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HAILSTONE IMPACT TESTS ON
AIRCRAFT STRUCTURAL COMPONENTS

SUMMARY

This report 1s a compilation of several
testproject reports concerned with a study of
hailstone tmpact damage on various forward
portions of transport aircraft structures that
are commonly subject to damage n flight
The test data cover surmnulated hailstone tests
on windshield materials, on nonmetallic ma-
terials used in constructing the radar housing
in the nose of the airplane fuselage, on the
metallic leading edge of wings, and on the
propeller dome

The tests were conducted with a com-
pressed-alr catapultwhchprojects e spheres
ranging 1n size from 0 75 wnch to 1 88 inches
mmdiameter, atvelocities up to 804 mph, either
singly or 1n groups of five through an appro-
priate size tube or tube cluster The struc-
tural test specimens, except the windshield
materials, were submitted for test by the De-
partment of the Navy through contract with
American Airlines

The tests on windshield materials were
made 1n order to determine the extent of
hailstone damage sustained at different im-
pact velocities by glass-vinyl plastic wind-
shields which were developed to resist im-
pact with birds 1n flight There alsc were
included i1n this portion of the investigation
tests of 0 25-1nch full-tempered glass panes,
0 25-inch methyl methacrylate sheet, and
"safety-glass" panes Thetests on the wind-
shields were made with 1 88-inch diameter
ice spheres The angle of slope for the wind-
shields ranged from 0° to 65° The tests re-
vealed that glass-vinyl plastic laminated wind-
shields, using 0 125-i1nch plastic interlayer,
resist penetration by hailstones at velocities
up to 500 mph at 0° slope and up to 650 mph
at 60° slope Laminated panes with vinyl
Plastic wnterlayer thickness of 0 188 inch,
resist penetration by hailstones at velocities
up to 630 mph at 0° slope and up to 800 mph
at 60° slope Full-ternpered glass sheets of
0 25-inch thickness, used as the front pane
in the double-pane type aircraft windshield
installation, resist failure at velocities up to
230 mph at 0° slope and up to 400 mph at 60°
slope Methyl methacrylate sheets of 0 25-

inch thickness resistfailure at about one-half
the penetration velocity of the 0 25-inch full-
tempered glass ''Safety-glass,' with 0 109-
inch annealed glass face sheets and 0 015-1nch
vinyl plastic interlayer, 1s shghtly stronger
than the 0 25-1nch methyl methacrylate sheets
tested

The tests on arrcraft fuselage nose
sections were made on three radomes con-
structed of fiberglas materials The test ex-
perience gained with each radome determined
the construction of subsequent test specimens
The third or final radome resisted penetration
of 1 88-inch 1ce spheres at velocities from
380 to 480 mph, with the line of umpact being
held perpendicular to the radome surface
At these velocities, the front fiberglas mem-
brane of the third radome was penetrated, but
the rear or mnner membrane only bulged back
without being torn or penetrated

The purpose of the tests on the metal
portions of typical wing sections and a Douglas
DC-6 propeller dome was to determuine the
extent of damage and s1ze of indentation caused
by various size hailstones projected at various
impact velocities It was found that 1ce pel-
lets less than 0 75-1nch diameter cause only
minor damage, forming indentations less than
01 inch deep in a 0 040-inch, 755-T alu-
minum wing section at velocities up to 400
mph The 0 045-1nch, 245-T materials showed
comparable indentations at velocities up to
300 mph The largest ice sphere was 1 88
mches 1n diameter and caused indentations
0 1 inch deep at approximately one-half the
velocities where similar indentations were ob-
tammed withthe 0 75-inchdiameter 1ce sphere
The propeller dome, constructed of 0 064-
inch, 615-0 aluminum heat-treated to 615-T,
when subjected to impact tests with the various
size hailstones (ranging indiameter from 0 75
inch to 1 B8 inches) at 300 mph, recewved 1n-
dentations varywng in depth from 0 14 inch to
1 33 inches

INTRODUCTION
The hazard associated with airplane

flight through hailstorm areas generally 1s
recognized Airline operations records con-



tain nume rous hailstone darmage reports.
Some of these describe the unexpected sudden-
ness and fury of a relatively short encounter
with hail, lasting anywhere up to ten minutes.
In the more severe cases on record, the dam-
age has not caused loss of control of the air-
plane; however, grounding was necessary in
order lc make necessarv repairs, such as
replacing damaged windshields, metal nose
sections and leading-cdge sections of wings,
vertical fin and stabilizer tips, and engine
cowl rings, Denting of various other forward
arcas, such as propeller domes, oil radiator
core tips, nose wheeldoors, engine fins, push-
rod housings. and fuseclage sections, ulti-
mately required repair or replacement of
parts.

No sludy of the frequency of occurrence
of airplane hail damage has been made by
this office. A few reporis of hailstone damage
to aircraft have been submitted voluntarily by
some of the airline operaiors. The hailstone
damage shown in ¥ig. 1 is typical of the most
severc cases and indicales the extent and
general character of the damage which can
result from a single hailstorm of shart dura-
tion.

In the course of the recent investigation
carried out at the Technical Development
and Ewvaluation Center, concerned with the
development of the bird-impact resistant
windshields, the question of hailstone impact
damage was raised numerous limes, The
ability of windshield materials to resist pene-
tration by large hailstones therefore was
briefly studied. Later, nonmetallic materials
used in forming the nose section of the air-
plane fuselage which housed radar equipment
were submitted 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-6 propeller dome
were submitted for hailstone tests by Ameri-
canAirlines in their contractwith the Depart-
ment of the Navy as partofa project con-
cerned with radar detection of hailstones.
The results of all these tests are included in
this repart.

HAILSTONE CHARACTERISTICS
Information published by the U. 5. Weath-

er Bureaul was used in determining the size
and type of simulatied hailstone to be utilized

in the tests. This information showed that
most hailstones are spherical in shape and
are formed of alternate shells of clear to trans-
lucent ice, with some being formed entirely
of clear ice,

It is statedinthe U. 8. Weather Bureau
report, in connection with hailslone sizne and
distripution that .
ameter of hail on the ground lies within the
range from 0.5 ¢to 2.0 or 3.0 centimeters,

. "the most common di-

and that with an increase of diameter above
3.0 centimeters the frequency of accurrence
" A classification of the
frequency of hailstones of different sizes in
the United States ig shown as follows:

diminishes rapidly.

Size (diameter) Occurrence

inches centimeters
1.0 2.5 Common
2.0 5.1 Often reported
3.0 7.6 Not extremely rare
4,0 10.2 Doubiful

Concerning horizontal distribution of
hail, the report refers to a study of 2,105
hailstorms which occurred in the United States
during the period 1926 to 1939 and concludes
that .
for damaging hailstones in this country is
from one to two miles. Track widths, how-
ever, showed an extraordinary range, ex-
tending from a few yards to as much as 75

. ""the most common width of track

miles. Since the total hail area in average
storms is of the order of 20 square miles, a
storm width of 2 miles would usually be as-
sociated with a length of 10 miles."

The repori summarizes the facts con-
cerning the vertical distribution of hailstones
by stating that . . '"the stratum of greatest
verticalhailstone concentration contains small,
medium, and large stones, and lies within
the ' hail faclory' region of a cumulo-nimbus
cloud; i.e., that portion bounded by the G°C
and the -10°C isotherms. A lesserdensity of
hail is believed to exist in the stratum from
-10°C to -20°C (the region into which the

IN. C. Gerson, U. 5, 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.
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larger stones extend the density of the
hail in the falling stream may be materially
less than in the 'factory' zone) "

The temperature of hailstones formed 1n
the atmosphere therefore range generally
from 0°C to -20°C, with most bemng 1n the
range from 0°C to -10°C

The data concerninpg hail frequency are
meager The most recent data available are
those provided by the " Thunderstorm Project,"
a cooperative study made bythe U 5 Weather
Bureau, National Advisory Committee for
Aeronautics, Departments of the Air Force
and Navy, and the Unmiversity of Chicago,
concerning frequency of hail in thunderstorms
occurring in Florida and Ohio 1n 1946 and
1947 Tt1s knownthat these states have a low
hail occurrence as compared to the Western
Great Plains and the mountain areas It is
noted, therefore, that the data derived from
this source are less than average value

Hail Frequency 1 Florida and Ohio Thunderstorms

1946 1947
Altitude No of No of No of No of Per Cent of
ol Hail Thunder= Hail Thunder- Hail Occur=
Traverse Occur= storm Occur- storm rences in
{feet) rences Traverses rences Traverses 1946-1947
25 000 2 51 4 108 12
20 000 4 115 10 220 4 2
15 000 12 120 10 189 71
10 ooo 5 139 17 166 72
5 000 o 96 1 129 04
TOTAL 23 551 42 Bl1z 4 5

Traverse tume through thunderstorms
was relatively short, the average traverse
timme bewng 3 1 minutes This corresponds to
anaverage traverse distance of 10 to 15 males
for the F-61airplane flying at speeds ranging
from 200 to 300 mph

Scheduled airline experience ndicates
a more frequent existence of hail 1in thunder-
storms than 1s shown in the aforementioned
data A statementbyamajorairline operating
over a large portion of the Continental United
States concludes that, ''Hail exists 1n varying
sizes n the majority of thunderstorms "

TEST METHOD

The tests were conducted with the equip-
ment that was used mn making bird-impact
studies of aircraft windshields 2 The com-
pressed-air gun, shown 1n Fig 2, was re-
fitted with a cluster of five tubes, of 1 88-
inch inside diameter, for projecting 1ce

spheres of 1 25-inch and 1 88-inch di-
ameter ei1ther singly or in groups of five
The center 1 88-inch tube was in turn fitted
with a tube of 0 88-inch inside diameter for
projecting 0 5-inch and 0 75-inch diameter
hailstones singly

The artificial bailstones were projected
at velocities ranging up to 804 mph by vary-
ing+the gun air pressure and controlling the
by-pass of air through the unused 1 88-inch
tubes Projecting a single 1ce sphere at a
low velocity through the center tube was best
accomplished by also permmtting air to pass
through the adjadent urused tubes Highest
velocities were’ attained by closing all tubes
except thé center tube, andusingair pressures
up to 300 ps1

Velocity measurements were made by
having the ice sphere break two lighi-weight
timing wires located at the muzzle of the gun,
spaced either five feet apart 1n the case of the
tests with 1 88-inch 1ce spheres, or one foot
apart in the case of tests where the lighter
welight ice spheres were used The latter
arrangementi1s shownin¥Fig 3 These tuming
wires were electrically connected to a
direct-reading chronoscope In measuring
speed of the lighter weight pellets, 1t was
found necessary to devise an arrangement
where the tuiming wires were held in the jaws
of small clarnps which permitted the wires to
be pulled out when contacted

The 1ce spheres were frozen in gang
molds of appropriate size and were stored n
a refrigerator until used in the test Each
ice sphere was weighed before insertion in
the gun The temperature of the 1ce spheres
at the time of test was between 20°F and 32°F

Before each test, the breech end of the
hailstone tube was chilled with dry 1ce to pre-
vent melting of the 1ce sphere while final ar=
rangements were bewng made for firing the
gun

The mounting structure for windshields
subjected to hailstone impact was the same
as that used 1n the bird-impacttests described
in Technical Development ReportNo 74 The

Zpell Kangas and George L. Pigman,
"Development of Aiwrcraft Windshields to Re-
sist Impact with Birds 1in Flight," Part II,
Technical Development ReportNo 74, January
1948



Fig 2 Compressed Air Gun Fitted With
Tube Cluster for Projecting
Hailstone

12- by 36-inch panes were attached to a steel
mounting frame whichwas supported by a rigid
steeltest stand that was adjustable to any de-
sired windshield slope The wimndshields
were placed 1n position to recewve impact 1n
the center of the pane

The plastic temperature of the vinyl
plastic panes was obtaned by attaching thermo-
couples 1n close contact with the surface of
the pane Heating of the panes was achieved
by heating lamps As all panes were tested
at 80°F, the variation of the pane tempera-
ture from the ambient temperature was small

The fuselage nose sections, or radomes,
were mounted on a sheet of aluminum or ply-
wood, which 1n turn was fastened to the rigid
steeltest stand used for the windshield tests
Flat test panels, representing the materials
used in the radome, were supported at the
edges and similarly bolted to the steel test
stand

The metal wing sections and propeller
dome were attached to a 0 75-inch plywood
sheet which was clamped to the steel test
stand Thetestspecimenwas easily adjusted
to any desired position to permit full utiliza~-
tion of the available surface n the impact
tests

* In this report polyvinyl butyral plastic
also will be referred to as ''vinyl plastic "

Fig 3 Air Gun Muzzle Showing Timing
Wire Arrangement and Center
1 88-Inch Tube Fitied With
0 875-Inch Tube

HAILSTONE IMPACT TESTS
OF AIRCRAFT WINDSHIELDS

Types of Windshield Panels

Among the aircraft windshield panes
included 1n the tests were panes of the type
which are commonly used fo obtain high bird-
impact resistance Two glass-plastic lamn-
ated panes of this type were included, one
with 0 125-inch vinyl plastic interlayer and

th 0 18B_:inch interlaver he

T
h ¢ 188-inch interlayer The
interlayer of polyvinyl butyral plastic, *
having a 20 per cent plasticizer content, was
laminated 1n each case with semitempered
glass faces of thickness equal to the mter-
layer thickness The extended plastic edges
of the panes, rewnforced with an aluminum
insert, were bolted to the supporting wind-
shield frame

Full-tempered glass sheets of 0 25-
inch thickness were included i1n the tests be-
cause of their common use as a front pane 1n
double-pane, air-heated type windshield in-
stallations There alsowere included methyl
methacrylate sheets of 0 25-i1nch thickness,
and the so-called "safety-glass' panes of
0 25~inch thickness which utilize a 0 015-
inch polyvinyl butyral interlayer



Test Results

The results of tests of the various wind-
shield materials are shown wnFig 4, in which
the penetration velocity 1s plotted against the
secant of the angle of slope of the windshield
pane Eachvalue of penetration velocity shown
m Fig 4 1s based on several individual tests
with the 1 88-inch diameter 1ce sphere, and
15 the average value of the highest velocity
where no penetration was obtained and the low-
est velocity where penetration was cobtained
It will be noted that, for three of the s1x curves,
representing 0 125-inch vinyl plastic lamin-
ated pane and 0 25-inch full-tempered glass,
there exists a linear variation between the
penetration velocity and the secant of the
angle of windshield slope Since the curves
for "safety-glass,' 0 25-inch methyl metha-
crylate panes and 0 188-inch vinyl plastic
laminated panes, are determined by only two
testvalues, theyare indicated by broken lines

The highest impact strength was attamed
by the vinyl plastic laminated panes At 0°
slope, the penetration velocity for the 0 125-
inch vinyl plastic larminated pane at 80°F,
tested with the 1 88-inch 1ce spheres, was
515 mph Increasing the vinyl plastic thick-
ness 50 per cent, from 0 125 nch to 0 188
inch, increased the penetration velocity from
515 mph to 634 mph, or only 23 per cent At
60" slope, the same general relationship
ex1sts, with the penetration velocity for 0 125=-
mch vinyl plastic laminated panes being 650
mph and for 0 188-inch vinyl plastic the value
being 604 mph

There are shown mn Fig 5 the results
oftestswith] 88-inchice spheres on a 0 188-
inch vinyl plastic lamumnated windshield pane
tested at 0° slope Projecting the 1ce pellet
at 620 mph caused no failure in the plastic,
whereas at 648 mph total penetrationoccurred
The median between these two values, or 634
mph, is considered to be the approximate
penetration velocity at 0° slope

In Fig 6 are shown results of tests on
this pane with the angle of slope increased ta
60° The small tear resulting from impact
at 804 mph is considered to be a borderline
failure, and consequently was recorded as the
value of penetration velocity

The penetration velocity of 0 25-inch
full-tempered glass, tested with =single 1 B8~
inch 1ce spheres, varies as the secant of the
angle of slope The rate of increase 1n pene-
tration velocity with increasing angle of slope

15 only slightly greater for the 0 25-inch
full-tempered glass than for any of the other
curves shown in Fig 4 For example, the
penetration velocity of 0 25-1nch full-tempered
glass was 235 mph, or 45 per cent of that of
0 125-inch vinyl plastic laminated panes at
0° slope, and at 60 per cent of that of the 0 125-
mch vinyl plastic pane

Impact tests with volleys of five 1 B8-
inch 1ce spheres on 0 25-inch full-termnpered
glass panes at 0°, 25°, and 41" angles of slope
resulted in penetration velocities only 30 to
40 mphless than thc/)se obtained with the single
1ce spheres. Motion pietures taken at 1, 000

frames per second indicate a total varlahoﬂmgmk,

of several thousandths seconds occurring be-
tween the t1mpact of the first and last hail-
stone 1 a volley of five hailatones even when
the windshield slope was maintained at 0°
The variation 1n time of tmpact of the five
ice spheres would tend to increase with greater
windshield slopes, however, for the angles
of slope included in these tests, this factor
does not appear to be significant

The penetration velocity of "'safety-
glass" windshields, utilizing 0 0l5-inch
vinyl plastic interlayer with 30 per cent plas-
ticizer content, ranged from 150 to 180 mph
at angles of slope varying from 0" to 41°
Transport airplanes of the pre-war type, trav-
eling 150 to 180 mph and utilizing this type
of windshield, are not adequately protected
against the heavier hailstones, (approximately
1 5 inch to 2 inches in diameter} which may
be encountered quite often, according to gen-
eral experience

The lowest penetration velocities were
obtained withthe 0 25-1inch 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 penetration velocity
values obtained with "safety-glass'' incorpo-
rating 0 015-1nch vinyl plastic interlayer

HAILSTONE TMPACT TESTS OF RADOMES

Description of Test Specimens

The radome sections were shaped to
form the nose of the Douglas DC-4 and DC-6
airplanes The sections submitted were 15
inches deep The horizontal and vertical
longitudinal sections of the nose were formed
with radii 15 1;8 inches and 16 5/16 inches,
respectively, resulting in an elliptical trans-
verse section approximately 30 by 37 inches
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Fig 5 Results of Tests With 1 88-Inch Ice Spheres on a 0 188-Inch Vinyl Plastic Lamnated
Windshield Pane at 80°F and 0° Slope

~

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

The radomes consisted of two or more
surface layer laminations of fiberglas cloth
bonded to a fiberglas honeycomb core A
section of a flat test specimen 1s shown 1n
Fig 7 Various resins wereused as umpreg-
nating and bonding agents The umt weight of
the resulting laminations ranged from about
0 75 to 1 pound per square foot Further de-
tails concerning dimensions, types of cloth
and resins used are giwven in Table 1

Test Results
The test results of the radomes are
listed in Tables 11 to IV inclusive
Radome A - Tests with 2 single Z2-inch

diameter ice sphere of the flat fiberglas
honeycomb panel, mounted n a rigwd struc-
ture with 1ts surface perpendicular to the
line of wmpact, resulted in total penetration
at 375 mph, rupture of only the front mem-
brane and core occurred at 330 mph, and
imitial rupture of the front membrane at 273
mph At lower velocities, down to 175 mph,
only the bond between the membrane and core
was affected

The nose of the curved radome section
was crushed, but without penetration or rup=-
ture of the skin, from impact of a group of
five ice spheres projected simultaneously at
avelocityof 237 mph Two subsequent shots,
using single ice balls at 230 and 227 mph, re-
sulted 1n penetration of only the outer skin



Fig 6 Resulis of Tests With 1 88-Inch Ice Spheres on a 0 188-Inch Vinyl Plastic Laminated
Windshield Pane at 80°F and 60° Slope

with the first shot and fotal penetration with
the second shot when umpact was continued at
the center point
Lack of additional test installations
prevented obtaining a more accurate deter-
mination of the impact strength of this type
of radome section
Radome B - The flat fiberglas honeycomb
panel, supported at the edge 1n a rigid mounting
structure with 1ts surface perpendicular to
the line of impact, was penetrated 1n one test
with a single 2-inch wce sphere at a velocity
of 300 mph In other tests, rupture of only
the f[ront membrane and core occurred at 302

mph and 322 mph Failure of the bond be-
tweenthe membranes and the honeycomb inter-
layer was extensive for the latter tests

The radome nose section withstood 1m-
pactof the ice spheres at 90" angle of incidence
at approximately 325 mph without serious
damage Subsequent impact, at the same
powntand at the same speed, resulted in total
penetration in one test and partial penetration
i another sumilar test With a single shot
at 404, mph, total penetration resulted, and
at 378 mph only the front membrane was pene-
trated

At an wmpact angle of 45°, a 2-inch 1ce
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Fig 7 Fiberglas Honeycomb Test Panel Section, Actual Size

sphere, projected at 332 mph, glanced off the
radome withno failure resulting At 338 mph,
and at an impact angle of 45°, but with aim at
another point of impact on the radome, the
area around the point of itmpact was caused to
bulge inward without damage to the membrane
Radome C - This radome nose section with-
stood complete penetration from impact at a
90° angle of incidence of a single 2-1nch 1ce
sphere at velocities as great as 480 mph
Penetration occurred only inthe front or outer
mernbrane at speeds ranging from 380 to 480
mph, as shown n Table IV 1In Fig 8 1s
shown the manner in which the rear or inner
membrane was not penetrated, but instead
was forced to bulge inward at these velocities
No realdifference as to extent of damage was
noted between the four tests of this radome,
except for Test 424-3, Table 11, where no
penetration of the outer membrane occurred

Discussion of Test Results
The wvalue of penetration velocity was

successively increased from the first to last
radome as certain details 1n the construction
were changed and improved The thickness
of the fiberglas surface membranes was changed
from 0 030 imchto 0 040 inch The honeycomb
interlayer was sumilarly increased from 0 27
inch to 0 32 inch The bonding resins varied
for each of the three sets of specimens In
the latter two cases, an attempt was made to
improve the toughness of the fiberglas ma-
terials by using certain proportions of two
resins classified as flexible and rigid These
variations are shown in Table 1

The test values derived from Radome
A cannot be compared to the later tests be-
cause of the difference in the test method
Radome A was subjected to an imitial impact
of a volley of five balls The crushed area
thus formed was subsequently tested with
swngle 1ce balls The value of 227 mph re-
quired for final penetration of this area can
be considered as being much lower than would
have beennecessary ifthe test had been made
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TABLE I

Radome And Flat Panel Materials Data

Hexagonal Fiberglas Cloth Laminac Resin - Per Cent
Cells
No Total
Width Length Cloth of Thick- 4134 4201 4116
in n No Layers ness (Flexible}) (Rigid) (Rigid)
n
No 1 Flat Panel? (Tested November, 1947)

Skin 181 2 0 017 Plaskon 911-11 resin
0 025 0 027 used throughout

Honeycomb Core —_— 1 0 005 n " "

Radome A (Tested November, 1947)1

Sknl 181 3 0 030 -- 100 ---
Q0 025 0 027

Honeycomb Core 118 1 0 005 - 100 -—=

Radome B and Flat Panel4 (Tested March 15-16, 1948)1

Skinl 181 3 0 030 25 75 ---
o 25 0 29

Honeycomb Core 118 1 0 005 50 50 -

Radome C (Tested June 21, 1948)2

SkinZ 183 4 0 040 25 --- 75
0 25 0 32

Honeycomb Core 118 1 0 005 50 _— 50

lFabricated by Low and Preston Company, Port Washington, N Y
2ZFabricated by Lunn Laminates, Inc , Glen Cove, N Y
(Formerly the Low and Preston Company, Port Washington, N Y )

3Flat panel size, 18 inches by 22 inches
4Flat panel size, 24 inches by 48 inches

with a single ice sphere on an unblemushed
section of the radome

Radome B was tested by single wce balls
at widely separated pomnts Test 408-5, re-
corded 1in Table III, states total penetration
of the fiberglas honeycomb lamination at 404
mph and penetration of only the front mem-
brane at values from 325 to 378 mph, there-
fore, the penetration velocity can be con-
sidered to be 390 mph, or the mean value
between the lowest velocity recorded at total
penetration and the highest velocity recorded
at partial penetration

The strength of Radome C was signifi-
cantly increased over that indicated by Ra-
dome B The penetration velocity for Radome
C was not determined because only partial
failure was recorded at 480 mph The in-

crease n impact strength of Radome C over
that of Radome B can be attributed to in-
creasing the thickness of the fiberglas surface
membranes from 0 030 to 0 040 inch, or 33
per cent, and increasing the thickness of the
honeycomb interlayer from 0 29 to 0 32 inch,
or 10 per cent The effect of the changes 1n
the resins used 1n the construction of these
radomes could not be evaluated Further
tests were not conducted because of the lack
of suitable undamaged surface area remaining
on the radome

It 1s possible, with this meager data,
tomake only a general correlation between the
constructiondetails and the impact strengths
obtained in these tests The three variables
whichwere introduced i1n each radome speci-
men siurmultaneously inthese tests were  thick-



TABLE 11
Test Results Flat Panel A And Radome A Nose Section

CAA Pownt Number of Ice Sphere
Test of 2-Inch Velocity
No Aim Ice Spheres mph
Tests Performed on Flat Panel A
380-1 Center 1 170
Result Bond between front membrane and core
failed at area of unpact
380-2 5 inches right of center 1 225
Result Both front and rear membranes loosened ,
from core 1n area of wmpact /
380-3 5 inches left of center ! 1 273
Result Front membrane tore Ice sphere did not
penetrate core but bounced back
380-4 7 1/2 inches below center 1 330
Result Front membrane was extensively torn and
the Honeycomb structure of core crushed
No failure occurred in rear membrane
380-5 6 inches above center 1 375
Result lce sphere passed through panel tearing
the membranes and core structure
Tests Performed on Radome A
381-1 Center of nose 5 237
Result Nose crushed i1n approximately 5 inches
Covering was separated from the core
structure
381-2 Center 1 230
Result lce sphere tore outer cover and crushed
Honeycomb, but did not penetrate inner
cover
381-3 Center 1 227
Result Point of impact same as in previous test

Ice sphere tore a hole in inner cover and

passed through it

ness of interlayer, thickness of the surface
membranes, and variations in the resins used

IMPACT TESTS ON METAL WING
SECTIONS AND PROPELLER DOME

Description of Test Specimens

The four wing sections submitted were
made to simulate only approximately the
actual leading edge sections of Convair 240
and DC-6 airplanes Twoofthese specimens
were 43 inches long and were made of 0 040-
inch, 755-T aluminum {DC-6), and the other
two were 51 inches long and were made of
0 045-inch, 245-T aluminum (Convair 240)

These specimens were divided into three
equal-length sections by transverse stiff-
eners made of 0 75-1nch white pine The
specimens were about 15 inches deep

The propeller dome, consisting of the
outer section only, was 16 inches long and 10
inches 1n diameter and was of the type used
on DC-6 airplanes The material consisted
of 0 064-inch, 615-0 aluminum, heat treated
to 613-T The thickness of this material
varied at the various dent locations shown in
Fig 9 Thethickness of the aluminum at the
center dent A was 0 047 inch At dents B,
C, and D, the thicknesses ranged from 0 045
mmch to 0 047 inch, and at dent E the thick-
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408-4
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408-8
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TABLE 111
Test Results Flat Panel B and Radome B Nose Section

Angle Weight

Point of of Ice
of Impact  Spheres
Aim degrees grams

Tests Performed on Flat Panel B

Lower Right 90 50 4
Result Bond between both membranes and honey-

comb interlayer failed over a considerable

area Honeycomb structure was crushed at

poiwnt of 1mpact

Lower Center a0 50 0
Result Sphere penetrated total panel
Lower Left 90 49 0

Result Sphere penetrated front membrane The

rear membrane bulged back, but did not fail

The bond between the laminates failed over

a considerable area.
Upper Left 90 49 1
Result The results were sitmilar to previous test

Tests Performed on Radome B Nose Section

Top of Radome Nose Section 90 R0 8
Result Sphere glanced off Front membrane

slightly torn Failure in the bond limited

to area of impact
2 inches Right of Impact Point in Test 408-1 90 50 0
Result Sphere penetrated front membrane Rear

membrane bulged back, but not torn
Bottom of Radome Nose Section 90 49 1
Result An area around pownt of impact bulged back

Bond failed in area of bulge No tear

occurred 1n the membrane
Same Point as i Test 408=3 90 48 1
Result Sphere penetrated both membranes and

interlayer 1n bulged area
Left S1de of Radome Nose Section 90 50 2
Resgult Sphere penetrated both membranes and

interlayer
Right Side of Radome Nose Section 90 48 0
Result Sphere penetrated front membrane and

caused rear membrane to bulge back

Upper Right Side of Radorme Nose Section 45 50 O
Result Sphere glanced off, causing no damage (approx )
Upper Left Side of Radome Nose Section 45 50 O*

Result Area of impact caused to bulge inward No (approx )
failure \n membrane cccurred The bond
between the membranes and the interlayer
failed 1in area of wmpact

* Exact weight not determined

Ice
Sphere
Velocity
mph

240

300

302

322

324

325

328

330

404

378

322

338
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TABLE IV

Tests Performed On Radome C Nose Section

Anples Weight Ice
CAA Pownt of of [ce Sphere
Test of Impact Sphere Velocity
No Aim degrees grams mph
424-~1 Bottom 90 50% 380
Result Front membrane tore, permitting ice sphere
to penetrate, however, rear membrane not
torn but bulged inward
424~2 Top 90 50 % 430
Result [ce sphere tore hole in front membrane and
formed bulge in rear membrane
424~-3 Left Side 90 50 470
Result Front membrane bulged back, but not torn
Probably the 1ce sphere was broken in the
gun tube
424~4 Right Side 90 50% 480
Result Ice sphere penetrated front membrane and

rear membrane forced inward to form a

bulge
* Exact weirght not determined

ness of the alumunum was 0 060 inch The
thickness of the outer edge for each of the
dents was slightly greater than that in the
center In the case of dent A, the thickness
at the outer edge was 0 058 inch, or 0 011
inch greater than at the center The varia-
tion 1n thickness for all the other dents be-
tween the center and outer edge of the dents
was not more than 0 005 1nch

Test Results

The results of the impact tests are
shown in Figs 9 fo 13 inclusive The num-=-
ber of determinations obtained were Limited
by the number of test specimens submitted

The effect of mass of the hailstone on
the extent of damage, as measured by the
depth of indentation at various impact veloc-
ities, 1s shown in Figs 14A and 14B

The 0 75-inchdiameter 1ce ball, wei1gh-
ing about 2 3 grams, caused indentations n
the wing sections of less than 0 1 inch in the
0 040-inch, 755-T aluminum at velocities
up to 400 mph The 0 045-inch, 24S-T ma-
terial, sumilarly tested, showed comparable
indentations at velocities of about 100 mph
less

The 1 25-tnchdiameter simulated hail-

stone, weighing about 14 5 grams, caused
initial indentations of 0 1 inch 1o occur at
approximately 300 mph in the 755-T material
and at 1 80 mph in the case of the 245-T speci-
men At higher velocities, the depth of in-
dentations was nearly the same for similar
velocities For example, a 0 5-inch deep
indentation occurred at approximately 380
mph for both materials

The curves in¥Figs 14A and 14B, which
are based on the tests with the 1 88-inch
diameter ice spheres weighing about 45 grams,
were less steep than those obtained with the
lighter weight 1ce balls In other words,
with slight increases in mmpact velocity, the
depth of imdentation 1s increasingly greater
Initial indentations measured at 0 1 inch
occurred atabout 200 mph for the 755-T ma-
terial and at 120 mph for the 245-T material
For a 1-inchindentation, the ice ball velocity
for the 755-T materials was 330 mph and at
350 mph the depth of indentation was doubled
to two inches The corresponding values for
245~T specimenwere 300 mph for 1~inch in-
dentation and about 350 mph for 2-i1nch inden-
tation, or the same velocity as that required
for a 2-inch \ndentation in the 755-T aluminum.

The effect of impact velocity on the ex-
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FROM APEX 175 | 123 (375 |380 | 600 [500
INGHES
IAMETER
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SPHERE
L
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t
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TEST NO 580

NOTE | IMPAGCT ANGLE WhaS 90 DEGREES IN EACH GASE

2 INDENTATION MEASURED FROM STRAIGHT LINE
GOINGIDING WITH PLANE PASSING THROUGH
LONGITUDINAL AXIS OF PROPELLER DOME

3 ERRATIC TEST, IGE SPHERE FAILED TO GONTACT
THE SEGOND TIMING WIRE

4 THICKNESS OF METAL MEASURED AT THE CENTER
OF THE DENT

Fig 9 Results of Impact Tests With Ice
Spheres on DC-6 Propeller Daome

tent of damage with ice balls of various weights
1s shown in Figs 15A and 15B At a velocity
level of 200 mph, the extent of damage was

Iimited to dents less than 0 1 wnch deep for
ice balls weighing up to 45 grams projected
at the 755-T aluminum, and siumilarly, the
dents were limited to less than 0 3 inch deep
for the 245-T specimen The 300-mph curves
show proportionately greater indentation with
wncreasing ice-ball weirght, and a corresponding
difference between the two materials, however,
at 350 mph the difference between the extent
of .indentation caused by similar size 1ce balls
on the two types of aluminum appears to be
very slight

Impacttests onthe DC-6 propeller dome
were made with 0 75-, 1 25-, and 1 B88-inch
ice balls at velocities ranging from 302 to
360 mph The 1 88-inch diameter 1ce ball
projected at 317 mph caused an indentation
1 33 inches deep Atapproximately 300 mph,
the 1 25-inch 1ce ball formed a dent 0 46
inch deep and the 0 75-inch 1ce ball formed
a dent 0 14 inch deep The 0 75-inch 1ce
balls were also shotat 338 mph to form a dent
0 13 wnch deep and, at 360 mph to form an
indentation of 0 28 inch

The depth of indentation was measured
from a straight line spanning the dent to the
deepest point of indentation This s less than
the actual distance between the high point of
the original curved surface before impact and
the low point of indentation Although each
umpact resulted in relatively large local de=-
formation at the point of impact, there also
occurred a general deformation of the ma-
terial extending between the structural stiff-
eners 1n the wing section

CONCLUSIONS

1 TImpact tests with single 1 88~inch ice
spheres indicate that polyvinyl butyral plastic
(vinyl plastic) laminated windshields, developed
for bird-impact resistance, also provide pro-
tection from hailstones, since such wind-
shields resist penetration at velocities up to
515 mph for the 0 125-inch vinyl plastic and
635 mph for the 0 188-1nch vinyl plastic when
the line of impact 1s perpendicular to the wind-
shield pane and the plastic temperature 1s 80°F

2 The 0 25-inch full-tempered glass
pane, used as a front pane \n the hot-air heated
type double-pane installation, resists fail-
ure with single 1 88-inch 1ce spheres at vel-
ocities up to 235 mph when tested at a 0°
slope Sumilarly, this pane resists failure
when tested with a volley of five such 1ce
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Aluminum Wing Section
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Fig. 12 Results of Impact Tests With 0. 75-Inch Diameter and 1.25~Inch Diameter ice

Spheres on 0.045-Inch 245-T Aluminum Wing Section
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Results of Impact Tests With 1. 88-Inch Diameter Ice Spheres on 0.045-Inch 245-T
Aluminum Wing Section

Fig. 13
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spheres at velocities up to 200 mph.

3. "Safety-glass,’ utilizing aninterlayer
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
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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 simultaneoys
impact of five 2-inch ice spheres, cannot be
comparedtothe later radomes insofar as im-
pact strength is concerned. The value of
penetration velocity, derived from subsequent
impact at 230 mph with a single ice sphere,
can be considered as being low.

8. Radome B, tested with single 2-inch
ice spheres, was partially penetrated at 378
mph and totally penetrated at 404 mph; there-
fore, the value of penetration velocity tor
this radome is about 390 mph.

9. Radome C was partially penetrated by



asingle 2-inch 1ce sphere at a velocity of 480
mph The high impact strength exhibited by
this radome, as compared to Radome B, can
be attributed to the increased total thickness
of the fiberglas honeycomb lamination from
0 32 to 0 36 inch

10 Further tests are needed to provide
more detailed information on the correlation
between high-speed hailstone impact and the
variables inherent in the design of nonmetallic
radormnes and such factors as temperature,
size of hail and angle of \mpact, as well as
combinations of different materials and bond-
ing agents

11 The extent of damage caused by artifi-
cialhailstones onthe simulated wing sections
varied with the mass of the 1ce sphere, 1m-
pact velocity, impact angle, and the type of
material covering the wing The effect of
0 5-inch diameter hailstone was not studied,
butit appears thatatnormal aircraft veloaties
between 200 and 300 mph, hailstones less than

20

0 75 wnchin diameter do not cause signmificant
damage

12 In a typical metal wing leading edge,
indentations up to 0 10 inch deep are caused
by 0 75~, 1 25-, and 1 8B-inch diameter
hailstones at velocities of 420, 212, 200 mph
(0 040-inch, 755-T) and 300, 156, 120 mph
(0 045-i1nch, 245-T) respectively These in-
dentations are not considered to significantly
affect the airworthiness of aircraft such as
the Douglas DC-3 and DC-4

13 Indentation depth for any given size of
hailstone varies approximately as the square
of the velocity

14 A total buckling of the aluminum skin
occurred with 1 88-inch 1ce balls projected
at 378 mph at the 755-T aluminum and at 294
mph 1n the case of the 245-T

15 The tests that were made on a single
DC-6 propeller dome test specimen indicated
greater indentation than was obtained on the
245-T wing section
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