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A STUDY OF HAIL INPACT AT HICH SPE D ON LIGHT ALLOY PLATES

B 1. 1. McNaughtan and S. W. Chisman
Royal Alreraft Establishmemt, Farnborough, Hampshire
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JAN I, M-NAUGHTAN

Ian I, MoNaughtan took a B,So, and Diploma in Mechanlical Engimsering in
Glasgow, Socotland, in 1940 and has since been engaged on research at the Royal
Airoraft Establishment, Farmborough, into various aspects of aeromautical
enginesring, He is ouwrently head of the Atmospheric Hazards Sectlon of
Brngineering Phrsiocs Depu~tmert and responsible for research investigations
into envircrmental effeots on airoraft,
STANIXY W, CHISMAN

Stanley W, Chisman ocompleted his engineering apprenticeship at RAE
rarrborough in 1943 and sinoe then haes worked in a wide rangs of asronautical
enginsering research studies at the RAER including ground and in=flight
investigetions of the prohblems associated with aircraft carrier operation of
naval airoraft. He 1s ourrently in the Atmospheric Hasards Seotion and
responsible for a research investigation into the effect of hail encounter
during high speed flight,

ABSTRACT

An experimental invsstigation was made to study the effects of impact
velooity, impact angle, plate material prope~ties and thickness on ths damage
to flat light alloy plates cavsel by the impact of one inch diameter hail at
speeds up to 2500 ft/sec,

A desoription is givern of the gas gun used for the firing of solid ioe
projectileas, Data are presented on indentation depth, dent profile and psne~
tration for two aluminium alloys, L72 (25 ton/in2, 19 elongation) and L73
(27 ton/in?, 8K elongatisn) of thickness ranging from 0,028 inch to 0,064 inoh,
Photographic studies of tre iwpact phase are shown,
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Najesty's Statiomery Office.

16 - 4




RIS WP Y

Ay v_:;.; s;,e_.:;

PRRS <

Introduction

In recenc years the continued increases in aircraft clicb and cruise speads,
traffic density and poasibly the use of weather radar for storm penetration,
have been accompanied by an increased nuamber of in-flight encounters with hail
resulting in severe damage to aircraft, Airworthiness Authorities on both
sides of the Atlantic are now requiring sone measure of hail impact recis-
tance fron aircraft structures.

In order to cbtain basic dats on the hail impac. resistance of aircraft struce
ture, an investigation (Ref. 3) was cozcenced at the RAE Farmborough, in late
1363, and is still in progress.

A brief description I siven in *:is paper of the apparatus used for the
study; sone results are presented on hail impact damage to flat sluminium allioy
plares and evidence is presented which indicates that hail impact tests must
be made using ice projectiles of the correct size at the correct impact speed
and correct impact angle.

Hail Zan

The gun (Ref, 2), shown in Fig.1, was developed from cne cf the type used et the
RAE by the late D. C. Jenkins for single impact stulies ol rair erscsion by
fitting a longer barrel (8 ft) and providing means for cooling tte breech and
barre} to sub-gero temperatures. The majority of studies have been made with

1 inch diameter ice projectiles but aiternative barrels allow firjing of

3 inch, § inch and § inch projectiles. The gun is operated by compressal gas

at pressures up to 1000 1b/in and firing iy by means of a gas driven servo-
valve inside tha firing chamber,

Using compresaed air, ice projectiles can be fired successfully at discrete
speads in the range 250 ft/sec to 1400 ft/sec. By evacuating ihe barrel,

the upper speed can be raised to 1600 £t/sec and when the internal valve is
recoved and the gun fired by bursting disc technique, speeds up to 1800 ft/sec
can be cbtained. A maximum speed of 2500 ft/sec can be achieved using helium
as the operating gas.

Iopact speed is derived froa neasurcment of the time taken for the projectile
to interrupt two light beans a known distance apart. This time is measured by
means of photo~diodes and conventional electronics.

Hail

Two types of ice projectile have been used to represent hail g ice spheres and
ice builets which have an identical hemispherical nose with cylimdricel after-
body and nass equal to that of tne sphere, The projectiles are formed in sili-
cone rubber asulls t‘rgn seasured quantities of distilled water by freezing in
a refrigerator at =15 C. MNoulded ice spheres formed in this way frequently
have internal faults and bresk up when fired st high speed. It is thought
that, since the freesing process is froa the outside inwards, the faults

are due to stresses generated towarcs the end of the freezing process. The
ice bullets, which are frozen in aculds with the henisphere downwards end the
upper surfase, i.e. the rear face of the oylinder, unrestricted, are auch less
prone to internal faults amd are generally used at speeds in excess of

1200 ft/sec. Onre inch diameter spheres ani ice bullets of this type give
identical dumage results,




Inpact tests were made on flat plates of two typical aircraft light alloys

L72 and L73; aluminium coated aluminjum - copper - magnesium - silicon -
manganese alloy more or less equivalent to 24 ST materiai. L72 alloy is sol-
tion treated, aged at room temperature and has an ultimate tensile strength <°
25 tons/in? with 19% elengation. 173 alloy is sclution treated, precipitaticn
treated and nas an ‘dtizate tensile strength of 27 tons/in2 with 8 elonea*ior.

The specinens, 12 inch square plates, were secured with 3/16 inch screws a*

2 inch pitch %o a steel frame formed from 2 inch x 2 inch x 5 inch angle. T:io
frume was rirsidly attacned to a support structure at the required impact anc.e.
(Izpact angle ic the angle between tie line of fire and the norral to the
plate.) Impact was in the centre of the plate,

Nermal impact indentation

“ren hall impacts on the plate at zero impact argle it makes a symmetiical smeot:
contoured dent wiic: increases in size with impact speed as shown in Fis2.
Visually it iz not possitle *o estimate tie dent diameter,

Attempts were -made *o 2orrelate dent volume {obtainud by £illing the dent =i+
water plus a wettine agent), cross-secticnal area of deformation at maxiaum
indentation {ottaired from measurements of dent profile) and maxizus indert-*is:
with velocity. The only correlation obtained was that depth of indentation
varies linearly with impact velucity. This is shown in Fig.3 fo- L73 alloy

and Fig.h for L72 alloy: the effect of elongation can be observed. Previous
work by Kangas (Ref. 5{ had suggested that indentation varied sith the square of
velocity but this is clearly incorrect for the two alloys tested.

Ar.vlea impact indentation

In the case of angled izpact the dent i3 not symmetrical but it is again smoct:.
contoured and it is impossible to estimate visually the dent diapeter. Tical
dent profiles are shown in Fig.5. Over the impact angle range 0% to 66° “ie
depth of dent varies linearly with the component of impact velocity normal to
the plate, Typical results are snhown in Fig.6. A similar relationship was
observed in tests of Concorde fuselage panel specimens (Ref, 1).

On tris evidence it was cucgested that high speed impact at large impact arngles
{esgs highly swept aurfuces’ couid be simulated by tests at zero im,act angsle
witi. tse same normal velocity component. This would avoid the need to develer
high speed hail test facilities for supersonic aircraft testing, This

V cos = constant relationship has been found tv apply in a number of impace
cages =~ e.g. bird impact tests on wirdscreens, It can be seen in FTij.¢, ‘iat

?
tf'or penotration, V ¢S5 is not constant,

Penetration speed

Fis.?opresents the trie penetration speeds for both alloys over the range

¢ 20" “o 60  and thickness 0.C28 inch to 0.064 inch. The curves are !
reasonably sinilar anl show that resistance to pmetrat%on decreases with ?
increase in izpact angle to a minimum value at about 30° and then increascr. 1
(It was the discovery of this phencmenon with the thinnest plate specimens
that resulted in our developing the gun performance to allow fuller inves*ira-
tion with the zore representative thicker specimens.) It i3 interesting to
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nete that ainisum resistance is about 503 anich is typical of the wing sweep
of modern subscric aircraf't,

Peretration dazage

As hail impact velocity increases, the depth of indentition increases progres-
sively '‘mtil failure of the metal occurs., Initially this faillure consists of
a short split in the material at the oase of the imcentation. As ihe impact
speed is increased beyord this splisting speed the split is opened up, the
hailstone debris penetrates the plate and petals back the failure. Further
speed increases result in increases in the number of pctlele.

The appearance of the initial metsil failure has a reserblance to failure of
a thin spherical shell under internal preasure, a case in which the invernal
pressure at failure, p; can be expressed as:-

p = 2tf/r

where f = ultimate tensile strength, ¢ = shell thickness and r = shell radius,
The pressure generated during impact will be scre function of impact speed amd
of the projectile and specimean material properties unier high mtes of loeding.
For a given material, projectiie and projectile size it is probable that the
pressure will be related to the kinetic en2rgy of the projectile and penetra-
tion speed would then be proportional to the square root of specimen thickness,
The results in 7ig.7 are in fair agreement witn this relationship.

Photomhic studies

Since no go~d explanation could be given figr the gecrcue in penetration resis-
tance with increase in impact angle from O to 307, ths hail irpact phase was
studied photographically to see if any evidence could be cbtained to explain
the phencmencn. Although the study did not achieve this aim the results are
interesting.

A very high speed cine-camera was available and a number of impacts were photo-
graphed in silhouette at 500 000 to 600 000 frares par second. TFig.8 shows
the iopact of & 1 inch diameter hail builet at « speed of N = 1.0 on a plate

of L73 alloy 0.036 inch thick at zero impact angle. The following features
can be seen.

(a) The Lail does not shatter completely on impact and there is no spalling
from the rear fr:e.

(b} There is sone sidewaya splasn, sinilar tc that onbserved in investications

ef single impact rain drop crosion studies. The splash front speed is ahout
four times ‘Le irpact speed.

{e) The indentation base shape is formed very rapidly and is maintained
throughout the impact phase being progressively driven deeper through the
plate. In the case of 1 inch hail impacting on L73 material the base shape

is thet of a 2 inch diameter sphere and on L72 matwial it is a 1.5 inch
dianeter sphere,

Pigs. and 10 show indentation profiles constructen from a common base for
various thicknesses of both materials and it cen be seen trat these base ahape
diameters apply over the full range tested. Additional tosts o L73 alloy




with 3 inch diameter ha’l gave a base shape equivalent to a 1,5 diumeter sphere.
Tris implies that the damage sustained by aircraf't in flight, if measured by a
Titting ball technique, will indicate encounter with hail) some 1.5 to 2 times
larger than that actually encountered. This large factor shovld be noted since
the data from in-flight hail encounters have influenced Airworthiness
Authorities in the formulation of hail resistance requirements,

Furtrer studies made with srnort duratien flash photography, using reflected
light, pvovided evidence of change in the ice siructwre f'cilowing impact.
*ig.11 shows the ice projectile prior to impact with highlights as expected
fron a glaze ice surface., Izzediately af'ter impact the highlights disarpear
indicating a change in material crystal structure, This has heen substantiated
by exanination of fragments of hail recovered af'ter impact. The largest frag-
nent recovered had a mass half that of the original projectile, a mushroom
head shape wiich precisely fitted the indentation profile and a very fine grain
crystal siructwre like a ceranmic, It i1s thought that the impact shock trans-
mitted through the ice causes <iis crystal structure change. The ice daes not
shatter completely into a mss of sepsrate crystals: this is clear from the
cine=photograpns. The change is in the crystal structure itsell,

Sinulation stulies

Earlier we showed that high speed impact of nail 2t large impact angles cannot
te sinmulated ty low speed impact at small impact angles on a V cos @ constart
basis.

It has been suggested that high speed impact of small hail can be simulsted by
low speed impact of large hail on an equal kinetic energy basis. This has also
been proved unacceptable. Typical results are shown in Table 1 for L73 material
0.036 inch thick. Using 1 inch liameter hail %o simuiate z inch and 5 inch hail
on an equal kinetic energy basis gives penetration speeds of 1870 £t/sec for

3 inch hail compared to a true velue of 1355 ©t/sec and 3330 ft/sec for * inch
tail coopared to a true value of 1320 ft/sec.

3imulation of large hail by smaller diameter hail of equivalent mass (i.e,
elcngated bullet) is also unacoeptable, Table 4 shows that a 3 inch elaongated
bullet equal in mass to a 1 inch ice sphere caused penetration at 1090 ft/sec
compared to 1230 ft/sec for 1 inch hail.

Simulation of ice projectiles with siternative materials can also give erroneous
resilts. Fige.11 gives punetration results for 1 inch ice spheres a 1 inch poly
(ethvlene) spheres and the differences are clearly shown; they are attributed
to the different behaviour of ice and poly (ethylene) during the impact phase,
Poly ‘etiylene) pancak2s out on impact dbut recovers rapidly to almost its
original shape {Hef. 4) ard rebo'nds if penelration has not been achieved.
Befor? on alterna*ive material to ice could be accepted it woi"d be necessary
to 3ake coxparative tests at representative spveds. This itself would require

a high spesd hail impact facility so there would be little reason to develop
an ice-equivalent material.

Conclusions

From the results cf thads 1limited stidy of high speed hail impact orn flat
aluninium allcy plates it is concluded that:-




(A) The naxinum depth of indentation from rail impact varies linearly with the
component of impact velocity normal to the plate.

(b)Y Hail penetration speed is proportional to the sguare root of plate
thicimess.

(c) The apparent dianeter of the indentation, neasured with the fitting ball
teciinique, is larger than t:e impacted hail stone diameter by a factor of 2 for
L73 macterial ard 1,5 for L72 naterial in the case of normal impsct.

(d) Simulation of high speed hail impact is difficult since tests must be made
at the correct speed, the carrect impact angle and with the correct size of
kail or hail equivalent naterial.

It would therefore apprar that a mitching set of high speed hail guns are
necessary weapors in the armoury of' the aircraft envivonmental test engineer,
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Table 1

Equivalent Kine.ic Energy Simulation

Meterial: L73

Thickness: 06036"

Inmpact angle: O

Hail: 3*, 3" and 4* dianmeter

but sees Note 1

Penecration | Kinetic
Projectile Weight

Note velocity energy

type 3 ft/sec | £t 1b

2 |Nominal 4" hatl 74 1230 760

3 | simulated 3" hail | 7.4 1870 760

. 2 | Nominal 3" hail 3.2 1355 400
3 | Sinulated 3" hail | 7.4 333 760

2 | Nominal 3" hail 1.0 1320 250

4 | simvlated 1" nafl | 7.4 1090 600

notea
L 2 3

1, Nominal 1" hail was made from 7.4g water, compared to 7.8g¢ for 1" sphere
of ice density 0.91, to ninimise crack formation.
Nominal 3" hail was made froa 3.2g water somparel to 3.3g for 3" ice
Sphereo
Nominal 1" hail was made from 1.0g water compared to 0,975g for %" ive
sphere,

2. Experimental result.

3 Theoretical penetration speed derived from result with 1" hail assuming
equivalent Kinetic Energy.

L.  Experimental result using $ bullet of aass equal to 1" hail.
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Fig.3
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Direction of impoce
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Fig.7
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Fig.10 022 964474
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Fig.1l impacts of lin. hoil bullets o 1100§/sec:
L73/20 swg: a = 30°
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