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SUMMARY

This report concerns the induced or indirect electrical effects of

lightning upon aircraft. It is known that lightning currents which flow

through the skin and structure of a metallic aircraft can induce hazardous

voltages into electrical circuits within. There are also incidents of

avionics equipment being disabled as a result of lightning strokes to air-

craft.

With the knowledge that lightning may cause induced voltages of a

magnitude probably sufficient to interfere with or damage sensitive air-

craft electrical and avionics equipment (ref. 1), a program was undertaken

with objectives to:

(a) Develop a technique to determine the potential effect upon

aircraft electrical systems of lightning currents passing

through the skin and structural members of a complete air-

craft.

(b) Relate the effective electrical parameters associated with

the induced-voltage phenomena to the physical and electrical

characteristics of an aircraft and its circuitry.

(c) Evaluate the susceptibility of avionics equipment for control,

communication, and other flight functions in modern aircraft

to lightning-induced voltages.

This report concerns the first objective of this program. Toward this

objective a test technique utilizing a portable low-energy impulse generator

was developed as a workable tool in the investigation of lightning-induced

voltages on aircraft. This portable impulse generator, which is referred

henceforth to as an aircraft transient analyzer, is capable of providing

unidirectional current impulses similar to lightning current surges but at a

lower amplitude than that representative of natural lightning.

Using the complete right wing of a Northrop F89-J aircraft as a test bed

and with the use of a complete F89-J aircraft to develop the practicality of

VI



field testing, measurements were made of voltages and currents induced in

selected wing and fuselage circuits as a result of the lightning currents

passing through the wing skin and structural members.

It was found that a test technique could be developed making it pos-

sible to obtain valid measurements of lightning induced voltages on the

electrical circuits of complete operational aircraft.

The results of transient analyzer tests at low amplitudes on a com-

plete aircraft compared favorably with similar measurements at "full scale"

current levels on circuits within a wing. The associated instrumentation

was perfected to a high degree of noise-free accuracy, enabling the authen-

tic reproduction of very low level transients in some aircraft circuits.

Thus, a transportable, nondestructive test and measurement technique is now

available with which to assess the possible lightning-induced voltages in

any operational aircraft.

vi i



INTRODUCTION

The work described in this report is a continuation of a program

conducted under NASA Contract NAS3-12019 and described in NASA report

CR 1744 (ref. 1). In this previous report it was shown that lightning

currents flowing through a metallic aircraft structure can cause tran-

sient voltages to appear in electrical circuits within the structure.

These voltages are a combination of a resistive voltage rise caused by

lightning currents passing through the finite resistance of the aircraft

structure and a magnetically induced voltage arising in the electrical

circuit as a result of linkage of magnetic flux created by the lightning

current. In nearly all cases this voltage, appearing at the open-circuit

terminals of the circuit, could be expressed as a mathematical combinatipn

of these two voltage components, where each in turn is expressable as a

function of the lightning current itself, as follows:

dl
e__ = R L + M"oc T, dt

where;

e = voltage appearing across open circuit

^ terminals in̂ aircraft

R = an effective structure resistance

M = an effective mutual inductance between the

lightning current and the particular elec-

trical circuit

i_ = Lightning current (a time-varying function)

Because the induced voltages are dependent upon the lightning current,

they vary considerably in amplitude and wave shape according to the lightning

current parameters of amplitude and wave shape. Induced voltages are also



dependent upon the characteristics of the circuit in which they are meas-
ured and the location at which the lightning stroke attaches to the air-

craft .

The tests reported in NASA report OR 1744 used simulated full-scale

lightning stroke currents up to 100 kA to induce voltages ranging from

several millivolts to one hundred volts in electrical circuits in the

complete right wing of a Northrup F89-J fighter aircraft.

One of the drawbacks of such full-scale test techniques is that the

test equipment is usually stationary or at least expensive to move. The

aircraft must usually be brought to the simulated lightning current im-

pulse generator for test. This is a cumbersome operation at best and may

be completely impossible in some cases. Another serious disadvantage of

such full-scale tests is that they may be destructive to one or more sys-

tems in the aircraft being tested. Often this is unacceptable if the

aircraft being investigated is operational.

During the previous program a series of tests were made in which a

transient analyzer was utilized to provide low-amplitude nondestructive

current surges to the F89-J wing. The transient analyzer is a development

of the High Voltage Laboratory used in transient response studies of power

transformers. In this series of tests, the induced voltage response to

low-level currents from the transient analyzer was compared with similar

measurements of voltages induced by full-scale lightning currents. The

comparison was favorable, indicating that the results of low-level tests

can be scaled proportionately upward to determine the results obtainable

from full-scale lightning currents.

Therefore, developing a test technique utilizing the transient analy-

zer has several advantages over full-scale lightning tests. Being small

and easily transportable, the transient analyzer has few restrictions as to

location of test, and associated test setup times are greatly reduced.

Instead of bringing the aircraft to the lightning generator, the transient

analyzer can be taken to a complete aircraft, connected to certain attach-

ment points on the aircraft, and resulting induced-voltage measurements can

be made on the circuitry within short order.



The electromagnetic field interference between the high-energy simulated

lightning generator and the sensitive induced voltage measurement equipment

requires that elaborate shielding be provided this equipment to assure integ-

rity of the measurements. With the low-energy transient analyzer this inter-

ference problem is minimized.

This technique has been used successfully at the High Voltage Laboratory

for years in similar analyses of power transformers. Transient analyzers for

this purpose are available, but several test parameters unique to the aircraft

situation made it desirable to design and build a new one suited especially

for aircraft use. Therefore, under this program a prototype transient analy-

zer was constructed with the desired capabilities. The transient analyzer

must have the capability of injecting an impulse current through a complete

aircraft at waveshapes representative of natural lightning and at a magnitude

sufficient to create measurable induced voltages on the electrical .circuits

within.

To have the portability required for such a test technique all important

test equipment must be self-contained except for AC power and grounding.

The work described in this report represents the development of the test

technique from the design of the required aircraft transient analyzer to the

actual use of the technique on a complete aircraft.



DEVELOPMENT OF AIRCRAFT TRANSIENT ANALYZER

LIGHTNING SIMULATION

A word must be said about lightning simulation. The lightning

currents which pass through an aircraft when it is struck by lightning

are believed to be a combination of high amplitude, short-duration

"strokes" and low-amplitude, long-duration "continuing currents" (ref.

2, 3). The continuing currents are known to produce thermal erosion

and resultant damage to aircraft skins. These currents, however, can-

not produce significant induced voltages in internal circuitry.

The high-amplitude, short-duration strokes, however, may have very

high rates of rise and the resultant rapidly changing magnetic flux (0)

can induce large voltages in magnetically coupled circuits. Therefore,

simulated lightning currents produced by the aircraft transient analyzer

must be the short-duration strokes, with fast rates of rise.

Description of the wave shape of the simulated lightning current

is facilitated by use of the standard wave shape notation for current

impulses. An impulse current, simulating a high-amplitude, short-dura-

tion lightning stroke is ideally an aperiodic transient current which

rises rapidly to a maximum value and falls less rapidly to zero. The

wave shape of such an impulse is defined by:

(1) polarity

(2) front time or time to crest (t..)

(3) time to half value on the tail (t2)

The wave shape is then described by the notation:

(tix V
where t and t? are usually expressed in terms of microseconds (us).

Thus, a wave rising to crest in 5 MS and decaying to 50% level in 10 MS

is referred to as a 5 x 10 us wave.

Since natural lightning currents vary greatly in wave shape, light-

ning simulation equipment must have great flexibility in terms of current



wave shape parameters. If one can sacrifice amplitude, a transient

analyzer can be designed to have an electrical versatility lacked by

most full-scale impulse generators, and can generate a much wider range

of current wave shapes. MIL-B-5087B, "Bonding, Grounding and Lightning

Protection for Aerospace Vehicles" calls for a current wave form of

200,000 amperes peak, a pulse width of 5 to 10 microseconds at the 90%

point, not less than 20 microseconds width at the 50$ point, and a maxi-

mum rate-of-rise of at least 100,000 amperes per microsecond. The current

wave shapes modeled include ones which have maximum rates-of-rise both

faster and slower than MIL-B-5087B, and tails shorter as well as longer

than 5087B calls for, as shown in Table I. No test oscillogram of the

MIL-B-5087 wave shape has ever been reproduced in the literature, nor has

it ever been graphically defined in the official standard. The only

graphical representation we are aware of is shown in Figure 1, based

on the interpretation in Reference 4.

200

10

FIGURE 1. - LIGHTNING CURRENT WAVE SHAPE
as per MIL-B-5087B.

Although few natural lightning strokes measured have had rates-of-

rise this high, it was desired however to have the aircraft transient analy-

zer generate currents with wave shapes at least this fast, and when desired,

100 times as slow.



OBJECTIVES OF DEVELOPING A TEST TECHNIQUE

In developing a test technique for investigating the effect of light-

ning currents on aircraft electrical circuits in a complete aircraft a num-

ber of design objectives had to be met. These objectives fall into two

categories, electrical and physical.

Electrical Design Objectives

(1) Provide enough charging capability within the transient analy-

zer to inject a few hundred to a few thousand amperes through

a complete aircraft. This would insure that the resultant

voltages induced on the aircraft electrical circuitry will

range from millivolts to a few volts.

(2) The transient analyzer must produce a current pulse that would

induce voltages on aircraft electrical circuitry similar to

what the identical circuitry would see if the aircraft were

struck by actual lightning. Therefore, the current pulse

created by the transient analyzer must be unidirectional, ris-

ing to crest and falling to half crest value in times similar

to actual lightning. The transient analyzer must also have

the capability of producing current pulses similar to accepted

lightning test standards, such as MIL-B-5087B.

(3) Since the possibility exists that some induced voltages will be

in the millivolt range a measuring system must be provided that

would reduce extraneous noise on the system.

(4) The transient analyzer should require no more than standard

110 volts AC power. This is to insure that power requirements

can be satisfied in remote test areas either by line power or

portable AC generators.



Physical Design Objectives

(1) There must be limitations on the size and weight of the tran-

sient analyzer. It must be able to be moved, if need be, by

the personnel doing the testing, requiring no elaborate de-

vices such as cranes, etc., that would not be available in

remote test areas.

(2) Although personnel safety in regard to this test technique has

mainly to do with prevention against electrical shock and would

seem to be an electrical design objective, it is a physical

design objective to provide sufficient grounding devices, warn-

ing lights and signs. Since this test technique is to be used

in the field without the benefit of AC power interlocked test

facilities, such as in a laboratory, adequate precautions must

be taken to insure personnel safety.

(3) Due to the many possible locations where tests on an aircraft

using this technique could be made the basic test setup must

be simple. In fact, if possible, the size of the test site

should be governed only by the size of the aircraft to be used.

(4) 'Since the test technique utilizes a complete, flyable aircraft

as the test piece, the technique must not cause deterioration

of the aircraft skin due to the injected current impulses.

Such deterioration could occur at higher peak current levels

(40 kiloamperes) as used in full scale testing. It is an ob-

jective of this test technique not to cause deterioration of

the aircraft skin.

Also, the procedure used for connecting on to an electrical

circuit for test must be nondestructive to the wiring when con-

nections are made. The connections made to the electrical cir-

cuit from the measuring equipment must be simple, but yet must

be of a nature as to insure measurement integrity.



(5) Connections must be made on circuits as they are positioned

in the aircraft to obtain valid measurements. All access

panels and other structural parts providing shielding for

the circuits must be kept in place if possible.

GEOMETRIC MODELING OF LIGHTNING CURRENT TEST CIRCUITS

The transient analyzer is basically an energy storage device utilizing

capacitors as the energy storage units. The capacitors are charged up to

a certain DC voltage using a high voltage DC power supply. When the capaci-

tors are charged to a specific voltage level, the energy is released through

a sphere gap. By adding resistance and inductance in series with the out-

put of the transient analyzer, the output current wave could be shaped into

a unidirectional wave rising from zero to a peak current level in a speci-

fic time and falling to half peak value in a specified time.

In designing a transient analyzer to accomplish the objectives listed

above the complete test circuit must be taken into consideration. This test

circuit includes a complete aircraft structure in series with the transient

analyzer impulse circuit. The contribution that an aircraft would make to

the test circuit impedance was not completely known.

A complete aircraft was not available during the preliminary design of

the aircraft transient analyzer. Therefore, in order to select design para-

meters for an aircraft transient analyzer capable of injecting the required

lightning current wave shapes and current levels through a complete aircraft,

the aircraft test circuit, including the aircraft, was geometrically modeled.

A geometric type model is a scale model in which no attempt is made to

duplicate the power levels to which the full size structure is subjected.

For this type of model, if scale factors are applied to any three quantities,

the scale factors for all other quantities are fixed.

A typical choice of parameter scales is one such that the impedance, Z,

of the model is the same as the impedance of the full-size structure. The

impedance scale fixed is thus unity. The length scale was determined by the

model aircraft used («t = 1/70). A third parameter to conveniently set is



the dielectric constant (e = 1). Thus,

length = I = 1/70 (l)

Z = 1 . (2)

e = 1 (3)

If the impedance, Z, is 1, then the resistance, R, of the model

is 1. From dimensions of units in the MKS system (ref. 9):

tQ2

where:

M = mass

I = length

t = time

Q = charge (coulomb)

From equation (4):

if:

T ~ M

then;

2 2t oC = capacitance = —^r = t (6)
mr

2
L = inductance = -r— = t (7)

Q

to te = dielectric constant3 —•?- = — (8)

From equation (3):

e = 1 = I (9)

t = I = 1/70 (10)

Thus the length scale (£) and the time scale (t) are the same.



With the length and time scales both equal to 1/70, the scale factors

for the component values used in the geometric model are:

Resistance = R =1

Inductance = L/70 = 1/70

Capacitance = C/70 = 1/70

With this information, aircraft transient analyzer component values were

selected to give the desired range of wave shapes, with adequate ampli-

tudes, by simply varying the model component parameters, without having

the actual test aircraft. It also allows one to vary other parameters

and study the effects.

The entire circuit, representative of a real-life situation was laid

out using a 1/70 model. The airplane in this case was a plastic model,

T33-A jet trainer, similar in size and shape to an F89-J aircraft, which

would be used for the actual field tests. The model aircraft was coated

with a silver-loaded (conductive) paint. (An F89-J model was not avail-

able.) The layout of the circuit can be seen in Figure 2.

The current conducting loop was kept a distance of approximately

one "wing span" distance from the aircraft in order to minimize return

circuit proximity effects. As shown in Figure 3, a 67-volt battery v

charged up a capacitor, C, through approximately 400 ohms. The capacitor

was then discharged through series resistance, R, and through the model

aircraft. The current, L., returned via the double loop. The inductance, L,

was the inductance of the complete circuit.

Three current wave shapes were obtained using the model circuit. The

circuit components used to create these wave shapes are listed in Table I.

with values for the peak lightning currents obtained.

From measurements made using this geometric model, the projected max-

imum amperes obtained with a transient analyzer operating at a charging

voltage of 50 IcV would be as shown in Table II. A comparison is made in

Table II with the projected current wave shapes and the current wave shape

as specified in MIL-B-5087B.
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FIGURES-GEOMETRIC MODEL CIRCUIT LAYOUT OF
TRANSIENT ANALYZER TEST TECHNIQUE
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NOTE I. W EQUALS LENGTH OF WING SPAN
2. NO LUMPED INDUCTANCES WERE INCLUDED. CIRCUIT INDUCTANCE WAS

THE DISTRIBUTED SELF AND MUTUAL INDUCTANCES OF EACH BRANCH
CIRCUIT.

FIGURE 3- PLAN VIEW OF GEOMETRIC MODEL CIRCUIT LAYOUT OF TRANSIENT
ANALYZER TEST TECHNIQUE
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It was possible to obtain a compact 50 kilovolt DC power supply that

would suit the needs of this test technique.

The projected current output sufficiently met the design objectives.

Based on previous induced-voltage measurements, it is clear that light-

ning current amplitude in excess of 100 amperes would be capable of induc-

ing measurable levels of voltage in the aircraft circuitry. It is also

noted from Table II that the required values of generator capacitance, C,

did not vary widely. Thus, the generator capacitance could be composed of

four 0.5 |if capacitors with 50 kilovolt ratings; one or more of which

could be in the circuit as needed for particular wave shapes. The wave

shaping series resistance placed in the generator circuit would be non-

inductive resistors with values of from 10 A to 50 .n.. Series inductance,

Ls, needed for the longer wave shapes would be hand-wound coils externally

placed in series with the output of the transient analyzer, to make up,

together with the inherent test circuit path inductance, the total induc-

tance, L, required for the desired wave shape.

The initial tests had wiring taped tightly to the ground plane. Model

testing continued by raising the wiring off the ground plane to study any

associated variations in inductance. The wiring was placed on a sheet of

plexiglass. No changes were noted in wave shapes or current amplitudes.

Instead of the double loop return path, a single foil return was used

on the model. This would simulate a foil run back under the aircraft.

Again, no changes were noted in wave shapes or current amplitude. In actual

testing, comparisons were made between the single return path and the double

loop return under the same lightning current test conditions. It was found

that for either return path configuration, the lightning tests were the same.

In addition, during the actual tests it was found that resulting induced

voltages were the same for either return path configuration. In other words,

the proximity effect of current returning to the generator did not notice-

ably influence the amount of induced voltages in an electrical circuit in-

side the metal airframe.
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DESIGN AND OPERATION OF THE AIRCRAFT TRANSIENT ANALYZER

Keeping in mind the electrical and physical design objectives, the

aircraft transient analyzer was built. Photographs and descriptive

sketches of the transient analyzer are shown in Figures 4,5, and 6.

The electrical circuit diagram of the transient analyzer is shown in

Figure 7. A list of the major components used in the transient analyzer

are found in Table III.

AC POWER

AC power for the aircraft transient analyzer is supplied by an ex-

ternal 115 V AC 60 hertz source. Power requirements are 250 watts at the

maximum charge of 50 kilovolts. The on-off power switch is a lock switch

which can only be operated by a specific key to prevent unauthorized per-

sonnel from operating the transient analyzer.

When AC power is switched on, a yellow indicating light comes on,>

on the front panel. This indicates that power is being supplied to the

trigger pulse generator and the remote trigger relay.

Charging of the capacitor banks can be initiated either by a charging

switch on the front panel of the transient analyzer or by a remote charging

switch which is usually placed in the area where the measurement oscillo-

scopes are. This permits remote control of the complete operating proce-

dure from transient analyzer discharge ("firing") to applied lightning

current and induced voltage measurement.

When charging is initiated, a red light on the front panel comes on.

Also a larger red light, indicating charging, is mounted on the top of the

aircraft so all personnel within the nearby area are aware of the fact that

the transient analyzer is being energized.

AC SAFETY INTERLOCK SYSTEM

Due to the high voltages used in the production of the simulated light-

ning current impulses, precautions must be carefully taken to provide per-

sonnel safety.

The cabinet used for the transient analyzer is completely enclosed, with

energy storage, power supply and control components used in the production of

16



FIGURE 4. - AIRCRAFT TRANSIENT ANALYZER
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CHARGING VOLTAGE CONTROL-

CHARGE INDICATOR METER

AC POWER KEY SWITCH
CHARGING SWITCH

FUSE
CURRENT LIMITING

CHARGING RESISTOR

LEAD TO MAIN
SPHERE CAP

GENERATOR
CAPACITORS

FRONT DOOR
INTERLOCK

TOP DOOR
ELECTRIC INTERLOCK

FIRING BUTTON

REMOTE CHARGING AND
FIRING CONNECTOR

OSCILLOSCOPE TRIGGER
OUTPUT

AC POWER AND CHARGING
INDICATOR LIGHTS

50 kV POWER SUPPLY

GENERATOR CAPACITOR
GROUNDING DEVICE

LIGHTNING CURRENT
RETURN LEAD

FIGURES-AIRCRAFT TRANSIENT ANALYZER SHOWING POWER SUPPLY, GENERATOR CAPACITORS,
AND GROUNDING SYSTEM.
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INTERCHANGEABLE SERIES
RESISTOR CARDS

AUTOMOTIVE TYPE
SPARK COIL
ENCAPSULATED
CAPACITORS FOR
TRIGGER CIRCUIT
PROTECTION

HIGH VOLTAGE
LEAD FROM GEN-
ERATOR CAPACI-
TORS

RESISTANCE DIVI-
DER FOR FRONT
PANEL CHARGING
METER

ALUMINUM SHIELDING FOR
CONTROL CIRCUITRY ON
FRONT PANEL

» ^LIGHTNING CURRENT
j^ OUTPUT LEAD

JT

TRIGATRON
PULSE GENERATOR

TOP DOOR
ELECTRIC
INTERLOCK

MAIN SPHERE GAP

FIGURE 6-EXPOSED TOP VIEW OF AIRCRAFT TRANSIENT ANALYZER SHOWING
PLACEMENT OF COMPONENTS.

19



20



TABLE III - AIRCRAFT TRANSIENT ANALYZER MAJOR COMPONENTS

Enclosure - Borg-Warner Electronics Cabinet
21 x £' x 4'

Power Supply - Plastic Capacitors HV 500-502M
0-50 kilovolts DC, 5 milliampere

Capacitors - General Electric Catalog No. 14F129?
0.5 jifd, 50 kilovolt rating

Charging Resistor - 1 R.D. Type WO 10 megohms

Charging Indicator Meter - General Electric Type 106
0 - 100 microamperes DC

Charging Voltage Control - Superior Electric Co.
Variable Autotransformer

Resistance Divider - 50 Megohm, 50-1 megohm resistors

Triggering Circuit - Trigatron Pulse Generator
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the simulated lightning currents included within. External components

include any lumped inductance coils and, of course, the circuit through

the aircraft. 115 V AC power is required from an external source via a

removable cord from a recessed male outlet mounted in the base of the

cabinet.

There are two panel doors that can be opened for access to the charg-

ing circuitry, wave shaping elements, sphere gap, and capacitors. The

panel doors are interlocked for incoming AC power, by means of two pin

connectors as shown below.

Panel Door

\ \ v \ \ \ \

Brass
Inserts

Brass Pins

AC Power Leads

The front panel door not only is interlocked, but has a rod that is

inserted through the top access door that locks the front door in a closed

position. A capacitor grounding mechanism grounds both terminals of the

capacitors when the top access door is opened. To insure complete ground-

ing of the capacitors when changes in the capacitor connections are required,

a ground stick is provided for the operator's use to ground the center point

of the capacitors, which is the capacitor case itself and all other live ele-

ments when the front panel door is opened.

The transient analyzer cabinet is grounded at all times.
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PERSONNEL SAFETY

The field test nature of this test technique can imply elimination

of controlled safety procedures that automatically exist in indoor

laboratories such as electrically interlocked test areas with limited

access to the electrical generation equipment and the test pieces. There-

fore , to comply with established High Voltage Laboratory safety rules and

to rule out any questionable procedure that would endanger the personnel

involved in this type of test program, specific safety regulations were

instituted.

High Voltage Laboratory safety rules specify for "Temporary Testing

Setups and Portable Equipment" that:

"Temporary fence properly grounded and interlocked to enclose

the high voltage test apparatus should be used when possible.

Good grounds and ground sticks must be provided. If the use

of temporary fence is impractical, the dangerous area must be

enclosed, with adequate clearance, by red-striped white tape

(alone) or rope with suitable signs such as DANGER-HIGH VOLTAGE

and DANGER-UNAUTHORIZED PERSONS KEEP OUT.

Special care should be observed with all portable test equip-

ment. The removable ground connections should be securely con-

nected. Unless completely self-contained, portable sets should

have their high voltage circuits within a regular test area or

a special interlocked temporary area."

In this particular case, the test area is defined by encircling the

test piece, transient analyzer, and measurement equipment enclosure with

red rope, with warning signs attached, in compliance with the aforemen-

tioned rules.

As was stated before, warning lights were installed on the transient

analyzer that signify when AC power is on and when the generator charging

voltage is on. A red light, mounted on top of the transient analyzer,

signifies charging voltage is on. It was found that, when lit, this light
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could not be seen more than a few feet from the transient analyzer. A

future modification is to replace this light with a large flashing red

light that could be seen up to a hundred feet away.

HIGH VOLTAGE INSULATION

Since the design required high charging voltages and subsequently

high output currents from a device of compact size, the placement of all

components important to the operation of the aircraft transient analyzer

was very critical. High stresses placed on components by the charging

voltage had to be reduced and minimized. Spacings between the high volt-

age power supply bushings and the enclosure panels, between the capacitor

bushings and the capacitor grounding devices, between capacitor cases and

enclosure panels were most critical. DC leakage currents flowing during

the capacitor charging period were perhaps the most troublesome. The

capacitors used, of the 2-bushing ungrounded type, were used in this ap-

plication because of availability. Therefore, the electrical circuit of

the transient analyzer called for isolating the cases of the capacitors

and several other components from ground. This isolation was needed since

with these particular capacitors, the cases are the midpoints of the

capacitors, with a maximum of 25 kV possible between each bushing to case

and 50 kV between bushings. The isolation in this prototype unit was ac-

complished by using wood to support the capacitors and Herkolite, a treated

laminated insulating material, for supporting and isolating the capacitors.

By using grounded-case capacitors much of this insulation could be elimi-

nated .

IMPULSE CIRCUIT

To achieve the magnitudes of simulated lightning current needed to

fulfill the design objectives of the aircraft transient analyzer a 50 kilo-

volt DC power supply was employed for charging the capacitors. The charge

level is regulated by a variable autotransformer controlling the input volt-

age to the power supply.

The power supply has a five milliampere rating and is protected by a



10 megohm resistor in series with the output of the power supply to the

capacitors.

As was stated previously, capacitors 0.5 uf each, are used. From

one to four of the capacitors can be connected in parallel to provide the

amount of capacitance needed to create a certain wave shape.

The percent charging voltage (up to a maximum of 50 kV) is indicated

on a meter mounted on the front panel of the transient analyzer. The meter

is connected across the output of the DC power supply. It has resistance

in series with it to limit its current to a maximum of 100 milliamperes

at a charge of 50 kilovolts.

When the capacitors are charged to the specified voltage level, the

energy is released through a sphere gap. This sparkover is initiated by

a trigatron gap. Figure 6 shows the gap structure. A trip pulse sparks

the annular pilot gap and so distorts the field in the main gap that it

will spark at a voltage considerably lower than the inherent breadown

voltage for the sphere gap itself. The trip pulse is applied by a pulse

generator utilizing an automobile type spark coil in series to step up

the trip pulse voltage.

All wave shaping, triggering, voltage monitoring, and AC power con-

trol circuitry is mounted above an aluminum plate which separates this

part of the circuit from the power supply and energy storage capacitors,

which are mounted beneath. The arrangement of these items is shown in

Figure 5.
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PRELIMINARY TESTING OF AIRCRAFT TRANSIENT ANALYZER

A series of outdoor tests were made to simulate the situation that

would be encountered when a complete aircraft was subjected to tests

using the aircraft transient analyzer. Grounding configurations and

measuring techniques were investigated.

The test piece used for these outdoor tests, a wing from an F89-J

aircraft, is described in NASA report CR-1744. It was moved to the High

Voltage Laboratory outdoor test facility and induced voltage measurements

were made on circuits within the wing using the aircraft transient analy-

zer as the lightning current source. Figure 8 shows the wing in the test

area.

GROUNDING CONFIGURATIONS

Figure 9 shows the test setup in the outdoor area.

The current from the transient analyzer was injected at points likely

to be struck by lightning, the current then flowing down the wing and

being removed at the root end, returning to the generator through a foil

return path.

The case of the aircraft transient analyzer was grounded and connected

to the measurement trailer by an aluminum foil connection. Foil was also

placed directly beneath the induced voltage measurement cable. This foil

was joined to the foil connecting the case of the transient analyzer and the

measurement trailer. All of the simulated lightning current returns to the

aircraft transient analyzer after flowing through the wing. Even though

there was the foil connection from the root end of the wing to the grounded

measurement trailer this foil did not carry any of the lightning current,

since all current must return to the negative side of the generator capaci-

tors , which were ungrounded.

There are further comments on grounding in regard to personnel safety.

A complete aircraft is used as the test piece in this example.

Since the test circuit ground is made from an airframe to instrument

and earth ground, as shown in Figure 10, it is safe for a person to touch

the airframe during the charging or discharging of the transient analyzer,
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FIGURE 8 - RIGHT WING FROM F89-J AIRCRAFT POSITIONED IN
G.E. HIGH VOLTAGE LABORATORY OUTDOOR TEST
AREA FOR PRELIMINARY TESTS USING AIRCRAFT
TRANSIENT ANALYZER
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TRANSIENT
ANALYZER

50 kV

10 kV

40 kV

F89-J AIRCRAFT

RETURN

ALUMINUM FOIL TO
MEASUREMENT ENCLOSURE

FIGURE 10-DIAGRAM OF TEST CIRCUIT SHOWING ISOLATED LEADS TO
AND FROM TRANSIENT ANALYZER
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providing the person is standing on an equally grounded or unbiased sur-

face, such as the earth or a concrete path, etc. Inductive voltage drops

around the test circuit loop must add up to the total charge voltage at

t = 0+ (until current starts to flow in the circuit). However, the rela-

tively low inductance of a large metal airframe results in very low volt-

age differential along the airframe. Instead, the voltage exists across

lumped circuit inductances and the return path or connecting leads. There-

fore, both the positive and negative terminals of the transient analyzer

are above or below ground by a significant voltage, as shown in Figure 10.

Thus, while the airframe is at ground, the negative side of the tran-

sient analyzer can be at a large potential below ground. This is why the

negative side of the transient analyzer capacitance must be insulated by

at least the full charging voltage from the cabinet, and it is why one

cannot arbitrarily ground the negative side of the transient analyzer capa-

citance to the cabinet. Further study of the above circuit also indica'tes

that a ground stick placed on the positive output lead of the transient

analyzer will not necessarily "ground" the transient analyzer, as an open

circuit return lead could render such a ground completely ineffective.

DIFFERENTIAL MEASURING SYSTEM

The simulated lightning current created by the aircraft transient anal-

yzer flows through a wing or other parts of an aircraft creating a magnetic

field that induces voltages on electric circuits in the aircraft. A differ-

ential measurement system is used to measure voltages induced on the elec-

trical circuitry. The reason for using a differential instead of a coaxial

measurement system is to cancel out error voltages and currents induced in

the cable leads by external fields leaking through the measurement cable

shields or by cable shield currents induced by such external fields.

Figure 11 shows a comparison of coaxial and differential measurement

systems. A coaxial cable system, Figure lla, used with this test setup can

permit extraneous signals to travel down the cable conductor and shield with

the result that the induced voltage seen on the oscilloscope could be the

induced voltage plus the extraneous noise.
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Figure lib shows the differential system used. With a differential

measurement one conductor is connected to a wing circuit in question.

The other conductor is connected to the cable shield and the airfrarae at

the point where the measurement is made. The two conductors are connected

to the channel "A" and channel "B" inputs of a Tektronix Type G preampli-

fier which subtracts one incoming signal from another, with the resultant

output being the true induced voltage on the wing circuit.

Further explanation of the differential measurement system is illus-

trated in Figure 12.

Current is flowing along a wing or any other structural part of the

aircraft. The connection to the differential measurement system is shown in

the figure as the shielded twin-axial cable connected to a circuit. In a

line-to-ground measurement one lead of the twin-axial cable would be con-

nected to the wing and the cable shield.

Figure 12 illustrates two cases where measurement errors could exist.

In case (l), if the cable shield is not connected to the airframe at b, the

voltage induced along the loop formed by the airframe, aluminum foil, and

cable shield appears between the airframe at b (channel "B") and the shield

at "s", so that channel "B" alone has a large error voltage in it.

In case (2), if the instrument cable shield at "s" is tied to the air-

frame at "b", then a circulating current exists in the loop. This circu-

lating current can induce common mode error in both channels "A" and "B"

due to current flow in the cable shield. If significant, such an error

may saturate the channel "A" and channel "B11 amplifiers of the measurement

oscilloscopes rendering signal measurements inaccurate.

Thus, to insure valid measurements the aluminum foil ground connection

must be grounded to the airframe as close as possible to the desired zero-

voltage reference location on the airframe and solidly connected there. No

other ground connections can be made anywhere to the airframe. The measure-

ment cable must be brought to and inside the airframe along the foil and its

shield also connected to the airframe at the desired zero-voltage reference

location. No loops or "openings" must exist between the foil and the meas-

urement cable shield as shown in Figure 12.
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Figure 13 shows an actual connection on to a circuit for test.
Shown is the aluminum foil used to connect the airframe and the meas-

surement trailer. This foil is placed as close as possible to the cir-

cuit under test. The line-to-ground connection is made here by clipping

on directly to the circuit lead and the airframe. These clip leads, which

are kept as short as possible, are actually the conductor and the shield

of a coaxial cable which goes to a termination box from where the lead be-

comes a twin-axial cable to the preamplifier of the measurement oscillo-

scope .

There are various other ways connections can be made to the air-

craft electrical circuits, especially if the circuits are difficult to

get at.

1. Straight pins inserted in jacks or plugs.

2. Pins through insulation. (This is not enco'iraged since this

is supposed to be a nondestructive test technique.

3. Ideally, connections should be made at terminal boards or

circuit breaker panels. This type of connection would not

disturb or alter the circuit run.

CURRENT MEASUREMENTS

The measurement of short circuit currents on the aircraft circuitry

was accomplished by using a Pearson current transformer, Model 110A,

connected as shown in Figure 14.

The input and output leads to the current transformer are the same

leads that would go to channels "A" and "B" of the differential preampli-

fier in the oscilloscope when induced voltage is being measured.

The simulated lightning current is measured by the use of a Pearson

current transformer, model No. 110, with a 0.10 volt per ampere ratio. The

current transformer is placed outside the transient analyzer case around

the return connection of the transient analyzer as shown in Figure 15.



FIGURE 13. - CONNECTIONS FOR LINE-TO-GROUND INDUCED-VOLTAGE MEASUREMENT
SHOWING CONNECTION TO CIRCUIT, TERMINATION BOX TO TWIN-AXIAL CABLE, AND

ALUMINUM FOIL CONNECTIONS.
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CHANNEL "A" LEAD

CHANNEL V LEAD

PEARSON MODEL IIOA
CURRENT TRANSFORMER

OSCILLOSCOPE

ALUMINUM BOX TO PROVIDE
SHIELDING AND SUPPORT FOR
CURRENT TRANSFORMER

FIGURE K- DESCRIPTION OF MEASUREMENT OF SHORT CIRCUIT INDUCED
CURRENTS ON AIRCRAFT ELECTRICAL CIRCUITS

isr
FIGURE 15-CURRENT TRANSFORMER IN RETURN CONNECTION TO

AIRCRAFT TRANSIENT ANALYZER USED FOR MEASURING
SIMULATED LIGHTNING CURRENT

36



RESULTS OF PRELIMINARY FIELD TESTING AT HIGH VOLTAGE LABORATORY

One of the observations made was a comparison of a single-loop and

double-loop applied current return path. This double-loop return was

used on the preliminary geometric model of the transient analyzer and

aircraft test circuit to minimize reflections. It would be desirable if

satisfactory results could be obtained with only a single return path in

the field size situation. This would simplify the test setup and reduce

the area immediately involved with the test. It was found that by re-

placing the double loop with a single foil return path beneath the air-

craft, it was possible to duplicate the lightning current wave shape ob-

tained with the double loop. In the double-loop test circuit, a fast-

rising, long-duration wave shape was made possible by using the inductance

of the double loop itself and 250 A noninductive resistors distributed at

the corners of both loops. By replacing the distributed R and 1 with

equivalent lumped series inductance and resistance in series to the out-

put of the transient analyzer it was possible to obtain the same fast-

rising, long-duration lightning current wave shape with a foil current

return path placed underneath the F89-J wing. Figure 16 shows a compari-

son of the lightning current wave shapes for the two different current

return paths. Oscillations on the front-of-the-wave were even more promi-

nent with the double-loop return path than with the single aluminum foil

return path. Even though resistance was distributed around the loops

there were reflections along the double loop that created these oscilla-

tions on the front-of-the-wave. The current magnitudes of both waves

were identical.

In preliminary testing it was found that #6 insulated cable could be

substituted for the aluminum foil current return path to the generator with

only a slight increase in total circuit inductance. This insulated cable

was found to be much easier to work with and insured an isolated current

path back to the negative side of the generator capacitors.
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Lightning Current Double Loop Return Path

40 amps/Div. 0.5 usec/Div,

Lightning Current Foil Return Path

40 amps/Div. 0.5 usec/Div.

FIGURE 16. - COMPARISON OF SIMULATED LIGHTNING CURRENT WAVE SHAPES
WITH DOUBLE WIRE LOOP AND SINGLE FOIL RETURN PATHS.
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FIELD TESTS ON F89-J AIRCRAFT AT CHINA LAKE NAVAL WEAPONS CENTER

After the tryout of the aircraft transient analyzer in the outdoor

area of the High Voltage Laboratory, the measurement techniques was used

on a complete aircraft. This aircraft, an F89-J fighter, was located at

the Naval Weapons Center at China Lake, California.

The objective of the tests at China Lake Naval Weapons Center was

to try the test technique in a realistic application and compare results

obtained in the High Voltage Laboratory on the F89-J wing with results

obtained on a complete F89-J aircraft at China Lake.

China Lake Naval Weapons Center personnel were instrumental in ob-

taining a suitable shielded enclosure for the oscilloscopes used to ob-

serve the induced voltage measurements. Using special equipment for

handling complete aircraft, Naval Weapons Center personnel placed the

aircraft in test position. This test setup is shown in Figure 17.

Due to the hard, dry soil a good ground point was hard to find. A

good ground is desirable to reduce circulating AC ground currents in the

AC power circuits. Circulating currents could create a personnel safety

hazard. With the assistance of Naval Weapons Center personnel, a ground

point was located thirty feet from the aircraft. This ground point was

connected to the water well casing at the test site.

LIGHTNING CURRENT FLOW PATH

Figure 18 shows various lightning current flow paths used on the F89-J

aircraft at China Lake. It is noted that the current injection point is

the same in all three cases, Position #1, the forward end of the tip tank.

The flow path with the lightning current passing through the right wing,

Figure I8a, repeats the flow path used on the F89-J wing at the High Volt-

age Laboratory. A more realistic flow path is with the lightning current

passing from wing tip to wing tip as shown in Figure I8b. Figure I8c is

another possible flow path. The simulated lightning current used for these

flow path tests had a 6.7 x 18.2 microsecond wave shape with a peak current

of 1000 amperes. . .
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FIGURE If- INDUCED VOLTAGE TEST SET-UP AT £HINA LAKE NAVAL WEAPONS
CENTER SHOWING POSITION OF AIRCRAFT TRANSIENT ANALYZER
AND MEASUREMENT ENCLOSURE



(a)
LIGHTNING CURRENT PASSED THROUGH RIGHT WING ONLY

WING CIRCUIT

AIRCRAFT
TRANSIENT
ANALYZER RETURN PATH

^

(b)
LIGHTNING CURRENT PASSED FROM WING TIP TO WING TIP

AIRCRAFT
TRANSIENT ^r
ANALYZER

AIRCRAFT
TRANSIENT
ANALYZER

-e WING CIRCUIT

RETURN PATH

(c)
LIGHTNING CURRENT PASSED FROM RIGHT WING TO TAIL

FIGURE 18-VARIOUS LIGHTNING CURRENT FLOW PATHS USED ON F89-J AIRCRAFT
AT CHINA LAKE



Figures 19 and 20 show induced voltages and currents measured on

the Position Light Circuit, L.050, conductor 2L10E18, using the three

different lightning current flow paths. The time varying induced

voltages and currents are almost identical for the three cases. These

data illustrate that the voltages induced in the light circuit in the

right wing, are solely a function of the current flow through that wing

and are not measurably influenced by the current flow situation in other

parts of the airframe where this circuit does not exist. The subsequent

lightning current flow paths through the rest of the airframe and exter-

nal return path have no measurable effect on the voltage induced in the

right wing light circuit, as can be seen in Figures 19.and 20.

Only current flowing in the portion of the aircraft enclosing the

circuit in question is effective in causing an induced voltage in that

circuit. The factors that influence the magnitude and wave shape of the

induced voltages are listed in Table IV. These factors were observed in

previous work (ref. 6).

POSITION OF A CIRCUIT IN RELATION TO APPLIED CURRENT ATTACHMENT POINT

To illustrate some of the factors that influence the magnitude of

voltage induced on a circuit, Figure 21 shows induced voltages on the

Position Light Circuit, L.050, conductor 2L10E18, with the lightning cur-

rent being injected at points shown on Figure 22. An applied current

wave shape of 7.4 x 20.5 microseconds at a maximum value of 1033 amperes

was used.

For Position 1, a maximum induced voltage of 3 volts was measured.

This wave shape can be seen on Figure 19. Induced voltages for Posi-

tions 2 to 5 are shown on Figure 21. The induced voltage is drastically

reduced when the lightning current is injected in the wing instead of

the wing tip fuel tank. Current flowing down the fuel tank, if struck

at Position 1, greatly influences the induced voltage on the light circuit.

Injecting the current at Positions 2 and 3 creates a lower induced voltage

due to the location of the circuit run and the shielding afforded by the

wing structure. Currents injected at Positions 4 and 5 provide less in-

fluence on the circuit due to location, shielding and length of circuit

influenced by the lightning current.



LIGHTNING CURRENT PASSED THROUGH RIGHT WING ONLY

1 li \\ nSF

IVOLT/DIV 5MSEC/DIV

LIGHTNING CURRENT PASSED FROM WING TIP TO WING TIP

I VOLT/DIV 5/4SEC/DIV

LIGHTNING CURRENT PASSED FROM RIGHT WING TO TAIL

VOLT/DIV 5/iSEC/DIV

FIGURE 19-COMPARISON OF INDUCED VOLTAGES ASSOCIATED WITH VARIOUS
LIGHTNING CURRENT PATHS. CIRCUIT L.050 POSITION LIGHTS
CONDUCTOR 2LIOEI8



LIGHTNING CURRENT PASSED THROUGH RIGHT WING ONLY

0.5 AMPERE/DIV 5/iSEC/DIV

LIGHTNING CURRENT PASSED FROM WING TIP TO WING TIP

0.5 AMPERE/DIV 5/iSEC/DIV

LIGHTNING CURRENT PASSED FROM RIGHT WING TO TAIL

0.5 AMPERE/DIV 5/i SEC/DIV

FIGURE 20-COMPARISON OF INDUCED CURRENTS ASSOCIATED WITH VARIOUS LIGHTNING
CURRENT PATHS. CIRCUIT L.050 POSITION LIGHTS CONDUCTOR 2LIOEI8



TABLE IV - FACTORS THAT INFLUENCE THE MAGNITUDE AND
WAVE SHAPE OF INDUCED VOLTAGES

Influencing
Factors

Influencing
Characteristics

length of circuit A longer length circuit can have a large voltage
induced on it due to an increase in the effect of
lightning current on the aircraft.

position of circuit Although this factor can have many characteristics,
the main one is the amount of exposure to the elec-
tromagnetic fields that the circuit would have in
its position in the aircraft.

shielding of circuit Adequate circuit shielding can be accomplished by
utilizing the metallic structure (position of cdr-
cuit) or placing the circuit conductors in conduit
or metal sheath, such as coaxial cable.

thickness of aircraft
skin

The shielding afforded by the aircraft skin and
also the rate of diffusion of the current through
the skin (skin effect).

composition of
aircraft skin

All aluminum structures provide more shielding of
electrical circuits than nonmetallic or semimetallic
structures.

wave shape of
lightning current
impulse

Risetime and total duration of the lightning cur-
rent are the main factors. Faster risetimes can
induce larger voltages in some circuits.

amplitude of lightning
current impulse

The larger the applied lightning current, the lar-
ger the induced voltage.

lightning attachment
point relative to
circuit position

If an electrical circuit is positioned close to the
point where a lightning stroke attaches itself to
an aircraft structure, the influence of the light-
ning current on that circuit is greater than if the
lightning stroke is further away from the circuit.



POSITION *2

OUTBOARD LEADING EDGE

POSITION *3

TRAILING EDGE OF AILERON

0.2 V/DIV. 0.54 VOLTS MAX. 5/i s/DIV. 0.2V/DIV. 0.28 VOLTS MAX. 5M s/DIV

POSITION #4

CENTER OF WING SURFACE

POSITION #5

INBOARD LEADING EDGE

0.2V/DIV. 0.22 VOLTS MAX 5/i s/DIV. 0.2 V/DIV. O.I VOLTS MAX. 5M s/DIV.

FIGURE 21-OPEN CIRCUIT INDUCED VOLTAGES MEASURED ON CIRCUIT L.050 POSITION
LIGHTS CONDUCTOR 2LIOEI8 USING FAST SIMULATED LIGHTNING CURRENT
WAVE (7.4 x 20.5 p. SEC) INJECTED AT POINTS DESIGNATED ABOVE.



POSITION
LIGHT

CIRCUIT

FIGURE 22 SIMULATED LIGHTNING STROKE LOCATIONS ON F89-J
AIRCRAFT-CIRCLED NUMBERS INDICATE LOCATIONS
SELECTED.



COMPARISON OF HIGH VOLTAGE LABORATORY RESULTS WITH CHINA LAKE RESULTS

For these comparison tests the simulated lightning current was in-

jected onto the right wing of the F89-J aircraft at points similar to

those used on the F89-J wing at the High Voltage Laboratory. The current

was taken off the aircraft at the root end of the wing of the F89-J

aircraft at China Lake.

Figure 23 shows oscillograms of simulated lightning currents applied

to the forward end of the right wing tip tank of the F89-J wing in the

High Voltage Laboratory outdoor area and the F89-J aircraft at China Lake

Naval Weapons Center. The current was produced in both cases by the air-

craft transient analyzer. It flowed off the aircraft at the root of the

wing in both cases.

The maximum current injected in the wing at the High Voltage Labora-

tory outdoor area was 1832 amperes. The maximum current applied to the

F89-J aircraft at China Lake was 1033 amperes. In terms of a proportion-

ality, the High Voltage Laboratory current was 1.76 times greater than

the China Lake current.

Figure 24 is composed of resultant open circuit voltages and short

circuit currents measured on Circuit L.050, conductor 2L10E18, in the

F89-J wing at the High Voltage Laboratory and at China Lake.

The polarity change observed between the oscillograms of the High

Voltage Laboratory results and the China Lake results was due to reversed

connections of the measurement leads into the oscilloscopes. The positive

deflections are the correct polarity.

The maximum open circuit voltages measured are 6 volts on the wing

at High Voltage Laboratory and 3 volts on the aircraft at China Lake.

This gives a ratio of 2 to 1. The maximum short circuit currents measured

are 0.8 amperes on the wing at High Voltage Laboratory and .45 amperes on

the aircraft at China Lake. This gives a ratio of 1.78 to 1.

Comparing the induced voltage and current ratios to the ratio of

applied lightning currents, a nearly linear relationship was observed be-

tween induced voltage amplitudes and applied current amplitudes.



SIMULATED LIGHTNING CURRENT APPLIED TO F89-J WING
AT HIGH VOLTAGE LABORATORY

1832 AMPS MAX

833 AMPERES/DIV 5/iSEC/DIV

SIMULATED LIGHTNING CURRENT APPLIED TO F89-J
WING AT CHINA LAKE

1033 AMPS MAX

333 AMPERES/DIV 5/iSEC/DIV

FIGURE23-SIMULATED LIGHTNING CURRENT APPLIED TO THE RIGHT WING TIP
TANK OF THE F89-J WING IN THE HIGH VOLTAGE LABORATORY
OUTDOOR AREA AND THE F89-J AIRCRAFT AT CHINA LAKE



MEASURED ON WING AT HIGH VOLTAGE LABORATORY

OPEN CIRCUIT VOLTAGE, SHORT CIRCUIT CURRENT, isc

5VOLTS/DIV 5/iSEC/DIV 0.5 AMPERES/DIV SEC/DIV

MEASURED ON F89-J AT CHINA LAKE

OPEN CIRCUIT VOLTAGE, eoc SHORT CIRCUIT CURRENT, isc

5 VOLTS/DIV 5/iSEC/DIV 0.5 AMPERES/DIV 5/iSEC/DIV

FIGURE 24- COMPARISON OF OPEN CIRCUIT VOLTAGES AND SHORT CIRCUIT CURRENTS
MEASURED ON CIRCUIT L.050, CONDUCTOR 2LIOEI8, IN THE F89-J WING
AT THE HIGH VOLTAGE LABORATORY AND AT CHINA LAKE NAVAL WEAPONS
CENTER
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However, only this circuit gave a good comparison of data taken

with the F89-J wing at the High Voltage Laboratory and the F89-J air-

craft at China Lake. In comparing data obtained on other circuits,

the voltages measured on the F89-J aircraft, using the aircraft tran-

sient analyzer as the simulated lightning current source, were higher

or lower, depending on the circuit, when compared with the results of

"full scale" tests on the F89-J wing at the High Voltage Laboratory.

The full scale tests were performed under NASA contract NAS3-12019 and

are described in Reference 1. Tables V through X, list the measurements

made on the aircraft at China Lake. When possible, these results are

compared with the measurements made at 40 kiloamperes applied lightning

current in the High Voltage Laboratory.

In Table V the voltages measured on the circuit A.140 in the air-

craft at China Lake are much larger than would be expected with a 40/1

reduction in applied lightning current magnitude.

In Table VI induced voltage measurements made on circuit F.0511,

E-ll autopilot, were made on conductor XV70B16, which is located in the

115 volt AC circuit breaker panel in the cockpit and is connected to

the autopilot circuit breaker. There is circuitry connected to the E-ll

autopilot in both the right and left wing as shown in Figure 25. There-

fore, in the case of the 6.7 x 18.2 microsecond waveshape the higher

induced voltage measured on the circuit with a wing tip to wing tip cur-

rent flow path is understandably larger due to the lightning current in-

fluencing more of the autopilot circuit than a wing tip to tail current

flow path would.

The 1.5 x 150 microsecond wave gave opposite results, with higher

induced voltages measured with a wing tip to tail current path. These

results are unexplainable, although the fast rising, long duration, cur-

rent wave shape may effect the circuit differently than a slower, short

duration, current wave.



In Table VII in the case of the right wing position light circuit,

all data taken on the right wing in the laboratory was taken at con-

nector TK, which included conductor 2L10E18. Measurements made on the

right wing position light circuit on the F89-J aircraft at China Lake

were made at connector CU in the cockpit. This circuit not only in-

cludes conductor 2L10E18 but also includes the additional conductor

2L10D18 into the cockpit. Figures 26 and 27 show details of this circuit.

Voltages measured on circuit Q.0401, Table VIII, at the lower cur-

rent level are much smaller than would be expected.

Table IX, with measurements made on circuit R.060, does not have

any direct comparisons with "full scale" tests, but it is interesting
to note that with access doors open in the vicinity of conductor RA35C
the measured induced voltage is much greater than with the access door1

in place. This voltage increase could be due to external fields, cre-
ated by the lightning current impulse affecting .the induced voltage

on the circuit.
In Table X conductor 2SF3819J20 becomes conductor SF3819G20 after

it comes off of terminal board 28 (TB28), see Figure 28. The induced

voltages on this conductor were measured at connector MJ19. Therefore,

there can be a comparison of induced voltage measurements made on this

conductor in the laboratory and at China Lake if it is stated that the

China Lake measurement includes the additional length of conductor from
connector MT34 to MJ19. This explanation also holds true for comparison
between results obtained on conductors SF3821B20 and 2SF3821J20.
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TABLE V - MAXIMUM AMPLITUDES OF MEASURED INDUCED VOLTAGES

Circuit A. 140, Right Armament Jettison
Conductor 2A925F16 and Airframe, MB-1 Pylon Attached

Open Circuit Voltage, e (volts)oc

Stroke
Location

1
Forward End
of Tip Tank

2
Outboard
Leading Edge

3
Trailing Edge
of Aileron

4
Center of
Wing Surface

5
Inboard
Leading Edge

Right Wing Tip
to Tail

Tip of MB.1
Pylon to Tail

i. Wave Shape
Lt

7.4 x 20.5 us

0.39

0.22

0.28

0.28

—

—

—

8.2 x 14 us

0.9

0.78

0.64

0.75

1.0

—

—

1.5 x 150 us

__

— *»

••>••

• •

—

0.26

1.0

NOTE: 7.4 x 20.5 us applied wave - 1000 amperes peak
*8.2 x 14 us applied wave - 40 kiloampere peak
1.5 x 150 us applied wave - 100 amperes peak

* applied to F89-J wing at High Voltage Laboratory
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TABLE VI - MAXIMUM AMPLITUDE OF MEASURED INDUCED VOLTAGE

Circuit F.0511, E-ll Autopilot
Conductor XV70B16

Open Circuit Voltage, e (volts)oc

Stroke
Location

Right Wing Tip
to Tail

Wing Tip to
Wing Tip

i Wave ShapeLi

6.7 x 18.2 us

1.0

4.0

1.5 x 150 us

- 3.5

0.4

NOTE: 6.7 x 18.2 (is wave - 1000 amperes peak
1.5 x 150 M.S wave - 100 amperes peak



RIGHT FORWARD RADIO TERMIHA1. PANEL
-13^3 FLIGHT CONTROLLER.

-74P/LOTS RIGHT AFT TERMINAL PANfL
-?5S CONTROL STICK GRIP

-1338FUNCTION SELECTOR
US-MOLT A-C CIRCUIT BREAKER PANEL

-Z4S PILOT'S SEAT TERMINAL PANEL
-+31 PLUG WF

-293 RIGHT ROCHET SAFETY SWITCH
-2293 PILOTS LEFT CIRCUIT BREAKER PANEL

-Blf PILOTS LEFT AFT RELA.1 PANEL
-IB+3 PLUG CV

-311 PLUG TB
-ISeSPLUG BT

-/6f.1 PLUC BD
-I3S7 PITCH RATE GYRO

-I36S ROLL RAT£. GIRO
-I3S9 CAIL BRAT OR

-225S AfT RADIO
JUNCTION flOX

-1313 AUTOMATIC
\TRIM INTERRUPTER .

1649 RUOOfR SfAVO

/903PLUS CC

1311 E-lI AUTOPILOT
J-UNCTION SOX

msELEVATOR SERVO

Z33LEFT ROCKET SAFETY SWITCH

-3IIPLUE TC

-I3KB Ci/OC-PATH COUPLER

• IS53 PLUC BC

-114 GEOMAGNETIC COMPASS JUNCTION 80X

-us* CAGEABLE VERTICAL GYRO
- 3B ? PL UG Wf

-72 PILOTS LEFT TERMINAL PANEL

-S3B PILOT'S LEFT CENTER RELAY PANEL

-1733 A/LERON SERVO

-(3) /fi/4 AUTOPILOT AILERON TRAVEL LIMITED PANEL

-/3SO AIRSPEED COMPENSATOR

-1353 ALTITUDE COMPENSATOR

(2)/eSO ALTITUDE CONTROLLER

•— im RELA-i ASSEMBLY

\~I3~II COMPASS COUPLER
I310LOCALI2ER COUPLER

I3fj YAW RATE CYRO

E-ll AUTOPILOT
MODEL F-89J F.OSII

FIGURE 25- - E-ll AUTOPILOT CIRCUITRY IN F89-J AIRCRAFT
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T.O. 1F-89J-2-10

ITEM
NO.

61
79

S75

212 1
213

246
272

282

3U

319
387
368

424

432
444
447

560

594

621
22 -/ /

NAME OF PART
AND DESCRIPTION

PO5ITION LIGHT FLASHER
PLUG-
Tt"RM//VAL 5TRI F
10-OHM RESISTOR

RECEPTACLE
PILOT'5 SEAT TERMINAL PANEL
PLU&

4 PDT SWITCH

PLUG BV
RECEPTACLE. BY
PLUG-
RECEPTACLE
RECEPTACLE
PLUG- TJ. AND TK
PLUG A A
RECEPTACLE A A

TERMINAL STRIP
PLUG-
PLUG- B5

RO-5LEH CIRCUIT BRFWERJflWEl.

TYPE OR DWG NO. OR
MFRS MAME NND NO.
SPEC 3Z66O
AKI3l06A-24-;:85X
NRl 6OP335-12.-2I

25 WATT ACKEP. O2OOB
AN3IOOA-25-28PX
5IO5I45
AN3IO6A-24-:i8S

AN 32.27-1

AN 3IO6A- 28-12. S
AN3IOOC-2&- I2P

AN 3IO6A-20-27S
AN3IOOA-2O-27 P

AN31OOA-24-26P
AN 3IO6A-28-.IISW
AN 31O6A-1A-28P
AN3IOOA-24-2B5
MAI 6OP34i-S-l
AM3IO6A-I6S -B5

AN3IO6A-28- I2PY
S/45SS4 \ Z

ITEH
NO.

624
74 O
185

789
^3^0
?31\
Z3ia
101 1
1012
1029

1062.

I06&
3312

2373

1202

1248

1726

2207

NAME OF PART
AMD DESCRIPTION

RECEPTACLE. 55
PLU& cu
3PDT SWITCH

RECEPTACLE. TJ ANt> TK
POSITION LIGHT ASSEMBLY
YELLOW TAIL LI&HT

WHITE TAIL LI&HT

GREE.M VJIN& LIGHT
RED WIM& LIGHT
RADIO NOISE FILTER
IO-AMP CIRCUIT 5RE.AKER

MISCLLLANE.OUS SWITCH »NEL
MISCELLANEOUS SWITCH PANfL
POSITION L 16 HT ASSEMBLY

PLUG-
PECE.VTACLE. CU
25-OHM CESlSTOR

CD'S LEFT CIRCUIT ftR.EAK£R.T*NEL

TVPE OR DWG- NO. OR
MFRS NAME AND NO.

AN3IOOC-2&-I2.SY
AN3IO6A-28-I2PW

AN32Z6-3

AN3IOOA-26-IIPW
AN3I17' 12

AN3I58- 5
AN3I56- 4

AN 3033- 8
AN3O3~5-7
4105522
49B6768-IO

5IO&762, HJ
5145275 (D
AN3I77- IO

AN3IO8A-2B-IISW
AM3IOOC-za-|2SW

2OWATTOHMITE BROHI
5144039 |_LJ

2371 YELLOW TAILPILOT 5 SEAT TI'.RMIKAL

fel POSITION 'J&HT

74O PLUG CU

412 VLU& TK

(7J2?D7 RO'SLEFTCIRCUITBRFflKfR PfllUEL

^37^ WHITE TAIL LI&HT

560 TERMINAL STRIP
^373 LEFT BOTTOM FUSELAGE LIGHT

£373Rlttm BOTTOMMSELAOE. LIO«T
444 PLUG-AA

431 PLUG- TJ

1011 GREEN WING LI&HT

311 PLU& BY

1O29 KMHO MWSE FILTER

11 IO68 MISttLL AMEOUS SWITCH PANEU

Tlotc:
[71 [FTECTIVf ON AIRPlfl/V£5 WITHOUT GA/f-c' CAPA0/ i /Tr
[g] EFfFfn»f ON AIRPI.AW£S W I T H GAR-2 i:/*PAe/i/TY

1012. BEDWIN& LI&VTt-

posmou U&HTS
MODEL F-B9J L.O5O

FIGURE 27- - POSITION LIGHTS, CIRCUIT L.050 IN AIRCRAFT
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TABLE VIII - MAXIMUM AMPLITUDE OF MEASURED INDUCED VOLTAGE

Circuit Q.0401,-Fuel Vent Valves
Conductor 2Q331B14 and Airframe
Open Circuit Voltage, e (volts)oc

otroke
Location

1
Forward End
of Tip Tank

2
Outboard
Leading Edge

3
Trailing Edge
of Aileron

4
Center of
Wing Surface

5
Inboard
Leading Edge

i. Wave Shape

24 x 70 us

0.034

0.015

0.01

0.01

0.018

36 x 82 us

2.8

1.8

1.8

2.2

2.4

7.4 x 20.5 (as

0.01

0.02

0.02

0.02

0.02

8.2 x 14 us

6.5

3.1

1.6

1.9

2.4

NOTE: 24 x 70 us applied wave - 650 amperes peak
*36 x 82 \is applied wave - 40 kiloamperes peak
7.4 x 20.5 us applied wave - 1000 amperes peak

* 8.2 x 14 (as applied wave - 40 kiloamperes peak

* applied to F89-J wing at High Voltage Laboratory
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All connections for measurements performed on the F89-J aircraft

at China Lake were made inside the cockpit. Since all measurements

were made line-to-ground the structure of the aircraft completed the

electrical circuit and thus, any bonds, such as wing root-to-fuselage

would add series resistance to the circuit.

Therefore, even though the lightning current is pulled off the

wing of the F89-J aircraft at China Lake at the same point (root end)

as the F89-J wing in the High Voltage Laboratory, the added length of

the circuit including the added resistance of the bond between the

wing root and the fuselage increased the amount of induced voltage on

the circuit.

When measurements were made with a given wave shape at different

lightning current amplitudes on the same test configuration, a linear

scaling relationship is much more evident. This is shown in Figure 29

for the Position Light Circuit, L.050. This data was taken on the

F89-J wing at the High Voltage Laboratory outdoor facility using the

aircraft transient analyzer.

To further stress the importance of the lightning current wave

shape in regards to induced voltage, Figure 30 is presented as a

reprint of a graph that appeared in NASA report CR-1744. By varying

the front time to crest of the applied lightning current from 8 micro-

seconds to 36 microseconds it was possible to vary the amount of induced

voltage on a circuit from 20 volts to 44 volts. This was done while

keeping the applied current amplitude constant at 40 kiloamperes. It

is felt that the differences in applied current wave shapes used in

the low current and high current tests on the F89-J wing in the labora-

tory and the F89-J aircraft at China Lake contributed to the "non-linearity"

observed in the induced voltages measured on the aircraft circuits.
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CONCLUDING DISCUSSION

This program is based on the development of a technique to be used

for investigating the effect of lightning currents on aircraft electrical

circuits. The development is amply documented in this report. Some con-

clusions pertaining to this program are now discussed.

This test technique can be used on any aircraft now flying today. Due

to the low currents used to induce voltages in the aircraft circuitry there

is no deterioration, either electrical or mechanical, of the aircraft under

test.

The portability of the technique allows the convenience of choosing

the location. All commercial and military airports can adequately provide

the support facilities needed for this type of testing. 110 volts AC is

the only power required for this test technique. No special step-up trans-

formers or rectifiers are required to provide power to the aircraft tran-

sient analyzer and the measurement equipment, which are commercially avail-

able oscilloscopes.

The size of the test site is governed only by the size of the aircraft

to be tested. Additional space is only needed for the enclosure housing

the measurement instrumentation. The test site area would be completely

enclosed by rope and warning sighs to insure personnel safety.

The time from arrival on the test site to actual data acquisition is

very short. Depending on the accessibility of the circuitry to be tested,

a day of setup time is all that is needed. This involves no modifications,

either electrical or mechanical to the aircraft. All measurement leads are

clip-on type and, if needed, require only the use of masking tape to keep

the leads in position.

During all testing the structure of the aircraft is solidly grounded.

If need be, this permits personnel to be in contact with the aircraft and

stay seated in the cockpit during the time that the lightning current is

being applied to the aircraft.
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The compactness of this test technique allows the use of only two

people to run the tests. This includes the operation of the transient

analyzer and the measurement oscilloscopes. This economy of use of

personnel is reflected in savings in total costs.

The test technique allows for data that can be accumulated and

analyzed immediately for significant problem areas and areas for further

study.

Although transient voltage linearity was not observed on most of

the circuits measured when compared with the results from applied currents

of a few thousand amperes to 40 kiloamperes, the results obtained support

the explanation that increased circuit resistance, due to the bond between

wing and fuselage, created higher voltages on the circuits tested. Un-

fortunately, high current tests (40 Mloampere) were not done on a com-

plete aircraft.
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