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Fig. 3 Flowfield comparison of methods.
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= 4.0, for a flap deflection of 3-deg leading-edge down and
4-deg trailing-edge down. The inability of the first approach
to accurately predict the sidewash flowfield led to the inves-
tigation of the other methods. Figure 3 a is a comparison of
the predicted upwash flowfield for the four methods with
experimental data. It can be seen that the boundary condition
method best models the upwash flowfield. Figure 3b presents
the same comparison for the sidewash flowfield. For this par-
ticular flight condition and flap setting, none of the ap-
proaches accurately predict the sidewash very well. However,
the boundary condition method fares as well as the other
methods. The failure of the other methods to model the flow-
field is more likely due to the numerical difficulties present
in the solution, due to the discontinuity panels, than a failure
in the physical modeling. In any event, it is clear that the
mass flux specification performs adequately in predicting the
flowfield, especially given its simplicity.

Due to the relatively good performance of the boundary
condition approach and its ease of application, other condi-
tions were investigated using just this method. Figure 4 pre-
sents the flowfield comparisons for M^ = 0.6, a: = 8.0, with
10/12 flaps. Again the only discrepancies appear in sidewash.

Conclusions
Several approaches to modeling simply connected flaps with

PAN AIR have been investigated. The boundary condition
method specifies mass flux through the flap to approximate
the turning angle induced by the flap. Each method was com-
pared to the other methods and to experimental data based
on the flowfield directly under the outboard pylon.

Relative to the geometric approaches, the boundary con-
dition approach does a very good job of modeling the upwash
and sidewash flowfields. In absolute terms, compared to ex-
perimental data, this approach matches upwash well and
sidewash to various levels, depending on flight condition. The
attractive feature of this method is that it requires no geometry
changes to a properly peneled baseline model in order to
model flap settings. Analysis of many different flap config-
urations therefore becomes possible in a short time period.
This method should apply equally as well to elevator and
rudder deflection analysis. Due to its simplicity and accuracy,
the boundary condition method of simply connected flap mod-
eling provides an excellent tool for flowfield analysis.
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Lightning Threat to Aircraft: Do We
Know All We Need to Know?
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Introduction

T HE problem of lightning threat to aircraft has two as-
pects: 1) strike avoidance, and 2) aircraft protection. Let

us address these two issues separately.
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Lightning Strikes, Weather Conditions
and Natural Lightning Rate

For strike avoidance we need to know where in electrified
clouds strikes to aircraft may take place and with what prob-
ability. This information is useful to pilots, aviation meteor-
ologists, and possibly to air-traffic controllers.

Three major research programs studying lightning-air craft
interaction: 1) NASA Storm Hazards program (1980-1986);
2) USAF/FAA Lightning Characterization program (1984-
85, 1987); and 3) French Transall program (1984, 1988), al-
though focusing on in-flight measurements of strike param-
eters also produced significant new data about environmental
conditions conducive to lightning strikes to aircraft in summer
thunderstorms. Thunderstorms were the obvious choice to
conduct such measurements because of the belief that light-
ning hazards occur where lightning activity naturally exists.

The important thing we learned from this experience about
lightning-aircraft interaction was that all lightning strikes in
storms at flight altitudes about 7 km (high altitudes) and about
90% of strikes at altitudes below 7 km (low altitudes) are
triggered by the aircraft itself.1'3 Thus, the main factor con-
tributing to lightning strike to aircraft is not the presence of
natural lightning activity, but the presence of a sufficient am-
bient electric field to initiate a discharge on an aircraft of
given size, configuration, and speed. It was also shown that
only about 10% of strikes at low-flight altitudes are actually
intercepted natural lightning flashes.2-3

The previous beliefs that lightning strikes to aircraft some-
how relate to the presence of turbulence were dismissed. Most
lightning strikes in summer storms occur in light rain and light
turbulence conditions.2 We also learned, from data obtained
with the NASA F-106B instrumented airplane during high
altitude storm penetrations, that the probability of triggering
lightning decreases with the increasing rate of natural light-
ning.1 A similar conclusion was made in rocket-triggered light-
ning experiments: the probability of triggering lightning is
very low when the rate of natural lightning is high and vice
versa (personal communications with J. L. Boulay, P. La-
roche, and W. Jefferies). This seemingly paradoxical phe-
nomenon may be understood if we consider a natural trig-
gering mechanism in storms and compare it with an artificial
triggering by aircraft. When the natural triggering mechanism
is active, it works like a firing electrode for a large gap dis-
charge (lightning flash) starting it each time when an ambient
electric field inside the cloud is ready to support propagation
of this discharge. In such a case, an additional source of trig-
gering (aircraft or rocket with a wire) does not produce light-
ning initiation being out of phase with the big gap (cloud)
electric field.

In line with this explanation are observations showing that
the decaying stage of the storm is the most dangerous for
penetrating aircraft: the probability of aircraft-triggered light-
ning as well as chances to succeed with a rocket-triggered
lightning are the highest at this time.2 Although the cloud is
still electrified during the decaying stage, the natural trigger-
ing mechanism there is very weak, evidence of which is a lack
of natural lightning activity. Thus, an aircraft or a rocket with
a trailing wire becomes a likely source of lightning initiation
due to its conductivity and size.

As far as the safest place for aircraft penetration, we learned
from the experience of the NASA Langley Storm Hazards
and FAA/USAF programs that the longest flight time needed
to obtain a lightning strike to aircraft is at altitudes near and
below cloud base. The question of whether these altitudes
may be considered the safest for aircraft in relation to light-
ning hazards remains to be proven.

While storm penetrations with instrumented aircraft pro-
vided scientific data on environmental conditions conducive
to lightning hazards, the same kind of data on lightning haz-
ards to aircraft in winter storms, marginally electrified stra-
tiform, and mixed phase clouds are totally lacking. What is
known from pilots' surveys is that the majority of reported

strikes to civil aircraft and space vehicles in the U.S. occurred
in marginally electrified and mixed phase clouds,4 and in Ja-
pan the majority of reported strikes occurred in winter storms.5

Marginally electrified and mixed phase clouds do not pro-
duce natural lightning. Furthermore, we presently do not know
how to evaluate the magnitude and structure of the electric
field inside these clouds remotely without entering them.
Therefore, the study of electric hazards in these clouds should
be more comprehensive than in thunderstorms, and should
include in situ and remote sensing for electrical and micro-
physical parameters, kinematic modeling of electrification
processes, and in situ measurements of electric discharges to
aircraft. The objective of such a study would be to identify
the cloud electrical condition (field intensity and structure)
by its association with microphysical parameters and cloud
kinematics from radar observations with Doppler and polar-
ization diversity radars.

Unfortunately, after the last in-flight program conducted
by the FAA in 1987 there is no further commitment from
U.S. government agencies to in situ measurements of light-
ning-aircraft interaction. The FAA has decided not to support
the combined U.S.—France program that was designed partly
to investigate electrical hazards to aircraft in the marginally
electrified clouds. The USAF was unable to support the pro-
posed exploratory study of electrification mechanisms in stra-
tiform clouds utilizing opportunities of the CAPE-91 pro-
gram. The NASA Airborne Electric Field program presently
underway with a single objective to evaluate the electric field
inside "nonthunderstorm" clouds is an example of an engi-
neering rather than a scientific approach to solving this prob-
lem.

Since the problem of lightning hazards to aircraft in most
common weather conditions of marginally electrified clouds
remains unsolved, the Atlas-Centaur accident of 19876 should
be a constant reminder to us that this could happen again.

Aircraft Protection: Engineering vs
Scientific Approach

In simple terms, an engineering approach to the evaluation
of the lightning threat to aircraft consists of flying an instru-
mented airplane in thunderstorms in order to encounter light-
ning strikes, to measure some of their parameters, and to
apply results to aircraft testing and certification. A scientific
approach is based on the comprehension of the entire light-
ning strike process to the degree that affects the aircraft, to
measure and evaluate all components of the process, and to
synthesize results for applications. Let us review what we did
measure during past in-flight programs, how well we did mea-
sure it, and how well our measurements represent the light-
ning threat to aircraft.

Most quantitative measurements of lightning strikes were
made during the initial attachment of the lightning channel
to the aircraft.2~9 With a maximum frequency range up to 80
MHz in digital recording systems, the short (minimum du-
ration of a few microseconds) records were obtained to char-
acterize individual pulses during the initiation stage.10 Con-
tinuous records of electromagnetic waveforms for the entire
strike duration (hundreds of milliseconds) were made at fre-
quency ranges up to 2 MHz.3-11-12 The peak detector used
during the NASA storm hazards program, although having a
wide frequency band, produced records that were random
(one record per flight) and, therefore, could not be identified
with any of the lightning processes.

Measurements described above produced a population of
statistically compounded pulses (their amplitudes, rise times,
and durations) that characterize strike initiation with an ac-
ceptable accuracy.13 Measurements of other processes in-
volved in strike development following the initiation are less
precise because of the limited frequency band width of re-
corders and the sometimes small number of samples.

The scientific interpretation of airborne measurements ad-
vanced the hypothesis that a lightning strike starts at the air-
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craft as a bidirectional leader with positive and negative lead-
ers exiting from the aircraft's extremities that have maximum
charges of opposite signs.14 This hypothesis was verified in
numerous laboratory studies1546 and most recent airborne
measurements (personal communication with J. P. Moreau).

After initiation on the aircraft, the lightning strike develops
inside the cloud similarly to natural lightning discharge and
may become either an intracloud or cloud-to-ground (CG)
flash, depending on the environmental electrical conditions
and flight altitude. During such development, the aircraft
remains part of the lightning channel for most of flash duration
(hundreds of milliseconds). Thus, the similarity between pro-
cesses in triggered and natural lightning, especially for pro-
cesses following the initiation, is rather obvious.17 This means
that we can apply definitions of natural lightning processes to
the aircraft-triggered lightning.

We learned the following from the scientific analysis of
lightning strike development:

1) All lightning strikes to aircraft at high altitudes (>7 km)
develop after their initiation similar to intracloud flashes.1

2) At altitudes of 7 km and below, about 25% of lightning
strikes develop into CG flashes.18

3) The intracloud development of lightning strikes is char-
acterized by a continuing current flow of positive leaders and
intermittently occurring negative recoil streamers.14

4) The amplitudes of return strokes reaching the aircraft
are much smaller than those measured at the ground level.
They are comparable to, or less than, the amplitudes of both
the recoil streamers intercepting the aircraft during the intra-
cloud development of the strike and the negative leader pulses
during the initiation process.11'19

5) New initiation processes may take place during the in-
tracloud lightning development of the strike.11

This new knowledge is not reflected yet in the technical
document, the SAE AE4L committee report (Orange Book),20

that defines technical criteria for lightning strike protection
of the aircraft systems in the U.S. The latest version of this
document revised in January 1989 still equates a lightning
strike to aircraft to a cloud-to-ground flash and uses the ref-
erence book21 as a source of data. The analysis of airborne
lightning data obtained during the past decade, however, clearly
identifies a typical lightning strike as similar to an intracloud
rather than to a cloud-to-ground natural flash. Therefore, the
present zonal application of current waveforms on the air-
craft's surface described in the Orange Book should be cor-
rected. The correction may require 1) a review of airborne
data already obtained with zones and waveforms attached to
them identified; and 2) possibly new airborne measurements
of current waveforms and video images of strikes for assisting
in zone identification.

The direct strike environment, as presently seen from sci-
entific analysis of airborne data, includes the following ele-
ments:

1) Component A is a series of current pulses during the
lightning initiation process on aircraft with a peak amplitude
of at least 20 kA (possibly 55 kA), a pulse duration of a
fraction of microseconds to less than 2 jus, a series duration
of maximum 20 ms, a pulse rate of up to 20 ms"1,14 and a
peak rate of rise of 4.0 x 1011 A s"1.13 Component A is
present in 90% of all lightning strikes to aircraft. Measure-
ments listed are obtained with sufficient frequency band width
and from a statistically significant population of samples. The
maximum value of 55 kA was measured by the peak detector
on the NASA F-106B airplane during a noncloud-to-ground
strike.13 Because of the ambiguity of the measurement, this
peak value can be attributed either to component A or B
pulses.

2) Component B is a single pulse of negative recoil streamer
or dart leader with a duration from tens of microseconds to
a few hundred microseconds, a peak amplitude of several
kiloamperes, possibly up to 55 kiloamperes (see comment
about component A), and a rise time of hundreds of nanosec-

onds.11'12 Measurements of amplitudes and rise times are,
however, frequency limited. Component B is present in all
lightning strikes to aircraft inside thunderstorms, although the
number of pulses per strike varies.

3) Component C is a continuing current lasting for hundreds
of ms with low frequency variations of higher amplitudes and
tens of milliseconds long. An average amplitude is a few tens
of amperes, and maximum amplitudes are hundreds of am-
peres.14 The component C is present in all aircraft-triggered
strikes. Measurements are statistically sufficient.

4) Component D is return stroke pulses with a duration of
several hundreds of microseconds, a peak amplitude of up to
26-30 kA, and rates of rise of less than 1.6 x 1011 A s"1.18

The component D is present in about 25% of lightning strikes
at altitudes below 7 km. The unambiguous measurements of
peak amplitudes with a wide frequency band are lacking.
More in-flight measurements are needed to obtain a statis-
tically sufficient population of samples.

The SAE AE4L report needs to be upgraded to include
the testing and certification criteria that reflect the charac-
terization of lightning strike processes obtained from the anal-
yses of airborne measurements during the last decade. Al-
though some estimates of lightning parameters are not
supported by a statistically significant number of samples,
e.g., in cloud-to-ground strikes to aircraft, they nevertheless
represent a realistic picture of lightning-air craft interaction
and with this reservation should be mentioned in the SAE
AE4L report.

Lightning Threat to Aircraft: What Else
Do We Need to Know?

In-flight research programs during the last decade were
conducted only in summer thunderstorms where lightning strikes
to aircraft are very similar to natural lightning flashes. Al-
though there is a strong indication that the physics of strike
initiation in winter thunderstorms, stratiform, and mixed-phase
clouds would be the same as in thunderstorms, we lack sci-
entific data on the characteristics of electrical discharges under
these conditions. Presently, we project our knowledge of
lightning strikes to aircraft in summer thunderstorms on those
experienced in other environmental conditions. This assump-
tion is not justified yet, and therefore misleading or possibly
erroneous. By conducting in-flight measurements we need to
determine the characteristics of strikes to aircraft in winter
storms and marginally electrified nonthunderstorm clouds to
find out how much they are the same or different from those
in summer thunderstorms. It is expected that owing to the
different strength, spatial extension, and distribution of elec-
tric fields inside winter storms and nonthunderstorm clouds,
the strikes there may differ from those in summer storms. By
the same reasons, the cloud regions with the highest proba-
bility of lightning strikes to aircraft may be quite different
from those in summer storms. The long-term goal of this
investigation would be to gain the ability—using remote sens-
ing techniques—to evaluate a threat of aircraft-triggered
lightning prior to penetration of a given cloud by a given space
vehicle.

In spite of significant progress made in the evaluation of
lightning hazards to aircraft in summer thunderstorms, this
task is not completed yet. Additional airborne measurements
with a wide frequency band are needed for the statistical
evaluation of current waveforms for processes during intra-
cloud and cloud-to-ground development of lightning strikes
following initiation (recoil streamers, dart leaders, return
strokes, and new initiations).
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