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SUMMARY

Tests have been made on an XCG-7 all-wood glider and
on a PT—19A training airplane having a tubular metal fuse-—

. lage and wocden wings by passing electric surges simulating
lightning discharges through the aircraft and measuring the
voltage induced between various points which might be touched
by an occcupant. The nmetal fuselags was found to be safe, but
dangerous voltages were found in the all-wood glider. A prac—
tical system of bording supplemented by external lightning
conductors is suggested which would suffice to protect the
occupants from electrocution.

INTRODUCTION

A small fraction of the electric charge carried by
lightning will be fatal if it passes through a vital part of
the human body and an even smaller fraction may temporarily
disable 2 pilot and cause disaster. Hence, of the many
hazards involved in case a nonmetallic aircraft in flight is
struck by lightning, the most immediate and obvious is the
danger that the personnel may be electrocuted.

As shown in the earlier general analysis of this problen.
(reference 1) the quantitative evaluation of this hazard can
be made by sending surge currents of kxnown wave form through
the aircraft and measuring the voltage (or current) developed
electromagnetically either between points which might be

. spanned by the personnel or by induction within their bodies.
The four obvious paths through which the surge current should
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be sent are (a) nose to tail, (b) wing tip to wing tip, (c)
nose to wiag tip, and (d) wing tip to tail, The locations
where the voltage should be measured are many. Typical are
seat to pedals, wheel to flap control, seat to tab control,
and so forth, Zstimates of the voltage induced within the
bodies of the Dalsonnel by transformer action by the rapidly
varying magnetic field can be computed for assumed extreme
casSe8 .

It is the purpose of this report to give the results of
measurements of this tyre on (a) an X0G-7 all-wood glider fuse—
lage, (b) on a PT-19A training airplane which has its fuselage
formed of steel tubing. In the former case measurements were
made both with and without various arrangements of supplemen-
tary lightning conductors in positiion.

As a basis for judging the hazards involved there is
given first a discussion of the available data on the intensity
of natural lightning strokes, and on the current (or charge)
which may be exvected to injure or sericusly inconwvenience the
Pitlot

Mombers of tha staff of the High Voltage Laboratory of
the National Bureau of Standards who contributed materially to
the planning and execution of this project were Dr. ¥. B.
B Eben, Dr. F., I, Defandorf, Dr, ¥y K, Harrig, Ulroal,
Park, Nr, A, %. Peterson, Mr, H: ¥, Cones; Mr. HL W Thedck=
morton, and Hrs. J. van Gelder. Valuable cooperation in the
expariments on animals was given by Dr. G. E., Ogden of the
National Institute of Health,
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SYIBOLS

A amplitude of main component of lightning discharge curreat
A, amplitude of nth component of lightning discharge current
a arca of ncircult
g

factors dofined by eguation (7)
aj
C capacitance of skin

D Y

i dinternal capacitance of body
C cxtornal capacitance shunting body
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Cs capacitance of glove or
C, capacitance to external
E voltage

e Napierian base

£ frequency

1 ceurrent

I, crest value of the nth
IO instantancous value of
IP crest current through p
Ly inductance of body

Ls inductance in series wi
l distance from conductor
M mutual inductance

D nth component of charge
QS electric charge passing
Ry resistance of skin

Rj internal resistance of
t time

s damping coefficient of
- frequency coefficient o
Y slower damping coeffici
8 faster damping coeffici
@n phase angle of nth comp

BASIS FOR SETT

When a changing current

shoe

ob jects

component of current

lightning current

idot

th pilot

to Iloop eircuid

through body

body

nth compcnent

f nth component

ent of main comnonent
ent of main component

onent

I13G SAFETY LIMITS

I flows in a eircuit which

is counled to a second circuit by having a common inductive

portion, the induced voltage which appears between the ex-
Eremitics of the common portiocn s Eaiveniby
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where M 1is the mutual inductance between the two circuits.
The data giver below may, therefore, be expressed either by
the observed value of X for the particular dI/dt wused in
each axpericent or by the value of I which is the ratio of
these guantities and is the measure of the coupling between
the main lightning circht and the branch circuit through the
filet., To interpret an observed walue of X ‘er of H ‘in
the laboratory in terms of the hazard involved by a stroke of
natural lightning, a number cof factors must be considered.
First, how does the value of current and its rate of
change used in the laboratory pxﬁo”imgnts compare with those
to bs expected in natural lightning? Second, can the voltages
induced by natural lightning be resisted by a reasonable anmount
of insulation such as insulating Dedals, boots, gloves, ancd so
flontn? Third, if such insulation is not nrovided (o if it
proves insuffic sient ) what current (or charge) will pass through
Bhe pilot 's bedy? Fourth, will G5 current (or charge) cause
serious physiological cfiects? , may the voltage induced
in closed circuits entirely witi he body cause serious
harn a?

mc
s

a

Severity of NYatural Lightning

It is evident from equation (1) that the induced voltage
ig proportional to thn rate of change of current rather than
to the current itself and hence that this rate of change of
current is thc characteristic of natural lightning which is
significant in estimating the amount of insulation which
would be required to »rotect a given Derson Or circuit from
the induccd voltage. On the other hand, it will be shown
that the ohysiological damage from electric shock seems to
be most ciosely correlated with the maximum guantity of
electricity which flows through the victim in one direction.
This ouantity is rclated nore dire ctly to the crest value of
the current in the lightning stroke than to its rate of
change. Data (reTerence 2) from various sources indicate a
median value of crest current of 30,000 amperes and that a
maximum of 60,000 amperes is exceeded in less than 10 per-—
cent of lightning strokes.




NACA ARR No,., 4128

L o7}

The best data on the rate of change of current seem to
be thosec obtained by lMcBachron (reference 3) from oscillo-
grams of 11 direct lightning strokes to the Empire State
tuildinms These data are confirmed by the results of other
observers, He gets as the median value 14 kiloamperes per
microsecond and as the highest observed value 36 kiloamnperes
per microsccond, These values are the slope of a line through
voints on the record at 10 percont and 90 percent of the first
crest, the time to crest being adbout 1 microsecond on each
record. Thus each value as given may be considered as the
ayerage di/dt from zero tc crest of the lightning discharge.
HeZachron's oscillograms show that the rise was not linear
and that the maximunm instantaneous rate may well have been
twice the average values. '

o

e of the aircraft constitutes a kind of dis=
re path of the lightning strolke anéd superpos-d
¢ oscillations may bte set up in the metallic
aircraft by "impulse excitation." The higher
mvonent Trcsenf in the laboratory surges and
s £ sunably an exauple of such an oscil—
lation. If the aircraft is eguivalent to an inductance andé
ce in marallel and if the current in the main light-
nlng stroke risac linearly and is unaffected by the aircraft,
the superposed oscillation will have such an amplitude as to
make the maximum momentary rate of rise of current in the in-—
ductance (that is- in the metal of the aircraft) double the
maxinum rate of rise of the nain stroke, Thus lcEachron

average values of di/dt should be nmultiplied by 4 to get

the peak values for an aircraft in flight, giving for a median
'stiroke 56 kiloamperes pcr n_crosecopd and for the highest ob-—
sgrved valus 144 kiloanperes per mnicrosecond.

Impedance of Circuit through Personnel

If there is no effective insulation at the points where
the body of the milot (or other person) comes into proximity
with the conductors which carry the lightning current, a cer—

tion ¢f this current will be diverted through him,.

tude of this current is to be obtained by combining
the impresscd crest voltage, 9uch as was observed in the fol-
lowing experiments, with the "impedance offered by the human
body to the flow of transient currents.

direct currents the siktin (particularly if dry) offers
o)

o
by far the major vart of the total observed resistance. When
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measured at low direct volt
s ce

The electrical conduction both in the

skin and in the underlying
nature and involves the mot
sEmt e ion of these ions at
faces of varion
8 back electromotive force
time interval dur
to allow much daif
surges and with a
force of molariga
guantity of elactr
between voltage a
same as that which cha

n

1ty whi
d c}ar =0

the outer horny layer of the skin
YBic wof a capacitor the "pl
lying tissues and the extern

1

(reference 4) have shown th

resulting from the polarigz
two effects. The total ca
formed is mroportional to %
the external metal and may

chH M

for the valm of one hand.
cycles the inmpedance of this
e therefore, in effect s

1°ta nee of the skin.
have an appreciable re
surements (references

aNd)

to

Der second the recistance f
and that the polarization i
teoh the mresence of a seriass

m¥eronicrofarads.

The principal elenents of
pilot 's body forms a part are
figure 1 (a). The main lightning

o h

tihronich the conductor B'A!

a1

0 s . x S s
a7 lntoeo the shunting circuit

dt
pilot.

Between the handle A,

between hands ranges fron

ﬂctc

However , the int

istance as wel
th

ages (1 to 3 volts) the total
2000 to 20,000 ohns.

pores of th
tissues is electrolytic in

ion of melecular ions. The ac—
the electrode and at the sur—

internal membranes tends to give rise to

of "polarization." When the
the current flows is too short
the ions, as is the case with
currents, the electromotive

JprOxiuately proportional to the

ch has nassed. The relation
(or current) is, therefore, the
rizes & capacitor, PFurthermore
functions as the dielec—
ates" of which are the under—
al electrodes. leasurenesnts

at 1e equivalent capacitance
ation is much the larger of these
pa.citance of the capacitor thus
he area of skin in contact with
be as great as 0,4 microfarads

At a frequency of, ray, 10,000

is only 40 ohms and
the effective re—

capacitor
hort clirecuits!
ernal body tissues

as capacitance. {oca—

1
ot even at 1 megacycle

8) show

rom hand to hand exceeds 500 ohns,
in the tissues’is then equivalent

capacitance Cg of about 10C

the cireuit of which the

indicated schematically in
current I, (t) passecs

and induces a voltage M

which congists moestly of the

which the pilot may grasm»n, and
4

the junction point A', where the shunt circuit through the

pHlot J
be a few fecet of cable, or

joins the main path of the lightning stroke, there may

a metal lever, or other concducting
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object, which will have & small but finite inductance. This
lnductance is represented by L'y, A similar inductive ele-
ment such as a pedal shank may be in the circuit at the

other extremnity between the pvedal surfac B and the junc—
tien vcint B'. The capacitance bbtuoen the pilotts hand
&né the handle which he grasps (the glovas serving as the
dielectric) &nd the similar capacitance between his foot =and
the metal pedal (the shoe scle serving as dislectric) are
represcnteod by C'S. The skin at each extremity is repre—
ented by the relatively large capacitance Cp shunted Dby

n
the rasistive path Rp through the pores. The circuit is
closed througn the effective series resistance R3; and ca=-
4

pacitance €35 of the irtornal tissues nand the inductance

L; which rasults from the magnetic field of the current in
the body (mostly im arm and leg}, The capacitance Cp is

introduced to represent the small effect of the geometric
capacitance diresctly vtetween the arm and leg of the pilot,
In addition to the foregoing there muwy be stray capacitances
to other porticns of the aircraft which may be at a dif-
ferent potential from A or B. To take account of thesec
ast-mentioned elaments would complicate the nroblem to zn
impracticatvle extent, and they will De ignored in the follow—-
ing discussion, but their presence may account for certain
otherwise uncxplainabls effects.

L% |

Y

Thie circuit can be simplified for rapidly changing
transients by omitting the skin elements Ry =2nd Cp which

offer only very little impedance to a urgc and by combining
the serics inductances L'y and the series capacitances 0!
‘ench into a single elament Lg nnd OCg of figure 1 (b)

Possible Current and Charge through Personnel

The lightning stroke ceurrent in the main cirecuit through
the coupling inductance between the junctions A' and 32!

3

t

may bo ronrnsented in the gencral case as the sum of = number

of cecmponants by the equation:

= &5t =yt o
Io(t) = A (} T o >-+ Z A, © BT sin (Bp t + @n) (2)
here the first pair of terns represcnt the nain discharge

while the sunnation which follows represcnts the superposcd
oseillations, The subseript n serves to identify the in-
dividual oscillatory ccnponcants cach of which has an initial

anplitude Anv a decrenent Qny and o frequoncy f, = Bn/Bﬂ.
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¢ If the main surge is
case in the laboratory tes
used by setbing A = O
to represent the fundament
Afout 2 x 10%* (gee)—1t,

voltage across the capacit
given by

and the crest charge passi
be

4 Qs =

. For the typical case of A
then if M is as large as
= -12
gndeiitor. 0, = 200X 10
n

the insulation at
taze given by refer
dedly larger.

T

o]

nassing dur

Y}
s
fu
o
=
D
0
i i
)
=
k7]
4
O

R

For the typical value
ohms, these formulas give
microcoulombs, which might

In general, it appears

. the pilot will be increase
the factor 1/8CgR;y. For

haisiiic o factor ‘of 16, al

and with B,

Assuming th
ge, the crest current

g shown above and for
an

slightly underdanmped as was the
ts, equation (2) can still bve

and using one of the summation terms

al surge with A, very large,

not exceeding Cpy o

If the main stroke curvent varies as shown by the firsgt
term in eguation (<) it can be shown that the initial erest

ance Cg will be approximately

E = AMS (3)

ng through the pilot's body will

=1 W a™

microhenry E = 30,000 wvolts

i

30,000 amperes,

-

farad) Q. = 6 microcoulombs which

s
is definitely above the threshold of feeling.

r shoe should puncture under
the current anéd charge will
e
o

m

glove o
gnce
insulation to fail early
hrough the pilot is given by

G

(=D

ing the first swin

¥
!
)
w

AM

E e (6)
=4

= 200
100

[N

a

O

n

I, = 100 amperaos
e very serious.

that the charge passing through
d, if the insulation punctures, by
the value of Cg assumed above
though it would be less if Og
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were larger. This indicates that providing insulation at
all noints where the personnel might make contact with
current-carrying parts would give 2 definite gain in pr o—
tection. However, to insure such insulation at all points
would introduce numerous complications, and it would seem
preferable; in general, to kcep the voltage low by bonding
and shielding rather than to rely solely on insulation. &
further consideration is that the superposed oscillations
and the capacitances to other parts of the structure may

ontribute to the crest Vo]t“ge to an extent not covered by
equation (%). In fact,equation (3) should be regarded as a
lower limit rather than an upper limit on the required in-
sulation.

For the superposed oscillations of higher frequency
including those excited in the airecraft members the damping
factor a, 1is likely to 1 :

¢ be small, 8n is larger than
S i ; 5 3 : B

10~ (soc) and A4 small relative to the fundamental..
The h er frequency components can, therefore, be treated
like sustained alternating currents by the usual symbolic

i
method., Applying this to the circuit shown in figure 1 (b)
4
<] (oY
5
v

-

gives as the relation between the crast value of the compo-—
nent 1 of the curren Ij in the pilot's body and the

"’1 -
corresponding component A, in the main circuit.,

¢ : '
: j By H# |

I, = Ang £(7)
!R-(a— 2 a\+-ni- 2 +9§w XD '%}'
i\ s )/ B,C. i SO TA- el LTl e

)
<
oo
e
te

For compecnente of very high frequency it 1is evident
cither from the equation or from inspection of figure 1 (v)
that the capacitances function as short circuits and that
C, diverts all curroent from Ry . vEven id Cp were zcro
the inductances would nrecdominate over ths resistanc Ry
and the current would te
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I, (f = ®) = s—t———m (8)

The charge per half cycle would be

<~ A. “ i
: (9)

and would become very small as 5& inzreased.

At frequencies not quite so high there may be certain
resonance effects. The quantities aj and a, will each
become zeroc at a particular value of B,. However, even if
they both venished at the same value of B, the current I
;O 1l T e it + i = M/ R .
wounld Tte limited to I, A, B, h/Rl.

For some particular frequency the value of ag will be
equal to C./C, and the coefficient of Rj will vanish.
However, the second term will th be such as to make

1
eE

n T z
Lg Cg
The only condition which could lead to an abnormally
high ratio of Iy to I, would be to have both terms in
the denominator of ecuation (7) apnroach zero at the sane
value of PB,. This condition would arise if

€y << @y 110)

g X
but relation (10) is very unlikely to be satisfied, Even if
it were, the chance that sonc important componcnt of the
strokc should have a value of Bp Just right te. fit the
particular circuit constants and to give a dangerous rcsononce
s veory Teoioto, Hence it nay dbe concludod that unless the
auplitude of the supcrposcd oscillations is very large (con-
parable with that of the fundaicntal component) their cffcct
on the pilot will be small relative to that of the fundancntal,
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Induced Currents in Isolated Bodies

Still ancther effect is possible even in cases where
there is no connection either direct or through the capaci-
tance of glove or shoe between the pilot and the conductors
which carry the lightning current. This is the result of a
transformer action in which the rapid changes in the magnetiec
field produced by the surge current induce currents in any
neighboring closed nlont i¢ cirecuit,such “for Hdnsiance &s
that of the pilot's hear%. If the closed circuit is at an
average distance ! centimeter from a long straight conduc=
tor :carrying the surge current I and if the maximum area of
the circuit when projected on a plane which contains the con-—
ductor is a square centimeters, the instantaneous induced
voltage is given by

a 4l =
B o= 0,3 —res RUENE (11)
1 4t
Taking ;% as 100 kiloamperes per microsecond (that is, 1011

amperes per sec); I as 100 centimeters and a as 40 sauar
centimeters (that is, roughly the arca of the human “eart)

F comes out at 80 volts! This value exceeds, by a factor

of many thousand, the potential difference produced normally
in the heart muscle and picked up by the nlcctronarﬂlvb?ap

Of course, the duration of this voltage is short, say, 1 micro-
seleond. If the circuit arOund the neart had a cross section
of 1 square centimeter, a perimeter of 20 centimeters and a
resistivity of 80 ohm—cent met“rs (a value sometimes quoted
for body tissue), its recistance would be 1600 ohms. The
crest value of induced current would be 50 milliamperes and
the quantity of electricity circulated in a microsecond would
be 0.05 microcoulomb. This estimated value is decidedly less
than those computed as liable to be conducted through the
limbs and body, but since it is induced immediately in a vul-
nerable organ the possgibility of a wvery serious hazard is
evident.

Physiological Effects

Toc judge whether or not ¢t aluves of voltage, current,
and charge estimated in the pr ng sections are such as

te constitute a serious hazard, ormation is needed as to
the effectes on the human system of electric shocks of very
short duration. The problem is a very complex one because
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the sffects depend upon many variables among which are the
manner in which the current varies with time, the path of
the current through the body, the timing of the surge rela-—
?ive to the normal heart cycle and individual differences '
in response.

As the intensity of the electric stimulus is progress—
ively increased from a very low value, the first response
is a sensation of "shock" or pain followed at about the
same intensity by a “twitch' or involuntary contraction of
one or more musclec. The stimulus recuired for such a
minimal response is often called the "threshold" value and
has been studied in human subjects under a variety of con-
ditions. In much of this work the stimulus was a sustained
alternating current. 1In figure 2 are plotted, to logar ith-
mic scales, the rcocot mean sguare values of threshold current ,
as a function of the frequenecy. Curve I by Kennelly and
Alexanderson (reference 9) shows the average value for 5
observers of the root mean square current which could be
tolerated "without marked discomfort or distress" from one
hand to the other. Curve II by Carter and Coulter (refer-—
ence 10) shows the average threshold values for 107 observers
for current flowing between electrodes 1 square centimeter
in arca, in contact with the finger and thumb of one hand.
Curve III shows values by the same authors on 15 observers
using clectrodes 25 square centimeters in area on the medial
and lateral aspects of the distal part of the upper arn,

As the stimulus is increased, the sensation and the
muscular contraction become greater. A higher level of
intensity can be set by observing the value of a sustained
alternating current at which the subject is just barely abdble
to relecase the metal rod electrode which he had been grasp—
ing. This has been called by Dalziel (raference 11) the
"let—go current ,” and data on it are shown in curve IV of
figure 2. At this current the scnsations experienced are
exceedingly uncomfortabvle.

At still higher currents not only are thec sensations
still more painful but more serious effeccts appear. One of
these is the onset of wventricular fibrillation, an unco-
ordinated succession of contractions of the muscle fivers
of the ventricle which causes the pumping action of the
hecart to baecome ineffective and which causes death in a
few minutes. 3Bxtensive oxperiments on this phenomenon by
Ferris, Xing, Spence, 2nd Williams (reference 12) have
shown that if the elactric current flows for a time which
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is short compared to the heart cycle, fibrillaticn will be

initiated oaly if the shock occurs during that particular

fraction of the heart cycle, designated as the "T wave ,

during which the contraction of the ventricle 1is relaxiang.

Thie soensitive interval occuvies about one—fifth of the

couplete heart period. It has been found that after the

current stops the hearts of smaller animals, rats, and

guinea pigs, return automatically to thsir normal coor-—

dinatod beating after a few scconds of fibrililation, In

the case of larger animals, dogs, sheep, and man, the

fibrillation persists until death ensues. |
|

Larger currents tend to cause an inhibition ©fF the
respiratory centers which may persist for some time after
the current stops, and may cause death from asnhyxia un-—
less artificial resplrmt:on is applied. With still larger
currents hemorrhages may be caused in the spinal cord and
brain and sometimes breais develop in the larger arteries.
Also, durne may be caused where the electrodes make contact
with the skin.

Detailed studies of the mechanism of nerve actio
erence 13) make it high probable that a nerve impulse is
triggered off when the point of

T

v

v onic conceantration at some D
the neuron wall is shifted by a critica .l amounbt. | RO
eloctric stimulus this implies that the flow of a certain
current for a certain time (that is, the passage of = daii-—
nite guantity of eloctricity) is required to produce a
stimulus. After the nerve impulse has once Stariiadiasiteiis
self—-pronagating and leaves the neuron in a "refractory
phase" during which It cannot be stimulated again for s
eral milliscconds.

r
Q‘.?‘.—-

For very weak currents %the diffusion of the iosns an-—
- :

preciably reduces the net rate of accumulation of ionic
concentration. The time require reach the critical
value is inerecased mor=a than in DT 9% ion to the reduc— ‘
tion in current value. IHence the plectric charge
requirsd for a threshold stimulus yatter o8 (Bhd s may
account for the turning upward of curves of figure 2 at
the low frecuency end. For ~Hor* t on the oth-
er hand, the effect of diffusi -itle and
hence 2 constant threshold camrg. increase of
threshold current with decrease are to be
expected. Ag a test of this relati _ has been
plotted, to logarithmic scales, with the duraticn of tiae
ggrze current {or the duration of one—ha lfi* cyelec Han Lhe




NACA ARR Fo. 4128 14

case of a—c. trials), as abscissa and with the guantity of
electricity nassing in the first swing of the surge (or in
cne—half cyecls of the a—c. wave) as ordinate. Curves I to
IV are derived frcm the correspondingly numbered curves of
figure 2. Curve V shows the values of threshold quantity
obtained by Conrad, Haggard, and Tsare (reference 14) on
five observers in experiments in which single current surges
of rectangular wave form were passed between the first and
second fingers of one hand while they were immersed in a
sgliine solution to within about 1.5 centimeters.of their
junction. These curves indicate that a nearly constant
value of charge is required to stim;l .t the threshold res—
ponse if the duration of the surge is less than 100 micro-—
seconds,

The previously available data, summarized in the fore-—
going paragraphs, fall short of giving the information needed
for interpreting the lighining hazard msasurements in several
respects. In particular,

(a) The surge data do not extend to time intervals as
short as are encountsred in lightning;

(b) The surges of curve V (fig. 3) were unidirecticnal
(that is, 2 net charge of electricity passed through the
tissues under test) as shown in insert (d), and the more
common wave formn of current inﬁuceu by lighting (except for
a direct stroke) will be o9ne in which the first swing i
followed by another in the opposite direction which will
ma ke the total slectric charge passing in the cirecuit zero,

as shown at insert (c) of figure 3;

| el 2]

(¢c) There was no indication whether the large margin
which exists for long—duration shocks between threshold and
danger also oxisted at shorter durations when the momentary
current values were correspondingly high. The deaths of
about 400 persons annually from lightning in the United
States is, howeover, clear evidence that grave physiological
effects can rssnlt from surges of short duration, Conse—
quently, in the prasent study, a number of physioclogical
exporiments have besen made, on a rather tentative and ex-—
ploratory basis, to .rlkq> over some of the worst gaps in
the previously existing knowledge,

In the first series of tests, surges in which the
current varicd as indicated at insert (b) or as at insert
(¢) in figure 3 were passcd between two cuff electrodes
which surrounded the forearm of the human subject. The
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hough the animals showed very violent spasmodic
contractions at the moment of shock, only minor
in the character of the heart cycle and in the
te were noted until the surges were very intense.
ea pig withstood successively 10 shocks, of the

at insert (b) at each value of intensity and
indicated by »points 6, to Og, inclusive, and
at Cs, after which the test was discontinued,
trodes were attached to she two forelegs. After
ng from the ancsthesia the animal appcared entirely




NACA ARR No. U1pog 16

A second guinea pig was similarly tested with surges
of shorter duration and greater current and withstood 10
shocks of the type shown at insert (c¢) 2t each of the voints
Dy te Dg, inclusive. No noticeable effect on the heart
cycle was noted, The electrodes were then changed so that
the charge passed between the left rear leg and the right
ffmont leg. It was then subjected to 23 shocks of the char~
acteristics shown by Dg. Following the 2d, the 20th, and
the 22d shock the cardiogram was abnormal for several sec-
onds, suggesting that possibly a temporary fibrillation had
been stimulated. The intensity was reduced and similar
symptoms appeared after the lst shock at Dg =nd the 24
shock at D,. At Dg mno fidbrillationm occurred, but the ST
portion of the cardiogram was abnormal. During 20 more
shocks at D, no fibrillation developed, but the pulse rate
slowed down and the animal died shorvly afterward. On autopsy
it was found that the chest cavity was full of blood and the
heart was free in the cavity. This suggests that the con-
tractions produced by scme of the later shocks had actually
torn the larger blocod vessels.

A third guinea pig was subjected to a total of L1
shocks in the range between poinvis ©DTg and D of figure 3.
The charge passed between right foreleg and left hind leg.
After 9 shocks visible changes in the c¢ardiogram were noted
but not true fibrillation. The =animal died after the Ulst
shock and an autopsy showed considerable damage to the heart
Giisisue.

In view of the tendency for guinea pigs to recover
automatically from fibrillation, further trials were made
with dogs. One dog, under deev anesthesia from nembutal,
was fitted with electrodes on left foreleg and right hind
leg and subjected to surges of the type shown at insert 13
figure 3. Ten shocks were given at each of 5 intensities
varying from point Ds to Dg (fig. 3). Only slight changes
appeared in the cardiogram and after recovering from the
anesthesia the animal appeared entirely normal.

A second dog was similarly connected and subjected to
surges of the type shown in insert (b), figure 3. Ten shocks
at each of the intensities shown at %; and E; caused no
visible effect, other than the usual momentary strong muscu-
lar contractions. However, the first shock at E started
a definite fibrillation, An additional "counter shock" st
E, caused no recovery and the fibrillating heart action
continved with decreasing amplitude for about 15 minutes,
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when the animal died. An zsutopsy showed no significant
damage to heart or lung tissuwe and it seems certain that
death was caused by the fibrillation. The difference be-~
tween this result and the preceding suggests that there
may be a significant difference in the action of surges of
the two types (b) and (c) in their tendency to produce
fibriilation, although they are about equal as regards
threshold intensity. 0f course, these data are insuffi-
cient in volume to warrant any definite conclusien.

Another set of experiments was performed to see what
effects might arise by transformer action when an anesthe-
‘tized animal was placed in the neighborhcod of a ccaductor
which carried a rapidly varying surge current. The current
wave Was a slightly damped coscillation having a frequency
of 40 kilocycles per second and an initial crest value of
200,000 amperes. Hence the rate of change of current had
A crest value of 5,7 % 101° amperes per second. The crest
voliage which would be induced in a cireuit 1 sauare centi-
meter in avea ani 10 centimeters away from the conductor
would be adout 10 volts. Numerous trials were made with
anesthetized guinea pigs placed at wvarious distances from
the centiral conductor and in various orientations with re-
spect to the magnetic field. In all cases when the anim=1ls
were closer than 90 centimeters noticeable muscular con-
tractions were produced at the moment of passage of the
surge current.

A similar trial was made later on an anesthetigzed dog.
For each of three positions, in which the magnetic field in
the neighborhood of the animalls heart was directed success-
ively in three nearly mutually verpendicular directions, 15
shocks were applied. The radial distance from the conductor
to the heart was abrnut 15 centimeters. Immediately after
each shock the oscilloscope was connected to electrodes
attached to the right front and left hind legs and the
cardiogram was examined., In no case was.any appreclable
change in the heart action noted, although at each shock
the animal's legs gave a decided jerk as a result of the
induced electrical impulse, Ten further shocks of about
half the current then were tried with similar results.
After recovering from the anesthesia the dog apvsared en-
tirely normal. With this arrsngement the induced currents
in any organ would be similar to the tyve of surge shown
in insert ¢ of figure 3 in that the total net passage of
electric charge would be zero, They would differ in that
many more reversals of vpolarity would occur. The failure
of this type of shock to cause fibrillation although it
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does cause marked muscular contractions may perhaps be
related to this equality of the positive and the negative
portions of the surge.

To the data already shown in figure 3 there may be
added point F which indicates the charge and duration of
the unidirectional surges used by Kouwenhoven and Lang~
worthy (reference 15) in experiments on rats. When this
discharge passed from head to tail, the rats were killed
and. hemorrhages were found in the spinal cord snd brain.
When thig discharge passed transversely through the bolies
to the ground plate on which the animals lay, the animals
survived, provided artificial resvmiration was used on those
which had a temporary respiratory inhibition.

Point G of figure 3 corregspoads to 0.1 ampere, the
60-cycle value of current which Ferris et al (reference 12)
estimate is the minimum at which fidbrillation of the human
heart is to be expected; and vpoint F corresponds Lo the
generally recognized 60-cycle threshold of sensation of 1
milliampere.

In considering figure 3 it should be kept in mind that
the theoretical basis for expecting the alternating-~current
threshold values, such as curves II and IIT, to be uniquely
related to the charge per half cy:zle which is plotted as
ordinate is rather tenuous. The physical damage produced
by shocks such as those indicated by D; which killed
guinea pigs by damaging tissue is probably not propertional
to the charge in an individual shock but increases with
repetitions of the shock and may vary with the enargy dissi-
pated or with the square of the charge. Nevertheless, in
the absence of any better form of presentation figure 3 may
be used as a basis for arbitrarily selecting a safe operat-
Il dmi It appears that if the charge passing through
the body can be kept down to a value of 1 microcoulomb the
personnel would not experience any noticeable shock at the
time of a lightning stroke. Such a 1limit, however, would
presumably recuire the installation of a rather extensive
system of lightning conductors. It is perhaps wiser to
chcose a higher limit, say 10 micrncoulombs. The shock
produced by such a surge will be very noticeable and may
lead the personnel to question an assertion that the air-
craft is protected at all. However, figure 3 indicates
that such a shock, while decidedly unpleas=ant, is less
intense by a factrr of 40 than that which was barely enough
to cause fibrillation in a small dog. It will, therefore,
be taken as the upper sa2fe limit in the following discussion,
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Safety Limits

To combine the various estimates made in the foregoing
sections, the value of 60,000 =2mperes for A, the crest
current in natural lightning, the permissible charge of 10
microcoulombs for Qg and the effective resistancs afR 200
ohms for Ry may be substituted in eauation (6). This
yields M = 0,05 microhenry as the allowable couvpling be-
tween the lightning circuit and the personnel. In the lab-
oratory tests which will be described the crest rate of
change of current was about 13 kiloamperes per microsecond
and the crest voltage induced by a coupling nf 0,05 micro-
henry would be 650 volts. In these experiments, therefore,
readings of less than 500 volts may be consid=red as safe,.
Values exceeding this figure are indicated by asterisks in
the tables.

In estimating the values of voltapge for which insula-
tion might be provided, the values nf voltage observed in
the laboratory tests should be multiplied by about ten be-
cause the crest rate of change of current in natural light-
ning may exceed that used in the present tests by thisNfactor.

In estimating the hazard from currents induced electro-
magnetically in a person Who is entirely insulated from the
lightning current path, it may be assumed that the distance
from the path to the person's heart is at least 100 centi-
meters, that is, six times that used in the animal tests.

The probable rate of change of current may be three times

that used in the tests on animals so that the rate of change
of magnetic field would be only half of that which failed to
affect the dog. In the absence of much more complete data

it is, of course, impossible to estimate the margin of safety,
if any, which exists with resvect to this hazard. The possi-
bility of danger from this source certainly constitutes a
further reason for the use ~f a plurality of lightning con-
ductors which can share the current =2nd thus greatly reduce
the magnetic field inside the aircraft.

Still another consideration arises from the fact that
many lightning strokes contain, in addition tn the sudden
high current surges, a continuing discharge at a few hundred
amperes which may last for several tenths of a second., The
division of this current betwesn the pilnt 2nd the metallic
circuits which may shunt him will depend on the resist=ance
rather than the inductance of the latter. If bhe limiting
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safe current is taken as 0,025 ampere, while the lightning
component is 2500 amperes, that ig, 10° +times as great,

and if the pilot's skin can raise his effective direct-
current resistance to 2000 ohms the resistance of the shunt
path should be less than 0.02 ohm, This should be attainable
by careful bonding but does not leave much margin for care-
less workmanship.

METHODS OF TEST

Discharge Gircuit

The transient currents for the tests were obtained by
the discharge nf A surge~current generator. This consisted
of L0 capacitor units, each of luf capacitances. They were
connected in series in pairs and the 20 pairs were in vparal-
lel. The resulting capacitance of 10 uf could be charged
to 100,000 vclts by a 12 kva transformer with kenotron recti-
fiers. The circuits =are shown in figure U4,

The discharge eclrcuit included a 2-ohm damplng resistor,
a 3-ball spark gap, by which the discharge could be trigegered
and synchronized with the oscillograph, and the test circuit
theneh the alrcraft. The ground side of the surge current
generator was connected by a network of short copper bars to
the steel grid imbedded in the flsor of the laboratory. One
terminal of the test circuit (the nose ~f glider XCG-7, fig.
5, or the tail of the PT-1%A airplane) was also connected
to this imbedded steel mesh, The resistance was chosen so
as to make the discharge neariy critically damped, as is
shown by the typical oscillcgram of current (fig. 6) taken
with a resistive shunt connected in the dischargs circuit.

The small ripple at the beginning nf this current wave
18 apparently the result of oscillations which involve the
egapacitance of the airplane to ground. Although this onsecil-
lation is of very small magnitude (only 0.4 percent) relative
to the fundamental compnnent of the current, its freauency
is high (approx. 6 megacycles ver sec) and the rate nf change
of current caused by it is corresmondingly great. If an in-
ductive shunt (M = 0,09%6 microhenry) is connectad in seriss
in the circuit the electromotive force across it has the form
shown in figure 7 and gives a direct indic~tion ~f the instan-
taneous valuses of di/dt. Figure 8 taken with a faster sweep
shows the initial part of this wave in greater detsil. At
least two high-frequency compnnents are evident. Skin effect
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in the resistive shunt and the self-inductance of the sec-
ondary of the inductive shunt attenuate the higher frequen-
cies to half their actual value at about 10 and 25 megacycles
per second, respectively. It is, therefore, possible that

the current contained still other components of a frequency
higher than these limits. Such components might result from
electrical oscillations of wavelength comparable with portions
of the aircraft, shock-excit=d by the main discharge,.

The crest value of surge current is avproximately in-
versely proportional to the inductance of the cireuit. The
arrangement of the leads to the aircraft was, therefore, a
compromise between the conflicting requirements of low in-
ductance and a large clearance between the aircraft and the
peturn leads. A typical circuit for the PI-ITOANaiimnliane 1s
shown in figure 9. Here the inductance of the discharge
circuit was 9 microhenries and the crest current 3&,000
amperes,

MEASUREMENT CF INDUCED VCLTAGE

In most cases the cregt value of the induced voltage
was indicated by an entirely self-contained electronic crest
voltmeter. This instrument consisted of an adjustable capac-
itance potential divider which suppvlied an electronic trigger
c¢ircuit. The grid bias of the trigger tube could be adjusted
in succession to a number of different values until one was
found at which the circuit was barely triggered when the
surge occurred. Calibration of the voltmetsr at radio fre-
quency gave the relation between the bias for triggering and
the applisd voltags=. Tn minimize the time and the number of
surges required, no attempt was made to locate the crest value
closer than about 15 percent. By adjustment of the capaci-
tance divider five ranges could be obtained: 0-270, O~5h0,
0-1350, 0-2700, and 0-5400 volts.

In those cases in which one extremity of the airdraft
could be maintained nearly at ground potential by providing
connections of very low inductance between it and ground, it
was found practicable to use the high-speed cathode-ray os-
cillograph for the voltage measurement. For this purpose
the cable from thes oscillograph was led along the ground
connection and into the cockpit where its sheath was con-
nected to the pilct's seat. The central conducter was con-
nected to some other point at which the voltage was to be
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measured. PFigure 10 shows a typical voltage oscillogram ob—
tainnd in this way. The wave form of this induced voltage

is very nearly the same as that for the time rate of change
of the total current as shown in figure 7, The sensitivity
of thos oscillograrh was about 280 volts per centineter, and
the surge impedance of the cable was 50 ohms.,

A major difficulty in making the voltage measurement
arises because of the leads Lnich arez needed to connect the
voltnct:r, or the oscillogreph cabl

measurenonts were desired. In most cases the shielding con—
tainer ( a can approx. 17 c¢a in diam. and 20 cm long) of the
voltmeter, or the grounded sheath of the cablec was tied to
the pilot's seat and a2 wire was run from the line terminal of
the voltmeter on the core of the cable to each of the other
points, wheel, psdal, throttle, flap control, and so forth,
in succession.

e, to the points at which

The first uncertainty arises from the fact that the
electric field around a conductor carrying & changing current
is not lamellar and hence the observed voltage between two
points depenés, in gencral, on the loecation of the voltmeter
lead as well as upon the location cf the two points. This
ambiguity was minimized by placing the lead in about the
same location as that which the pilot'ls arm or leg would
normally occupy.

Greater uncortainty is caused by the self-—inductance of
the lead which was of the order of 1 microheary. Any current
flowing in thie lead will cause the measured voltage to be
different from that batween the points to which the lead is
connected.

When the cathode-ray oscillograph is used for
voltage measurements its connecting cable has a surge im-—
pedance of only 50 ohms. Hence the current in the 1
is fairly large. The inductive rﬁﬁctancp of the lead would
be egual to this surge impedance for an oscillating compo—
nent which hnd a frequency given by £ = R/2 w L (1n this
case about 107 cycles per sec). Hence components of mate~
erially higher freguencies will be unduly attenuated.

On the other hand, where the electronic crest voltmeter
is used, its capacitance of about 12 micromicrofarads will
ies resonance with the inductance of the lead at a
freoucncy of about 5 x 107 7cles per second. Conponents
1

(&)
of frequency near this value will (unless heavily damped) be
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magni*ied and produce an excessively high response. To
1imit this resonance, a resistance of 50 ohms usually was
kept connacted across the terminals of the electronic volt—
meter. With thig arrangemsnt the siaple voltmeter circuil
ehonld be reasonably accurate up tc about 6 X 106 cycles

Still another cause of current in the measuring lead
is capacitance between the lead itself (particularly fthe
ernd next to the voltmster) and other parts of the main cir-
cuit or ground. The voltage across such a capacitance may
be Telatively large ancd the effect o

relatively considerable. The use of the H0—ohm Tesistor
across the voltmeter helps to reduce spurious effects of
this sort.

& o+ - 4
f the Tesulting eurtent
3

Another uncertainty is introduced by the superimposed
the result of

oscillations of high f““ﬂkn ¢y. &8 these are 1
the capacitance betwc varts of the aireraft and the floor
it is w0531J¢e that n magn1+uée at the shunt may be
guite different frcm that ot points within the aircraft it-
sglf. However, the use of the 50-ohm resistor in parullel
with the crest voltmeter made this instrument rslatively
immune to their effects

(S G

[

The X06-7 glider was used as an nxample of nd allic
aireraft. The structural parts of this glider consist almo
entirely of wood, tha only metal parts being contrel cables
and tubes; radio, telephone, and light wires; fittings for
eontrol surfaces; and )% (ol The fior
good path for a light 7 t 5

are insulated from ea

2lider as received, the
clude sovzrml of thess
from one coanductor to o I Ak | e
through the body of one of the .occupants of the sireraft .
This is obviously 2 severe hazard which can and sh uld be
eliminnted by bonding all metal parts of the glider together
with short and diresct ties equivalent to Hos 120 copper Wite
or larger, ©ZEven with all mestnl parts bonded there still

9/

remains the guestion whether ¢ s
age will be induced between two points on b ieln
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ductor system across which an occupant of the glider may bve
oridging. The problem then is to measure these induced
voltagos for a simulated lightning discharge as described
previously and to detnrminn whether or not they are a
source of hazard to the glider personnel. This was dons
for the following conditions of bYonding and also after the
addition of external lightning conducgtors:

(a) Hinimum » ading roquired to make a complete
metallic path for the discharge,

{(v) Bonding &s recommended to keep the induced volt—
ages low,

3;

(c) Bonc

ling plus additional lightring conductors out—
side the glider,

(d) Separate lizhtning conductor system outside the
glider.

Apvaratug snéd connections.-— mne main fuselage section
of glider XCG-7 was placed near the surge—current gﬂnwrator
as shown in figure 5, and supported on cribbing of paraffin-

impregnated lumber. This section ¢f the glider was choscn
for tho esxperimental work because all personnel and cargo
are houscd within it during flight and most of the mat
parts of the entire glider are in this sectioan. The ¢
cables for the tail surfaces come to the rear end of thi

main se rtlon in a closcly set groun, and the addition of the

an
ontrol
his

rear fuselage section merely extencs these cables in a
straigh t line. All control cables and tubes for the wings

are comnlete in this main fuselage section up to tne points
where the wings are attached. A lightning discharge cnter—
ing the glider from a wing or the tail would come in on
these control cables or on lightning conductors if they

were added, a2nd the extra length of conductor obtained by
actually having the wings and tail section in nlace would
not materially afiect the path of thes discharge within the
main fuselage section. Horeover, a wing—to-nosé discharge
would be substantially ths sane as a tail-to—nose stroke at
the vilots! seats which are well forward of the wings, pro-
vided a complete bond of all conductors were made where the
wings are attached to the main fuselage section. Thercefore,
the sxperizental data were obtained by passing the discharge
from the surge—current generator in at the rear of this

main fuselage section and out at the nose.
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The high veltage pesitive terminal of the surge-current
generator was connected through the 2-ohm damning resistor,
to a 2-inch covper strap (used as a terminal for attachiag
the glider conductors) at the rear of the glider scction by
two Ns. 8 covver wires in parallel svaced 12 inches anart,
The covper strav is shown spanning the top of the circular
end frame in figure 5. The tow-cable fitting in the nose of
the glider wag connected to the imbedded steel in the floor
of the laboratory by two No. 8 covpner wires in varallel,.
HEither a resistive shunt ¢r an industive shunt was connected
in series with this lead &nd ljycated ut the connection to
the steecl in the fleor for measurizz curreant and rate {f
change of current, resvectively. When the surge-current
generator was dischgrged threugh this circuit the current
as measured on a cathcde-~ray oscillogr2aph connected to the
resistive shunt by a2 50-~chm eable was found to be a criti-
cally damped sine wave with a maximum current of 35,000
amperes as shown in figure 6. %he maximum rate of change
of current through the glider as determined by measuring
. the first peak of the supervosgsed oscillation ¢n the oscil-

logram of figure & was 13 kiloamperes per micronsecond. TFor
the fundamental enmpconent only, the maximum rate of charge
¢f current was 6.6 kiloamperes per microsecs;nd. When light-
ning conductors were added on the outside of tke glider fu-
selage and crunected in parallel with the system of conduc-
tors formed by the cpatrol cables inside the glider or when
the outside conductors were used alone, the values of cur-
rent and rate of change of current did not differ from the
foregoing values by as much as 10 vpercent.

Gheck of calibration of crest voltmeter. - Nearly all of
the measurements of induced voltage in the glider were made
with the electronic crest venltmeter (described previously).
In gorder to check the calibration of this voltmeter and to
get a comnlete record of the wave form gf the induced voli-
age, A measuring cable from the cathgde~ray oscillogranh
was inserted into the glider through the tow-cable tube at
the nose of the glider, with the sheath of the cable con-
nected to the milot's seat and the center conductor to the
other points on the glider conductsr system within reach of
the pilot. Figure 10 shows a typical oscilleogram of the in-
duced voltage thus obtained from the frant seat to the "cable
release knob." The insertion «f the measguring cable in the
glider added anpther conductor to the already comnlicated
network and probably chang=d the values of induced voltarce
as measured inside the glider; therefore, tha data zbtained
with the measuring cable and cathode-ray oscillogranh ware
not used as a direct measure of the induced voltag=s, bdut
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merely to get a general idea of its wave form and as a
check on the elsctronic crest voltmeter. Since the mea-
suring cable had a surge impedance of 50 ohms, in order

to dunlicate this with the voltmeter a 50-ohm noninductive
resistance was instnalled across its terminals. With the
measuring cable in mlace and its sheath connected to the
front seat, oscillograph measurements were taken with the
central conductor of the cable connected to five different

points within reach of the pilot. With the ecentral con-
ductor of the cable disconnected, measurements with the
crest voltmeter were made to these gams five points., The

crest voltage as obtained from the volimeter agreed quite
closely in every case with the first peak of the sunerposed
high frequency oscillation on the corresmonding oscillo-
gram. The oscillograms =lso indicate that the maximum of
the fundamental component is in esch case about two-thirds
of the first peak of the supervosed high frequenecy. Thus
the electronic crest voltmeter with the 50-ohm resistor
across its terminals can be used as a fairly accurate mea-
sure Af the maximum of the fundamental comnonent of induced
voltage if its peak reading is multiplied by two--thirds.
The measuring cable was then removed from the glider, and
measuremenvs of the induced voltages were made using the
electronic crest voltmeter with the 50-ohm resistor across
i1ts terminals,

Measurements with minimum bonding, - As noted in the
first paragraph of thi: section, control cables run almost
the entire length of the glider fuselage, but they are
insulated from each other and from other metal parts of
the glider, To obtain a complete metalliec math for the
discharge through the glider, some bondineg of the matal
parts inside the glider was n=seded. The 8 control cables
extending to the rear of the glider were all bolted to the
2-inch busbar at the rear of the main fuselags section, this
busbar serving as the high-voltage terminal for ths main
dischargs. Just to the rear of the cargo compartment all
control cables (those to wings and tail) were bonded to-
gether, thus providing a common voint in the conductor system
where the wings are attached to ths main fuselage section.
All these control cables, 14 in all, run from this moint
through raceways in the bottom of the glider to the nose
Where thes pilot's seat is lscated. Six of them enter the
space in the floor bhetween ths 2 metal seats in ths nose of
the glider (for pilot and co-pilot) and are connected to
the metal control sticks and pedals. The rear seat is
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electrically connected to theases 6 cables through metal fit-
tings, but the front seat is insulated. To complete the
bonding, two No. 12 covpar wires were run from the rear
seat to the front seat and to the tow ecable fitting which
extends through th» nose of the glider and which was ussd
as the ground terminal for the main discharge. The other

& control cables run to controls located beside the pilot Vs
seat and they wsre not connected to the bonded system of
conductors at this point.

The surge-current generator wWas discharged through
this bonded system of conductors inside the glider, and
msasurements of induced voltage from the nilot's seat to
several controls within reach of the pilot. were made using
the crest voltmeter. The results of some of thess measure-
ments are given in the first column of table I. These volt—

£ ages are all quite high, esp=cially thes one to the flan
control which was conn=cted to control cablas running t'o
the common bond just to the rear of the cargo compvartment

i but which was not connscted to the bonded system at the
pilot's seat.

To simnlify th2 intervretation of these exneriments,
their results are arranged in table II. For instance, in
the first column and the first row thes valus of HZ0OSrolt s
gives the voltage measured between the front seat and the
right pedal. Multinlying this by the factor 2/3 gives the
value 868 in the second row which shows the fundamental
component of the induc=d voltage, Dividing this bv the
rate of change of the fundamental commonent of current .

6.6 x 10° amperes per second, pgives 0.13 microhenry for

the coupling inductanc= between the stroke path and the
Pilot's leg. Multinlying this value by the probable ex-
treme rate of changs of current in a lightning stroke;
namely 144 x 10" ampsres per s=cond gives 19,000 volts as
the induced voltage in the branch circuit tending to punc-
ture the pilot's shoe. If the shoe is conducting, or vunc-
tures, the charge then passing through hi%sleg would be
given by equation (6) as 60,000%x0,13 x 10~ /300 = 26 micro-
coulombs (listed in the 5th row), which would give a very
disconcerting contraction of the pilot's muscles,

Measurements with recommended bonding. - The results
obtained with minimum bonding indicate that additional bond-
ing is advisable wherevsr it can be conventently Install=d,

- The pulleys for the control cables on this glider are made of
insulating material but are mounted in metal fittines, TIn
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order to get as many electrical ties as DPossible betwesn
teese cables, it weuld, in the future, be szdvisable to use
iastead ssme kind of metal pulleys. On ths assumpticn that
this eould be done, the coatrol cables were bended to the
pulley fittings at each pulley and wherever pulley fittings
are close together, btut insulated, they, tos, Were bgnded.

The eight conirol eables not already econneecsd t3 the bonded

system at the noses ¢f the glider were bonded a3 this pecing
by short lengths of o, 12 sopper wire. 41l other metal
parts of the pglider which have an anpresciable 1eneuh -~ such
&s light wires, radic and telephnane wires, and metal tubing
for airspeed, bgnk, znd rate-of-cliny instruments - were
each bonded to the cuntrolecadble syct gtifcenductiors in at
leagt twg places.

Measurements of induced voltage were made with this
complete bondine system, and the results are glven in tlie
se¢ond column ¢f tadle I, The secound column of tabie IT
showe computed values based 5n ene of these meazuremects.

Meagsurements with recommended bordine plus additi~pal

lightning GonGuceters cubside the gliler. - Measuremeants of

induecd voltage between the same Tour molnts used previcusly

were-made after sdditlional lightning conductors had b=en
attached t¢ the outside ¢f the glider and ecnnecied in
parallel with the inside system ~f conducters. These addi-
tiomal conductors were located as follows: {1) npne 6-inch-
wide -strip of thin copper r;bb 'n over the tap of the glider
(2) one No. 12 sopper wire over the tom of the glider (3)
three Nc., 12 ¢opper wires, one over %4he top and cne at the
-bottom of each door (Y4) six Wo. 12 copper wires, one over
the tep, cone alnng ths keel, ¢ne at the bottom o ieach deor,
and” cne under each wing, The regults of these tests are
shown in eolumns 3 to 6 ef table I,

It may be noted that: (1) the Ne. 12 wire and 6 inch
3trip are almost equally effeetive in reducing the induced
voltage and (2) the addition of lighinmine conduciors con-
siderably reduces the induced voltage between some vointsg,
but it dses not materially affeet that-between omhers. In
sush a camplex network as that formed by the conductars
inside the glider it may be sadid correctly that "almost
anythipg can.lkappen - and it usually does.® However, a
soemewhat more helpful explanatiyn may be obtained dy cecnsid-
ering that there are, in gemeral, two different types of
pairs of points detween which induced voltage may ts meas-~
ured.. The-agndustaer system ipside the glider consists, in
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effect, of a number of inductors in parallel, with cross
ties betwa2en them at somes places. The itwo types of pairs

«f points are then (1) two points on the same inductor and
(2) one point on ons inductor and the other pmoint on some
other inductor. The induced voltags for a typve (1) vair

of points would bs expected to decrease as additional
lightning conductors are added because this voltaga is oro-
portional, mainly, to the current in one inductor only and
as circuits are added in parallel the current in any one
inductor should decrease. The cable release knob and

"right pedal" are two examples of type (1) pairs of voints
in table I. For type (2) pairs the i1nducad voltage rasults
from an unbalance of the impsdance drops in two different
inductors and the addition of a lifshtnine conductor bv rea-
son of mutual inductance, may dascrease the current in one of
these circuits by a different nercentage than that in the
other. This will alter the "balance!" between the two moints
allowing the induced voltage to increase slightly in some
cases. The "flav control crank’ and "spoiler control handle"
are two exampl=s of type (2) pairs of moints in table TI.

A complete surv=sy of the induced voltages between pairs
of points across which an occurant of the glider might be
bridging was next made using the crest voltmeter. he alx
No. 12 copper~wire external lightning conductors were used
in parallel with the inside system of conductors for these
tiests , Although they may not bs necessary for nrotection
from induced voltage such conductors would probably be
essential to insure that a direct stroke will be intercemnted
by a conductor before reaching the bodiss of anyv of the
occupants. The rasults of measurements between each of the
piiots' seats and other metsal parts within reach of the
pilots are shown in table IIT, These induced voltages are
all within the probable sofe 1imit excent the one from front
seat™ to 'radio switch." During this measurement, (a) the
radio set was bonded to ths inside conductor system by No.
12 covoper wire about 5 feet long running dir=ctly to the
system of control cables beneath and between the two seats,
(b) the lighting wires were connected diresctly to the radio
set and ran to the rear of the glider where they were bonded
to th=s control cable system just behind the cargo commartment
and (c) a short tie from the nitot tubes ran to the nose of
the glider where it was bonded to the tow cabls fitting.

When the lighting wires were disconnacted from the radio
set and tied directly to ths system of control cables between

*the seats the induced voltage between the front seat and radio
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switch was reduced from the original 750 volts to 200 wvolts.
The reduction svigests that any wire or cable which is bond=d
to the main system of conductors at the rear of the glider
and then run forward should b= bonded to the main system of
conductors at the forward noint before going to any metal
Within reanch of the personnel. When the 5 fiolov ongi Nel, 12
cooper wire tie from the radio set to the system of conductors
between the seats was removed, the induced voltags from the
front seat to the radio switch increased to 1&50 volts, in-
dicating that a conductor bonded at one voint in the glider
and then running to a sacond noint Whers i1t can be resached by
the personnel, should also be tied to th= conductor system

at the s=cond vpoint =sven though the total length of th= con-
guetor 1s only a few fest,

Occunants of the glider other than pitl ot andeo=nilot
ars seatad so that none of them is lik=ly to b= in contsct
With two voints on the conductor system at any one time,
However, to determins the n=cessity for kaeving the pass-n-
gers ingulat=d from the conductor svstem, voltage measuresments
Were made between the various control cablas in tha raceways,
which s=srve as seats for these passengers., The induced volt-
ages measursd between the left flav control cable and each
of the five control cables in the right racewav at vmoints in
th= plane of ths glider doors were all found to be betwsen
zero and 400 volts. However, when one of the points of con-
tact with a cable was moved aft by 30 inches the induced
voltages were found to be about 500 volts. Thus, for some
cablas the change was as much as 200 volts per foot. 165
these cables wers 2xvosed so that an occuvant might coms in
contact with two points on tha cable system at the same time
and considering the maximum axisl distance between thesa two
points to be 6 feet, the voltage might be as much as 1200 ,
wolts, It, therefore, would seem advisable to keep the
cables insulatad from the vpersonnel wherever possible.

M2asurements with lightning conductor system insulated
from inside conductors. - All the foregoing discussion of
induced voltage is based on the assvmption that all metal
parts of the aircraft, both the bonded system of conductors
inside the glider and any protective system of conductors
added on the outside are to be connected together forming
one conductor system. This was thought to be ths most
readily avplicable method of pProtection,

Another method of protection would be to have the
inside bonded system of conductors entirely insulated from
the outsids system of lightnine protactive conductors, This
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would require (1) all metal parts of the glider which might
intercept a stroke of lightning, such as metal fittings on
tail and wing ceontrol surfacss, to be connacted to the vpro-
tective conductor systam snd insulated from the insid= con-

ductor svstem and (2) the protactiva svstem of conductors

to be vroperly insulat=d from all of the glider personnel.

In order to accomplish this isolation of the two conductor

systems: (1) all control cables foing to the tail and wings
would have to be sguivped with strain insulators before
entering the main fuselage section;g (2) Pittines and eontrols

for landing gear and tow cable would have to be well insulated
from the glider personnel and from the inside conductor system
and; (3) special insulation would h=ave to be installed on
pitot tube, radio aerial, and so forth. If these insulation
requirements can be attained, this would be an ideal method

of protection because none of the lightning current would

flow in the insids conductor system and the magnetically
induced voltages as me2sured previously would be very much
reduced.

The voltage for which insulalion must be provided is
the induced voltage in the inside system of conductors run-
ning from the nose of the glider to the tail or wing tio
(this voltage may be divided by two if it is assumed that
it divides equally between the two gaps across which it
might cause breakdown). A measure of this voltage was ob-
tained on glider XCG-7 by disconnecting the inside conductor
system, contrel cables, and so forth from the copper strap
at the rear of the main fuselage section, while the six
added lightning conductors on No., 12 wire were still attachad
o" 16 The electronic crest voltmeter was then connected,
through a 10:1 resistance potential divider, between the in-
side conductor system and the external lightning conductors
at the rear of the glider. The peak voltage thus measured,
when the 35,000 ampere discharges was sent through the six
lightning conductors on the outside of the glider, was 15 |
kkilovolts, Measuremzsnts with a sinele No. 12 covpver wire |
in place of the inside system of conductors gave voltages
from 9 to 13 kilovolts depending on the location of the
wire inside the glider. Theses voltages wer= also measured
by (1) a previously calibrated klydonogranh with a resist-
ance divider added and (2) the c-~thode-ray oscillograph
with its mesasuring cable run inside the glider and a 500~
ohm noninductive resistor in series with the center con-
duetor. The klydonograph records gave voltages agreeing
with those obtained bv the crest voltmeter to within 25
percent. The oscillograph measurements were made with a
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single No. 12 copper wire ti=d to the lightning conductors
at the rear of the glider and then brought avproximately
along the central axis of the glider to its nose where the
wire was connected to the 500-ohm resistor in series with
the center conductor of ths measuring cable. The cable
sheath was connected to the tow cable fitting at the nose
of the glider. An oscillogram of this voltage is shown

in figure 11. The peak voltage is 17 kilovolts and the
maximum of the fundamental component 9 killovolts. The
corresponding voltags as measured by the surge-crest volt-
meter and the klydonograph was 10 kilovolts. An average

of all the v~lues obtained by these three methods give an
induced voltage of 15 kilovolts for ths entire length (22
ft) of the main fuselage s=2ction of glider XCG-7, that is,
680 volts vper foot. To obtain the voltage th=t the insu-
lation between ths inside and outside conductor systems of
a glider in flight should be designed to withstand, (1) mul-
tiply the above value of volts ver foot by ths total length
of the glider; (2) multiply by 5, on the assumption that
the maximum r2te of change of current in an actusl lightning
discharge, (the median stroks in McEachron's data) is five
times the value (13 kiloamperes ver microsecond), for the
35,000 ampere discharg= used in the voltage measurements;
and (%) divide bv 2, since the voliage must break down the
insulation in two mlaces. For a glider 50 feet long the
voltage per gap on this basis turns out to be 85 kilovolts.

The problem of insulating the inside conductor system
(including ths personnel) of =2n aircraft from the outside
lightning conductor systsm to withstand peak voltages of
approximately 85 kilovolts should be consider=d4 for each
design of aircraft to be protzcted, However, it is doubtful
that the additional safety provided by such insulation would
warrant ths expense of its installation. The first method
of protecticn considered, in which all the conductors on the
aircraft are bonded to form one system, should give suffi-
cient protection if the bonding is properly done.

Measurements on thes PT-19A Airplane

A Pairchild dunl-control trasining airplan= type PT-10A
was used as an example of combination metal and wood air-
craft. The fuselage of this airplane is constructed of =a
welded steel tub=s frame covered with fabric and plywood.

Ths wings consist of wood ribs with a plywood skin, the only
metal parts being control tubes for vitot tubes on one wing,
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light wirss, and landing gear and fittings. ATT metal parts
of this airplane are well bonded to form one conductor system
and no extra bonding or added conductors were used for the
inducad voltage tests.

The sirplane was completely assembled and placed en
the floor of the laboratory near the surge-current generator
as shown by the photograph in figure 9. The two front land-
ing wheels were placed on 10-inch-high wecod platforms to
supplement the insulation of the rubber tires. The tail of
the airplane was blocked uo from the filoor; the rear landing
wheel removasd, and two short copner strins were run from the
rear landing wheel fitting to the laboratory floor, t hus
grounding the tail of the airplane to th- ground side of the
surge-current generator. The high voltage terminal of the
generator was connected in series with the 2-ohm damping
resistor to the right-hand fiavp control fitting (nearest
the fuselaga) by two No, & copper wires in parall=al spaced
12 inches center to ceanter. This gave a discharge path
from right wing to tail of the airnlane. For the nose-to-
tail discharge, the high voltage lead Wwas connected to the
hub of the propeller. For the wing-to-wing discharge the
high voltage lead was connected as in the right-wing-to-t%ail
discharge, the ground connection was removed from the tail,
and the left-hand flap control fitting {nearest the fuselage)
was grounded to the floor of the laboratorv bv two No. 8
copper wires in parallel.

Records of current and rate of change of current when
the surse-current gsnerator discharged through each of the
thres paths pr-viously described were obtained Dby using the
cathode-ray oscillograph and a resistive shunt or an induc-
tive shunt in the ground lead of the dischares path. Values
obtained from these records for all three dischargse paths
agreed to within 10 percent and the following results are
the averages for all records taken: (1) meximum current -
38.8 kiloamperes; (2) maximum di/dt (first peak of suver-
posed oscillations) - 17 killoamperes per microsecond and;
(3) maximum di/dt of the fundamental component - 9 kilo-
amperes per microsecond. Typical oscillograms are shown
W fitonres 12, 13, and 14, These values are all slightly
higher than the corresponding ones obtained with glider
XCG-7 in the discharge circuit; therefore the limiting value
of induced voltage (500 volts) dsduced to be safe in the
glider experiments will indicate someswhat greater safety in
the PT-19A expariments to be described.

Values of induced voltags in each cocknit of the air-
plans wer> measured Wwhen the surge-current generator dis-
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charged through each of the three paths (1) wing to tail:
(2) nose to tail; and (3) wing to wing. The eslectronie
crest voltmeter With a 50-ohm resistor across its terminals
was used for most of these measurements. For the wing—to~
tail and nose~to-tail discharges, measurements were also
made with the cathode~ray oscillograph, bv placing the 50-
ohm cable inside the fuselages from the tail of the airplane
up to ons of the seats. The addition of the me=suring
cable was found (as checked with the crest voltmeter) to
have very little effect on the magniiuvde of the induced
Voltage being measured in these experiments. fThis is ac-
counted for by there being such a mu.tiplicity of condue-
tors in the fuselage from tail to seat that the saddition

of one more (the measuring cable) hss little effect. The
oscillogram in figure 1Y is a record of the induced voltage
between the rear seat and the control stick for a wing-to-
tail discharge.

The schematic diagram of the PT-19A in figure 16 shows
all of the control handles and knobs with which a pilot
might come in contact and assigns 2 letter to each of them.
Voltages wsre measured from the seat to each of these let-
tered points and the results are given in table IV. All
values measured were below the safe value of 500 wmoltis;
therefore, it is concluded that the personned in an alrecraft,
with a welded steel tube fuselage, would be well protected,
even without additional lightning conductors, from electric
shock due to induced voltages during a lightning discharge
through the aircraft.

CONCLUSIONS

The results of the experiments previously described
indicate some general princivles to be followed for the
protection of th= personnel in a2 nonmetsllic aireraft
against the hazard of induced voltage when a lightning
stroke discharges through the aircraft:

1. All metal parts of the aircraft should be bonded
at as many points as feasible to form a single conductor
system inside the aircraft. Cables, wires, and tubing more
than 3 feet long should be bonded at both ends.

2., At places, such as the pilot's seats, where an

occupant of the aircraft is likely to come in contact with
two or more conducting parts on this conductor system,
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special care must te taken in bonding the metal narts. At
such places a8ll control cables and other mestal parts which
gxtend over any appraciable length of the aircraft should
o beonded directly to OxﬂOJ points with leads having a
minimum inductance, baf oz uonn< cting to any exnosed netal
parts.
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3. A1l contreol cahles, radio wires, and other con-
ductors extending for an appreciable length of the aircraft
should Dbe kept fairly closs together in one small part of
the cross-sectional area of the fuselage, so that they can

|

be casily ated from the personnei. 3etween points at
which they 11 ticzd together, they should be insulated

4. The zddition of cxtra lightning ccancductors outside
the aircraft connccted in vparallel with the inside systen
of conductors, in general,decreases the magnitude of the
induced voltages ide th~ alrcratit.

Botilihe ieolof  lnstlatid on pedals, control stick, and
8o forth, aight recduce the rege passing through the pilote
fizbs by a factor cf 10 or more, but 1t 1is ¥ery donbttnail 1f
suck insulaticn covld be rolied upon under all conditions,
Honce its wse should not be regarded as a Jjustificetion for
£ o
0:aitting any bonding of ccnducting nembers.

8., The provision of a comnleote lightning conductor
gsystem insulated from the control cables and personnel secms
to constitute an impracticnl ideal.

m., Currents ianduced in animal tissue by transformer
nction from rapidly varying currents can proc

muscular contractiorn, thoug perhaps not vnntrirul“r
f£ibrillation. Hence the nruvic%oq of o pilurselity foF
llfltn.n; concduct o*s eleactrically in parallel and on
opposite sides of the nersonnel is desirs
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8. Tre vperscnnel esnclcsed in 2n ail ft whieh has a
selage ¢f metal framework construction are reasonabdly vell
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Table I - Induced voltages in glider XCG-7 as measured by the electronic
crest voltmeter with a 50-ohm resistor ecross its termninals.
35-kiloampere discharge through glider (see figure 6).
polarity indicates that the potential of the seat was above
ground by more than the potential of the other point.

A positive

Voltage measured | No extra conductors One One Three Six
from front seat | Minimum |Recommended | 6" wide | No. 12| No. 12 No. 12
to Bonding Bonding Cu strip| Wire Wires Wires
Cable release !
knob + 2200% + 800 + 500 + 500 |+ 350 + 200
Right pedal + 1300%* + 650% + 400 « 500 | + 350 + 250
Flap control
cranic - 450 - 500 - 500 | - 500 - 350
Flap control - 4ooox | - 100 - 140 |- 200 |- 180 - 50

*Values considered hazardous to glider personnel

Table II - Computations based on the induced voltages between front seat and
right pedal of glider XCG-7 as measured by the crest voltmeter
with a 50-ohm resistor across its terminals,

No extra conductors One One Three Six
Minimum |Recommended | 6" wide | No. 12 No. 12 | No. 12
Bonding | Bonding Cu strip Wire Wires Wires
Peak voltage as
measured 1300% 650* 400 500 350 250
Maximum of fund.
comp.of induced 868* Y3l 207 333 233 167
voltage
Mutual inductance
in microhenries 0.13* 0.066* 0.04 0.05 | 0.035 0.025
Maximum induced
voltage(for an 19,000% g, 500% 5,800 7,200 5,000 3,600
actual lightning
stroke)
Maximum quantity
through occupant 26% 1l 9 10 i 5
in microcoulombs
(for an actual
lightning stroke)

*Values considered hazardous to glider personnel




NACA ARR No. 4I38 39

Table III - Induced voltages in Glider XCG-7 as measured by the electronic crest

voltmeter with 50 obms across its terminals.

Six No. 12 copper wire external lightning conductors were added in
parallel with the inside conductor system. 35000-ampere discharge
through glider.

Voltmeter connected Crest Volts

From _To as measured
Front Seat| Elevator trimmer control =250

" " | Rudder " " -250

" " | Radlo switch =750*

" " | Talk knob -400

" " | Left pedal +250

" " | Nut on control wheel <200

f " | Bottom of control stick <200
Rear Seat | Nut on control wheel <200

" " Bottom of control stick <200

" " Right pedal <200

" " Left Pedal <200

sValues considered hazardous to glider personnel
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Table IV - Induced voltages in plane PT19A as measured by electronic crest

voltmeter with 50 ohms across its terminals or from C R O

oscillogrems. 38000-ampere discharge through plane (see fig.l12).

A negative polarity indicates that the potential of the seat was
above ground by more than the potential of the other peint.

Voltage measured from
geat to

Control stick - J
Trimmer control - T
Throttle - H

Ges tank control - G
Flap control - F
Wobble pump - W
Ignition - I

Left pedal - P
Right pedal - P
Hand brake - B
Control lock - L

Carburetor - C

Front Cockpit Rear Cockpit
Discharge path Discharge Path
Wing Nose | Wing Wing Nose Wing
to to to to to to
Tail Tail | Wing Tail Tail Wing
<100 | <100 | <100 475 350 170
-300 | -300| 200 -290 | =260 200
¢50 | <100 | <100 - - <160
<50 <100 | <00 150 - <160
- <100 | <100 220 - <160
- <100 | (100 150 - <160
- <100 | <100 180 - <160
<50 | <100 | <100 250 210 | <160
<50 <100 | <100 180 190 <160
- <100 | <100 - - -
<50 - - 170 - <160
- <100 - - <160
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Figure 1. - Circuit equivalent to human body ghunted by
lightning conductor.
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To 100 kv
Rectifier

To Trigger
Circuit
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—~ To GCathode Ray Oscillograph
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Figu;e 4. -

Schematic diagram of connection of PT 19 A
to surge current generator.

Fig. 4




Figure 5.- Fuselage section of glider
surge tests.

XCG-7 placed near surge-current generator for
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Figure 6.- Oscillogram of discharge current through glider
XCG-7. Time scale of abscissas is indicated in
microseconds.

Figure 7.- Oscillogram of rate of change of discharge cur-
rent through glider XCG-7 (slow sweep on ¢ R 0).
Time scale is in microseconds.




NACA ARR No. 4128 Figs. 8,10

Figure 8.- Initial portion of di/dt as in figure 7 but with
faster sweep on oscillograph. Numbers on scale
of abscissas show time in microseconds.

Figure 10.- Oscillogram of induced voltage from "front seat"

to "cable release knob" in glider XCG-7. Time is
indicated in microseconds. Value is less than shown in column
2 of Table I because of presence of oscillograph cable.
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Figure 9.- Fairchild PT19A trainer plane placed near surge-current generator for surge
tests. Connections shown are for surge from right wing to tail.
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Figs. 11,1<

Figure 1ll.- Oscillogram of induced voltage from nose of gli-

der XCG-7 to rear of main fuselage section. Wire
run from measuring cable and divider in nose to rear along
the central axis of the glider. Note that voltage exceeded
10,000 volts for several microseconds.

4

Figure 13.- Oscillogram of discharge current through PT194
wing to wing. Time scale is in microseconds.
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1 e l?\?n’lo v v

Figure 13.- Oscillogram
of rate of
change of discharge
current through PT19A
wing to wing with slow
sweep on the oscillo-

Figure 14.- Same as in-

itial part
of figure 13, but with
faster sweep on oscil-
lograph. Time scale is
indicated in micro-
seconds.

Figure 15.- Oscillogram

of induced
voltage from rear seat
to control stick of
PT19A. Main discharge
from wing to tail.
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Figure 16.- Diagram of PT 19 A showing current-
surge test connections.
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