
NRC Publications Archive
Archives des publications du CNRC

Momentum transfer in bird impacts
Heath, J. B. R; Gould, R. W.; Cowper, G. R.; National Research Council
Canada. National Aeronautical Establishment

 
For the publisher’s version, please access the DOI link below./ Pour consulter la version de l’éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version  /   Version de l'éditeur: 
https://doi.org/10.4224/40002714
Laboratory Technical Report (National Research Council Canada. National
Aeronautical Establishment. Structures Laboratory); no. LTR-ST-1257, 1981-04-
22
NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=61f46a29-8ba2-4c38-8b9d-f0e91cc70414
https://publications-cnrc.canada.ca/fra/voir/objet/?id=61f46a29-8ba2-4c38-8b9d-f0e91cc70414

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez
la première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous
n’arrivez pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

https://doi.org/10.4224/40002714
https://nrc-publications.canada.ca/eng/view/object/?id=61f46a29-8ba2-4c38-8b9d-f0e91cc70414
https://publications-cnrc.canada.ca/fra/voir/objet/?id=61f46a29-8ba2-4c38-8b9d-f0e91cc70414
https://nrc-publications.canada.ca/eng/copyright
https://publications-cnrc.canada.ca/fra/droits


 





1. Introduction 

 

 In a program sponsored by the U.S. Air Force, researchers at the University of Dayton 

Research Institute (UDRI) measured and characterized the forces exerted during high-speed 

impact of birds against flat rigid targets. The data was intended to serve as input for the structural 

analysis of aircraft windshields and similar components which must resist bird strikes. Quantities 

measured. included the peak and average force, the impact duration, the total impulse exerted on 

the target, and impact pressures. The results are reported in References 1, 2 and 3. 

 The particular results which are of concern here are the UDRI measurements of impulse 

exerted on the target. Impulse, it will be recalled, is the term used to denote the time integral of a 

force. By Newton's law, the change of momentum of a body is equal to the total impulse acting 

upon it. Figure 1, which is reproduced from Reference 3, summarizes the UDRI measurements 

of total impulse for impacts against flat targets. The measured impulse is expressed in 

nondimensional form as a fraction of the normal component of momentum of the bird before 

impact. The scatter shown in Figure 1, is the feature which impressed the present writers. As 

may be seen the nondimensional impulse varies by 20 percent or more about the nominal value 

of 1.0. 

 The question arises whether the scatter represents the inherent variability of the bird 

impact process or whether it is the result of experimental error. If the former is true then there are 

serious implications for bird impact testing of aircraft parts, for such testing would be subject to 

the same degree of variability. On the other hand it seems plausible that experimental error could 

account for much of the scatter in the UDRI results. The UDRI researchers obtained the impulse 

by measuring the area under a force-time record. The record, which was in the form of a 

photograph of a trace on a cathode ray oscilloscope, was small in size and not well defined 

because of the width of the trace and its rapid and irregular variation with time. 

 It is, of course, theoretically possible for the impulse exerted on the target to be greater 

than the initial momentum of the bird. This would happen if the bird debris bounces back after 

impact. It is also conceivable, although less plausible, that the Impulse could be less than the 

initial momentum of the bird. This might happen with small-sized targets which allow some of 

the bird debris to travel past the target retaining some of the original momentum. 

 In view of the uncertainties about the change in momentum of the bird and the 

corresponding impulse exerted on the target, the present writers decided to undertake a further 

investigation of the question, and the results are reported herein. A secondary objective was to 

extend the UDRI data to larger-sized birds. The UDRI experiments used birds of 60g and 600g 

weight, in contrast to the weights of 1.8kg and 3.6kg which are specified for airworthiness 

testing. The present investigation used a ballistic pendulum to measure impulses. Compared to 

the apparatus used by the UDRI researchers, the ballistic pendulum is a rather limited device. It 

provides a measurement only of the total impulse, whereas the UDRI apparatus furnished 

complete force-time and pressure-time records of the impact process. However it was expected 



that the ballistic pendulum measurements would be fairly accurate, and this expectation was fully 

borne out. 

 

2.  The Ballistic Pendulum 

 

2.1 Theory 

 

 The ballistic pendulum is a classic device for measuring impulse. It consists essentially of 

a massive bob, hanging initially at rest, which is impacted by a projectile. In the present 

application a flat rigid target is attached to the bob and the projectile is a bird. If  M is the mass 

of the bob and v is the velocity it acquires as a result of the impact, then by Newton's law of 

motion the impulse exerted on the pendulum by the bird is equal to the pendulum’s momentum 

MV. 

 In order to determine v, the pendulum is allowed to swing freely and its amplitude of 

swing is measured. Assuming negligible friction and damping, energy is conserved during the 

swing and hence the kinetic energy of the bob at the beginning of its swing is equal to the work 

done against gravity as the bob travels to the limit of its swing. Thus 

 

½MV2 = Mgh 

 

where h is the vertical height through which the bob rises during its swing and g is the 

acceleration of gravity. In practice, h is obtained indirectly by measuring the horizontal travel d 

of the pendulum. With reference to Figure 2, let ℓ be the radius of the pendulum and AB the arc 

on which the bob swings. The height h is then given by 

 

h = OA-OC 

 
 

The above formula, however, may be somewhat ill-conditioned as it involves a relatively small 

difference of nearly equal quantities. A better formula can be obtained by noting that triangles 

ABC and BDC in Figure 2 are similar. Hence 

 

AC  =  BC =    ___BC____ 

BC      CD       OD   +  OC 

 

or 

 



so that h is given by 

 
 

Combination of the preceding results yields the following formula for V: 

 
 

If d is small relative approximated ℓ, the above formula can be approximated by 

 
 

with an error of less than 1 per cent whenever d is less than ℓ/4. The formula for the total impulse 

I exerted on the pendulum is 

 
 

2.1 Implementation 

  

 It was decided to support the actual pendulum from attachments to the rafters of the bird-

gun building. In this way, the floor of the target area was left unimpeded by supporting structure 

and the radius of the pendulum was as large as practical. The need to limit the swing to 

reasonable amplitudes after the most severe impacts dictated a pendulum mass of the order of 

350 1b. An existing flanged length of 10 in. diameter pipe was adapted to serve as the pendulum 

bob. A 1 l/2 inch thick steel plate attached to one flanged end provided a flat smooth impact 

surface approximately 16 inches in diameter. A second plate was attached to the rear flange to 

further increase the mass. The bob was suspended by four vertical wirerope cables, 1/4 inch in 

diameter and all of equal length. Turnbuckles in each cable provided for levelling of the bob and 

adjustment of cable tension. The general arrangement is shown in Figures 3 and 4. 

 The swing of the pendulum was recorded by a pair of electrodes attached to the bob and 

arranged to sweep across a stationary sheet of electrosensitive chart paper, thus leaving a 

permanent trace of the pendulum's movement on the paper. The electrodes were I/4 inch in 

diameter metal rods with ball tips and were energized through flexible leads connected to an 

adjustable 0-25 volt D.C. power supply. The electrode holders, attached to the bob, consisted of 

insulated blocks containing a long, cylindrical, vertically-aligned hole through which the 

electrodes passed. The electrodes were free to slide vertically so as to maintain contact with the 

flat level sheet of chart paper as the pendulum moved. The use of two electrodes provided Some 



redundancy of measurement and also indicated whether any twisting of the bob occurred in 

addition to its translational movement. The electrodes are shown in Figure 5, and Figure 6 shows 

the complete tracing system. 

 

3. Test Program 

 

 The NAE/NRCC Flight Impact simulator (Reference 4) was used to propel bird packages 

against the ballistic pendulum. Standard firing procedures were used as described in Reference 4, 

except that foam-filled sabots were used in the initial phase of the program Instead of sabots with 

the customary honeycomb filler. For each impact the impulse exerted on the pendulum was 

measured and compared with the initial momentum of the bird package. 

 The first phase of the program was carried out with 4 lb and 2 lb real birds. Impact 

velocities ranged from 150 ft./sec., to 300 ft./sec, for the 4 lb birds and from 200 ft./sec, to 600 

ft/sec, for the 2 lb birds. At each bird weight and velocity five or more impacts were carried out. 

All impacts were normal to the target surface and at ambient temperature.  

 On completion of the first phase of the program it was discovered that the momentum 

measurements were being influenced by extraneous and unforeseen factors. Steps were taken to 

eliminate these factors, as described later. An additional series of three impacts was then carried 

out using 2 lb birds at velocities of 600 ft./sec. Finally, a series of three impacts were carried out 

using artificial gel "birds". 

 

4. Measurements and Accuracies 

 

4.1 Bird package weight 

 

 The package weight (i.e., weight of bird plus polyethylene and cloth bags) was measured 

to the nearest gram on an Ohaus industrial scale of 5 kg. capacity. 

 

4.2 Package velocity 

 

 The package velocity was measured prior to impact by two independent optoelectronic 

devices as described in Reference 4. The mean and standard deviation of the two measurements 

are recorded for each test in the various tables. 

 

4.3 Pendulum horizontal travel 

 

 The horizontal travel of the pendulum was taken as the mean of the length of two traces 

on electrosensitive chart paper. Each trace could be measured to ±0.01 in. The mean and 

standard deviation of the two traces are reported in the various tables. 

 



4.4 Pendulum radius 

  

 The pendulum radius ℓ was obtained from the equation   

ℓ=(h2+d2)/2h 

where h is the vertical height that the pendulum reaches as it moves through a horizontal distance 

d. A static calibration was done in which the horizontal distance d was measured as described 

and the vertical height was measured by viewing through a surveyor's level on to a steel rule 

attached to the rear face of the pendulum. The rule could be read to ±0.005 in. Three readings 

were taken and a mean value for ℓ calculated. The program was interrupted after test 34, and the 

apparatus dismantled. On resumption of testing a second calibration of ℓ was carried out. The 

results are shown in Table 1. 

 

4.5 Pendulum mass 

 

 The mass of the pendulum, including one-half the mass of the supporting wire cables, 

was measured on instruments capable of resolving at least ±0.5 lb. for the pendulum proper and 

±1.0 gm for the additional parts. In calculating momentum, the mass of any bird debris that may 

have adhered to the pendulum was neglected. 

 

5. Experimental-Results and Discussion 

 

 The results of 36 successful firings carried out in the first phase of the investigation are 

tabulated in Table 2. There are six groups of five tests and one group of six tests. The bird weight 

and impact velocity were nominally identical for each test within a given group. It is evident 

from the data in the last column of Table 2 that the nondimensional impulse measured in 

replicated tests varies by only a few percent. This is shown more clearly in Table 3 which 

tabulates the standard deviation of nondimensional impulse within each group of tests. The 

standard deviation is never larger than 1 percent and for some groups is as low as 1 percent. A 

scatter of this magnitude may be due as much to measurement error as to any inherent variability 

in the impact process. 

 The measured nondimensional impulses shown in Table 2 are all greater than 1.00 and in 

some cases are much greater. It was originally assumed that this indicated a significant amount 

of rebound of the bird debris after impact, and an attempt was made to confirm this by high-

speed motion pictures. A high-speed film of test 41 revealed, however, that the impulse 

measurements were being influenced by two extraneous factors. First, since the film showed 

movement of the pendulum prior to impact, the column of air which is expelled from the bird 

gun's barrel ahead of the sabot was evidently affecting the pendulum. Second, the foam filler in 

the sabot was disintegrating when the sabot was arrested by the sabot catcher and some of the 

foam debris was travelling forward and striking the pendulum. 



 In order to determine the magnitude of these effects a firing was made using a foam-filled 

sabot but without a bird, and it was found that the effects were indeed serious. Even without a 

bird a momentum of 283 lb. ft./sec. was imparted to the pendulum by the air column and sabot 

debris. The test was then repeated using a sabot with an aluminium honeycomb filler. It is known 

from experience that the honeycomb filler is completely retained by the sabot catcher. The only 

debris from the sabot which might contact the pendulum is the small mylar liner sheet which 

forms the inner surface of the sabot cavity. When the gun was fired with a birdless honeycomb-

filled sabot, a momentum of 153 lb. ft./sec, was imparted to the pendulum by the air column and 

mylar liner sheet. This was an improvement but still not satisfactory. 

In order to eliminate the air column effect baffles were set up. The baffles consisted of .002 in. 

thick polyester film taped to the front face of the start and stop stations of the velocity timing 

frame. At the point where the bird would impact the polyester film a one inch cross was cut to 

allow unimpeded passage of the bird through the film, but at the same time minimize the effect 

of the air column. These baffles also had the effect of stripping from the bird the mylar liner 

used in the sabot. 

 The effectiveness of the baffles was checked by a further firing with a birdless 

honeycomb-filled sabot. The extraneous momentum imparted to the pendulum was found to be 

reduced to 13 lb. ft./sec. Since this extraneous momentum is of the order of 1 to 2 percent of the 

bird's initial momentum in the present experiments, the set-up was judged acceptable.  

 Using the revised experimental arrangements a group of three impacts was made with 2 

lb. birds at 600 ft./sec. The results are shown in Tab1e 4. The mean nondimensional impulse for 

this series of three impacts is 1.013 with a standard deviation of 0.013. This contrasts with the 

mean value of 1.27 measured in the comparable group of impacts when precautions were not 

taken to eliminate extraneous momenta. The difference of the mean pendulum momentum 

measured in the two groups of tests agrees very well with the momentum imparted to the 

pendulum by firing a birdless foam-filled sabot. Moreover, in the later group of tests the sma1l 

excess of the pendulum momentum over the bird's initial momentum is of the order of the 

residual extraneous momentum which remained after all 

precautions were taken. It appears safe to conclude that the nondimensional impulse resulting 

from a bird impact is almost exactly unity. Expressed in other words the impact is an essentially 

inelastic process with no rebound. 

 A final group of impacts was performed using artificial gel birds. The artificial birds, 

which are occasionally used for calibration and development work, are moulded cylinders of ge1 

composed of 98% water and 2% by weight of carboxymethyl cellulose. The results are shown in 

Table 5. Here again the nondimensional impulse is almost exactly unity. However in contrast to 

all our other measurements the nondimensional impulse falls slightly below unity rather than 

above. 

 

 

 



6.  Conclusions 

 

1. The impulse exerted in a normal impact of a bird against a flat rigid target is a highly 

reproducible quantity. The observed variations in replicated experiments are of the order of 1 or 

2 percent, which is the order of accuracy of the experimental measurements. 

 

2. The bird impact is an essentially inelastic collision with no rebound. The impulse exerted on 

the target is equal to the bird's initial momentum. This is in agreement with the findings reported 

in Reference 3. 

 

3. In making measurements with a ballistic pendulum, precautions must be taken to eliminate the 

influence of air blast and sabot debris. 
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FIG.1.   NONDIMENSIONALIZXED IMPULSE VS IMPACT VELOCITY. 

UDRI DATA PRODUCED FROM REFERENCE 3. 

 



 
 

FIG.2. GEOMETRY OF PENDULUM 

 

 

 

 

 

 



 
 

FIG. 3. TEST SET-UP 

(FROM L TO R : CANNON MUZZLE. TIMING FRAME, PENDULUM 
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FIG.4. PENDULUM DETAIL 



 
 

FIG. 5.   ELECTRODES 

 

 
 

FIG.6. TRACING SYSTEM SHOWING ELECTRODES AND  

ELECTROSENSITIVE CHART PAPER 



 
 

a) SET-UP FOR TESTS 1 THROUGH 34 

 

 
 

b) SET-UP FOR TESTS 35 THROUGH 57 

 

TABLE 1.  CALCULATION OF PENDULUM RADIUS ℓ 

 

 

 

 

 



 

 
 

NOTES: (1) Pendulum  mass M = 357.9 lb. 

  (2) In tests 5, 9, 14, 39 only one velocity reading was obtained due to equipment 

        malfunction 

 

TABLE 2. TEST RESULTS – INITIAL PHASE 

 

 

 

 

 

 



 
 

TABLE 3.  SUMMARY OF RESULTS 

 

 
 

TABLE 4. REAL BIRD RESULTS (final pendulum set-up) 

 

 
 

TABLE 5.  SYNTHETIC BIRD RESULTS (final pendulum set-up) 

 


