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SUMMARY 

This report IS a compllatmn of several 
testprqectreports concerned with a study of 
haLlstone Impact damage on varl~us forward 
portmns of transport arcraft structures that 
are commonly s u b J e c t to damage m flqht 
The test data cover smxulated hadstone tests 
on wmdshleld matertals, on nonmetalltc ma- 
ter,als used in constructmg the radar housmg 
in the nose of the axrplane fuselage, on the 
metallw 1 e ad in g edge of wmgs, and a, the 
propeller dome 

The tests were conducted with a com- 
pressed-au CatapultwhchproJects re spheres 
ranging ,n size from 0 75 mch to 1 88 Inches 
IndIameter. atvelocltres up to 804mph. either 
smgly or ,n groups of fLve through an appro- 
prmte s,ze tube or tube cluster The struc- 
tural test specimens. except the wmdshwld 
materials. weresubm~ttedfor test by the De- 
partment of the Navy through contract w,th 
Amer,can Alrlmes 

The tests on wmdshleld matermls were 
nmde u, order to de t e r m 11, e the extent of 
ha&tone damage sustamed at d,fferent ,m- 
pact velocltues by glass-vmyl plastx wmd- 
shtelds which were developed ta resist ,m- 
pact wtth buds ,n flight There also were 
Included m th,s port,on of the mvestlgatmn 
tests of 0 25-mch full-tempered glass panes, 
0 25-mch me thy1 methacrylate sheet, and 
“safety-glass” panes The tests on the wmd- 
shwlds were made with 1 88-mch dmmeter 
ice spheres The angle of slope for the wmd- 
sh,elds ranged from 0” to 65’ The tests re- 
vealedthat~ass-v,nylplast,c lammatedwmd- 
shrelds, usmg 0 125-Inch plasttc Interlayer. 
resrst penetratron by hallstones at velocltles 
up to 500 mph at 0” slope and up to 650 mph 
at 60” slope Lammated pane s wtth vmyl 
plast,c mterlayer thwkness of 0 188 mch, 
resist penetratmn by ha,lstones at velocltles 
up to 630 mph at 0’ slope and up to 800 mph 
at 60’ slope Full-tempered glass sheets of 
0 25-mch thxkness, used as the front pane 
m the double-pane type aircraft wmdshleld 
lnstallatlon. res,st fatlure at “elocltles up to 
230 mph at 0’ slope and up to 400 mph at 60’ 
slope Methyl methacrylate sheets of 0 25- 

mchthxkness reswtfadure at about one-half 
the penetratmn velocity of the 0 25-mch full- 
tempered glass “Safety-glass,” with 0 109- 
mchannealed glass face sheets and 0 015-Inch 
vmyl plastic Werlayer, 1s slvghtly stronger 
thanthe 0 25-mchmethylmethacrylate sheets 
tested 

The tests on a I r c r af t fuselage nose 
sectmns were made on three radomes con- 
structed of ftberglas materials The test ex- 
perlencegalnedwltheach radome determmed 
the constructron of subsequent test specimens 
The thLrdorfma1 radome reststed penetratron 
of 1 88-mch ice spheres at veloclttes from 
380 to 480 mph, with the lme of Impact bemg 
held perpendicular to the radome surface 
At these velocrtws, the front flberglas mem- 
brane ofthe thud radome was penetrated, but 
the rear or ,nner membrane only bulged back 
w,thout bemg torn or penetrated 

The purpose of the tests on the metal 
portu,ns of typlcalwmg sectmns and a Douglas 
DC-b propeller dome was to determme the 
extent of damage and s ~ze of mdentatmn caus ed 
byvarmus 5,ze hallstones prqected at various 
impact ve1ocrtres It was found that ,ce pel- 
lets less than 0 75-mch diameter cause only 
m,nor damage. formmg rndentatmns less than 
0 1 mch deep ,n a 0 040-mch. 75S-T alu- 
m,num wmg sect,on at veloc,t,es up to 400 
mph lhe 0 045-mch. 24S-T materials showed 
comparable ,ndentat,ons at veloc,t,es up to 
300 mph The largest tee sphere was 1 88 
Inches ,n diameter and caused mdentatvx,s 
0 1 Inch deep at approrlmately one-half the 
velac,t,es where s,m,lar mdentatmnswere ob- 
tamedw~ththe 0 75-mchdtameter ,ce sphere 
The propeller dome, constructed of 0 064- 
Inch, 61S-Oalummum heat-treated to 61S-T, 
when subJected to Impact tests wrth the varl~us 
s,ze hallstones (rangmg mdlameter from 0 75 
,nch to 1 88 Inches) at 300 mph, received in- 
dentatmns varymg in depth from 0 14 rnch to 
1 33 mches 

INTRODUCTION 

The hazard associated w,th auplanc 
fl,ght through hallstorm areas generally IS 
recognmed A,rlme operatmns records ron- 
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tain nume roils ,baiist~one damage reports. 

Some nithesedescribe the unexpected sudden- 

ness and fury of a relatively sb”ri encounter 

with hail, Lasting anywhere up to ten minutes 

Inthe more severe cairs on record, the dam- 

age has n”t ca,used 1~“s~ of coritroi of ihe air- 

plane; however, grounding was necessary in 

order to make nece.ssarv repairs, such as 

replacing darnagccd windshields, metal nose 

sections and leading-edge sections of wings, 

vrrtics.1~ fin and stabilizer tips, and engine 

cowl rings. Denting of various other forward 

arcas, such as propeller dames, oil radiator 

core iips, nasewheeldoors, entine fins, push- 

rod housings, and fuselage sections, ulti- 

maiely P e qu i r e d repair or replacement of 

parts. 

N” study “fthe frequency of “ccurrence 

of airplane hail damage has been made by 

this office. A few reports “i hailstone darnage 

to aircrafthave been submitted voluntarily by 

som? of the airline “perai:“rs. The hailstone 

damage shown in Fig. 1 is typical of the most 

severe cases and indicates the extent and 

general character of t,hc damage which can 

result from a single hailstorm of Shari dura- 

tion. 

In the course of the recenf investigation 

car r ie d out at the Technical Development 

and Evaluation Center. concerned with the 

deve lopmcnt of the bird-impact resistant 

windshields, the question of hailstone impact 

dam age was raised numer”us limes, The 

abilityofwindshieldmatrrials to resist pene- 

tration by 1 a r g c hailstones therefore was 

brieflystudied. Later, nonmetallic materials 

used in forming the nose section of the air- 

plane fuselage which housed radar equipment 

~rrc s u b m it t e d for hailstone tests by the 

Naval Air Development Station, Johnsville, 
Pa. Also, metalwing section test specimens 

for the Convair 240 and Douglas DC-6 air- 

planes and a Douglas DC-h propeller dome 

were submitted for hailstone tests by Ameri- 

canAirlines in their contractwith the Depart- 

mcnt of the Navy as part of a p r” j e c t con- 

cerned with r a da r detection of hailstones. 

The results of all these tests are included in 

this report. 

HAILSTONE CHARACTERISTICS 

InformationpublishedbytheU. S. Weath- 
er Bureau1 was used in det?rrnining rhe size 

and type of simulated hailstone to be ut.ilized 

in the tests. This information showed that 

most hailstones are spherical in shape! and 

are formed ofalternate shells of clear t” trans- 

lucent ice, with s”rne being farmed rniirely 
of clear ice, 

It is stat.edinthe U. S. Weather Bureau 

report, in connection wit.h hailslone size: and 

dis!ribution that. “the mot c”mn>“n di- 

ameter of hail on the ground lies within the 

range from 0.5 I” 2.0 or 3.0 centimeters, 

and that with an increase of diameter above 

3.0 centimeters the frequency of “crurrence 

diminishes rapidly.” A classification of the 

frequency of hailstones of different sizes in 

the United States is shown as follows: 

Size (diameter) OCCLl**e*,Ce 

inches centimeters 

1.0 2.5 C0**0n 

2.0 5.1 Often reported 

3.0 1.6 Not evtremr:ly rare 

4.0 10.2 Doubtfu! 

Concerning horizontal distribution of 

hail, the report refers t” a study of 2, 105 

hailstorms whirhoccurred inthr: UnitedStates 

during the period 1~26 to lyly and rancludcs 

that “the most c”mm”n widt,h of track 

for damaging hailstones in this country is 

from one t.” two miles. Track widths, how- 

ever, showed an extraordinary range, ex- 

tending from a few yards to as much as 75 

miles. Since the total hail area in average 

storms is of thP order of 20 square miles. a 

storm width of 2 miles would usually be as- 

sociated with a length of 10 miles.” 

The report summarizes the facts con- 

cerning the vertical distribution of hailstones 

by stating that “the stratum of greatest 

vertical hailstone concentration contains smalL 

medium, and large stones, and lies within 

the ’ hail factory’ region of a cumulo-nimbus 

cloud; i.e., that portion bounded by the 0°C 

and the -10% isotherms. Alesserdensity of 

hail is believed to exist in the stratum from 

-1O’C to -20°C (the region int” which the 

IN. C. Gerson, U. S. Weather Bureau, 

Washington, D. C., “Variation in Physical 

Properties and in Atmospheric Concentration 

of Hail” Bulletin of the American Meteorologi- 

cal Society, Vol. 27, No. 2, February 1946, 

pp. 47-53. 





larger stones extend the dens Ity of the 
hall I” the fallmg stream may be mater,ally 
less than I” the ’ factory’ zone) ‘I 

The temperature of harlstones formed 1” 
the atmosphere the r e f o r e range generally 
from 0°C to -2O”C, wLth most bemg L” the 
range from 0°C to -10°C 

The data concerumg hall frequency are 
meager The most recent data avaIlable are 
those provided bythe”Thu”derstonm~oJect,” 
a cooper&we studymade bytheU S Weather 
B II r e au, NatIona. Advwwy Comm,ttee for 
Aeronautxs, Departments of the A,= Force 
and Navy, and the Unlversrty of Chxago, 
co”cer”,“g frequency of ha,1 ,” thunderstorms 
occurrIng L” Florrda and Ohlo L” 1946 and 
1947 It IS knownthat these states have a low 
hall occurrence as compared to the Western 
Great Plams and the mounta,” areas It LS 
noted, therefore, that the data derived from 
this source are less than average value 

Traverse tLme through thunderstorms 
was relatwely short, the average traverse 
t,me bemg 3 1 m,“utes Thts corresponds to 
a” average traverse distance of 10 to 15 m&s 
for the F-61 airplane flymg at speeds ra”g,“g 
from 200 to 300 mph 

Scheduled alrlme experience mdtcates 
a more frequent existence of hall I” thunder- 
storms than ,s shown m the aforementmned 
data A statement by ama~or arrlme operatmg 
over alarge portvan of the ContInental Unrted 
States concludes that, “Ha,1 exists 1” vary,“g 
sizes I” the majortty of thunderstorms ‘I 

TEST METHOD 

The tests were conductedwlththe equip- 
ment that was uz e d I” makmg bwd-Impact 
stud,es of aircraft wlndshtelds 2 The com- 
pressed-aw gun, shown L” Ftg 2, was re- 
fltted with a cluster of five tubes, of 1 gtl- 
mch ,nstde drameter. for proJect,“g ice 

spheres of 1 25-Inch and 1 BB-,“ch dl- 
ameter e lthe r singly or I” groups of five 
The center 1 88-Inch tube was L” turn fitted 
wrth a tube of 0 88-mch ,“s,de diameter for 
proJectmg 0 5-Inch and 0 75-inch d,ameter 
hallstones smgly 

The artlflcral hgtlstones were proJected 
at velocltres ranging up to 804 mph by vary- 
mg* the gun air pressure and controllrng the 
by-pass of a,= through the unused 1 BB-Inch 
tubes Projectmg a s,“gle ,ce sphere at a 
low velocity through the center tube was best 
accomplrshed by plso permtttmg arr to pass 
through the adJ&“t udused tubes Highest 
velocttws were’ attalned by clos,“g all tubes ‘* 
exceptthe center tube, andus,nga,rpressures 
up to 300 ps, 

Veloc,ty measurements were made by 
havmg the LCB sphere break two lrght-we,ght 
tnnmgvares located at the muzzle of the gun, 
spaced either five feet apart L” the case of the 
tests wLth 1 8t7-mch ice spheres, or one foot 
apart I” the case of tests where the lighter 
we ,ght ,ce spheres were used The latter 
arrangement 1s shown L” Fig 3 These tlmmg 
w,res were electr,cally connected to a 
direct-readmg chronoscope I” measuring 
speed of the ltghter weight pellets, ,t was 
found necessary to devise a” arrangement 
where the tlmmg wires were held L” the maws 
of small clamps whrch pernutted the wires to 
be pulled out when contacted 

The ,ce spheres were froze” 1” gang 
molds of appropriate s,ze and were stored I” 
a refrxgerator untrl used L” the test Each 
ice sphere was weighed before ,“sert,o” I” 
the gun The temperature of the ice spheres 
at the time of test was between 20-F and 32’F 

Before each test, the breech end of the 
hallstone tube was chllledwtth dry ,ce to pre- 
ventmeltlngof the ,ce sphere whrle fmal ar- 
rangements were bemg made for ftrmg the 

g”” 
The mountrng structure for wmdshlelds 

subJected to ha&tone Impact was the same 
as thatused Inthe bird-xmpacttests described 
I” TechmcalCevelopmentReportNo 74 The 

‘Pell Kangas and George L P,gman. 
“Developmentof AIrcraft Wmdsh~elds to Re- 
stst Impact wLth BLrds L” Flight.” Part II, 
T~chn,calDevelopmentReportNo 74, January 
1948 
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Fq 2 Compressed Air Gun Fltted WLth 
Tube Cluster for ProJectmg 
Ha&tone 

12- by 36-,nch paneswere attached to a steel 
mountmg frame whtchwas supported by a rtg,d 
steelteststandthat was adJustable to any de- 
sired wmdshleld slope The wmdshlelds 
were placed m posltvan to rece,ve nnpact ,n 
the center of the pane 

The p 1 as t L c temperature of the vmyl 
plastx panes was obtaned by attachq thermo- 
couples m close contact with the surface of 
the pane Heattng of the panes was achieved 
by heat,ng lamps As all panes were tested 
at 80°F. the varxatmn of the pane tempera- 
ture from the amblent temperature was small 

The fuselage nose secttons. or radomes, 
were mounted on a sheet of alumrnum or ply- 
wood, whwh II, turn was fastened to the rqrd 
steelteststand used for the windshLeld tests 
Flat test panels, representmg the materials 
used ,n the radome, v/ere supported at the 
edges and suntlarly bolted to the steel test 
stand 

The metal wmg sectlons and propeller 
dome were attached to a 0 75-,nch plywood 
sheetwhlch was clamped to the steel test 
stand The test specwnenwas easrly adJusted 
to any deswed posltmn to pernut full ut,hza- 
tlon of the avatlable s u r f a c e m the rmpact 
tests 

* In th,s report polyvmyl butyral plastx 
also ~~11 be referred to as “vmyl plastx ‘I 

F,g 3 Alr Gun Muzzle Showrng Tumng 
Wire Arrangement and Center 
1 88-Inch Tube FItted With 
0 875-Inch Tube 

HAILSTONE IMPACT TESTS 
OF AIRCRAFT WINDSHIELDS 

Types of Wmdshwld Panels 
Among the awcraft wmdshxeld panes 

mcluded ln the tests were panes of the type 
whrch are commonly used to obtam hLgh bwd- 
Impact resistance Two glass-plast,c lamm- 
ated panes of this type were mcluded, one 
w,th 0 125-Inch vmyl plastic mterlayer and 
the o the r w,th 0 188-Inch Interlayer The 
rnterlayer of polyvrnyl butyral plastic, * 
hawng a 20 per cent plastw,zer content, was 
lammated LI-, each case with sermtempered 
glass faces of thtckness equal to the mter- 
layer thickness The extended plastx edges 
of the panes. remforced with an alummum 
msert. were bolted to the supportmg wmd- 
shield frame 

Full-tempered glass sheets of 0 25- 
,nch thrckness were Included ,n the tests be- 
cause of their common use as a front pane in 
double-pane, au-heated type wmdshwld in- 
stallatmns There alsowere Included methyl 
methacrylate sheets of 0 25-mch thickness, 
and the so-called “safety-glass” panes of 
0 25-inch thickness which uttllze a 0 015- 
mch polyvmyl butyral Interlayer 
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Test Results 
The results of tests of the varvsx wmd- 

shleldmaterlals are shown rnFlg 4, m which 
the penetratwn velocity 1s plotted agamst the 
secant of the angle of slope of the wmdshleld 
pane Eachvalue ofpenetratlonvelocityshown 
m Fig 4 1s based on several mdwldual tests 
with the 1 BE-Inch diameter ice sphere, and 
LS the average value of the htghest velocity 
where no penetrattonwas obtamed and the low- 
est velocity where penetratmn was obtamed 
ltwlll benoted that, forthree ofthe s~xcurves. 
representmg 0 125-mch vmyl plastic larnm- 
ated pane and 0 25-mch full-tempered glass, 
there exists a lmear vartatvan between the 
penetratron v e 1 o c L t y and the secant of the 
angle of wmdshteld slope Smce the curves 
for “safety-glass,” 0 25-mch methyl metha- 
crylate panes and 0 188-Inch vmyl plastic 
lammated panes. are determmed by only two 
testvalues, they are md,cated by brokenlmes 

The highest Lmpactstrengthwas attamed 
by the vrnyl plastic lammated panes At 0” 
slope, the penetratmn velocity for the 0 125- 
mch vmyl p 1 as t L c lemmated pane at 80-F. 
tested wrth the 1 8%mch we spheres, was 
515 mph Increasmg the vmyl plastw thrck- 
ness 50 per cent, from 0 125 Inch to 0 188 
mch, mcreasedthe penetratmn veloc,ty from 
515 mph to 634 mph, or only 23 per cent At 
60" slope, the same general relatmnshlp 
exwts, wlththepenetratmnvelocltyfor 0 125- 
mch vmyl plastx lammated panes bemg 650 
mph and for 0 188-Inch vmyl plastic the value 
bemg 804 mph 

There are shown m Fig 5 the results 
of testswlth 1 88-mch ice spheres on a 0 188- 
mch vmyl plastic lammated wmdshleld pane 
tested at 0” slope ProJectmg the Ice pellet 
at 620 mph caused no fatlure m the plastic. 
whereas at 648mphtotalpenetratmnoccurred 
ThemedIan between these two values, or 634 
mph, 1s c on s L d e r e d to be the approxLmate 
penetratmn velocity at 0” slope 

In Fig 6 are shown results of tests on 
this pane with the angle of slope mcreased to 
60" The small tear resultmg from Impact 
at 804 mph 1s consldered to be a borderlme 
failure, andconsequentlywas recorded as the 
value of penetratmn velocity 

The penetratmn velocity of 0 25-mch 
full-tempered glass, tested with smgle 1 88- 
Inch ice spheres, varws as the secant of the 
angle of slope The rate of mcrease In pene- 
trat,onveloc,tywith,ncreas,ng angle of slope 

LS only slightly greater for the 0 25-mch 
full-tempered glass than for any of the other 
curves shown tn F,g 4 For example, the 
penetratvanveloatyof 0 25-Inchfull-tempered 
glass was 235 mph, or 45 per cent of that of 
0 125-Inch vmyl plast,c lammated panes at 
0” slope, and at 60per centofthatof the 0 125- 
Inch vmyl plasttc pane 

Impact tests w,th volleys of fLve 1 88- 
mch ice spheres on 0 25-mch full-tempered 
glass panes at 0”. 25”, and 41” angles of slope 

resulted m penetratwn velocrtws only 30 to 
40 mph less than thyse obtamedwlth the smgle 
Ice spheres. Motmn pwtures taken at 1,000 
frames per second mdlcate a total var,atl 
of severalthousandths seconds occurrmg be- 

‘.‘@j$ 

tween the impact of the fLrst and last hall- 
stone In a volley of ftve hallstones even when 
the wmdshwld s 1 o p e was mamtamed at 0” 
The varlatmn m time of imp act of the five 
Lee spheres wouldtendto mcreasewtthgreater 
wmdshleld slopes, however. for the angles 
of slope Included In these tests, this factor 
does not appear to be stgnlfxant 

The penetratum v e 1 o c 1 t y of “safety- 
glass” wlndshtelds. utllwxng 0 015-mch 
vrnylplastlc mterlayerwlth 30 per cent plas- 
ttcw,er content, ranged from 150 to 180 mph 
at angles of slope varying from 0” to 41’ 
Transport airplanes ofthe pre-war type, trav- 
elmg 150 to 180 mph and utLl,amg this type 
of wmdsh,eld, are not adequately protected 
agamst the heavwr hallstones, (approxunately 
1 5 Inch to 2 mches in diameter) which may 
be encountered qurte often, accordmg to gen- 
eral experrence 

The lowest penetratron velocttws were 
obtarnedwlththe 0 25-mch methyl methacry- 
late panes, and they were about one-half of 
those for 0 25-Inch full-tempered glass and 
about one-third of the penetratvm velocity 
values obtamed wxth “safely-glass” mcorpo- 
ratmg 0 015-mch vmyl plastrc Interlayer 

HAILSTONE IMPACT TESTS OF RADOMES 

Descrlptmn of Test Specimens 
The radome sectmns were shaped to 

form the nose of the Douglas DC-4 and DC-6 
atrplanes The secttons submitted were 15 
Inches deep The horizontal and vertical 
longltudmalsectwms of the nose were formed 
with radii 15 l/B Inches and 16 5/16 Inches. 
respectwely, resulting in an ellLpttca1 trans- 
verse sectmn approximately 30 by 37 mches 



4 Impact Tests Wtth 1 88-Inch DLameter Ice Spheres on Varmus Wmdshleld Material 
Showmg Effect of Angle of Wmdshleld Slope on Penetratmn Velocrty 
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Fig 5 Results of Tests Wtth 1 88-Inch Ice Spheres on a 0 188-Inch Vmyl Plastx Lammated 
Wmdshvsld Pane at 80°F and 0” Slope 

Flat test panels 18 by 22 and 24 by 48 Inches 
also were tested 

The radomes conslsted of two or more 
surface layer lammatlons of ftberglas cloth 
bonded to a ftberglas honeycomb core A 
sertmn of a flat test specimen LS shown m 
Ftg 7 Varmus resmswereused as Impreg- 
natmg and bondmg agents The untt wetght of 
the resultmg lammatmns ranged from about 
0 75 to 1 pound per squarefoot Further de- 
tails concernmg dlmensmns. types of cloth 
and resms used are gtven m Table I 

Test Results 
The test results of the radomes are 

llsted in Tables 11 to IV mcluslve 
Radome A - Tests with a s angle Z-Inch 

dtame ter ice sphere of the flat flberglas 
honeycomb panel, mounted m a rlgtd struc- 
ture with Its surface perpendicular to the 
lme of impact. resulted m total pedetratmn 
at 375 mph, rupture of only the front mem- 
brane and cnre occur red at 330 mph. and 
mItta rupture of the front membrane at 273 
mph At lower velocltles, down to 175 mph. 
onlythe bond between the membrane and core 
was affected 

The nose of the curved radome sectton 
was crushed, but without penetratmn or rup- 
ture of the skm. from impact of a group of 
five Ice spheres proJected simultaneously at 
avelocltyof 237 mph Two subsequent shots. 
usmgsmgle ice balls at 230 and 227 mph. re- 
sulted In penetratmn of only the outer skm 



Fig 6 Results of Tests Wtth 1 88-Inch Ice Spheres on a 0 188-Inch Vmyl Plastic Lammated 
Wmdshteld Pane at 80°F and 60” Slope 

with the ftrst shot and total penetration with 
the second shot when Impact was contmued at 
the center point 

Lack of addlt~onal test mstallatlons 
prevented obtamlng a more accurate deter- 
mmetlon of the impact strength of this type 
of radome sectwn 

Radome B - The flat flberglas honeycomb 
panel, supported at the edge In a rlgld mountmg 
structure with Its surface perpendicular to 
the lme of Impact. was penetrated In one test 
with a smgle Z-Inch LCB sphere at a velocity 
of 300 mph In other tests, rupture of only 
the front membrane and core occurred at 302 

mph and 322 mph Fatlure of the bond be- 
tweenthe membranes and the honeycomb mter- 
layer was extenswe for the latter tests 

The radomenose sectmn withstood Im- 
pact of the rce spheres at 9O’angle of mctdence 
at approxtmately 325 mph wtthout serious 
damage Subsequent Impact. at the same 
pomt and at the same speed, resulted m total 
penetration mane test and parttal penetratmn 
m another srmllar test Wrth a smgle shot 
at 404, mph, total penetratmn resulted, and 
at 378 mph only the front membrane was pene- 
trated 

At an Impact angle of 45”. a 2-mch Ice 



Fig 7 Ftberglas Honeycomb Test Panel Sectmn. Actual Size 

sphere, proJectedat 332 mph, glanced off the 
radomew,thnofatlure resultmg At 338 mph, 
and at an Impact angle of 45”. but wrth aim at 
another pomt of Impact on the radome. the 
area around the point of Lmpact was caused to 
bulge u-ward without damage to the membrane 

Radome C -This radome nose sectmnwtth- 
stood complete penetration from Impact at a 
90” angle of tncldence of a smgle 2-mch we 
s phe r e at velocrtles as great as 480 mph 
Penetratxon occurred only mthe front or outer 
membrane at speeds rangmg from 380 to 480 
mph, as shown in Table IV In Fig 8 1s 
shown the manner m whLch the rear or Inner 
membrane was not penetrated, but ins t e ad 
was forced to bulge mward at these velocltles 
No realdtfference as to extent of damage was 
noted between the four tests of thrs radome, 
except for Test 424-3. Table II. where no 
penetratmnof the outer membrane occurred 

Dtscusslon of Test Results 
The value of penetratrnn velocltywas 

successively Increased from the ftrst to last 
radome as certam detarls m the constructmn 
were changed and Improved The thxkness 
of the fiberglas surface membranea was changed 
from 0 030 Inch to 0 040 inch The honeycomb 
mterlayerwas slmLlarly Increased from 0 27 
Inch to 0 32 Inch The bondmg resms varied 
for each of the three sets of spectmens In 
the latter two cases. an attempt was made to 
improve the toughness of the ftberglas ma- 
terlals by usmg certam proportmns of two 
resms classlfwd as flextble and rlgld These 
varlatlons are shown m Table I 

The test values derived from Radome 
A cannot be compared to the later tests be- 
cause of the difference m the test method 
Radome A was subJected to an mItta Impact 
of a volley of ftve balls The crushed area 
thus f o r me d was subsequently tested with 
smgle Ice balls The value of 227 mph re- 
qutred for ftnal penetration of this area can 
be constdered as beingmuch lower than would 
have beennecessary Ifthe test had been made 
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TABLE I 

Radome And Flat Panel Matertals Data 

Hexagonal 
Cells 

W tdth Length 

m in 

Ftberglas Cloth Lamlnac Resm - Per Cent 

NO Total 
Cloth of Thick- 4134 4201 4116 
NO Layers ness (Flexible) (Rtgtd) (Rlgtd) 

m 

No 1 Flat Panel3 (Tested November, 1947) 
Skm 181 2 0 017 Plaskon 911-11 resm 

0 025 0 027 used throughout 
Honeycomb Core --- 1 0 005 ‘0 II II 

Radome A (Tested November. 1947)l 

Skw’ 181 3 0 030 -- 100 --- 
0 025 0 027 

Honeycomb Core 118 1 0 005 -- 100 --- 

Radome B and Flat Panel4 (Tested March 15-16. 1948)l 

Sklnl 181 3 0 030 25 75 --- 
0 25 0 29 

Honeycomb Core 118 1 0 005 50 50 --- 

Radome C (Tested June 21, 1948)’ 
Skm2 183 4 0 040 25 --- 75 

0 25 0 32 

Honeycomb Core 118 1 0 005 50 --- 50 

1Fabrlcated by Low and Preston Company. Port Washmgton. N Y 
2Fabrlcated by Lunn Lammates. Inc , Glen Cove, N Y 

(Formerly the Low and Preston Company. Port Washmgton. N Y ) 
3Flat panel size, 18 Inches by 22 mches 
4Flat panel size, 24 mches by 48 mches 

wtth a srngle Ice sphere on an unblemrshed 
sectmn of the radome 

Radome Bwas tested by srngle ice balls 
at wtdely separated pomts Test 408-5, re- 
corded m Table III, states total penetratmn 
of the flberglas honeycomb lammatlon at 404 
mph and penetratmn of only the front mem- 
brane at values from 325 to 378 mph, there- 
fore, the penetratron ve 1 o c L t y can be con- 
stdered to be 390 mph, or the mean value 
between the lowest velocity recorded at total 
penetratmnand the hLghest velocity recorded 
at partial penetratwn 

The strength of Radome C was slgnlfl- 
cantly mcreased over that IndLcated by Ra- 
dome B The penetratmnveloc,tyfor Radome 
C was not determmed because only partial 
failure was recorded a‘t 480 mph The ,n- 

crease m Impact strength of Radome C over 
that of Radome B can be attributed to m- 
creasmg the thxkness of the flberglas surface 
membranes from 0 030 to 0 040 mch, or 33 
per cent, and mcreasmg the thickness of the 
honeycomb mterlayer from 0 29 to 0 32 inch. 
or 10 per cent The effect of the changes In 
the resms used m the constructlon of these 
radomes could not be evaluated Further 
tests were not conducted because of the lack 
of surtable undamaged surface area remammg 
on the radome 

It IS possible, with thw meager data, 
tomake onlyageneral correlatmnbetween the 
constructmndetatls and the Impact strengths 
obtamed In these tests The three variables 
whvzhwere rntraduced m each radome specs- 
men s Lmultaneously mthese tests were thick- 



CAA Pomt 
Test of 
NO Al* 

380-l 

380-Z 

380-3 

380-4 

Tests Performed on Flat Panel A 
Center 
Result Bond between front membrane and core 

fatled at area of Lmpact 
5 mches right of center 
Result Both front and rear membranes loosened 

from core m area of rmpact 
5 mches left of center 
Result Front membrane tore Ice sphere did not 

penetrate core but bounced back 
7 l/2 Inches below center 
Result Front membrane was extens,vely torn and 

the Honeycomb structure of core crushed 
No fatlure occurred m rear membrane 

6 mches above center 
Result Ice sphere passed through panel tearmg 

the membranes and core structure 

380-5 

381-l 

381-2 

381-3 

12 

TABLE II 

Test Results Flat Panel A And Radome A Nose SectIon 

Number of 
Z-Inch 

Ice Spheres 

Tests Performed on Radome A 

Center of nose 
Result Nose crushed In approxLmately 5 mches 

Coverrng was separated from the core 
structure 

Center 
Result Ice sphere tore outer cover and crushed 

Honeycomb, but did not penetrate mner 
cover 

Center 
Result Point of Impact same as in prevmus test 

Ice sphere tore a hole m mner cover and 
passed through lt 

ness of uxterlayer, thrckness of the surface 
membranes, and varlatlons m the res ms used 

IMPACT TESTS ON METAL WING 
SECTIONS AND PROPELLER DOME 

Descrlptmn of Test Specimens 
The four wmg sectmns submltted were 

made to 5 emulate only approximately the 
actual leadmg edge sectrons of Convarr 240 
and DC-6 aIrplanes Twoofthese spectmens 
were 43 mches long and were made of 0 040- 
mch, 75S-T alummum (DC-6). and the other 
two were 51 Inches long and were made of 
0 045-mch, 24S-T alumrnum (Convax 240) 

Ice Sphere 
Velocity 

mph 

170 

225 

273 ‘4: 

1 330 

1 375 

5 237 

1 230 

1 227 

These specimens were dwtded Into three 
equal-length sect tons by transveise stiff- 
eners made of 0 75-Inch whl te pme The 
specimens were about 15 rnches deep 

The propeller dome, consxtmg of the 
outer sectton only, was 16 mches long and 10 
mches in dtameter and was of the type used 
on DC-6 airplanes The materwl consIsted 
of 0 064-Inch. 6lS-0 alummum. heat treated 
to ~IS-T The th I c kn e s s of thw mater& 
varied at the varwus dent locatmns shown In 
Fig 9 The thwkness of the aluminum at the 
center dent A was 0 047 mch At dents B, 
C, and D, the thrcknesses ranged from 0 045 
Inch to 0 047 Inch, and at dent E the thrck- 



CAA 
Test 
NO 

407-l 

407-2 

407-3 

407-4 

408-l 

408-2 

408-3 

408-4 

408-5 

408-6 

408-7 

408-8 

13 

TABLE 111 

Test Results Flat Panel B and Radome B Nose Sectmn 

PollIt 
of 

AXIl 

Angle 
of 

Impact 
degrees 

Tests Performed on Flat Panel B 

Lower Right 90 

Result Bond between both membranes and honey- 
comb mterlayer falled over a constderable 
area Honeycomb structure was crushed at 
pamt of mpact 

Lower center 90 
Result Sphere penetrated total panel 
L.ower Left 90 
Result Sphere penetrated front membrane The 

rear membrane bulged back. but dtd not fad 
The bond between the lammates fatled over 
a constderable area. 

Upper Left 90 
Result The results were snn,l=r to prevmus test 

Tests Performed on Radome B Nose Sectmn 

Top of Radome Nose Sectmn 
Result Sphere glanced off Front membrane 

slightly torn Failure m the bond lmuted 
to area of mlpact 

2 m&es Right of Impact Pomt ,n Test 408-l 
Result Sphere penetrated front membrane Rear 

membrane bulged back, but not torn 
Bottom of Radome Nose Sectmn 
Result An area around pomt of umpact bulged back 

Bond falled m area of bulge No tear 

occurred m the membrane 
Same Pomt as III Test 408-3 
Result Sphere penetrated both membranes and 

mterlayer ,n bulged area 
Left S,de of Radome Nose Sectmn 
Result Sphere penetrated both membranes and 

mter1ayer 
Rtght Side of Radame Nose Sectmn 
Result Sphere penetrated front membrane and 

caused rear membrane to bulge back 
Upper Right Stde of Radome Nose Sectmn 
Result Sphere glanced off. causmg no damage 
Upper Left Stde of Radome Nose Sectmn 
Result Area of nnpact caused t,, bulge mward No 

f=,lure 11, membrane occurred The bond 
between the membranes and the mterlayer 
falled m area of mpact 

*Exact we,ght not determmed 

90 

90 

90 

90 

90 

90 

45 

Werght Ice 
of Ice Sphere 

Spheres Velocity 
grams mph 

50 4 240 

50 0 300 

49 0 302 

49 1 322 

50 8 324 

50 0 325 

49 1 328 

48 1 330 

50 2 404 

48 0 378 

50 o* 322 

(=PProx I 
45 50 o* 

(=PProx ) 
338 
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CAA 
Test 
NO 

424- 1 

424-2 

424-3 

424-4 

14 

TABLE IV 

Tests Performed On Radome C Nose SectIon 

Point 
of 

ALm 

Bottom 
Result Front membrane tore, permittmg ice sphere 

to penetrate. however. rear membrane not 
torn but bulged mward 

TOP 
Result Ice sphere tore hole ,n front membrane and 

formed bulge in rear membrane 
Left Stde 
Result Front membrane bulged back, but not torn 

Probably the ice sphere was broken m the 
gun tube 

Rqht Stde 
Result Ice sphere penetrated front membrane and 

rear membrane forced mward to form a 

Angles Werght Ice 
of of Ice Sphere 

Impact Sphere ve1oc1ty 
degrees grams mph 

90 50* 380 

90 

90 

90 

50* 

50* 

50* 

430 

470 

480 

bulge 

*Exact weight not determmed 

ness of the alummum was 0 060 rnch The stone, welghmg about 14 5 grams. caused 
thxkness of the outer edge for each of the in 1 t 1 a 1 lndentatrons of 0 1 mch to occur at 
dents was s 1 I g h t 1 y greater than that LII the approximately 300mph ,n the 75S-T mater,al 
CM&* In the case of dent A, the thickness andat 180mphmthe case of the 24S-T spec,- 
at the outer edge was 0 058 mch, or 0 011 rnen At higher velocltws. the depth of ,n- 
Inch greater than at the center The var,a- dentatmns was nearly the same for s,mrlar 
tmn tn thrckness for all the other dents be- velocities For example, a 0 5-mch deep 
tween the center and outer edge of the dents mdantatlan o c c” r r e d at approx,mately 380 
was not more than 0 005 mch mph for both materials 

Test Results 
The results of the lmpac t tests are 

shown 1x1 Figs 9 to 13 mclus,ve The num- 
ber of determmatmns obtamed were l,mlted 
by the number of test specimens submItted 

The effect of mass of the ha&tone on 
the extent of damage, a.i me as u I e d by the 
depth of mdentatton at various impact veloc- 
ttres, 1s shown ,n Figs 14A and 14B 

The 0 75-mchdtameter ,ce ball, weigh- 
mg about 2 3 grams. caused mdentatwns tn 
the w,ng secttons of less than 0 1 Inch ,n the 
0 040-mch. 75S-T alum,num at velocitws 
up to 400 mph The 0 045-Inch, 24S-T ma- 
terlal, slm&uly tested, showed comparable 
mdentatmns at velocltws of about 100 mph 
less 

The curves mFqs 14A and 14B, wh,ch 
are based on the tests with the 1 88-mch 
dwne$er ice sphereswe~ghmgabout45grams. 
were less steep than those obtamed w,th the 
lighter we,ght ,ce balls In other words, 
wLth slight increases ,n ,mpact velocity, the 
depth of mdentatlon us mcreasmgly greater 
In rt ral lndentatlons measured at 0 1 ,nch 
occurred at about 200 mph for the 75S-T ma- 
tertal and at 120 mph for the 24.5-T mater,=1 
For a I-mch mdentatlon. the ,ce ball veloctty 
for the 75S-T materials was 330 mph and at 
350 mph the depth of lndentatmn was doubled 
to two mches The corresponding values for 
24S-T speclmenwere 300 mph for I-mch in- 
dentatmn and about 350 mph for 2-mch mden- 
tatmn. or the same velocity as that requ,red 
for a Z-mch mdentatmn mthe 75S-T alummum 

The 1 25-lnchdlameter s,mulated had- The effect of m,pact veloc,ty on the ex- 



FRONT VIEW REbR VIEW 

Fig 8 Results of Hallstone Impact Tests on Radome C, Front and Rear Views 
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llmlted to dents less than 0 1 inch deep for 
1ce balls welghmg up to 45 grams proJected 
at the 75S-T alummum. and stmtlarly, the 
dents were lwnlted to less than 0 3 mch deep 
for the 24S-T specimen The 300-mph curves 
showproport~onatelygreater mdentatmn with 
n~reasmg we-ballwerght, and a correspondmg 
dtfference betweenthe two materials, however. 
at 350 mph the difference between the extent 
of mdentatmn caused bystm&ar size xe balls 
on the two types of aluminum appears to be 
very sltght 

Impacttests ontheDC-bpropellerdome 
were made with ,O 75-. 1 25-. and 1 88-mch 
LCB balls at velocltws rangmg from 302 to 
360 mph The 1 B&Inch diameter ice ball 
projected at 317 mph caused an mdentatvm 
1 33 Inches deep AtapproxImately 300 mph, 
the 1 25-mch ice ball formed a dent 0 46 
Inch deep and the 0 75-mch ice ball formed 
a dent 0 14 Inch deep The 0 75-Inch ,ce 
balls were also shot at 338 mph to form a dent 
0 13 Inch deep and. at 360 mph to form an 
mdentatmn of 0 28 mch 

The depth of mdentatmn was measured 
from a stra,ght lme spannmg the dent to the 
deepest pomt of mdentatmn This 1s less than 
the actual distance between the high pomt of 
the origIna curved surface before Impact and 
the low pomt of mdentatmn Although each 
Impact resulted tn relatively large local de- 
formatIon at the pomt of Impact. there also 
occurred a general deformatmn of the ma- 
terlal eutendmg between the structural stiff- 
eners m the wing sectmn 

CONCLUSIONS 

1 Impact tests with smgle 1 8%mch we 
spheres mdlcate thatpolyvmyl butyral plastic 
(vmylplasttc) lammatedwmdshwlds. developed 
for bird-Impact resistance, alsoprovtde pro- 
tectton from harlstones, s ~nc e such wmd- 
shwlds resist penetration at velocltles up to 
515 mph for the 0 125-Inch vmyl plastic and 
635 mph for the 0 188-mch vmyl plastw when 
the lme of Impact 1s perpendicular to the wmd- 
shIeldpane and the plasttc temperature 1s 80°F 

2 The 0 25-mch full-tempered glass 
pane, used as a front pane m the hot-au heated 
type double-pane mstallatron, rests& fall- 
ure wtth smgle I 88-Inch ice spheres at vel- 
ocitws up to 235 mph when tested at a 0” 
slope S1mllarly. this pane resists failure 
when tested with a voile y of ftve such we 

s >,, ‘, 
I 2 

L ,’ I, 
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Ftg 10 Results of Impact Tests With 0 75-Inch Dtameter and 1 25-Inch Diameter Ice 
Spheres on 0 040-Inch 75S-T Alummum Wmg Sectmn 

Ftg 11 Results of Impact Tests With 1 88-I nch Dtameter Ice Spheres on 0 040-Inch 75S-T 
Alummum Wang Section 
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Fig. 14 Effect of Impact Velocity on the 
Extent of Damage to Aluminum 
Wing Section 

spheres at velocities up to 200 mph. 
3. “Safety-glass, ” utilizing an interlayer 

of 0.015-inch vinyl plastic, displays low 
impact strength when tested with the 1. 88- 
inchdiameter ice sphere. Penetrationoccurs 
at a hail velocity of 150 mph when the pane 
is held perpendicular to the line of impact. 

4. Methyl methacrylate sheets, 0.125 
inch thick, exhibit the lowest strength of all 
the materials included in these tests. Pene- 
tration failure occurs at a hailstone velocity 
of 100 mph. 

5. The penetration velocity of the 0. 125- 
inch vinyl plastic laminated panes and the 
0.25-inch full-tempered panes varies as the 
secant of the angle of slope. The full-tempered 
glass pane shows a slightly greater increase 

Fig. 15 Effect of Mass of Ice Spheres on 
Extent of Indentation on Aluminum 
Wing Section 

in penetration velocity with increasing slope 
than do the vinyl plastic laminated panes. 

6. This brief series of tests of fiberglas 
radomes indicates the ability of a relatively 
light material, when properly designed, to 
withstand high-speed impact with large hail. 

7. Radome A, tested with simultaneous 
impact of five 2-inch ice spheres, cannot be 
compared to the later radomes insofar as im- 
pact strength is concerned. The value of 
penetrationvelocity, derivedfromsubsequent 
impact at 230 mph with a single ice sphere, 
can be considered as being low. 

8. Radome B. tested with single L-inch 
ice spheres, was partially penetrated at 378 
mphandtotallypenetrated at 404 mph; there- 
fore, the value of penetration velocity Ior 
this radome is about 390 mph. 

9. Radome C was partially penetrated by 
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asmgle 2-Inch ,ce sphere at a velocity of 480 

mph The hrgh ,mpact strength exhIbIted by 
thLs radome, as compared to Radome B. can 
be attrtbuted to the mcreased total thtckness 
of the ftberglas honeycomb lammatmn from 
0 32 to 0 36 Inch 

10 Further t e s t 5 are needed to provide 
more detaIled mformatmn on the correlatmn 
between h,gh-speed hallstone ,mpact and the 
variables mherent ,n the desrgn of nonmetallrc 
radomes and s UC h factors as temperature, 
s,ze of ha,1 and angle of tmpact. as well as 
combmatmns of different materials and bond- 
,ng agents 

11 The extent of damage caused by artlfl- 
c,alha&tones onthe s,mulated w,ng sectmns 
var,ed with the mass of the ice sphere. em- 
pact velocrty. Impact angle, and the type of 
matertal cove r I” g the wmg The effect of 
0 5-Inch diameter hallstone was not studLed, 
but ,t appears that at normal aucraftveloatws 
between 200 and 300 mph, hallstones less than 

0 75 Inch III diameter do not cause s~gn~f~ant 
damage 

12 In a typxal metal wrng leadrng edge, 
mdentatmns up to 0 10 Inch deep are caused 
by 0 75-. 1 25-, and 1 BE-mch diameter 
hallstones at velocltws of 420, 212, 200 mph 
(0 040-Inch, 75S-T) and 300, 156. 120 mph 
(0 045-mch. 24.5-T) respectrvely These in- 
dentatmns are not considered to s,gn,f~cantly 
affect the alrworthmess of alrcraft such as 
the Douglas DC-3 and DC-4 

13 Indentatron depth for any g,ven size of 
hallstone var,es approximately as the square 
of the velocity , 

14 A total bucklrng of the aluminum skm 
occurred with 1 Sg-mch ,ce balls proJeCted 

at 378 mph at the 75S-T alummum and at 294 
mph L” the case of the 24S-T 

15 The tests that were made on a smgle 
DC-6 propeller dome test spec,men ,nd,cated 
greater mdentatmn than was obtamed on the 
24S-T wmg SectIon 


