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Hail Damage to Typical Aircraft Surfaces

Robert J. Hayduk*
NASA Langley Research Center, Hampton, Va.

Severe structural damage can occur when aircraft collide with hailstones. Consequently, methods
of predicting hail damage to airplane surfaces are needed by the aircraft designer. This paper de-
scribes an analytical method of predicting the dent depth and final deformed shape for simple struc-
tural components impacted by hailstones. The solution was accomplished by adapting the DEP-
ROSS computer program to the problem of normal impact of hail on flat metallic sheets and spheri-
cal metallic caps. Experimental data and analytical predictions are presented for hail damage to
typical aircraft surfaces along with a description of the hail gun and hail simulation technique used
in the experimental study.

Introduction

THE collision of aircraft with hail can cause extensive
damage to the aircraft, such as denting, tearing, and
puncturing of the skin; shattering of the windshields; ra-
dome delamination; engine turbine blade pitting; and in-
strument damage. References 1-3 contain photographs ex-
hibiting the variety of damage that can occur. Examples
of typical structural damage are shown in Figs. 1. The
leading edges and engine cowlings of this aircraft were ex-
tensively dented in a recent encounter with hail. Even
though aircraft encounters with hail are infrequent, the
severity of the structural damage which can occur is cause
for concern and designers should be aware of the damage
potential to aircraft surfaces. To provide the aircraft de-
signer with a rational method of determining the damage
potential of his aircraft before it actually encounters hail,
analytical methods are needed for predicting the structur-
al response of aircraft to hail impact.

An analytical method was devised at Langley Research
Center for predicting denting-type hail damage to some
typical aircraft surfaces. A hailstone impact simulator was
developed to generate data to verify the analytically pre-
dicted damage. This paper describes the simulator and
the analytical method; and then compares analytically
predicted damage with some simulated hailstone damage
data.

Hailstone Impact Simulation

Hailstone Impact Simulator

A schematic diagram and photograph of the hailstone
impact simulator are shown in Figs. 2 and 3, respectively.
The simulator consists of two major components: a
launcher and a velocity measuring system. The launcher
is composed of a barrel, coupling, reservoir, and two dia-
phragms. The coupling is sealed at each end by a frangi-
ble diaphragm to permit accurate control of the firing
pressure. For example, to fire at a reservoir pressure of 12
MN/m2, two diaphragms designed to rupture at 7
MN/m2 are inserted in the coupling, a synthetic hailstone
is placed in the chilled barrel, and .the coupling bolted to-
gether. The coupling is pressurized first to 6 MN/m2 and
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then the reservoir to 12 MN/m2. Venting of the pressure
in the coupling results in the rupturing of both dia-
phragms and the hailstone is subjected to the full 12
MN/m2 reservoir pressure. Most of the hail data obtained
with the simulator have been at velocities between 60 to
600 m/sec, which are typical of aircraft flight velocities.
The hailstone impact simulator is capable of launching
synthetic hailstones of any diameter by simply changing
barrel size.

Velocity Measuring System

After the synthetic hailstone leaves the barrel, it enters
the velocity measuring system which consists of two image
converter tube cameras, two xenon-filled flashlamps, two
fine tripwires, a scale, and an oscilloscope. The hailstone
breaks the tripwire at each station and thus triggers the
flashlamps. The cameras photograph the back-lighted
hailstone and scale. The oscilloscope records the elapsed
time between photographs and the scale establishes the
hailstone's displacement during that time. The photo-
graphs of the hailstone in flight are also used to establish
the integrity of the synthetic hailstone prior to impact.

Fig. la Hail damage to horizontal stabilizer of a DC-8-61.

Fig. Ib Hail damage to
engine cowling of a DC-8-

61.
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Fig. 2 Schematic diagram of hailstone simulator.

Synthetic Hailstones

Natural hailstones are usually formed in concentric
layers as they move in convective storm clouds. They
range in size from approximately 0.3 to 15 cm in diam.
They usually have approximately conical shapes for sizes
below 2 cm and roughly oblate spheroidal shapes for the
larger sizes according to Ref. 4. Some researchers have
suggested that the specific gravity of hailstones varies
from 0.4 to 0.9 depending on the formation process.1 Ref-
erence 4, however, states that "... the density of hail-
stones does not vary much . . .."

With this information in mind, it was decided to pro-
duce synthetic hailstones by the simplest technique that
would produce a conservative simulation of denting-type
damage. Therefore, a technique was used to mold solid,
spherical ice balls with a specific gravity of 0.93 from dis-
tilled water and alcohol. Figure 4 shows the lower half of a
silicone rubber mold and four 5.1-cm-diam synthetic hail-
stones. To manufacture hailstones, the upper half of the
mold is positioned and lightly clamped to the lower mold
to prevent water leakage. The spherical cavities are filled
with distilled water containing approximately 0.2% alco-
hol to prevent the formation of cracks during the freezing
process. The molds are refrigerated at approximately
262°K (-11°C) to form synthetic hailstones. The solid
synthetic hailstone should closely simulate the impact
characteristics of natural hail, but will probably cause
more structural damage than the natural hailstone.

In the present investigation hailstones from 1.3 to 5.1
cm in diam were used. This range of sizes represents the
most frequently encountered hailstones as well as the
sizes proposed in a design standard for supersonic trans-
ports.5

Test Specimens
Test specimens were modeled to reflect some of the typ-

ical shapes of aircraft surfaces. The specimens, shown in

Fig. 4 Synthetic hailstones and mold.

Fig. 5, represent a fuselage panel (flat sheet) and a nose or
dome segment (spherical cap). All the specimens were
made of 2024-T3 aluminum and were of two different
thicknesses, 1.0 and 1.6 mm. The flat sheets are 35.6 cm
square. The spherical caps have 20.3 and 40.6 cm radii of
curvature and a sector angle of 45°.

Analytical Method

DEPROSS, a finite-difference computer program capa-
ble of analyzing the large deflection response of beams,
rings, plates, and shells subjected to impulsive or blast
loadings, was utilized to determine the dynamic, axisym-
metric response of structures to hail impact. The material
response can be elastic, elastic-plastic, elastic-strain hard-
ening, or elastic-strain hardening-strain rate dependent.
DEPROSS is described in detail in Refs. 6, 7, and 8. For
this particular study, the initial velocity section of the
computer program was modified to idealize the case of a
hailstone impacting normal to the surface of a structure
and crushing upon impact. The initial velocity distribu-
tion of the target with the added mass of the crushed hail-
stone was determined,9 by assuming that the total mo-
mentum exchange upon impact was instantaneous and
axisymmetric and that the hailstone does not rebound.
The initial velocity distribution for the flat sheet is

\ l / 2
r; 0 < 7] < 1

w(ri,Q) = 0; T] >
(1)

where K\ is a height factor defined below, A is the adjust-
ed hailstone radius, h is the specimen thickness, pp is the
hailstone density, ps is the specimen density, go is the
hailstone velocity, and 77 = r/A is the nondimensional ra-
dial coordinate. For the spherical caps 77 is replaced by
(R/A) sino: and h is replaced by /i/cos a, where 0 < a <
sm-^A/R. R is the radius of curvature and a is the polar
angle of the spherical caps.

Fig. 3 Hailstone impact simulator.
Fig. 5 Test specimens: flat sheet, 40.6 and 20.3-cm-radius

spherical caps.
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Fig. 6 Idealized computer model of a 5.1-cm-diam hailstone
impact at 200 m/sec on a 20.3-cm radius, 1.6-mm-thick spheri-

cal cap.

Fig. 7 Analytical and experimental profiles of a 20.3-cm radi-
us, 1.6-mm-thick spherical cap after impact by a 5.1-cm-diam

hailstone at 200 m/sec.
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Fig. 8a Comparison of analytical and experimental center
deflections of 1.0-mm-thick flat sheets and spherical caps im-

pacted by 2.5-cm-diam synthetic hailstones.
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Fig. 8b Comparison of analytical and experimental center
deflections of 1.6-mm-thick flat sheets and spherical caps im-

pacted by 5.1-cm-diam synthetic hailstones.
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Fig. 9a Analytical results for 1.0-mm-thick flat sheets and
spherical caps impacted by 2.5, 3.8, and 5.1-cm-diam synthetic

hailstones.
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Fig. 9b Analytical results for 1.6-mm-thick flat sheets and
spherical caps impacted by 2.5, 3.8, and 5.1-cm-diam synthetic

hailstones.

The height of the hailstone was adjusted by the factor

Ki = (2)

to yield the same mass as the original uncrushed hail-
stone. The constant K^ in this analysis represents the in-
stantaneous spread of the radius of the hailstone (factor of
1.5 used) at impact.

The computer model of the structure consists of lumped
masses (30 were used) connected by massless, extensible
links as shown for the model of a 20.3-cm-radius spherical
cap in Fig. 6. The sketch also shows the initial velocity
distribution for the case of a 5.1-cm-diam hailstone im-
pacting the shell at 200 m/sec. After the momentum ex-
change at impact, the velocity distribution ranges from
163 m/sec at the axis of symmetry to 45.7 m/sec at the outer
mass station.

Results

The calculated final deformed shape and the experi-
mentally determined cross section profile of the shell are
shown in Fig. 7. At this velocity the entire shell has expe-
rienced an inversion of its original convex shape, termed
snap-through, and the computer program adequately pre-
dicts the final deformed shape. However, at lower hail-
stone velocities, which do not initiate snap-through, there
is only local denting of the shell. The computer program
usually does not adequately predict this type of localized
damage.
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Figure 8 presents typical comparisons between analyti-
cal calculations and experimental data. In Fig. 8a the
final center deflection or dent depth is plotted as a func-
tion of hailstone velocity for impacts of 2.5-cm-diam hail-
stones on flat sheets and spherical caps of 1.0 mm thick-
ness. Similar information is presented in Fig. 8b for im-
pacts of 5.1-cm-diam hailstones on specimens of 1.6 mm
thickness.

For the spherical caps, the computer program closely
predicts the velocity range over which snap-through oc-
curs and the depth of the dent during and after snap-
through. The theory predicts a linear response of center
deflection with increasing velocity for the flat sheet and
the spherical cap after snap-through. This behavior is
substantiated by the data.

In Fig. 9 the analytical results are presented collectively
on the basis of hailstone kinetic energy for three hailstone
sizes and two specimen thicknesses.y Figure 9a and 9b
present the information for the 1.0- and 1.6-mm-thick
specimens, respectively. In the figure, curves for spherical
caps represent the specimen's center deflection after
snap-through. For example, in Fig. 8b snap-through of
the 40.6-cm-radius spherical cap is complete at 107 m/
sec. The linear portion of the curve for velocities between
107 and 274 m/sec is represented in Fig. 9b by the
dashed (——) curve for the 40.6-cm-radius spherical cap.

With the exception of the analytical curve in Fig. 9b
for 2.5-cm-diam hailstone impacts on 40.6-cm-radius
spherical caps, the analytical curves for the three speci-
mens band together. The analytical curves for the spheri-
cal caps reasonably represent the actual center deflections
as demonstrated in Fig. 8. However, the analytical results
for the flat sheets are generally conservative. For a partic-
ular hailstone kinetic energy, the figures can be used to
make a reasonable estimate of the center deflection that
would occur in these specimens.

The anomalous behavior of the 2.5-cm-diam hailstone
results in Fig. 9b can possibly be explained by examining
Fig. 8a. The analytical curve for the 40.6-cm-radius
spherical cap indicates that the snap-through region does
not necessarily have to be a smooth transition. In this
case, a region of very steep slope is followed by a second
region of smaller slope. However, this second region still
has a much larger slope than the portion of the curve be-
yond snap-through, that is, for velocities greater than 250

m/sec. The anomalous curve in Fig. 9b could be an ex-
tensive, linear second snap-through region rather than the
linear region after snap-through.

Concluding Remarks

The hailstone impact simulator is a valuable laboratory
apparatus which can be used for such hailstone research
as the testing of prospective structural designs or generat-
ing data to compare with theory. It has been successfully
used to obtain deformation data on flat sheets and spheri-
cal caps of various sizes impacted by synthetic hailstones
at typical aircraft flight velocities.

The computer program described here adequately pre-
dicts the damage to a simple structure when impacted by
a hailstone. However, the program is restricted to axisym-
metric structures impacted normally at the axis of sym-
metry.
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