t to eliminate the density gradients from the bird.
E. As can be seen from Figure 11, good density uniformity was
E obtained in many cases but in general the density was too low.
Efforts to increase density always resulted in increased density
4 gradients. As a result of this investigation, birds were molded
some 30 percent longer than the nominal bird length and avprox-
imately 15 percent was trimmed from each end. This technique

produced density variations which fell between acceptable limits.

To further insure that the very high peak pressures wore not
produced, birds were launched top end (low density end) first.
= These changes produced better behavior in the latcer obligue shots.

The measured impact pressures for oblique impact for gelatin and =

real birds are, as expected, lower than the calculated values.

In addition, low recorded peak pressure during oblique impacts ;
E may have also been caused by the relatively shorter duration of
= the shock pulse in these impacts. As pointed out carlier,

the limited bandwidth of the transducers can result in a sig-
nificant attenuation of the measured signals. For 25° and 45°
impacts, the initial impact pressure spike was much less
pronounced than for 90° impacts. 5

3.4 STEADY FLOW PRESSURES 3
3

As the shock wave propagates into the projectile, the

material at the cdge of the projectile is subjected to a very

high pressure gradient. ‘This pressure gradient causes the

P hisitio iy gat]




Y
=

it

Y

CRUIRE TP

L
L

SeNDTUYDSI IUSIDIITA UITH DPozeddld SPITE IURTNWIS STd 2037 sa1TF0xd A3Tsuaq

(‘'ul) QY18 9NOV 3ONVLSId

~N01108,

€ 2 |+ O

OO 6 8 L 9 §
T T

¥ L

g, §63908d ' oA et S

!

L4
T  — T T T

»Q, $S300¥d
wdu $S53004d

w3, $8300¥d

«V, $83004d

NOO1IvE” %8¢
H3IVM %E9.

NILVI39 %66l
371308d ALISN3Q

L0

TRt .

TN R

M i ot LR bR et gt e ARBRLIE e g b gttt b i 8 1 DAL & b sk o BN Y L4 s (0 g k) o o
= SR AT e R TR ey ._vi_.vr.« t: &uu SRtAt R il PSR E g 2N oa bRl \ ginst Ml i

90

1T 21n37t

(¢wo/6) ALISN3Q

f1a

b o A A

i At B




T

AT T T

material to be accelevoted radially outward, and reloase wavoes
propagate inward. The function of these volease waves is to
raeliceve the radial pressure gradient in thoe projectile. Release
waves travel into the projectile, eventually overtaking the
initial shock wave. 'The release process tor a cylinder is shown
in Figure 12. As the radial pressure decrcases during the
shock prossure decay, sheav stvresses develop in the projectilce
material.  These shear streosses are greater than the shear
strength ot the material and are sutticiont to cause "flow".
Then, the bird can be considered to bohave as a fluid, After
soveral retfloctions of the velease waves, a condition of stoeady
tlow is established. A constant pressure and velocity field is
set up in the projectile and remains uantil the ond ol the projectile
reaches the target surface.,  This steady=-state phase is usually
indicated by a pressure plateau on the pressure traces,  As
could be scon in Figures 4, 5, and 6, a lavge amount of high
frequency "noise” was supervimposad on the pressure profiles,
which made it hard to identity the plateaun and to wmake an accurate
moasuroment of steady-state pressuare. fhoretove, an average
value of the pressure was wmeasuved and used an presentina the
pressure distributions. This noise was investiuated in Ref-
araence 4 by Wilbook and might have beon cawed by the break-
up or tearinag of the material (creation of now surtaces) during
impact or Ly the acceleration loads on the gaaes causoed by the
pressure plate vibrations.

Using potential tlow theory, Wilbeck calculated, in Retoevence d,
the stoady=state pressuvre tor a bird impact at normal incidence.
The pressure at the conter of impact was found to cqual the

stagnation prossure which wvas approximatod by:

[
o

%

*wWilbeck, J.8., "lmpact BRohavior of Low strenath Projectiles,”
AFML-TR=-77-134, ADAO6G0-423, July 1978,
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Figure 12.

Shock and Release Waves in Fluid Impact. (a) before
impact; (b) shocked region just after impact; (c)
release waves have converged on Point B, the axis of
the cylinder; (d) release waves have just caught the
center of the shock, Pt. C.

et A e b g s s D i i M g bt




LMK LRI 2

where Po is the density of the material with zero porosity and
v is the impact velocity. The stagnation pressure is the
highest pressure during the steady flow regime and is an im-
portant factor in scaling bird impact loads, since it is used
to nondimensionalize the steady flow pressure distribution.

For oblique impact, the majority of fluid will flow “down-
stream” on the obtuse side of the impact. The stagnation point
shifts "upstream" to the acute side of the center of impact as
shown in Figure 13. As long as a stagnation point exists, the

i A
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E Figure 13. Flow Geometry at Oblique Impact §
‘ %

full stagnation pressure will occur at the stagnation point %

regardless of angle of impact. However, the distribution of §

pressure along the surface will be grcatly dependent on the g

impact angle. The distribution of pressure in an oblique é
cylindrical impact is difficult to analyse because it is a 3
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three-dimensional fluid dynamic problem. In Reference 6, Boehman
usaed potential flow theory to develop a computer model for
predicting the pressure distribution produced by the steady
state flow of a cylindrical jet impacting on a rigid flat plate.
The code utilizes a source density distribution on the surface
of the plate and solves for the pressure distribution necessary
to make the normal velocity zero on the boundary. Originally,
the input to this program consisted of the coordinates of points
describing the body surface. For our purposes, the code was
modified to generate a grid describing the plate, where ihe size
of the grid depends on the mass of the bird and the angle of
impact. A listing of the modified code along with a sample
input and output data is presented in the Appendix. The expor-
imental pressure data measured in this task is compared to those
theoretical curves and to the experimental data from Reference 3
by Barber and Reference 5 by Bauer in the following sections.

3.4.1 Gelatin Artificial Birds
Figures 14, 15,and 16 show the nondimensionalized

steady flow pressure distributions along the major axis pro-
duced by gelatin with 10 percent porosity for 90°, 45°, and

25° impact angles, respectively. The pressures are normalized
to the stagnation pressure as calculated in Equation (2).
Together with the experimental data, two sets of curves are shown
in thesc figures. The predicted pressure distribution from

" pochman, L.T., and A, Challita, "A Model for Predictinag Bird
and Ice Impact Loads on Structures," UDR-TR-79-54.

‘Barber, J.P., H.R. Taylor, and J.S. Wilbeck, "Bird Impact
Forces and Pressures on Rigid and Compliant Targets," AFFDL-
TR-77-60, ADA061-313, May 1978.

SBauwer, D.P. and J.P. Barber, "Experimental lnvestigation of
lmpact Pressures Caused by delatin Simulated Birds and Tce,"
UDR-TR-78-114, November 1978.
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Reference ¢ by Boehman {or normal (90%), A5%, and 25" jmpacts,

and the least-gquares curve fits ot the experimental data for
smaller size golatin projectiles from Reference 5 by Bauer,

The error bars shown parallel to the ordinate axis rveprosont the
wncertainty in wmeasuring the steady state pressure from the
pressure traces coveated by the superposition of the high fredquency
noise on the pressurc profile of bivds. The crrer bars shown
parallel to the abscissa ave based on the maximum error in
detormining the initial impact location on the taraet. The
maximum evror was calculated in Referonce 5 by Bauer and is

*Bochman, L.1. and A. Challita, "A Mode! for Predicting Bivd
and Ice Iwpact Loads on Structures, " UDR~TR=-79-74,

*Baver, D.P. and J.P. Barber, "Experimental Tnvestiagation of
Impact Pressures Caused by Gelatin Simulated Birds and lcee,’
UDR-TR-78-114, Novembetr 1978.
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caused by the displacement of the actual trajectory from the
truc trajectory of the projectite.

This set of ftigures shows the important effect that
impact angle has on steady flow distribution. As the impact
angle changes from normal to oblique, the steady flow pressure 9;
distribution changes from symmetrical about the center of impact '
to highly skewed about the stagnation point. It also shows
that the location of the stagnation point in the flow field
moves from the center of impact to a point actually outside the
projected frontal area of the inco.iing projectile. The figures
show that projectile size has no effect on steady flow pressures.
The data for both 1800 g and 3600 g gelatin projectiles are
included in the figures and, in nondimensionalized (scaled)
form, show no significant departure from the smaller bird results.

Agreement among the theoretical curve, curve fit
of the experimental data for smaller size gelatin proje~tiles,
and the experimental data from this work is very good at all
angles of impact. Some disagrecment between the data and the
flow model predictions docs occur near the outside edge of the
flow, because the analytically predicted pressure distribution
was generated from a simplified model of ouset flow.

3.4.2 Real Birds

Fiqgures 17, 18, and 19 show the steady flow pressure
distributions along the major axis for real bird impacts.
Again, the theory and the lecast-squares curve fit of the exper-
imental data for smaller size birds from Reference 3 by Barber
are shown on these figures. Error bars similar to that shown
for gelatin are also shown.

All of the characteristics of steady flow apparent
in the gelatin impacts are also apparent for real birds. The

‘Barber, J.P., U.R. Taylor, and J.S. Wilbeck, "Bird Impact
Forces and Pressures on Rigid and Compliant Tarqgets," AFFDL-
TR-77-60, ADAO61-313, May 1978. 4
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stagnation point moves from the coenter of impact to a point
outside the projected trontal avea of the incoming projectile
and the steady low pressure distribution is highly dependent
on the itwpact angle.  There is good agrooment among the theo-
rotical curve, curve it ol the experimental data for sual ler
gize bivds, and the experimental data trow this program.

This data also domonstrates that tor the 1800
projoectiles, there are no signitticant ditfterences betweoen
loads produced by veal and gelatin bivds, 1o Reterence &

Bauer found a similar result for 90 g and 000 a projectites,

TBauner, DO oand JdLr. Barbesr, "Experimental Invest igation ot
Tmpact Presswes Catised by Gelatin Simulatoed Rivds il Tee,
VDR=TR=-78=-1 11, Novemhor 1978,
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SECTION IV
CONCLUSIONS AND DISCUSSION

A detailed body of impact pressure data now exists for
real birds (chickens) and bird substitutes (gelatin with 10
percent porosity) over an enormous range of impact parameters.
The parameters and their ranges are:

1) Bird mass - 60 g to 3600 g
2) Impact velocity - 50 m/s to 300 m/s
3) Impact angle - 25° to 90°

This entire body of data has been successfully analysed and the
important impact processes identified, functional relationships
between the impact pressures and impact parameters developed
and scaling of impact loads with bird mass completed. From
the work reported here and in Refercnce 3 by Barber, Reference 2
by Peterson and Barber, Reference 4 by Wilbeck, and Reference 5
by Bauer, the following conclusions may be drawn.

1) Birds behave as a fluid during impact at the impact
velocities of interest in birdstrike (50 m/s).

JBarbar, J.P., H.R. Taylor, and J.S. Wilbeck, “Bird Impact
Forces and Pressures on Rigid and Compliant Targets," AFFDL-
TR-77-60, ADA061-313, May 1978.

‘Peterson, R.L. and J.P. Barber, "Bird Impact Forces in Aircraft
Windshield Design," AFFDL-TR-75-150, ADA026-628, March 1976.

*Wilbeck, J.S., "Impact Behavior of Low Strength Projectiles,"
AFML-TR-77-134, ADA060-423, July 1978.

SBauver, D.P. and J.P. Barber, "Experimental Investigation of

Impact Pressures Caused by Gelatin Simulated Birds and Ice,"
UDR-TR-78-111, November 1978.
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2) There are four phases of fluid behavior during a bird
impact; the shock phase of initial impact, shock pressure decay,
steady flow, and termination.

3) Peak shock pressures are independent of bird mass but
depend in a predictable manner on impact velocity, impact angle,
and bird material properties.

4) Steady flow pressures are independent of bird mass but
depend in a predictable way on impact velocity, impact angle,
and bird material properties.

5) The spacial distribution of bird impact pressures
scale linearly with bird dimensions (providing bird orientation
at impact is fixed). This scaling has been tested over a range
of bird mass from 60 g to 3600 g.

6) Impact duration is given by simply the length of the
bird divided by the impact velocity. The validity of this
relation has been tested for bird masses from 60 to 3600 g and
for impact velocities from 50 m/s to 300 m/s.

7) Simulated birds effectively reproduce the pressure
distribution of real birds.
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APPENDIX
BTRD LOADING MODET.

This appendix provides a listing of the modified bird
loading model, a sample input and output data, and the instruc-
tions needed to run the program.

The original loading model was designed to predict impact
loads and to be interfaced with finite element structural
analysis computer programs, and also was designed to handle impacts
on arbitrary curved surfaces. The three-dimensional potential
flow theory was used to model the impact process and the
surface singularity wethod was used@ to solve the complex
potential flows (i.c., velocity and pressure fields). To allow
arbitrary bodies to be considered, it was regquired that the body
surface be specificd by a set of points in space called nodal
points and that the coordinates of all nodal points on the
impacted surface be supplied to the loading model.

Input to the loading model consisted ot the coordinates of
the set of finite element nodal points defining the surface
of the impacted object. These coordinates were given in the
reference coordinate system, that is, the coordinate system
used to describe the shape of the impacted surface before
impact occurs.

Because the target used in this exporvimental prograwm is
a rigid flat plate, the loading model was wmodified to generate
a rectangular grid .escribing the plate. The dimensions of the
grid are proportional to the wcight of the bird and to the
angle of impact. The number of elements forming the grid is
found by multiplying NC by N&, where NC and NS are the number
of nodes along the width and lenqth of the qrid.

The input data nceded for this modified version of the
loading model are time, T'TM, which is assumed to cqual zero:
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components of the velocity vector of the projectile, VBX, VBY,
and VBZ; coordinates of the center of impact, XI, YI, and ZI;
angle of impact, THETA; and the weight of the projectile, WB.
The bird length is assumed to be twice its diameter.

The output data are divided in two parts; the first part
lists the coordinates of the four corner points forming the
element, the components of the unit normal vector, and the
coordinates of the null point in the reference coordinate system.
The main purpose of this output is to enable errors in the
input to be discovered before the lengthy flow calculations

are performed. The second part contains the velocities and
pressures on the body surface.
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