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Charging of Aircraft: High-Velocity Collisions

W. D. Keith* and C. P. R. Saunderst
University of Manchester Institute of Science and Technology,
Manchester, England, United Kingdom

A laboratory investigation into the charge transferred to a metal target during high-speed collisions with ice
crystals has shown that the charge separated at a speed of 25 m s ~ L is greater than the charge separated at higher
speeds under the same cloud conditions. It is suggested that the reduction in charge transfer at high speeds is
because of the reduced contact time between the interacting particles. The sign of the charging is negative in con-
ditions of zero liquid water content at all temperatures; the charging is positive at warm temperatures in the pres-
ence of liquid water. Thus, aircraft may charge negatively at high altitudes and positively at lower levels when

they encounter water droplets.

Introduction

INCE the beginning of aviation there have been reports of

lightning strikes to aircraft as they flew through or near
thunderclouds. There is still controversy as to the effect of the
aircraft itself: Does it trigger the lightning or simply happen to
be in its path? Does self-charge on the aircraft promote light-
ning strikes? The purpose of this work was to determine the
charging of a metal target during high-velocity interactions
with water droplets and ice crystals in the laboratory to
simuiate the charging of an aircraft in the atmosphere. The
work is a continuation of experiments to investigate the charg-
ing of soft hailstones as they fall and interact with supercooled
droplets and ice crystals in thunderclouds.!-?

Experimental Procedure

The experiments described here were performed in a 3-m-
high cloud chamber situated within a large cold room.? The
cloud was formed by introducing vapor from a boiler through
a hole in the floor of the lower chamber that was 2-m high.
The power to the boiler could be controlled from outside the
cold room, thus enabling control of the liquid water content of
the cloud. At a liquid water content of 1 g m~3, the drop-size
distribution had a maximum size of 33 um and a modal diame-
ter of 12 um. When the cloud liquid water content was about
2 g m~? there was an unavoidable temperature gradient of
1°C m~! over the height of the cloud chamber, but the region
where the experiments were performed was well mixed and so
had a uniform temperature. A droplet cloud in the upper
chamber was produced by an ultrasonic nebulizer situated on
a shelf outside the cold room.

Ice crystals could be produced by seeding the cloud in the
lower chamber with a wire that had been dipped in liquid ni-
trogen. The wire was introduced quickly into the chamber that
nucleated the cloud, and as the environment was super-
saturated with respect to ice, the ice crystals grew at the ex-
pense of the water droplets. The ice crystals could be seen as
““dust”” in a light beam and could be sampled to determine
their sizes and concentration. The maximum crystal size that
could be produced in this way was about 130 um. Larger ice
crystals up to 800 um were produced by seeding the cloud in
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the top chamber, levitating the growing crystals, and even-
tually allowing them to fall through the supersaturated envi-
ronment of the lower chamber.

The soft hailstone was simulated by a metal target of diame-
ter 5 mm and length 2 cm situated inside a tube of diameter 2
c¢m that protruded a short distance into the lower cloud cham-
ber. A regenerative pump drew the cloud past the target at
speeds of up to 110 m s~!. At this impact speed, two sets of
experiments were performed with a cloud consisting purely of
ice crystals; the first with a clean metal target and the second
with a previously rimed target. Further experiments were per-
formed to determine the charge transfer in the riming case.
The apparatus was modified slightly to allow the cloud to be
drawn past three targets simultaneously (of diameter 1.6 mm)
at different velocities so that direct comparison of the charg-
ing currents could be made. The impact velocities used were
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Fig. 1 Charging current vs time at 110 m/s.
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Fig. 2 Charge per event vs crystal size at 110 m/s,

75, 50, and 25 m s~ ! and 50, 25, and 10 m s~ !. The charging
was investigated at cloud temperatures of —15 and —25°C.

The targets were connected to Earth via a sensitive charge
amplifier having a sensitivity of 1 mV=10'2 A; charge flowed
to Earth with a time constant of 1 s. In the previous low-
velocity experiments, a higher sensitivity was used, but the
higher charge transfers here saturated the amplifier. Chart re-
corders were used to record the net multiple charge transfers
as charging currents.

Results

A cloud of ice crystals, of concentration about 104 m 3,
was drawn past a 5-mm-diam metal target at a speed of 110 m
s~!. The crystal concentration was determined from a
formvar-covered microscope slide just before the pump was
switched on. It was assumed, by comparing the volume flow
past the target and the total volume of the cold room, that the
crystal concentration drawn past the target for the first 10 s of
a run was constant, after which time the crystal concentration
became depleted. The charge per crystal separation event is
calculated from the crystal concentration and value of the in-
itial negative current peak. At these speeds, the collision effi-
ciency was unity and the event probability* (collision X sepa-
ration efficiencies) was also found to be unity as there was no
evidence of any crystals on the target at the end of a run.
Strong negative charging was measured at all temperatures
and all crystal diameters in agreement with the results of
Jayaratne et al., who found that an evaporating ice-covered
target always charged negatively. Figure 1 shows a typical run
at — 15°C; the charging is negative and quickly returns to zero
as the crystal cloud is depleted. Figure 2 shows the charge per
event against crystal diameter at a speed of 110 m s~!. This
figure illustrates that the charge transfer is independent of
temperature and that large amounts of charge are being sepa-
rated, for example, a 500 um crystal separates about — 10 pC,

Fig. 3 Q vs OR at 110 m/s.

which is three orders of magnitude greater than the charge
measured at 3 m s~ !. These experiments were repeated with a
previously rimed target that also charged negatively. The
target was rimed by drawing supercooled water droplets past it
for a few seconds; the cloud was then seeded and the experi-
ments conducted as before at 110 m s ~!. Figure 3 plots points
from the two sets of experiments at equal values of crystal size
that range from 20 to 450 um. There was no effect due to the
presence of the rime as indicated by the close 1:1 relationship
between the charge per event of the rimed target QR with that
of the unrimed target Q.

The foregoing experiments were conducted without any
water droplets being present in the chamber, but this is not
representative of natural conditions and so experiments were
performed at high speed with a mixed cloud. The apparatus
was modified so that the cloud could be drawn simultaneously
past three targets at different speeds, which enabled the direct
comparison of results at three speeds under the same cloud
conditions. The target diameter was 1.6 mm and the flow
speeds used initially were 75, 50, and 25 m s~!. The event
probability is unity for all crystal diameters at these velocities.
The shapes of the three current-time graphs were similar,
which verified that the targets were experiencing the same
cloud conditions. Other experiments were performed at 50,
25, and 10 m s~ ! at —15°C to investigate the velocity de-
pendence further. Figure 4 shows the charge per event against
diameter for these four velocities; the charge separated is a
maximum at 25 m s~'.

The apparatus was also used at a temperature of —25°C;
the sign of the charging was negative but the same pattern of
velocity dependence was observed. The shape of the current vs
time graph was the same for all the targets, thus confirming
that they experienced the same cloud conditions. Figure 5
shows the charge per event against crystal diameter with a
maximum value at 25 m s~!. The gradient of the lines is 0.7
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Fig. 4 Charge per event vs crystal size for different impact velocities

at —15°C; o =75 m/s, 0 =50 m/s, @ =25 m/s, M=10 m/s.
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Fig. 5 Charge per event vs crystal size for different impact velocities
at —25°C; 0 =50 m/s. @ =25 m/s, B=10 m/s.
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Fig. 6 Charge per event vs speed for a 200 um crystal at —15°C.
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Fig. 7 Contact area vs crystal size for different impact velocities at
—-15°C; o =75 m/s, 0 =50 m/s, ® =25 m/s, B=10 m/s.
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Fig. 8 Contact area vs crystal size for different impact velocities at

—25°C; u =50 m/s, @ =25 m/s, H=10 m/s.
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Fig. 9 Contact area vs crystal size at 3 m/s (from Ref. 6).
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Fig. 10 The ratio of contact area to crystal area vs charge for posi-
tive charging; o =75 m/s, 0 =50 m/s, ® =25 m/s, M =10 m/s.
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Fig. 11 The ratio of contact area to crystal area vs charge for nega-
tive charging; o0 =50 m/s, @ =25 m/s, =10 m/s.
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Fig. 12 The ratio of contact area to crystal area for positive charging

vs the ratio for negative charging; o =50 m/s, @ =25 m/s, B=10
m/s.

for both positive and negative charging and is independent of
the speed. A possible explanation for the velocity dependence
is discussed in the following section.

Discussion

The high-speed collision experiments were designed to
simulate the charging of an aircraft as it flies through a cloud
of ice crystals. In regions of zero liquid water content, the
target charged negatively at all temperatures. However, the
collection efficiency for water droplets at these speeds is such
that even a very low liquid water content can give an apprecia-
ble rate of rime accretion, which was shown by Jayaratne et
al.! to lead to positive charging. This was the case with the 1.6-
mm targets; under cloud conditions that gave negative charg-
ing to the 5-mm target, the smaller target collected more water
droplets and rime ice, leading to positive charging. Thus, it
was quite difficult to insure a zero liquid water content in the
crystal-only experiments with the 1.6-mm targets.

The velocity dependence was opposite to that expected in
that the high velocities produced less charge than the lower
velocities. Figure 6 illustrates the charge per event for a 200
um crystal against air speed that shows the charge per event is
maximum at about 25 m s~ !. This can be explained in terms of
contact time and adhesion efficiency. Initially, as the contact
time between the hailstone and ice crystal increases with in-
creased velocity, the charge transfer also increases. However,
above a certain velocity, the particles bounce off more readily
and then the charge transfer decreases because of reduced con-
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tact time. When ice crystals rebound from an ice target, cor-
ona breakdown occurs, leading to light emission.® This im-
plies that the local electric field at the point of contact is
sufficient to cause breakdown, giving a limit to the magnitude
of the charge transfer. By using Gauss’s law and assuming a
breakdown field value of 10° V m~!, the contact area of inter-
action can be calculated from the formula CA = Q/8.8 x 10-¢
(m?), where Q is the magnitude of the charge transfer and CA
the area of contact between the target and ice crystal. The con-
tact area of the crystals was determined from Figs. 4 and 5 for
the positive and negative charging regimes and is shown in
Figs. 7 and 8 against the crystal diameter. It can be seen that
there is little variation in the contact area with crystal size. At
low impact speeds, the contact area increases with crystal di-
ameter® as shown in Fig. 9. The ratio of the crystal area 4 and
the contact area CA is plotted against the charge per event for
both positive and negative charging (Figs. 10 and 11). At low-
impact speeds, the contact area is approximately one-fifth of
the crystal area,® whereas Figs. 10 and 11 show that the con-
tact area at high speeds can be up to five times the crystal area.
The ratio of the crystal area to contact area for negative charg-
ing at —25°C was plotted against the ratio for positive charg-
ing at — 15°C and is shown in Fig. 12; there is a close 1:1 rela-
tionship. Also, the dependence of the charge per event on the
crystal diameter (d°7) is the same for both positive and nega-
tive charging. These two results could indicate that the same
unknown charging mechanism is operating at the two dif-
ferent temperatures, and given the large contact area, fric-
tional charging may be a dominant process.

Conclusions

The work presented here shows that the charge per collision
does not increase with impact velocity above a certain speed.
In these experiments, the limiting speed is around 25 m s~ !,
but this speed may be dependent on the liquid water content.

In relation to aircraft, the charging is strongly dependent on
the liquid water content, and so at high altitudes where liquid
water is scarce, the charging will be predominantly negative.
At lower levels the charging may be a combination of both
positive and negative and at speeds above 100 m s~! may be
reduced to even smaller values than detected in the experi-
ments. It may be that there is no significant charging of high-
speed aircraft and rockets by collisions with cloud particles.
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