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ABSTRACT from the cloud to the ground . When the leader
reaches the ground or joins with a second

In this paper, transmission line theory Is used leader propagating up from the ground , the
to model the current waveform in a lightniig heavy current which characterizes the main
flash to ground . By adjusting the resistance, stroke (also called the return stroke) begins .
Inductance, capacitance, and the initial voltage LJr*til 4recently, a model devel oped by Bruce and
distribution wi thin the channel , all wi thin Golde has had widespread use. However, this
reasonable limits , we are able to construct model describes the current flowing in the
waveforms with rise times of between 1 and 10 maIn stroke as only a function of time which
microseconds and times to one half of peak Is of the form
value of between 10 and 250 microseconds. These
waveforms are then used to compute electrical i — 

~ 
(e~~

t 
- e~~

t).
and magnetic fields to determine indirect as
wel l as direct effects on aircraft. The Bruce—Golde model is plotted In figure 1

for representative values of n and 8.
I. INTRODUCTI(~N

In this paper we investigate the behavior of the
lightning current waveform and voltage distribu—
tion as functions of both time and altitude.
The approach is to use a mathematical model of a e 2Xl04 sec 1
lig htning stroke which reduces to the trans- B • 2X105 sec~mission line equation and then to solve these
equations. Three different solutions are
presanted and analyzed . If the resistance ,
conductance, inductance and capacitance are 610constant and the boundary data are suitable, a
closed form exact solution exists . An alterna-
tive computational method is to use a fourier
series approach. However, this method has
serious drawbacks which will be discussed. A .41

case of non-constant coefficients and the most 
0 flthird possibility , and one which works in the

general boundary data, is a finite difference
method . In Section II the basic equations will
be exhibited. I n Sections III , IV and V. we 2I~will derive and discuss successively the exact
solution , the finite difference solution and
the fourier series solution. In Section VI,
the three methods will be compared.

It Is generally agreed (see Bewley
1 , Uman2, 10 b 20X10 ° 30X10 ° t

Wagner ) that a typical lightning stroke begins Figure 1 Bruce-Gol de Model , I vs t
with the propagation of a negatively charged
channel or streamer, called the stepped leader,
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As a genera11zati~n of the Bruce-Golde model , 
+ ~i + Ri 0Dennis and Pierce considered the current in ix it (2a )

the main stroke to be of the form
-i~(t-x/u ) ~~(t~x/u)) + C + GV = 0 (2b)1 10 (e - e 1X ~~~

Althou gh this mod ificat ion corrects the defect We now assume that the energy loss due to the
of the Bruce-Golde model of no dependence on conductance term is small compared to the other
height , the Dennis-Pierce model has Its own equations , so that 0 ‘ 0.
defects . In figure 2. the Dennis- Pierce
current function is plotted for representative If equations (2) are combined , then both I and
values of i , B and u. v satisfy the equation:

2
4 -l2X10 sec 2 LC --- --

~~ - PC ~~~ 0 
(3)

B —  2Xl 5 -l0 sec
.RI0 U 3XlO 8 rn/sec Again following Kim et al 6, we note that at or

dinear peak current -
~

-
~~ z 0 and equation (3) for

the current reduces to the wave equation :

2
~ ic~ .!-~- r 0

so that IC is related to the speed of propaga-
.4I~ tion of the peak current. In fact , we have

V = l/,{~ . Therefore, we agree with Kim et al
that the inductance term should be Included.

The boundary condition at X - 0, the ground ,
and at x = H , the cloud F~eIg ht and the initi al
condition at t - 0 need to be specified . First ,
the voltage at the ground Is assumed to be zero
while the current at the cloud is assumed to be
a small constant value which is taken to zero .

2OX1O~~ 3OX1O~~ t Hence , the boundary conditions are:10
Figure 2 Dennis-Pierce Model , I vs t

v (0, t) = 0 (4a )
For small time r,. the behavior of the Pennis- (H, t) = 0 (4b)
Pierce model is as desired . Tha t is, at a
given height above the ground , the current At the initial time t = 0, the voltage distribu-
vanishes identicall y for a short time, rises tion is assumed to be a known constant except
rapidl y to a maximum value and then drops off. at the ground where it rapidly decreases to
However, it is also required that the peak zero , while the time derivative of the current
current with respect to time fall off with at t = 0 Is assumed be vanish identicall y.
al titude , and this is not satisfied by the Hence, the initial conditions are :
Denn is-Pierce model . Therefore, we have
adopted a full transmission line model in line 

~, ~~~~, 0) V0 
(Sa l

with the work of Kim et a1 6.

I I .  THE PIATHF’IATICAL MODEL -~
-
~

- Cx , 0) = 0 (Sb)

Accord ing to Bewley 1
, the equations to use in If equation (2a ) is evaluated at x H and (4b)model i ng a l ig htning stroke are: is used , then we have:

— - RI i~Y. (H , t) - 0 (6)

= ~ 
Now, evaluatin g equation (2a) at t = 0 and

(1) substitut ing in equation (5a ) and (5b), one
obtains that i(x , O)~O except at the ground .

However, these equations ignore the existence if this is now substituted Into equation ~2b).
of an inductance term which is critical in which has been evaluated at t — 0, one obtains
determining the time required to reach the that
initial peak current. Therefore, followi ng 3v (x , 0) • 0 (7) /
Kim et al we propose to use the tel egraph
equation with all terms Included .
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We now have that v satisfies the differential
equation (3), initial conditions (5a ) and (7) U 

JJ[~j
(W ~ - 

3W 2 3 ~W
and boundary conditions (4a) and (6). For ~t ~~ 

Lu + ci ~~ 
(
~y U -

ease of later reference, we now write these as: 
+ ~ 

2 3W K2

32v 2 - ci - r Wi) dX dt (10)
- IC —i - RC • U (Ba )

But if W also satisfies equation (9a ) then
v Cx , 0) • V0 (B b ) equation (10) reduces to

f
t0 

~

. X0+ci(t0-t)

0)— 0 (Bc ) 0 - j J [fr (W~~ - ~-~- tP )
o X~+c~(t- t~)

v (O , t) .O (lId)
2 3 3W 

~ 
3U)) dX dt (11)S +~~~ 

-
~~~~~~ (~~~~~~~

U- 
~~~~

(Re)

If we now make the change of variables
These constitute a well- posed initial -boundary
value  problem for a hyperbolic partial differen- - x -

tial equation . Once we have solved for v , we
can then Integrate equation (2b) to determine • X + ci t

lix , t), using equation (4b) as an initial (or then equation (11) becomes
final ) condition .

t’~2 II I I .  THE EXACT SOLUTION 0 3 3W W 
~~
) d1 dn

In this section we will use the Rieman Method 7 ~ ~l 

U -

to obtain an exact closed form solution to the r~2 c~2problem described by equations (B) In the case
of constant coefficients . We follow the + I r (U ~~

-
~
- - W ~~) d~ dr (12)

develo~~ent of reference (8). If constants K J~l J~~

and ci are defi ned by K • and ci • lvt~ then where the limits of integration are Indicated
a new function U(X , t) Is defined by: in the diagram

K
U(X. t) • v ( X , t) e~~,

and U satisfies the equations

• 3x 

N 
___________ 0

3~U ~~u ~
2 3 2

~- - !0 (9a )

U
U (X , 0) — V0 (Qb)

• 1-
-
~~~~ 

(x , 0) - ~ V 0 (9c ) Li

U (0, t) • 0 (gd ) 
Now if — 0 on the l i ne ~ - and U
on the line ~ 

• n then , after performing the
integration of ex~ct differentia ls, equation

~~ (H, t) • 0 (9.) (12) becomes

let (X , t ) be a po int in ((X , t); X~~O, tO ] 
W(M) 11(M) - [w(P) u(P) + W(()) U(Q)]/2

such t~at 
9(~ - cit0 “ 0. If equation (9a) Is 

+ (w ~U - U + U - w ~U dS (13)multiplied by an arbitrary function W(x,t)
having two continuous derivatives and Integrated
on the domain of dependence then we have where S is arc length along the line segment

(t0 (X0+o(t0-t ) 
32U 2 ~2o J0 Jx0+ci(t_t0) (~~~~~~ ~ 

- ~4J] dX dt In 
~~ , 

,
~ 
coordinates W must satisfy the equa-

tions:
-3-

~~~~~~ ~~~~~~~~ -~ : -  ~
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• 
K2 2 Xscit

W 0 K t  I
TI ~~~~ 

+ 
~~~~

— I U(S, 0)11 (i1) /~ ’ dS (15)
J X—cit

- O on ~ - where 10 a nd 11 are standard modified bessel
functions.

- 0 on3 — 

~2 
(14) In order for equation (15) to be a solutIon of

equation (8) U(S, 0) must have two continuous

But if a new variable r Is Introduced to be derivatives and (S. 0) must have one

continuous derivative. Moreover , for X - •t t  0,K , r )  ~l/2T — — “ - “2’ we need to know U(S , 0) and 
~~ 

CS , 0) for S 0. ‘

then W satisfies the equation To accomp lish this we define V0 of equation(Rb) to be v0(x) where
d2W 1

T 
+ W 0 V0(X)-v 0X

2 (3-2X/l00)/10000 for 0 ~ X~~l00 meter
+

for 100 < Xso that o — 0

— — 
1/2 )1/2) —-V (-X) for X .- 0 (16)) (TI-

Then tJ(X . 0)- V0(x) and~ -~ CX. 0)- ~~v0( X )
satisfies equation (14) and Is the desired
function for equatIon (13). Moreover W(M) — In equation (9b) and (9c). In this sectIon we
W(P) - W( Q ) - 1 so tha t equa ti on (1 3 ) becomes wi ll rest r ic t  CX , t) so that X • cit H so

boundary condition (9e) will not be i~ concern .
11(M) = [u(P) + U(Q)] / 2 In Section V I we wi l l  show that the finite

difference method gives fesults identical with
J

+ (J ~~ - U ~~~~~~ + U ~~~~~~ - ) dS the exact solution of this section , so that for
o 3’, 3’, 3E 0 computational purposes one can use finite

differences . With the Inclusion of equation

If we now transform back to X , t coordinates we 
(76), equat ion ( 15) may now be evaluated for

arrive at the result 
particular values of (X , t) satisf ying
X + ~t t  H . One then obtains a solution of

( I(x , t) = ( tJ (X  — cit . 0) + U(X + cit . 0))!? 
equa t io ns ( R )

Kby using the fact that v(X , t)

= u (X , t) e that K — and that = 1/IC.

+ ~~~ J ~ 
(c;) 311 CS , 0) dS I _fINJJE DIFFERENCE SOLUTION

o
X-cit For a back ground of finite difference theory,

we recormnend Reference (9) Chapter 9. We w i ll
briefl y describe our derivation .

X x’it
_~~~~t

1

8 J J0 
( c ’) I ~’ U(S, 0) dS If we expand the functions V(X + h , t) and

v(x — h , t )  a Taylor series about h = 0 we
X—cit obtain

1/2 v(x+h ,t) — v(x ,t) + h 
~~~~ 

(x ,t )K r (S-X)2 
- t21 

+ 
~~~

- 
~~~~~~ (x,t )  + 0(h 3)

2where~~

However , since X - cit < S <  X + cit, (S— X)2/

ci2 - t2 < 0, so we will define
21/2 v(x-h ,t) v(x ,t) - h 

~~~~ (x,t)
K 2 (S — x)

- Ct  - 2 — Io and the representation 
+ ~!. 

~~~~ 

(x, t) + 0(h3)ci

for U becomes

u(X, t) = (u(x - it, 0) + U(X + cit. o))/2 Now If we subtract V(X-h ,t) from V(X+h ,t) we
obtain

v (x+h ,t) - v (x—h ,t) — 2h 
~~ 

(x ,t)  + 0(h3)

h I I0 (a) -~ CS, 0)311

_ _  

-

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~

— - 
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Therefore we have that or

(x,t) - (V (x+h,t) - V(x-h ,t))/2h + 0(h 2 ) 
f ’/f • LC g”/g 4 RC g’/g • - A2n

where A~ is a separation constant to be
What this tells us is that the difference determined .
quot ient (V (X+h .t) - V (X-h ,t))/2h is a second Therefore f and g satisfy
order approximation of the derivative

f ” (X) + ) f (X)  — 0a~d that the truncation error is of the order
h’. Similarly we can approximate second andderivatives by —

g”(t) + R/L g (t) + A~/LC g(t) — 0

• 32v(xLt) — 
v (x+h,t) - 2V(x,t) + V (X—h J[t) + 0(h2)

ax’ h2 • Because of boundary condition (8d) and (Be)

so tha t equation (Ba ) may be written as f(X) - An s i n X

V(x+~x,t )  - 2V ( X ,t) + V(X-~ XAti~ + O(AX 2 ) where A = (2n~ l)vi 
for n 0 , +1 , ±2 ,n 2H —

Al so, because of initial condition (Bc),

~~~~~ ~V (X.t+i5t) — 2V (X t) • v(X,t—~t) + O(~t~)) g(t) U B~ [e (_ 2L+s)t 
• (S_R/2L)e 2

~~~
t/

~~ ~~~~~~ 
- Y(X ,t-At ) + ~ (~5~2 ) J  • 

(5 +R/2 1))

where S - (R 2/4L2 - A~ /LC)
L
~
2

Therefore, i f  we dr op the O(~X2) and O(At2)
terms and simp lify, we have Therefore , a function of the form

v(x,t+ t) (1+ — 2V ( X ,t) + V (X ,t—~ t)  V ( X , t )  — 
~ 

A sin A n X fe~~~I’2~
t

n—O n

(v(x+~x ,t )  - 2V (X ,t)] + (S-R/2L) e~~~~~
2
~~

t/ (S+R/2L] ( 19)— 1 , +

+ V(x—~x ,t )  satisfies conditions (Bc), (lId) and (8e) and
if the series converges after two derivatives

Since this is an explicit scheme, for stability are taken under the suewnation , i t also
reasons (see [9, p489]), we must restrict ~t 

.. satisfies (8a). To satisfy condition (8b) we
so that ~t < ~X vt~. We choose ~t — ~x P4.~~~ 

use the orthogonality of the sine function .
That is,

so tha t ~~~~~~~~~~ • 1 and equation (17) becomes 
Hf sin A ,~X sin A kX - 0 if k ~ N

J O
V(X . t +At) (1+ ) — V(X,t-At) (~~! - 1) - H/2 if k - N

+ v(x+~X,t) + v(x—~x,t )  (la) Hence, if equatIon (19) is evaluated at t— O and
• then multip led by sin XkX and integrated from 0

This equation may now be used to generate a to H we obtain
solution of equations (8). The results will be

— discussed in Section VI. H
I V (X ,O) sin XkX dX — A k

V. FOURIER SERIES SOLUTION 
[l+(S-R/21/ (S+R/21)) (20)

A third alternative for solving equations (8) J a
Is to use separation of variables . If we
assisne V (X,t) is the produce of a function of Equation (20) is used to determine the
X and a function of t, then coefficients Ak.

V(X,t) — f(X) g(t) VI. COMPARISON OF THE METHODS

and equation (8.) becomes In figure 3, V(X ,t) is plotted versus t for
three different values of X using the exact

f”(X)g(t) - LCf(X)g” (t) - R C f ( X ) g’(t) — o solution method of Section III. The integrals
were evaluated using a 40 point trapazoidal
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rule. This number of points was needed tc 6. 0. 0. Vim , C, . A. flubro , I. P. Tessler , and
avoid spurious osci ll ations in the solut lo- for P . 1. Borjgess, Transmission Line Theory
values of t greater than 7 X 10—6 . This is due Applied to Aircraft Lig htning Interactions
to the fact that the interval of integration is Proceedings of IEEE 1977 Internationa l SyTnposiia,i
(x- ~t , x+.-*t) and therefore increases In length on Electroma gnet Ic Compatibility, Seattle ,
as t Increases . Each integration required Wash lngton ,-A ugu st 2-4, 1977 , IEEE Publishers,
approx imately one minute of calculation time 77CH1231-O EMC .
on the Hewlett Packard 9830, so a plot
consisting of 20 poInts required 20 minutes and 7. A. N. Tychanov and A. A. Samarski , Partial
fi gure 3 together required 1 hour to generate. Di fferential Equations of Mathematic al Pj~ysics ,Vo l ume I, Holden-Day, S~~ Francisco, T951 ,The finite difference solutions corresponding pp. Th7- l lO .
to fi gure 3 are depicted in fi gure ~~. To
compute the finite difference solutions , a P. N. S. Koshl yakov , M . M. Smirnov and
grid of 81 points In the X-direct ion and points E. B. Gl iner , Di fferential Equations of
spaced \t apart in the t-direction with Mathematical Physics , North -Holland Publishing

= [LC ]~
’2 ‘~X H/80 was ised . The ~pany , A~~terdam , 1 964, pp. 72-74 .

comp utational time for the entire finite 9. E. Isaacson and H. B. Keller Anal ysis ofdi fference grid of 70 different heig hts and Numer ical Methods , John Wi l ey & Sons, New
50 time steps required onl y 20 minutes , so Y~}~ , l966~ jpTi42-53o.f gure 4 was generated in onl y 20 minutes
compared to 60 minutes for 1.

• TABLE 1
The Fourier Series solut ion is depicted in
fi gure 5. To obtain a relativel y accurate I. METHOD - Exact
solution , #0 terms of the fourier series were ACC IJRACY - F x a c t

C°~P’JTATIONAL TIME - One hour for 20 pointsrequired. Consequentl y, each of fi gure 5
required 33 minutes of computation time for a on each of 3 plots.

total of 1 hour 39 minutes for all three
I!. METHOD - Finite Difference

ACC URACY - #1 grid points in X directionTabl e 1 summarIzes the comparison of these
methods . The conclusion to be drawn is that yield nearl y exact solutions.
for computational purposes the finite difference COMP ’JTATIONAL TIME — 20 minutes for 3950

method is the one to use. points to be computed although onl y 1 5(1
were p lotted .

In fi gure 6 we plotted the current distribution III. METHOD - Fourier Seriesobtained from finite differences as a function
of time for several heig hts as indicated . ACCURACY - 80 term s in the series yielded
From these plots one reaches the conclusion reasonable accuracy althou g h spurious

that , at heig ht X , the current remains zero osc i l la t ions typical of fourier series
from t=0 until t— X/C at which time the were sti l l  there.

COMPUTATIONAL TIME - One hour 39 min utes .current rises abruptl y to its maximum value and
then decreases  to zero . The maximum value of
the current is  g rea tes t  c l o s e  to the ground and
this maximum value fa l ls  off  rap idly with
hei ght. V

(1
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ABSTRACT equipment.

This paper describes a transmission line model Detailed numerical studies48 of arc development
of a cloud-to—ground return stroke in which the have been carried Out In cylindrical and
non-linear breakdown physics is included. Con- spherical syninetry for assumed current time
sistent channel and line parameters are deter- histories. These analyses have established the
mined from the past current time history using time and spatial development of the related plasma
a shock wave (Braginskii type) model of the parameters , I. e., temperature , pressure , particle
channel arc. The model shows peak currents, densities, conductivity , arc radius , etc., for
decay times, and scale heights (lengths) similar specified currents but not for natural self
to linear models. It also provides current rise consistent ones. The actual current and the
times and rise rates well In accord with channel arc Interact in a l ightn ing d i scharge
measured data. It Indicates that the velocity to a high degree especially in the early phase
of propagation of the current wave declines wi th when both the current and arc plasma are
elevation , as observed photographically, even building , A self consistent model is needed to
when the line model Is Initially uniform in describe the buildup phase which determines such
temperature and channel diameter. Most Impor- Important current parameters as maximum rate of
tantly, It predicts a substantial decline in rise (or rise time) and propagation velocity .
current rise rate with elevation or distance
from the dIscharge initiation. The ri .e time The close agreement between the step excited
increases faster with elevation than the ampli - currents on vertical conducting wi res over
tude declines. The rise —ate declines much conducting ground and tho~e on a transmissionfaster than current amplitude , line has been established~. This forms a justi-

fication for the economical and traditional line
BACKGROUND model of the return stroke.

Most analytical models1 ’2’3 of lightning return TECHNICAL APPROACH
strokes have either assumed current time
histories Impressed upon assumed discha rge It is assumed that the branched structure of the
geometries or have involved linear charged charged cloud-to-ground leader system can be
transmission line models from which currents represented for channel current calculations as
and fields are calculated. The line models a network of transmission line segments. The
predict reasonable peak currents, pulse dura- current so obtained can be used wi th an assumed
tions, and propagation velocities provided the channel geometry to calculate the resultant
proper time independent lightning channel (and electromagnetic fields. Only the current calcu-
line) paramE ters are chosen. The channel lation is addressed here.
expands in ciameter by over an order of niagni-
tude during the intt~al 100 microseconds of the In the models solved to date only the equivalent
return stroke so that constant parameters line resistance per unit length (R) is con-
cannot adequately represent the entire pulse sidered non-linear and time varying. In
period. Further, the usual linear time m dc- principle, since the channel radius changes
pendent line model produces a step rise in significantly with time and the channel is 

~ 10current and, hence, contains no information on geometrically more nearly a vertical monopole ‘
the current rise rate which determines the than a linear transmission line , the Inductance
level of induced lightning transients in exposed 1. (1) and capacitance (C) per unit length should
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also be time functions. These invo lve logs of The resistance models developed for use here ar~time varying terms and are themselves weak time based on the spark channel model of Braginskii
functions lO ,lI . Inclusion of this time depen- This relatively simple model assumes that a con-
dence is planned for later models. The channel ducting charnel has been established prior to
tortuosity (random path bending) and corona the initiation of the spark by prebreakdown ,
sheath charge storage effects are included as streamer , and/or leader processes. The resul-
modifications to the L and C values or equival- tant arc radius , temperature, pressure , etc.
ently as modification to the hot channel (R 0) are determined from the spark current time
velocity factor (v f) and characteristic iniped- history . The current is assumed to heat (i 2R
ance (ZQ). Some of the charge stored in the loss) the initially conducting arc plasma to
sheath during l eader formation is retrievable higher temperatures and tens of atmospheres of
during the return stroke. This is accouiited for pressure. This condition produces a hydro-
by assum ing a larger effective conductor radius dynamic shock wave in the air surrounding the
for capacitance calculation than the sub-centi- spark channel resulting in rapid channel expan-
meter current carrying core. sion. Braginskii uses the strong shock approxi-

mation to simpl i fy the physical picture of the
Two line model configurations have been used. expansion process. This picture produces an
One has uniform ladder sections of constant essentially uniform electrical conductivity
parameter va lues  and represents a channel about determined from channel temperature and pressure
2 kilometers (km). The second has non—uniform which is nearly constant in time. The channel
section definitions representing progressively resistance per unit length is determined from
lon ger channel lengths and propagation times . the conductivity and the arc radius.
This one represents a total channel length of
9.6 km. This telescoping of section lengths Assuming that the conductivity (a) is time
more efficien tly utilizes the limited number of dependent, Brag inskii’ s solutions for radius
sect ions permitted by the analysis code used to (a) and channel resistance can be cast in the
solve th is network. Telescoping is justif ied form:

“ /3by the natural increase in rise time wi th pro- 2 2
pagation distance. In each of these configura- a (t) = a0 + 61

t(l
Zlt;)

1 
dt (1)

tions, the discharge is assumed to start when a o
groundward propagating negative l eader from the
c loud meets an upward positive leader from the R(t ) = ~ a(t)a

2
(t) (2)ground. The height of the merger point was

taken as 100 meters. The first configuration Here a0 is the radius at the current arrival ormodel is shown in Figure 1. The charge on th e starting time ; it is an initial condition forchannel is discharged after merger by propaga- the program. This form “llows “updating ” oft ing current waves which spread out from the model segment resistances from local currentmerger point, va lues . If , as Braglns kii did , we take a to be
time independent, ~l) and (2) represent the
complete resistance model . If not , the tempera-
ture and pressure must be explicit ly calculated

.Sfld Am At. AR AL~R~~ fdV ~~~~ so that the conductivity can be determined from
‘-~~4~ - OPEN them.Rg-

5~fl [~~~~~~AC 
- 

~~~~~~~~~~~~~~~~~~ A C C~~CUIT

THE ARC MODEL OF THE LIGHTNING CHANNEL
~~~ -H --H

LEADER—GROUNDx-o STREAMER MERGER UPPER The channel geometry is assumed to be axisym-
GROUND POINT (100METERS) CHANNEl. metric or locally of cylindrical symmetry. The
END 

•~ RETURN STROKE EOUIPMENT LINE END 
channel parameters are described in terms of a

______ 
deposited energy rate set by the local currentLEADER &

STROKE \ have established representative radial contours
RETURN 

~~
GROUNT

J
’ time history (i2R loss). Detailed analyses4-8 

*
CHANNEL ‘

~~~~~~~~~~~~ER as shown in Figure 2a. The Braginskii idealiza-
- - of these parameters for lightning-like currents

tion of this picture is illustrated in Figure 2b.
b) RETURN STROKE GEOMETRY

The referenced analyses solve , in cylindrical or
F4~ure 1: Ligp,tningMod.IGeom.riy.~dConflgurmion spherical7 symmetry, the hydrodynamic equations

of continuity of mass , momentum , and energy
~transfer) together wi th two equations of state
relating pressure , temperature, mass density ,
internal energy density , etc. In Braginski i’ s

The model networks were solved wi th the time model , the numerical gridding in radius of the
domain code CIRCUS 1112. At each time step in detailed analyses is replaced by definition of

three radial regions. The central “channel ”the calculations , a model subroutine calculates
the channel resistances and corresponding sec- region contains the hot low density plasma . The
tion resistances for each section from the past channel is assumed to have all of the shock
current time history and feeds them to CIRCUS system internal energy but negligible kinetic
for the next time step calculation - energy of translation. The “shell” region

contains the mass excluded from the channel

— 1 0- 
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during Its expansion. It has negl igible thick- Where the channel parameters used are:
mess , Is relatively cool containing all the
kinetic energy of the shock, but negligible W~ internal energy (cM)
internal energy . The “ambient” reg ion comprises p pressure
everything b yond the shock or shel l radius e (t ) .  c internal energy per unit mass
It is completely unperterbed since the shock M channel mass (na 0)
velocity s(t) Is supersonic. rate of heat conduction to shell

rate of heat radiation to shell..— T

_____ 

ne,ni,no elec tron , ion , neutral particle density
_______ ‘

.3
k Boltzmann ’s constant (1.38 x 10 joule!

OK)
T Kelvin temperature (1k • 1/1000)

uI 
~ 

~0 
•0~ t) ab2l •)~3l ,‘ mass density

0

a) TYPICAL ARC CNANP4ILRAOIM PROPILU$ 
average atomic mass (kg)
average energy of dissociation and ionl-
zation per atom

000,41T 0 0  —4/
.swo” (Cp/Cr)L~
I the specific heat ratio for ionized air

P The continuity of mass condition Is contained In

~ 
‘INILL’

the model form assumption as applied to equationsI T Q.O~. D_ (3) and (4). Momentum is conserved in the den-_______________ - vation of equation (3) for the pressure-velocity

~~ CHN4NII. 
relation . Equations (4) and (5) constitute the

alt )

-
1 

energy balance equations , while equations (6)
and ~7) are the therma l and caloric equations of

El SRAOIN$ICllS MODEL IOIALIZATION state, respectively. The second form of (7) Is
used by Brag insk ii and is reported to be a good

T TEI~~ERATURE P MASS DEN$IT’V approximation with cons
P PRImEURI a CHANN ILOR SHOCK RADIUS 8000 1O ,000°K (KoK)4 ,~~,~4~ 

for I greater than

o ELECTRICAL CONDUCTIVITY v CYLINDRICAL RADIAL
OIMEN*ION Brag inskli ultimate ly assumes a to be independent

R~i,w2: A,cCha,n.1RadI~~Gson *f ry of time and temperature so that only a(t) need be
Braginski i further assumes that no net energy is determined to calculate R. Equation (5) Is un-
lost by the shock system through thermal radia- necessary except where temperature Is desired.
tion or conduction. All such losses from the He neglects radiation In favor of conduction

since the former is “difficult to computeshell are negl ig ible , and all energy lost from
the channel is re-absorbed in shell and returned accurately ” . However , radiation dominates at
to the channel as hot plasma . The latter is a practical temperatures (—1 5 K0K) and his temper-

ature estimates are excessively high. As will beresult of assuming the internal energy of the seen , when radiation is properly entered into (5),shel l to be negligible. Braginskii uses the realistic temperatures result as in Model II.piston approximation for determining the channel
and shell pressure from the shock velocity. The equations now can be combined to form

Braginskii’s equation :p • Kp0~~
’ 

(3)

is an efficiency factor slightly less than a
Here ,~ is the ambient air mass density and K i’ 2~

’ooKp[a~~
’ + T -T)

unity . This form is approximately valid when p
dais much larger than the ambient p0. The use of - 2n ~ K i~(a a )

- (3) with the channel-shell segmentation of Figure o p a at~2b constitutes the strong shock approximation. Strickly, c is a function of radius and time ,
but for power law currents and constant , aWith the preceding assumption, the equations becomes a power law and £ becomes a constant.describing the channel development are : This is the assumption Braginski i makes in
obtaining his analytical solution.

dW
(9)p ~~ (ma

’) • i
2
R (4) C — 1 + l d a

—

2(~--l )a ’ dt’

2n + 3
+ 

~~ 
(5) where i — Rtn; a._tk; k ~

- (10)

so that, integrating (10)
p • (n,+n1+n0 )kT • 

(Z+l)p~T (6) 1/ 3ma 
+ ~ft[i 1 dt (11)a — a

(7)
~p ma h-T)p
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the channel mass and a radiation factor.
2where ~ _______ 

= 
~n 

(12 )  
~tot .rad 

p a F (T) (18)VZ~c ~~ The absorption factor , in general , depends on
Using (10) in (11) and dropping a as small , the shell mass , I.e., on ~0a

’, as well as wave-
Braginskii ’ s famous analytical so?ution results: length. However , if the radiation spectrum is

i/~ 1/. ’ considered approx imately Pl a nck i an , the sha rp
a ~~~ t

~, ~ ( 1 3 ) onset of absorpt ion in oxygen and nitrogen allows
to be wr i t ten approx imately as a simple

( 1 4) function of teinp~ratur e onl y. The form used waswhere = 
~~~~~ + 3 ]  ~~~~~~ taken from Brode and ~1il l6 . It as sumes total

absorption below 1860 R (above 6 .67e .v . )  and
Agreement with measured data on laboratory arcs none above. It Is monotonic with 10 .- reabsorp-
and lightning is also good l5,l6 ,l7 ,l8~ Equa- tion at 8K°K and 90’ at 50 K°K . The function
tion ( 1 1) is numerically convenient and is used F r ( T )  is a fit to the measured data for radiated
in Mo del I w i t h the constant Brag inskii power density of Devoto l9 an~(2.22 x lO ’ mhos /meter nominal ), the theoretical data of 2

agrees we ll wi th

Model II is developed from Model I by modifica-
tion of equations (4) and (5) to include the F (t) KrT°~~

Tr/T (19)
effect of lost and reabsorbed thermal radiation
from the channel , temporal var iat ion of thermal where Kr = 2.2 x 10 , n ~~‘ Tr 20 K°K
and electrical conductivity , and low pressure
momentum transfer . The resulting equations are The hea t cond uc ti on term i n ( 7) is s i g n i f i c a n t
solved numerically without approximation at each only init ial ly below , say 15 KOK. It is related
time step of the CIRCUS transmission line solu- to the heat conductivity K1 at the channel edge.
t ion . = — 2 ’ a  

~~ 
K1( a )  = 2~a mTX (20)

The rev ised pressure-radius relation is obtained r~a
by applying Newton s second law to the shell with Evaluation of this term is tricky in that there
the ambient and shell pressures in opposition . is nothing in the model to specify ~T. It has

m aximum magnitude at r~a. A ~r value of
(p-p 0) 2~a = .\F (momentum) = rm2 to 3 wi th K1 KT (r=0) seems appropriate

from previous studies . Undoubtedly m changes
with a. The value 1(1 is a function of T and p.

= ~~ ( s h e l l  ~ass x a)  = ~~-[K~p0n(a -a )a} ( l5 )  It has an electronic constituent , dominant for
1 above 15K°K , related to the electrical con-
ductivity through the Wiedemann -Franz Law and

= 1 + ~~
- p—- (a ’ -a ’ )a (16) another due to neutrals and recombinatfon effects23

p0 a dt o The forms used for both 1 and KT are curve
fits to detailed results of Plooster 4.

~ 22where G ~~~~~~~~ 
- (p 1) = 1.52 x 10 ~ ( 21)

Equation (16 ) improves on (3) by returning p to
p~ at initial and late times . It also takes the
shell mass to be zero at initial time consistent
with an equipressure hot channel. It bridges 

___________

the gap between the weak and strong shock reg imes. 
V

ITk ~ ‘Tx lO~ (22)K1 = K1(p,T) 
~~ 

+
In equation (5), Qr is the ultraviolet (u.v.)
rad i ation from the channel which is reabsorbed
in the shel l and returned as plasma to the +
channel. It depen~s on that radiated ; i.e., on l+l0 3 (1_Tk/6)

4
channel 1,p, and a , as well as the optical
thickness of the shell 19 ,20,21 . This term Is Also, these funct i ons agree wel l  w i t h measure d
formulated as the product of the total channel data of Devoto19 . It is planned , in a later
rad iation and a re-absorption factor 

~~ model , to add a magnetic pressure (pinch effect)
term to the pressure relation (16). This effect

= 
~t0t. rad ‘ ~a 

appears to be significant at large currents of
the order of 1 00KA and at smaller radii.

The remainder of Qtot.rad is considered lost
from the system and subtracted from the source RESULTS
term i 2R in (4).

Model I has been appl i ed to configurations 1 and
I 2R-.-.~-i’R - 

~tot.rad ~~~~ 
(17) 2 for a number of initial conditions. Fiqures 3

and 4 shows t ime h i stories of currents ve rsus
The total radiated power in MQdel 11 was treated altitude for configuration 2 using Braainsk ii c
as transparent radiation 20,2’ proportiona l to constan t conductivity of 2.22 ~ IO~ mhos/meter .
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Figure 5 shows the~effect of reduced constant In order tha t the channel model used here mightconduct ivi ty of 10 mhos/meter. The most signi - be compared to others and to measured data,it
ficant effect shown In the figures, from an elec- was used with the Pierce26 lightning current.
trical transient point of view , is the rapid This current has double exponential form with
reduction in peak current rise rates with eleva- a peak of 20 KA at 1.5 us and a half value fall
tion or distance from the disc harge initiation time of 40 us. The current is shown with the
poin t. As expected , the peak amplitude declines resulting channel temperature , pressure, and
slowly and the rise time increases with eleva- radius in Figure 11.
tion. An additional effect of reduced conduc-
tivi ty is a slowing of the propagation velocity
of the current wave. The hot column veloc i ty
(a = 2.22 x iO u ) was set to 0.5 c0, but the
observed velocity of the current peaks ranged
from 0.2 - 0.3 c0. Plots of rise rate and
velocity for these cases are shown in Figure 6. 20
Velocity here is defined in terms of the arrival
of the 63% of peak current point. ‘~

16.
The value of ~he column open circuit voltage V
was set at 10’ vol ts to produce the approximately
10—20 Kilo Am peres (KA) at ground level observed ~ I2.

in the figures . When V was increased to 10 ,
the peak currents increased to approximately 250 8.
KA (Figure 7) and the rise portion was speeded
up in terms of rise time and propagation velocity ~ 6.

(—.4 c0). Rise rate and velocity data are shown 4.

in Figure 8. The initial radius used in all of 2.
the calculations described in this paper was 1 

_________________________0.millimeter. 0. 20 40. 60. 80. tOO 120. 140. ~~~~. ~~ .
TIME (MICROSECONDS)

In Model II  both channel radius and temperature
are In itialized. The latter was chosen to be Figure 3: Model I, Configuration2(o=2.22E4)
10 K°K in the case displayed. Figure 9 shows
current time history versus altitude for con-
figuration 2 and V ~~~ This is the counter-
part of the Model I run shown in Figure 3. Its
rise rate and velocity dependence are shown in
Figure 10. The lower rise rates and slower
velocities result from the decreased channel
development rate caused by the Initially l ower
electrical conductivity .

The most significant result from the model data 20.
obtained thus far is the rapid decline in the
current rise rate with elevation. This would Om
indicate that cloud—to-ground lightning return
strokes represent a much greater electrical ____________________________

transient threat at ground level than to

would produce very pessimistic transient
aircraft at elevation. Measured “ground current ~ ~ 12

estimates to aircraft in fl ight. It is easy Z s.-a
to Imagine that the leader attachment phase or
intracloud lightning represent a more severe 

4 / / ~*O0m

threat even with their lower (on the average) j  ~ 
J2200mpeak currents. This Is because of the closer

proximity to the discharge initiation point.
The model current shows a smooth increase from 0. IG 20. 30. 40.

zero current with all lower order derivat ives TIME IMICROSECOND$)

apparently vanishing at current onset. This 
~iwre4: Model 1, CornYguration 1(o—2.22E4)

smoothing effect increases rapidly with
elevation. It may explain why little VHF
energy is detected in the radiated fields of
cloud-to-ground return strokes ’4’25. Most of
the observed VHF energy appears to be associated
with leader development and intracloud
discharges whose high current rise rate
discharge Initiation points are elevated and
hence more readily observed at a distance .

-13-

-~ ~~=-~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - v~~ ’1- . J ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _ _ _ _ _

ALTITUDE IN KM
4

is. 250. - 121.

0. tO. 20. 30. 40. 0. 20. 40. 60. 80. 100. 120. 140. 180. 180. 200-

TIME (MICROSECOIIIOS( TIME (MICROSECONDS)

Figure 5: Mod.! I, Con f iguration Ha - 1.0E4) figure 7: Model 1, Conf iguration 2.
Vmax• 1.E8, a 2.22E4

MAX >80
TYP 10

I MI N< 1  -~

— 7° ~_P)ERCE MOOFL20KAD.E.
‘
~~“87KNU SAT SOM MODEL 1(0 - 2.22 ’ 1O~) ,~~

_______________________  ~~ l200.
-a -a——

50 MOO EL I ( 0 - % * 104)
~ 1000. 0.5

40 a --’-’ .2 ~ VELOCITY FACTOR 0
VELOCITIES 4 800. 0,4

30 
~~~ eO0. O.3~~

~~ ~~
___________________  !‘ 0

0 T m1r
~~ T—.

ALTITUDE 1KM) ALTITUDE (1(M)

Figure 6: PIM’ Current a~Se Rates & Pmpag.tion Figure 8: P~Wc f isse lbtes & P~op~~aEion Velocity Facto rs
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ELECTRIC FIELDS IN THUNDERCLOUDS
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ABSTRACT 
- -

The electric field inside thunderclouds in
central New Mexico appears to be closely coupled swivel (I 

______________

to the winds and radar echo structure. These
relationships are revealed by measurements with
a balloon—borne electric—field meter made simul-
taneously with a high—resolution vertically
scanning radar and a variety of other ground—
based instruments. monof)lament 35m

BACKGROUND 15cm

For several years we have been conducting
measurements to delineate the structure of the die lectric
isola ted , relatively smell thunderstorms over shaft bearing
Langmuir Laboratory in central New Mexico. otor -

The main objective of our work is to learn how m

thunderstorms produce the intense electrifi— copper

cation that causes lightning a’id to find out the 
L—2m - 

spheres

connection between winds , precipitation , space
charge, and lightning. Although the basic FIGURE 1. BALLOON—BORNE ELECTRIC FIELD METER
questions (e.g., What causes electricity in
thunderclouds?) are still unanswered , we are SPAC E CHARGE NEAR THE GROUND
beginning to learn some interesting things .

One of the most characteristic featuros of our
We shall begin with a brief description of the electric field records is a rapid increase in
balloon—borne elec tric field meter , and then electric field strength soon after the balloon
presen t some results from its use on both leaves the ground . This rapid increase is
captive and free balloons , caused by a space—charge layer just above the

ground that comes from corona discharges at the
ELECTRIC FIELD METER tips of the leaves and other sharp protrusions

attached to the earth. The upper graph in Fig—
Two copper spheres serve both as sensors and as ure 2 compares the electric field record from an
a telemetry antenna for the electric field instrument carried on a captive balloon with the
meter.1 The electronic circuits and batteries record from a ground—based instrument .2 The
are loca ted inside the spheres. This arrange— electric field was intense enough to cause sub—
ment avoids sharp metallic protrusions that stantial corona from pointed objects attached m
would give rise to corona discharges in the the earth, but it was nearly constant during the
intense electric fields inside thunderclouds , first two—thirds of the interval shown . There
The spheres are attached to a horizontal die— were no lightning flashes during this interval .
lectric shaft that rotates about its axis as The lower graph shows the altitude of the
shown in Figure 1. The shaf t precesses slowly balloon vs. time. Notice how the electric field
about a vertical axis . The spheres are electri— increased by a factor of four in the first 200
cally connected to each other through circuits meters above the ground . This implies a space
that detect the charge induced on them by the charge density of about 0.5 nanoCoulombs per
thunderstorm ’s elec tric field . The orientation cubic meter . The electric field at the ground
of the instrument in space is given by sensors became lees intense near the end of the interval
of gravity and/or magnetic fields. All signals shown as it changed polarity. As a result , the
are telemetered to ground . With this data it j~ corona became less intense , the space—charge
possible to determine all three components of layer cleared , (by advect ion or other transpor t
the electric vector . mechanisms) and the electric field was no longer

a strong function of altitude.
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The bottom trace is the electric field at the
ground. The same vertical scale has been used

2O~Vm~ for E in all four traces to facilitate compari—
aloft sans ; it is apparent that the electric field

thundercloud than it is at the ground . The
most intense field encountered during this~~~~~~ 
strength can be very much greater inside a

____________________ flight was about 100 kV/m , or about 1000 Volts
sur.cce per centimeter.

Figure 4 is ar interpretive drawing of the
storm , incorporating electric field data frcm
the balloon—borne instrument , wind data deduced

3°

~~~~~~ 

from the motion of the balloon , and radar data
showing echos from the cloud . The space—charge
layer near the ground had a density of about .25

I ,  ~ I
I\  

~ ~~~~~~ ~\WA 
nanoCoulomhs per cubic meter , somewhat less than

IThOOm Time 17h~Om 
in the examp le discussed above .

Fl~WRE 2 . ELECTRI C FIELD AND ALTiTUDE VS . TIME —

ci_,, ~~~~~~~
THE EDG E OF A STORM, A SOUNDING

an electric h eld meter under the edge of mature 
1~~ •~~C

On July 16, 1975 we released a balloon carrying

— 
-

but small thunderstorm. The visible rain shaft ~~ ~~~ ~~~~~~was about 7 km north of Langmuir Laboratory,
iñiere the balloon was launched. The top trace ~~~~~~~~~~~~~~~~ 

~~~ -‘
.

In Figure 3 is the primary record of the ‘~~~

electric field E vs. time from the balloon—borne ~ °
‘ 

~~~~~~~~~ _
1~instrument. The next two traces below it are

the horizontal and vertical components of E,
which have been deduced from the top trace .

- P..aJ., NA”

last FIGURE 4. INTERPRETATIVE DRAW I~C OF A THUNDER-visual ifl~O
clear STORM ON JULY 16, 19,5.sighting 
a i r  into

100kV/rn side of 8.1km
clo ud 

bCgi~ 
The cloud base was chaotic and not well defined
where the balloon entered it on the outskirts ofdescentIEJ 

space charge causing the field may have come

the storm . The electric field was intense near
the cloud base , and the winds suggested that the

0 from the centra l part of the storm to the north.

‘ in The cloud base is identified in Figure 3 by the
I down- I note “last visual sighting ”.

50kV/ni I draft
At an altitud ” of 6.4 km above sea level , the1,/Efl

, E~ ~~~~~~~~~~~ balloon rose into a layer of citar , stable air
0 that had inhibited convection except in the

50kV/rn vigorous , central part of the storm. As the
balloon rose into the clear air , the electric
field indicated by the instrument it was
carrying declined abruptly, as shown in Figure 3,0
at the t ime lab eled “in t o  c lear  a i r ” . The

‘

~~~~~~~~~~~~~~~
9htninkrJ

”

~~
abrupt  dec l ine  can be explained by a charged
screening layer (of f i n i t e  th ickness)  of dens i ty
0.6 nanoCoulombs per cubic mete r .  This layer
of charge “screens ” the cha rge ins ide the cloud

— 100kV/rn Ii ghtnifl j so that  i ts  e l ec t r i c  f i e ld  is not as s trong as

20kV/rn /
“

f’_lightning it otherwise would be in the clear air outside
the c loud.

E0 
O~~i’~~-...4.j —‘-r~

11830m llhSOm l2hIOm The balloon rose in clear air until it en-
countered a slanted downdraft beneath an anvil U

Mounta in Standard Time (Figure 4). The downdraft ’s velocity cancelled
the balloon ’s upward motion relative to ground

FIGURE 3. ELECTRIC FIELD VS. TIME and carried the balloon several kilometers
horizontally toward the center of the storm.

-18-

-~~~~ - : . ~~-~~~
- -

~~- - ~~~~~~~~~~~~ .,.

—

~ 

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ —--



- -  
- 

-“~~:
‘
~~~~

The elec tric field pattern in the vicini ty of center.
th. downdraft suggests (not conclusively) that
the downdraf t was carrying negative charge. We ALTITUDE (MSL)do not have enough duta to speculate on where
that charge went after it entered the main
part of the cloud.

The last feature of interest during this flight
occurred at the layer of strong shear where the 12km
balloon rose out of the slanted downdraft (blow-
ing toward the north) into wind that caused the
anvil (blowing toward the south). The electric —36°Cfield shows an abrupt discontinuity in slope at
that altitude (8.1 km . see Fi gu re 3) indica ting -33°C
a change in space—charge density . It is not

of a storm should each carry different amounts of
space charge, but it is satisfying to see this -16°Ceffect so clearly. The space charge in the

surprising that air coming from different parts 9 km~~~ 

~~~~~~~~~z_~~~
°C

wind. coming from the central part of the storm
and causing the anvil had a density of about
0.4 nanoCoulombs per cubic meter.

6km
A pressure—activated switch released the
instrument from the balloon before it passed

-2°Cthrough the top of the cloud . The t r a jec to ry  o~

1-8°C
the instrument during descent showed that the
slanted downdraf t was still present; it was a
very persistent f ea tu re  of this storm .

3km 
-THE CENTER OF A STORM, ANOTHER SOUNDING

In 1977, a free balloon carrying an electric—
field meter and a standard meteorological radio—
sonde rose into the central , active part of a
small , isolated thunderstorm over Langinuir
Laboratory. Electric field at the balloon vs. I I
altitude for this flight is shown in Figure 5. +1x105 0 — 1x1Q~ -
Again notice the initial rapid rise in electric E, Volts/meter -

field just after launch , indic ative of the space 77197 .

charge layer arising from corona discharges on
the ground. The electric field soon became far FIGURE 5. ELECTRIC FIELD VS. ALTITUDE FROM
more intense as it approached the main negative A SOUNDING ON JULY 16, 1977.
charge center inside the cloud. The occasiona l
abrupt decreases in electric field strength were As the balloon ros e fa r ther above the nega t ive
,.he result of lig h tning flaahe~ . The ele ctric charge cen ter , the elec tric field strength
field (wh ich was mostly vertical) passed through became less intense and more horizontal than
zero and became intense with the opposite ver tical. The horizontal direction of the
polari ty as it passed and rose above the nega— field is indicated in Figure 5 by the noise—
tive charge center. The electric field intensity like trace above and below 9 km . At higher
reached about 140 kV/m (1400 Volts per centimeter) resolu tion it can be seen tha t the trace is not
both above and below the negative charle center, noisy , but rather it is sinusoiual——a result
We have seldom seen fields more intense than thi s of the horizontal direction of the field and
with balloon—borne instruments carried into the precession of the horizontal shaft of the
thunderclouds . This value is approximately one— instrument (Figure 1). The radar profiles of
third the value believed to be necessary to this storm show tha t the weak , horizontal field
support the initial growth of a lightning flash ,3 occurred when the balloon was near the edge of
abou t 400 kV/~n. The probability of encountering the cloud . As the balloon rose into the anvi ,.
a field strength of 400 kV/m is ver y low because at about 10 1cm, the field became more in tense
such a field would last only for a shor t t ime and vertical in a direc tion that would result
and it would be present over a relatively small from positive charge overhead. At about 11.5 km
volume . We have never observed such a strong above sea level the balloon had passed above
field with our balloon—borne meter , al though we most of the positive charge in the anvil.
do have an indication of euch a value (somewhat
suspec t) from our earlier experiments using the Tae instrument was released from the balloon
instrumented rockets.” before it rose into the c lear air a t the top

of the storm.
Thor: is no distinctive feature in the radar
echoes at the altitude of the negative charge 
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l f , wi ’v, - r  . s i ne , ’ ( lie f-i t ,, .1 rt - -~ t i l l  me~tFer ou r
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MEASUREMENTS ON NATURAL AND TRIGGERING LIGHTNING

par Jean-Louis SOULAY and Pierre LAROCHE

Office Notional d’Etudes et de Recherches ~4 ërospo(io/e s (ONERA)
92320 Chdrillon (France)

ABSTRACT 1 . 1 .  General  C h a r a c t e r i s t i c s  of the S t a t i o n

A station for triggering lightning has been The 1igf. t t i i t ;~ ot ru k e :  i’ ro t r 1~~gert - d Ly t I e
installed in mid—France in 1973. Several firing of i rocket fittci wit f. a conducting
organizations are cooperating in measurements wire , t i e  end i ’ w t . i c h  i ac  cur ,ue’~’ted to ground .
of t r iggered and nat ural lightning . These This typo  of t r i p ~~or i I ;p  .eic f i r — I  t’~ j -1cyoi
measurements are made either in proximity to ~~~~~~~~~~ :‘ o~ :~ - -e , . f ;o  r~ ctc ’ - t s  u cod

t he point of impact or at d i s t an t s ta t ions , at ~ t — i  r ; v t i I  1’ ,‘d L o r  - , r i -  ~ ‘te t~~~~ ’ “~‘ount e r —
They are intended for the  de terminat ion  01’ ;~t ij ~~” :t ~~t i - t  i’ . ‘ . - -~i: , 1 i ’n~ t mm , weight
several par ameters (optical , acoustic and at tau :ictting : 2. , ‘ it~~ . T f t t ’ : t ’t 11 1 ei re , t -t oe l
electromagnetic ) related to the l ightning ~~~~ ~~~ ~~~~~~~~~~~ i c : ’t - .i ~ :It :‘i’crI: a uj ’~ ;
discharge. We present , f irst  of all , a brief ;;yt -t o ri u nits t i e  max ir l tL’n t peed of t he  r o c K e t
descriptIon of the experiments carried out by to appr~-x~ : : tt t te iy  I P )  r n / s .  The rocket , t raked
the ensemble of all of the cooperating by the  v rt - , u t  S i t :  u t  t i L t  i t  u)e of ~)C in. 0
organizations.  5 :e c o n t - - i t , :  Jt -c~ r o v e 1  at t O e  en,1 of i ts

t r a j  cc t r~ l-y to ; t ’x ; - loc iv  t’ cu a rfe .
A particui.ar investigation performed by ONERA
will then be presented in detai l .  It concerns Two methods for f i r i ng  the rocket are available
the sett ing—up of a network of electrostatic ( F i g . 1 ) .  The f i r s t  is situated on a plat form
field sensors on the ground , intended for installed at the top of a pylon and oonsists of
localizing the atmospheric electrical char,~es six rocket launching pads. The second is located
neutralized in a l ightning st roke , on the ground and consists of four rocket

launching pads .
I. EXPERIMENTAL STATION OF ST-PRIVAT D’ALLIER

An experimental station for the study of
lightning was installed in 1973 near St-Privet
d ’Allier, a town in the approximate center of ; —

France. The ensemble of experiments and -

observations was intended essentially for the -

study of triggered lightning . However , the -

objectives of the series of experiments in 1978
were , for the first time, shared between
natural lightning and triggered l ightning ‘B
phenomena. The many scientists and engineers,
assembled in 1978 , belonged to eight groups and -~~ - -

to six organizations a - - .-. - -

a EDF (Electri citd do France ) Direction doe -

Etudq e et R.cherchea - P czri e. A

C&4 (COl ’r?i88a ~’i2t ‘2 1 ‘&‘ierg ie Atorit iqn.se) -. 
-

Cet~tre do Saclay et ic Gronob e. -

LDG (Labora toire do D~tectio~ et do Géophy—
sique) CEA — Br uyJ r es Le Chato~ .

CNE’J (Centre National d ’Etudee doe Tif lécotn-
mmehicat ion8) Centre do Lannion .

IOP G (In a t itut et Observato ire do P hysique Fig / — Station f or triggering lightning (photo EOF1
du Globe) Cler,nont-F .rran d.

LPA ( Labora toir, do P hyeique Atmoep hér ique) The preparat ions for t riggerin ,~ ir e  p r e d i c n f cd

Ltniuereité do Toulouse. ott i n f or ma t i o n  furn ished  by an X ”l -ano r;tttu’
concerning local storm cloud fo rma t ions  and

ONEM (Offitse National d ’Etudoe et do also by t he  r o t i din fo  ol’ a ) i~~: - ; t t t i n C  ,~i ’t e ct o r
R.&’.erchse AJr oap a tia lee) CMtif lo n— (antenna CILHP I wh ich has a range of ap; roxi-
soue—Bagneux . mately 5 kin.

_______ —-——--—--~~~- —
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nat ion , it  contr ibutes  to t he determinat ion of :ss-t ,o , rs ’, si ’ i’ :tectsro. Tots .,S ,,r-t,’tiv ’ ., ci’ t ot . s
the favorable times for tr iggering the l i gh t — r,eus  .r’- s,s- :. ’, or , oil t,i ,e coo - S,WSJ , to  f . l l i sw
ning.  the evolut ion of e l e c t r i”I t y  in to ’. Otr’.t ::Io , s’ rsr

,sur in g  5 s vr ic-li l’ lstc,ro i tct ’ l’ / it f  OSsO , C’S to ’-
During storm s , the reflection ratio of the cloud ut i o s -r  f in S , 1 , to local ize  t s , e -  e d s ’r t r i c  0O,in0 5 ’S-S

cells is measured and recorded in a manner to  nr ’,5t r a l i ze d  u~~r 1:,~ th e  rsa t ,~ru i  S:s I t r , ’, ’- s’ : 
-

permit the determination of their structure.  11gS.tSS ~~S S ~ d icc:s ’sr Cs-s .  Inc fol i .owln 5) prv: ’o,tatior,
is SICVOLCO erst :rel~ to th e  csc’scription as,U

1’.’ analysis ol’ t rio rej . ixoi: ,ary resul ts  of
experiments .
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Fig. 4 — Pha5ed antenna array.

2. NETWORK OF ELECTROSTATIC FIELD SENSORS

j  2. 1 . E l e c t r o s t a t i c  Field at Ground l u r i n g
Stor m 6 ’7

Separated electrical csou’, c: ins, :’. 00t,t s’ t ’,’o

Rg.3 — Disposition of experimental site, clouds induce , at ~ :‘o :L: , .’,i p’ . : . - , :‘ r-o : taOic
fields , ulsicli can be as lar ~’.e a: st-v r -s l  t i me:

Legend : 1O~ ky/rn s s s :s sat h  Imp or t  i,’ .o ‘ - ,. ct-li,

• Electrostatic field ~ nsor

4’Electromagnetic field measurement a) The s’tl’st ively slow v :sr ost bus s oi ’ t ’ ,s. t’~-
at ground , without l ip h t rs ’~sp s’tr  s :-  : , so : : s . : s)

4Station for triggering lightning either by clou d cell rnov s’l’te:,t: or by loca~
V Optica l measurementS variat ions of t l e - it r :’,c -~’ ion m e c : , a s u i s m s  . I’l t -:e

~ Radar 10cm evolutions , detected simultaneously , at d i f f u t ’
ent point s on the ground , permi t  one t o

Triggered lightning flesh A under some condi t ions , the  ge-cor al : cal
.c,.Negative charge neutralized (Z 6 km) position of a single particular ~t~~t’In — O l o ~ d
4 Positive charge neutralized (Z 7,2 km) cell. Several investigators have .secmon: 5 r i L ed

that the electrical f ie ld  induce d at ground iy
t he cells would be represented by a ver t ica l
d ist r i bu t ion  of point  charges above a con 5i-ic t ive

f) elec trostatic field measurements plane.

The horizontal and vertical components of the It should ‘be noted that  t h i s  k ind  of an elec-
electrostatic field are measured at altitude by trical model cannot describe 0 0 0 t s s l s t s ’ l- ’ I - . ’
probe—equipped balloons. The field on the exact physical natur e of cell ele ’ts ’  f l  .-“ ,tb c:..
ground and the variations during the lightning The use of these models wl : i soi :  s) :ow ~-o
are measured at 10 distant sites by mean s of a t o  ax 1-i :,o . -

, ‘ s’~ of t i . e  i’t t ’ L :  nt ‘:‘ ,- , -

-23-
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and define the localization of storms may be 2 . 2 .  Purpose of Measurements
used also for the definition of warning systems
(i.e. short time prediction of the field The purpose of the measurements is to localize -
increase at ground or of the arrival of storms). the cloud cells and also the charge centers

neutralized by the lightning flashes.
b) The rapid variations of electrostatic field
are produced by lightning strokes. The This method of localization is validated by
measurements of these variations give muc h means of otl5er measurement s on triggered
information on the nature and the development flashes. It is in fact possible, for triggered
of the  phenomena. , flashes, to calculate the value of th e  neutral --

6 ized charge by integration .f  the current . The
Figure 5, taken from the work of R . H .  Golde , other interest  of th is  experiment concerns the
shows the variation of the electrical field possibil i ty of relating these results to th in
during two typical discharges between cloud ass ) information given by the rad ar . Analysis of
earth. Figur e 5a corresponds to an impulse then ,’ relations would permit the charactt’riz-
flash with discrete components. Every field ation ci’ the electrical activity of d, i f f inr ent
step is due to a return—stroke which induces precipitation areas within toe storm cloud .
illum ination of the stroke channel , and the
neutralization of a part of the charge inside 2.3. Description of the Experiment
the cloud.

2.3.1. Electrical field sensor network
The second picture (Fig.5b) corresponds to a
hybrid flash which is characterized by The num ber of points at which measurements
persistent illumination of the channel , and by are made is fixed at ten. Numerical simulations
several successive return-strokes. The have shown that the corresponding system of
persistent component causes , under those equations is able , with good approximation , to
conditions , a progressive variation of the f srnis is  solutions for nonopole or vertical
electric field at ground. dipole models. The network of measuring sensors

is in st alled , in the vicinity of the l ightning
The exploitation of the measuremens, r of these t ri ggering station, on a generally flat ter ra in .
var iations , at several points , together wi th  The location of the sensors represents a
t h e  use of the electrostatic models , permits compromize between the geographical limitations
the determination of the electrical charges and the characteristics of the sensors. The
neutralized by the return—strokes , and also f inal  disposit ion , shown in figure 3 , extend s
the determination of the whole c-barge dissipated from the north to the sout h of the firing
by the flash, stat ion.  Distances from the f ir ing Station to

the di f ferent  points of the measurements are
Streak came ra record betwee n 1 and 9 km.

I fi it Fur,ct ional operation of the network is te l e—
1 1 II II commanded by the ONERA principal station

A 5 R2 A 3 R 4 R 5R6 R 1 A 8 R 9 (point n° 1 , f i g . 3) .  The sequence of eventr is

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— started fr om the firing station where all the
rlOO V .m information on storm conditions is centralized.

Natural events are recorded dur ing several
Electrostatic field minutes , with the possibility of triggering

l igh tn ing  strokes w i t h i n  th i s  interval .

______ 2 . 3 . 2 .  E lec tr ica l  field measurement ‘-tations
o 50 lOO ms

a) Lightning flash with discrete components The stations are automatic and consist of an
electrical field sensor ( c f .  2 .3 .3 .)  and of

Streak camera record command and recorder systems inside a metallic
_______________________________________ shelter ( F i g .6 ) .  This shelter is located at\ I ~~~~ JJ about 50 meters from the sensor , to avoid

‘1 II electrical confi guration modification in the

R A 0 A A v i c in i ty  St the measurement point. The
2 3 ~ ~ ~ 7 R 8 functional states of the station (start , stop

~~~~~~~~~~~~~~~~~~~~~~~~ 

and record ) are indicated by a signal transmit-
r l O O V m ’ ted to the principal station n° 1. Measurements

- 1~ 
are recorded at each station on magnetic tape

- 
in two forms : one form is by frequency

~,/ Electrostatic field modulation (FM chann el f O s s :  )s~~ t s.1 0— 5 kflz) for
the analog signal and for the time bass t h e
second form is direct recording (pass hand

o ~ i~oo ms 100 Hz-75 lcHz ) for the dig i t il ized  signal .

b) Hybrid lightning (lash

Fig, 5 — Typical electric field variations during lightning
flash (Kltngawo 1962). — 24 —
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~~~~~— by a DC motor , shields periodically a fix ed

el ectrode s~. Both electrodes C and M have the
same number of sectors ( 2 0 ) .  Another sensing

-r electrode receives an induced I i )  Hz si gnal .

_______________________________________________ It can Le shown that this confi guration ,
-, 

,
.
‘
,, together w i t h  sui table electronics , is capable 

- . of de tec t ing  a step of the electric f ield w i t h
______________ 

t ime &b shorter than one m i l l i—

______ 

-
‘ ,~ L The electronics include principally a pre-

. ~~~~~~~~~~~~~~ .A.L.~ amplif ier  which gives a measurement signal

~1~k.4’ independent of the speed of the field mill
motor.  A synchronous detector is commanded by
an in-phase signal formed by an sr ~~t o e lect ro ni c

- I dt ’v i: ’,’ . The ;s’s;s;cr gives directly an analog
signal and also a d i g ital signal composed of
10 b i t  word s delivered 0 ‘,OO t i : ’ , ’:; per second .
Ihess’  two signal s are transmitted to the :;f ielt er
y OS i r l  t ’O .  The tisrestiold of the measurement  i s~

;t t-~ ut i’: Vm and the whole range is
-. * tO k V m ”1 .

2 . 4 .  Methods fo r  Dete rmin ing  the Location of the
ELectrical Charges

2.4.1. Analytical solution of system of t ’ q u , i t i o u l s
Fiq. b Stat ion 10? flit OSI I ’  , F Fl t ’ f l (  0 5! flIt phi ’, i t  electric
Iit’ld. Tile single charge model can describe correctly,

iii general , the n i - r s t r s~ I :‘sit- son  of c) s s r g~ - t -y
cloud to ground di:- ‘h arge . This sua t isemsi t  i c a l

- . model can he solved unalyt i;’rtI t y . l e t  ~ie t io t e
2.3.3. E l  cc t r i c . i  I Ic  Id 5011501 the equivalent-  charge at 0 km above gr ound , X

- - and Y the  coordinates of’ i t :; p o s i t  i o n  n t
i f :  i s : . - : - :  I s  

- 
:1 t 0’ St • l ~~ I 1~~~’ I i t  5 I i ‘~ ground and ~ \‘ t he  coord isis t t es ;  of t he  p si  sit

n i l  : t o  ~~ - 1 n ’ : -  i ,~sr I s r i . - l i i  f t~: t ied and 
- 
opts— whe re the ssieasuresnent is made; then I ti . ’

mi~ :’d I ’or  s o t  h - ‘I ’ SO - I’ - ‘ii s.c ol- ,~’ - ’ t  iv ,’ .: equivalent electrostatic field is

a)  ~ ,‘:i:;:i r , ’nir ’ s : t  S ;‘~~
‘ S L w  voi ’ i it  s oh ’ 5 ~ ‘

elect  r’ ic~l r o i l  — 0Z

t’) neasur, ’nesit -s  o5~ rat iO ‘ - ss;gr ’s s  i ’l l tic t i 
co~ ~~ 

Eo [(X — X o)Z +(Y —

du r i n g  l ig i s t  ru or ’, . -‘ t h e  s y  1 em of t ’quat si oft as nod i. s - four

- 
meassur , ’m esul s; on t o  be s o t  v i  i v  means 5 ’ a ;‘:l :islg:-

• ‘ “ w, - of var i sil’l e s .  When 5 ; ’  l ists:  soc.’ than I’or us ’
—
. , 

- , , rnoa ; :ur em, ’ss t  0 , ç; ” , ì r  i s u i t  j o t s ;  of 1 ~o ; ’ ’ rn - lo ss ’ , ’ -

meut si , four at. a t ime , pe r m i t  one t~ ob t - t i izs  a
set of ’ X , Y , 0 , Q s ;of ut  ions; . ‘l i i . ’ j i ; ;  ~‘, ‘s’ s ’,~ s!i of’
the solutions depends upon the so rt s i’s;; .
errors and on the v a l i d i t y  of 5 ) ; ,  n so t , ’t .

2. 4 . 2 .  Numer ical  computer so l u t ion  o f sy stem
of equations

I ntra cloud or cloud t o  cloud I i  oc ) sssI - g: ’; as’.’
often well represented by a v e r t i ca l  l i f v ’ l r
charge model. The parameters Si ’ t h i s ;  model are
the charges 

~~ 
and 

~~ , 
situated at and 0 , km

above a conduct ing plane slimulat ing t he  ground .
The field variation sit a point X 0, Y~ is;

A~C 
Q’Z ,

FIg. 7 - Electrostatic field sensor. ~~ ‘~ Co 
~~ e0 [(x - x0 )~ ÷(v -~~~~ )2 + Z~) 3~

The system of equations formed from t f s t ’s;c
field measurements cannot he linear i :~ eit . ~‘or

The ;:esscor , s ho w s: in figure ‘ 
, . .~~~~ a detect ion this reason it is necessary to  perform a numeri—

un i t  and an e l e c t r o s s is  unit fo” signal t rea t— cal computer calculation which is based si a
m ent .  A ro ta t ing ‘1 e ’t  rod, ’ ~~. driven at - , ‘, U - ,~ least B’iuares method one looks l’Oi’  ,~~, , 0

-25- 1
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Q~, Z~,, X and I which minimize the following , 
0

fttnct~on

F E (~~EM, 
_ .AEc~)z

where N is the total number m easurements
(e .g .  ~o) Station:

AE pj;is the field value measured at 1
s i t at i O t u  ‘•j”

is the field value for the . th

s ta t ion  as calculated try the mathematics.).

‘.5. PreLiminary Results of the Experiment

!i t ’tt,- eeus  July and September 1Q78, meaeuresuouit-o o

8:~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
N

~~~~~p0.25
reditc t ion oh ’ the data was started in Cr ct ot er

I i ~~ s tud i • uuO t vet complet ed . ‘rhe results
ir r t ”~a’Tu t ed in  t b  I ; ;  paper are neceii sar i ly
pre l iminary  and to not give the entire synthesis 5

‘5 ’ t he mests i iu ’ ,’s’iO uu t  performed at i~t—rri vatd’ ~llier .

2.5.1.  Slow f i eld  var ia t ions  0

gtorm cloud cells show electrical activity with —0
vary i ng amplitudes. Typical field variations,
;sluo’tm in figure Ba over a two minute interval ,
are characteristic of an active storm. On the 7.5kV.m-1
avera ge , strokes are detected every five
- , - c ; i uds ; . The record in f igure 8b shows f ield

si t ’ i s i t  j o i n ;  tue to it storm cloud of small
a c t i v i t y .  F ive  strokes are detected during 0

hr,s’ minutes  hut points  A and B correspond

IA
I Ni... 520 “ s.,

0 -‘ - - - -- -  - - - -—
~~~~~~

- - - -— —-

t f sic) ~oo~
0 - -w ~~~~~~~ - - - -  

a
55 

— 

im s

b Low octMty cloi~~

A,g. 8 — Typical electric field variations.
Pig. 9 — Variations of the electrostatic field dae to the

26 — 
trig9U~d lightning f lash, A.
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2 , 5.2 . Rapid field variations during lightning ACKNOWLEDGEMENTS
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Figure 9 shows field var iations at the ten The f i rs t  chapter of’ th is  paper , describing the
stations dur ing the triggered l i g h t n i n g  stroke A entire si te , has been wri t ten wi th  information
and also the discharge current at the end of ftsrnished by Electrieit~ de France (Direction
the arc. One notices an unusual characteristic des Etudes et Recherches).
of the flash ; heOO milliseconds after the first
return stroke a positive discharge occurred and The ONERA research program has been supported
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to localize and to calculate the value of the muitistation electrostatic field charge
charges neutralized by a l ightning stroke measurements ” , Conference on Cloud Physics ,
has shown satisfactory correlation.  This ; treat - Tucson , Arizona October 1971i .
macnt must now be extended and completed by
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ABSTRACT The program was again directed by the Fligh t
Dynamics Laboratory while the 4950th Test Wing

The Ryan Stormacope was evaluated for use as a prov ided t eat  engineer ing.  The same T— 39B
severe weather avoidance system for aircraft , aircraft used in the previous program was used as
An instrumented T—39B aircraft was flown in the the test bed . Aircraft modific ation and equip—
vicinity of thunderstorm activity while displays ment installation were performed at the 4950th
of the Stormscope and onboard weather radar were Test wing facilities at Wright—Patterson AFB ,
documented photographically . The coordinates of Ohio during April—June 1978. The flight test
the Stormacope display points and their acqulal— phase of the program took niace at Patrick AFR ,
tion times were interfaced to an onboard compu— Florida from 5 July to 27 July 1978 and was
ter system for post—flight data reduction and planned to coincide with the Tunderatorm Research
comparison with the ground—based LDAR svctem . International Program—1978 (TRIP-78) . This inca—
Preliminary analysis of the data shows that n o n  was chosen for two reasons: I)hlgh level of
Stormscope exhibits reasonably good correlation - isolated thunderstorm activity, and ~) availahil—with weather radar precipitation c on L u u t -~ . i t v of the Li ghtning Detection ~. Ranging Sesten,
Stormscope does not exhibit the tigh t clustering (WAR). The WAR system provided an accurate
of data points characteristic of the ground” ground based mapping of the electrical activi ty
based LDAR system, a result which is attrthuted occurring during the thonderstorm for comparison
to inaccuracies in the Stormscope ranging with Stormscope indications .
system .

PRO DU CT S/EXPECT ED RESU l TS
BACKCR~~JND

‘l’he Stormscope was evaluated for possible apr’li—
in 1977 the Air Force Flight Dynamics Laboratory cation as a research aid for lightning chsrs~ ter—
and the 4950th Test Wing conducted a joint test ization studies and as ,, severe weather avoidance
program to evaluate the Ryan Stormscope , a light— system for aircra ft. This paper will discuss
ning detection and display system developed for preliminary data and results 55 they anplv to
use by general aviation aircraft to avoid thun— severe weather avoidance. The use of Stormacope
derstormn activity. The results of this study , In lightning characterizat ion research will he
reported in Reference I, were inconclusive due reported in a future paper .
to transient noise problems encountered in the
initial Stormnscope ADF antenna installation. It ‘In ovalmiate Stormnscone , an instrumented T- 39~
was decided, however, that the results warranted aircraft was flown in the vicinit y of thunder—
further evaluation of the Stormnscope system and storm activit y whi le displays of the  Stormscope - 

-

funds for fur ther  test ing were provided by the and onhoard weather radar were dn& ’ , u ment ed
Federal Aviation Administration . photo graphi callY , Tht ’ coordinates ~‘f t he  S t o r m —
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scope display points and their acquisition times
were interfaced to an onboard computer system for ‘~‘~~I[_ -

poet—flight data reduction and comparison with
the accurate ground—based LDAR system. ‘ S

TECHNICAL APPROACH 
- 

—

.. .
• .

General: Figure 1 i l lus t ra tes  the equipment
locations on the aircraft. The Stormscope , wea-
ther radar and time code generator were install—
ed in an equipment rack in the cargo/passenger
compa rtment of the aircraft. A standard 33 mm
intervalometer—controlled camera was mounted on
the right side of the aircraft so as to provide
a simultaneous photographic record of the Storm-
scope, weather radar and time code generator
displays (Figure 2). The data acquisition and
storage system for storing the raw Stormscope
data used a POP 11/05 computer which was install— 

-

ed on the l e f t  side of the a i r c r a f t  as shown in
Figure 3. s .. -

~~~~

Figure 2. Stormscope , Weather Radar
and Time Code Generator

C—. 

~~

‘ 
- 

-

~ 
~I I 1 I I U I_ I

— ~--

Figure 1. Location of the Test Equipment 
‘ 

- 

4
on T39B Aircraft

storage system for storing the raw Stormscope ‘

data used a POP il/OS computer which was in— ‘

stalled on the left side of the aircraft as
shown in Figure 3.

The automatic direction finding (ADF)—type
ant~nna for the Stormnscope 

was installed on the -

leading edge of the right wing tip . The sense
antenna for the Storniscope was a 13 foot wire Figure 3. Data Acquisition and Storage
mounted on top of the fuselage. The antenna S~’stem
for the weather radar system was installed in the
radome of the aircraft. at up to 260 nautical miles from the aircraft

over a 3600 scan. Electromagnetic radiation
Equipment Description from electrical disturbances is received via an

automatic direction finding (ADF) antenna and
a. Stormecope: The Ryan Stormacope (Figure 4) fed into a central processing unit (CPU) which
is a three—component, solid—state receiving determines the bearing and range of the electri—
system designed to detect the bearing and range cal disturbance. Each discharge is stored in one
of electrical diBturbances in the 50 KHz region of the 128 available memory locations and is

-3 0-
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b . Onboard Data Acquisition System

The diagram in Figure 5 illustra tes the indepen-
dent AFFDL system used to input, analyze and
store the Stormacope data. The Stormacope used
for the flight tests was modified by the manufac-
turer to output the X and Y coordinates of a
given electrical discharge to a buffer for sub—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

sequent processing. An interface was constructed

~~~ W~~ V r ~~~~~ 
~~~~ *M~~~ •

~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I I

Figure 4. Stormscope Components I
I _ _ _

I I

subsequently displayed on the CRT monitor . When _____

the 129th discharge event occurs, the oldest ~‘-~~~.~~~“/°‘ -

event is erased from memory and the newest takes J1~~~~~j~ — 

its place.
~~~ TI... CI~~~

The CRT has an overlay consisting of a compass
rose, two concentric range circles and a small
plane outline in the center . The range can be
varied by pushing a button on the unit so that 

Figure 5. System Used to Iflput, Analyze

the circles represent 20 and 40, 50 and 100 or and Store Stommscope Data

100 and 200 nautical miles, respectively. The
CRT can be erased at any time by pushing the by AFFDL personnel to bring the coordinate data

clear button, a process which requires four 
from the buffer register into the PDP 11/05 corn—

seconds and begins with the oldest events first. 
puter system where it was stored together with

Partial erasure can be obtained by hold ing the the signal acquisition time. Software was

button down for a shorter time. Since the written to generate an updated visual display for

location of each electrical discharge is dis— 
mmu1~~t)~ infligh t analysis. Data points and

played relative to the aircraft as stored in the 
acquisition times were stored on flexible disc

memory, the CRT will continue to display the 
medium for post flight data reduction.

information in the same location in relation to
the aircraft until the memory is erased or the 

c. Weather Radar System: The onboard weather

129th event occurs. Changes in heading of the radar system used was a Bendix RDR—1300, 10 kilo—

aircraft will not affect those dots already dis— 
watt , X—b and unit . The three components of the

played; consequently, frequent clearing is ne— 
system are a nose—mounted line—of—sight stabilizer

cessary to maintain an accurate presentation of 
antenna dish , a remote—mounted receiver—transmitter

the lightning activity with respect to the chang— 
unit and a panel—mounted rectangular screen digital

ing position of the aircraft in flight , indicator. Digital techniques are used to display
real time information and alphanumeric data on the

Azimuth of the lightning discharge is determined 
radar screen . The readout indicates the mode of

using a crossed—loop magnetic field antenna. 
operation, range and range mark intervals (nauti—

Range is based on the ass.mmption that, in the 
cal miles). The system has a contour mode

far—field region , the magnetic field intensity is (Weather A) which is used to detect area of heavy

essentially constant from discharge to discharge precipitation . The total field of view for the

and is inversely proportional to distance from 
system is 1200 forward.

the discharge. The far—field magnetic component
used in the ranging is derived from the crossed COMPARI SON SYSTEMS

loop antenna. A long—wire antenna is used to
provide electric field correlation with the nag— ~~~. Liehtning Detection and Ranging System (LDARI:

netic field to enhance range accuracy. The long The LDAR system determines range, azimuth and ele—

wire antenna is also used to eliminate azimuth 
vation of an electrical discharge using time of

ambiguity inherent in the crossed loop system . arrival of pulsed rf radiat ion emitted by the dis—

The crossed loop antenna is very sensitive to charge. The LDAR system uses three physically

elec trical noise generated by internal aircraft separated antenna sites to determine discharge

circuitry and it was necessary to reloca te ~ 
location. Three additional stations are used to

from the lower fuselage to the right wingtip to check ye bity and accuracy of the primary antenna

reduce spurious response. 
network. ~t a 40 nautical mile radius from the
central LDAR site range accuracy is * 5% and a u —

b . Onboard Data Acquisition System 
moth accuracy is ~ i~°• 1 Additional information on
LDAR information may be found in Reference 2.
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b. Ground Based Weather Radar: Ground based The first Set of photographs (Figures 6 and 7)
weather radar pictures were obtained from the was taken during the second flig ht on 25 July at
weather station located at the Daytona Beach 17 13 37 and 17 17 07 EDT, respectively. In
Regional Airport approximately 35 miles north— Figure 6 the Stornmscope is showing two clusters
west of the LDAR site . These displays were
available at five minute intervals and were used
to give an overall indication of cloud formations
and precipitation activity during the various
f l ights.

Test Procedure: Personnel from the AFFDL atten-
ded dai l y weathe r briefings sponsored by TRIP 78
at the Kennedv Space Ctenter to obtain tnforrna—
tion on probable thunderstorm activity, When
thunderstorms were expected , the LDAR display
was activated at the KSC weather station and
monitored for lightning activity.

Direct communications were maintained by the
aircraft pilots , test personnel onboard the air—
craft and the weather station to~~ctor the air-
craft to areas of lightning activity. In gen-
eral , the aircraft flew straight leg vectors di-
rectly toward or away from the activity at dis-
tanceS between 20 and 70 miles from the storm
center. Figure 6. Stormscope and Weather

Initially, it was planned to obtain aircraft 
Radar Comparison—25 July

position from the aircraft ’s two TACAN receivers.
However , it was found that the TACAN transponder over areas of approximately 34O_3600 at distances

of 20—50 and 70—90 nautical miles , respectively .interferred with operation of the test equipment.
Therefore, their antennas were disconnected , and There is souse indication of very light electrical

aircraft position was determined by record ing activity northeast and northwest of the a i rc raf t .
headings and DN~ distances from the Orlando Vor— 

Weather radar shows cloud formations ahead of the

tac at regular intervals during each leg, aircraft and to the northwest at 20 to 80 miles .
The cloud formation at 3500 and 70—80 miles shows

At the beginning of each flight , the onboard contouring and corresponds well to the outermost

time code generator was synchronized to the LOAR Stormscope cluster . In Figure 7, taken about 4
minutes later , the weather radar shows the twotime base. Pr ior to any data acquisition , the

Stormscope was tested , set to the 100 nautical
mile range and cleared. During the flight , the
display was cleared after each heading change
and at approximately two minute intervals.
Pictures of the Stormnscope, weather radar and
time code generator were taken regularly during
each run. X and Y coordinates of the Stormscope
points in relation to the aircraft were recorded
on disc together with the acquisition time.

Data Analysis: Data sources used in evaluating
the Stormscope included: 1) in—fligh t photographs
of the Stormscope, weather radar and time code
genera tor displays , 2) ground radar pho tographs
obtained from the weather station at Daytona
Beach at specific times , and 3) 7 track magnetic
tapes listing x and y coordinates of LDAR data
points from the LDAR site with their respective
acquisition times . Figure 7. Stormscope and Weather

Radar Comparison—25 Julya. In—flight Photographs:

A visual comparison was made between a series of storm cells have coalesced: The contour area at
in—flight photographs of the Stormuscope and 55 to 70 miles on the radar (350°) also appears
weather radar displays. Particular attention on the Stormscope. The Stormscope shows a high
was paid to the location of contour areas on the level of electrical activity in the 330 to 3600
radar display to determine if these could be area .
correlated with clustering formations (indica-
ting a high degree of lightning activity) on the Figures 8 and 9 were taken during a flight on
Stormuscope display. 26 July at 15 58 29 and 16 17 38, respectively .
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Figure 8 was taken w i t h  the Stormscope on the 100 b . Comparison of Stormscope Data with LDAR and
nautical mile range and the weather radar on the Ground—Based Radar Displays:

- Before a comparison could be made between the t
various displays, it was first necessary to ro—
tat e and translate the Stormscope points from the
aircraft coordinate system to a common coordinate
system based at the central  LDAR s i te .  This
transformation was accomplished on a point by
point basis using the following equations:

R
~ 

S,~ cos 0 —  St,, sin O + P,~

Ry * S y COS O + S x Sifl O + P y

where: Sx — Stormscope x coordinate relative to
aircraft

S,,, Stormscope y coordinate relative to
aircraft

Figure 8. St o rmscope and W eather  — Plane x coordinate relative to LDAR

Radar Comparison—26 July s i t e

80 nautical mile range. Again the Stormscope P~. Plane y coordinate relative to LDAR
siteshows e l ec t r i ca l  zict t v i t v  in a s  area where storm

cells are coming together . Stonuscope shows a
0 - 360° — aircraft headingclear path to the northwest while weather radar

indicates clouds ; this is a case in which a pilot
having one system or ~he other might respond in R

~ 
Translated x coordinate relative to
LDARdifferent ways. Later in the same flight , in

Figure 9, a picture was taken with the Stormscope
and weather radar both on the 40 mile ranges . A R~ — Translated y coordinate relative to

LDARreview of the sequence from which this picture
was taken showed that Stormscope was populating

Software was developed to provide a graphic dis—
play of the translated data which could be corn—
pared with a similar display of the LDAR points
acquired during the same time interval. The

Florida coast , and provides reference markings
resulting program draws a scaled outline of the

indicating the location of the LDAR site , Patrick
AFB , Daytona Beach radar site and the Orlando Vor—

• 
tac. The program then plots the translated Storm-
scope data and the cooresponding aircraft track

- positions during successive fifteen minute inter—

Software was also developed to reformat the 7
‘ track magnetic tape supplied by LDAR personnel to

. flexible disc suitable for use on the PDP 11/05
system . The software also was designed to elm —
‘nSte LDAR data points which differed more than
10 azimuth and 2 nautical miles in range between
the independent receiving stations .

Figure 9. Stormscope and Weather
Radar Comparison—26 July The ground radar photographs were also cropped

and properly scaled to the LDAR and Stormscope
very slowly over this t ime period—the level of displays to permit visual comparison of the three
activity within 40 miles of the aircraft is appar— systems.
ently now quite low. The line on the 030 radial
probably illustrates the ‘spoke ’ effect of the At the time of this writing , only LDAR data for
Stormscope. A stronger than normal stroke ap— the two flights on the afternoon of 25 July had
pears as a line of dots moving inward toward the been received and analyzed. Composites showing

displays during different runs on 25 July were
nose of the aircraft along a particular radial, the Stortnscope , LDAR and ground weather radar

As previously mentioned , only a preliminary ana— prepared to facilitate comparison of the data.
lysis of the pictures has been performed. It is Three of these composites are shown in Figures
expected that many more comparisons of the above 10, 11 and 12 , respectively .
type will be included in the final report.
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In each composi te, the central cross marks the
location of the LDAR site at Kennedy Space Cen-
ter. The range ring is at 80 nautical miles and ::::::~the dotted line represents the plane track. The 0

heading and beginning and ending times for the U

part icular  run are g iven in the upper right
corner. Ldar data  are dep icted as solid c i rc les , - -

Sto~~scope data as open circles and weather ra-
dar data as shaded areas . / 

a

S ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ 
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~ ~

Figure 12. Stonuscope. LDAR and Weather

oO 0 %  \ Radar Comparison - FlIght 2, Run 5

high electrical activity do pot necessarily occur
0

0 ~
, in heavy precipitation areas ,

2. .Qn the runs reviewed to date , Stormscope does
not exhibit the tight clustering of data points
characteristic of the ground—based LDAR system .
Point by point comparisons between 1.DAR and Storm-

Figure 10. Stormscope , LDA R and Weather scope for range and azimuth accuracY have not yet

Radar Comparison - Flight 2, Run 1 been accomplished. However, it is felt that
inaccuracies in Stornacope ranging informat ton
are primarily responsible for the dispersion of
the discharge locations . In certain resoects
this dispersion effect provides a margin of safety

N0 0bI m II •~ to the pilot avoiding severe weather since the
electrical activity is displayed over a broader

•, U ~~~~~~~~~~~~~ area.
I.-  ° 

~ 
0

• 
- ---.. 3. Stormscope is highly sensitive to spuriou’~

~ electrical noise generated within the aircraft.
The flat pack crossed loop antenna must be loca-

~1~, 
ted in an electrically quiet region for success—

4 ful operation.

- 4 . On the flights reviewed to date there are
/ several instances where Stormscope ’s 3600 scan

shows electrical ac t iv i ty  behind and/or to the
• / left or right of the aircraft in areas not visi-

• — - Me on the weather radar . Act iv i ty  Is displ~ ved
regardless of altitude; no changes in antenna tilt
such as may be required to interpret a weather

• radar display are necessary .
-

5. The Storrnscope can be used on the ground in
p re f l igh t planning to provide depar tu re  vector s
th at w i l l  avoid e lectr ical  a c t i v i ty .  The 3600

ground scan was used to verify planned departure
Figure 11. Storrns~ope, LDAR and Weather vectors for the flight on 27 July when a thunder—
Radar Comparison , Fligh t 2 , Run 3 storm passed over Patrick AFB prior to takeoff .
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AB STRA CT

A ground—based l ightning moni tor ing  system was to j u s t i f y  fu r ther  t e s t i n g  as p lanned by AFFDL/
set up at the Kennedy Space Center (KSC) to FESL .
evaluate its usefulness in locating and t r acki ng
lightning activity. Information from the ground— TECHNICAL APPROACH
based system, a Ryan Stormscope , was compared
to data obtained from the Lightning Detection a. Ground Station Instrumentation
and Ranging System (LDAR) and weather radar dis-
plays located at KSC. Correlation was obtained The Stormscope is designed to locate electrical
among the three systems . This paper reports discharges that have a 50 kHz component at a
on the data obtained during the program and ev— distance of up to 200 n a u t i c a l  miles . I t  con—
aluates and compares the three systems . The sists of a receiver which detects , sorts and
research was performed dur ing  the Thunders torm analyzes the incoming signals , a mic roprocessing
Research International Program—1977 (TRIP—77). (CPU) unit which performs the mathem atical com-

putations , and a cathode ray tube (CR1) which
BACKGROUND displays the ‘dots ’ representing lightning

storm activity . (See Figure 1.)
During July and August, 1977 Technology/Scien-
tific Services, Inc. provided contract support
during an evaluation of a Ryan Storn~ cope by
the Air Force Flight Dynamics Laboratory , Elec—
trosagnetic Hazards Group (AFFDL/FESL) at Ken— -

nedy Space Center (KSC) , Florida. This location
and time frame were chosen because of the high
level of isolated thunderstorm activity and the
availability of the Lightning Detection and
Ranging system (WAR) at KSC. The LDAR system
provided an accurate mapping of the electrical
activity occurring during a thunderstorm for -

comparison with Stormscope indications . 
- _ -

PRODUCTS/EXPECTED RESULTS ____________________________

The Ryan Stormscope was developed for general
aviation aircraft to locate electrical discharges
and thus aid in thunderstorm avoidance . In a
companion program in 1977 AFFDL/FESL equipped FIGURE 1. RYAN STORMSC OPE SYSTEM COMPONENTS
a 1—39 aircraft with a Stormscope for inflight
correlations of the Stormscope disp lay with on— The Stormscope USeS an automatic direction find—
board weather radar and the ground—based LDAR ing (ADF) antenna to receive electromagnetic
systern .1 radiation from lightning strikes . A fter the CPU

determines the azimuth and pseudorange of the
Interest in the Stormscope centered on two electrical, disturbance , the discharge is repre—
objectives: its use as a severe weather avoid— sented as a dot on the CR1 display . A sense
ance system for general aviation aircraft and antenna attached to the Stormccope detects the
its use as a research aid for lightning charac— waveform of the disturbance. The CPU compares
terization studies . This preliminary study the waveform to a stored ‘typ ica l ’ lightning
showed that the Stormscope system gave suffi-- waveform~ If t he  s i g n al  is only random noise .
cient general agreement with LDAR indications no dot appears on the CRT .
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Up to 128 lightning discharges can be stored b . Comparison Syst~ na
and displayed . The 129th discharge event causes
the ‘oldest ’ dis charge event to be erased . The LDAR system provided a apace—time history
Pushing a button clears the disp lay , a process of the lightning process by measuring the time
taking four seconds and beginning with the of arrival of R}’ lightning pulses (30—50 MHz
oldest dots . If only partial erasure is desired frequency) at different receiving stations . The
the button can be held down for a shorter time , lightning waveform data obtained were recorded,

then processed by high—speed tranaiemt recorders
The display scope is a 3—inch CR1 with an over— to provide a ‘dot ’display showing the range ,
lay containing a 12-point compass rose , an air— elevation and azimuth of the RF radiation source.
craft symbol and two concentric range circles .
The scope provides a 3600 field of view . The The WAR system displays the locat ion of light—
range circles , which can be varied through 20— fling discharges within 40 kilometers with a high
40 , 50—100 and 100—200 nautical mile represen— degree of accuracy .2 During a typical activity
tations , provide a pseudo—range by assuming period the display is allowed to collect one
th at a l l  l i g h t n i n g  s t r i k e s  are essen t ia l ly  of hundred dots before it updates . The initial and
the same intensity and generate the same electro— final acquisition times are printed on the dig—
magnetic field strength signal. The signal play to allow determination of the rate at which
received is compared to a stored value and electrical disturbances are occurring.
is processed in the CPU to represent distance
from the aircraft for that lightning discharge A typical LDAR display is shown in Figure 3.
event. A stroke of greater intensity than These displays were available at various inter—
the standard or average intensity would there— vals (depending on electrical activity levels)
fore appear to be closer to the aircraft than when thunderstorms were occurring within 40
it really was while a weaker one would appear kilometers of the site. The two concen tric
to be farther away .

The Storescope was set up at the ground s t a t ion  A1~~U~~d. -

with  a 15—inch long sense antenna and a standard
two—loop ADF antenna. The CR1 disp lay was
mounted on top of a time code generator Set
to Eastern Daylight Time (± 1 second). The dis-

30 1 —play and time were recorded with a 35mm camera .
The Storuwcope and time code generator are shown
in Figure 2. These displays were then compared 

~with  LDA R and weather radar  p ic tures . 
_____________

~0 k
were drawn showing the Stormscope , weather radar
To facilitate the comparison , composite overlays

and LDAR displays superimposed . Two representa-
40 k~

tive displays are present ed later in this report.

Figure 3. Typical LDAI1 Data Display

circles represent 20 and 40—mile ranges. The
dark line shape in the middle of the inner
circle represents the coastline of Cape Kennedy,
with the single center dot representing the KSC
LDAR site. The coastline and KSC representation
is fixed to provide an overlay to the electrical
data received and thus locate the azimuth and
dis tance of the electrical disturb ance. Each
do t represents an electrical discharge having a
component in the 30—50 MHz range as received by
the WAR system . The blocks to the left of the
circles represent the altitude of the disturb—

Figure 2. Storinacope and Time Code Generator ance in the nor thern ( top) and southern (bottom)
direc tions.

A typical display from the Kennedy Space Center
- WSR72X radar and its accompanying time code is

shown in Figure 4. The range in these disp lays
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was limited to 38 nautical miles and the display
shows cloud formations rather than electrical
disturbances. Each circle on the display repre—

4
sents approximately 10 miles .

Since the time on the radar display is in GMT 
•

(1828), four hours must be added to the
time shown on the t ime code generator when com-
paring the Stormscope displays to the weather
radar  data.

: : :  ~ s s - .•

FIGURE Sa. STOR MS COP E— 18 15 GMT 22 JULY 77

FIGURE 4. SAMPLE GROUND RADAR DISPLAY

~~ I
c. Results ::The Stornwcope was set up with the reference I

of these locations allowed accurate comparisons 
~~ I ,~~

airplane on the CR1 headed north to facilitate “ Lcomparisons with data f rom LDAR and weather
radar . The cen t ral r e f e r ence poi n t fo r the
WAR system was located approximately 2 kilo-
meters west—southwest of the Stormscope instal— ~ r - -  ______

‘Ulation at the ground station. The proximity 
- 1

of data for storms at distances more than 20 J f .
miles from the two sites. At closer ranges 

~~ 
. . 

~~~~~~~~~~~ ~~~the comparison is less accurate due to the di f— K

ferent locations of the two systems . ~~~~ ,5ts3) 45

tO $S15 %
45 III

Figures 5a , Sb and 5c show the Stormacope , WAR
and weather radar displays obtained on 22 July
1977. The WAR and Stormacope data were re— FIGURE 5h. LDAR—l815 Ct-fl 22 JULY 77
corded at 1815 Ct-fl (2:15 EDT), The weather
radar pic ture was taken five minutes later .
Figure 5d is a composite representation in The weather radar indicates cloud formations in
which data from the three displays are overlaid these general areas , w i th  some discrepancies due
to facilitate comparison . 

- 
to the time lag and the fact that the radar an-
tenna was located remotely from the control

The Stormacope shows moderate to h eavy elec trical console, producing an angular displacement ~ t
activity between 225° and 2700 outward from 120 counterclockwise in the display . The h e av i e r
about a five—mile range . Stormscope also shows activity appears somewhat closer on Stormscope
high activity around 3000 from about ten miles and more widespread because of its psuedo-range
out. WAR indicates moderate to heavy activity but the weaker activity at 300° has correlation
between 225° and 270° at a 15—mile range, light between Stormscope and LDAR .
activity at 3000 at a 10—mile range and scatter-
ed activity at 300° to 330° at 25 to 30 miles out.
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FIGURE 5c. WEATHER RADAR-l820 GMT 22 JULY 77 FIGURE 6a, STORMSCOPE 1907 CMI — 1 JULY 77

I 

~~~

‘

- - .. ~~~~~~~~~~~~~~~~~
- - r

FT 13*1 ~iia let ale? ~

so 45 41
5M. Rado, -

‘5.—...—

IDA.
- FIGURE 6h. LDAR 1907 CMI — 1 JULY 77

LUAR data was selected from available data print—

FIGURE 5d. OVERLAY OF STORMSCOPE, LDAR , AND outs a number of days after the thunderstorm

WEATH ER RADAR DATA 22 JULY 77 event and compared as closely as possible , in
time, to the photographs taken of the Stormscope
display. The Stormscope was not cleared ; it
was allowed to cnllect data over a definite time

A second comparison is shown in Figures 6a, 6h , period and compared to simi lar time periods
6c and 6d. This information was recorded 1 July with the LDAR. There was an average of ±~ m m —
1977 at 1907 GIlT (3:07 EDT) and was from 20 to utes between the time the Stormscope picture
40 miles from the ground station , was taken and the time of the LDAR readout .

During this program no effort was made to compare The azimuth and distance comparison between
the Stormacope data and WAR data in real time. Stormacope and LOAR using the data available

: ;~ ~~~~~~~~~~~~~~~~~~~~~~~

~~~~ -~~~
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shows a general agreement. This consists of Tables 1 and 2 are general descriptions of light—
indic ating in what quadrant the lightning storm ning activity recorded by Stormacope and WAR
is located or developing and the general direc— for the same storm.
tion of the lightninG storm movement .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Av .raqs AvIS. 1.
LocatIon Diltanc. (n.m.)

Storaacop. 21S’ 31.0 to 37.0
250’ 5 .1  to 16.0

LOAS - - 243 21.8 to 24.2

- Stosmacop. 3~ 3~ 21.4 to 31.1
300 14.4 to 11.2
254’ 40

LOAS 300’ 22.4 to 27.8

• 

- 
Stormucop. 27S to 261’ 26.4 to 31.0
tOM 3~% to 304 24.2 tO 27.2

- 

- 
- 210’ ~° 213’ 

- 
27.2 to 33.0

TABLE 1, GENERAL DESCRIPTI ON OF LIGHTNING
- ACTIVITY FOR STORM ON 22 JULY 77

5- 

(1815 GI4’r)

Av.r.q. Av.r.q.
Location Diltmnc. (n .m . )

- Stormacop. 255 4.1 to 15.2
LDAI 235’ 1.1 to 13.0
ladar cloud covar

FIGURE 6c. WEA THER RADAR -- 1908 GMT ___________- _________ ____________

1 JUL Y 77 StOonucop. 300~ 10.1 to 17.5

LOSS 300 4.0 to 1.6
Padar 210. to 310’ 14.0 to 22 .5

Can tor on 300’

3DM 325 26 .0 to 30.0
Stor.Icop. 0 0

Podar 0 0

tIM 0 0

- 
- - Scorm.cop. 240 to 270 35.2 to 35.0

ladmr P mI t th. lanq.

- - LOSS 317’ to 328’ 24.0 to 31.0

• ‘ - \
_ _ 

- Itorm.cop. 300 to 315 2’.O to 35.0

• 

~~~~~~~~~~~~~~~~ 

\ \ _ - 

- — 

sadar 310 to 317 34.0 to 37.0

- 
. ACTIVITY FOR STORM ON 1 JULY 77

... 

i 

, TABLE 2. GENERAL DESCRIPTI ON OF LIGHTNI NG

.. - 
- - (19O7 GMT)
- - -

Figure 7 illustrates the ‘spoke ’ effect tha t can
.~~~~ , / occur on a Stormscope display because of its

pseudo—range. The storm at 600 is apparently
a very severe one, Clusters of dots stretching
from the storm area to the growt.i station

SO (‘plane ’) are shown as closer to th e sta t ion
than they actually are because of the high in—
tensity of the strikes .

An attempt was made to determine if the na~ ber
of even ts recorded by Stormscope over a fixed
t ime in terval could be correla ted wi th the

FIGURE 6d. OVERLAY OF STORMSCOPE, LDAR , AND severity of the storm, A counter was connected
WEATHER RADAR DATA - 1907 Ct-IT to the sense antenna circuit on the Stormscope
1 JULY 77 and monitored during storms on 1 August and

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ - - - — — - — — - -- -- -- -~~~~



indica tes the activity level of individua l cells.

120

100 LDAR :’

80

~ 6O~~

40 

/

20 
~~~~~~~~~~~~~~~~ STO~~~COpE

0 6 1  L I  A

30 60 9Ô 120 150 180— 

TIME (MINUTE S)
- 5,A~A~~ MIMJTE % 0&COI~ 5

FIGURE 7. “sPOKE” EFFECT ON THE STORMSCOPE FIGURE 9. COMPARISON OF ELECTRICAL ACTIVITY
DISPLAY LEVELS DETERMINED BY STORNSCOPE AND

LDAR 8—3-77.
3 August . Figures 8 and 9 show the number of
events recorded for 10 second periods at inter— SUMMARY
vals during the storm compared with LDAR data
for the respective days , 1 August and 3 August. The Stormscope gave promising results as an in-

dicator of lightning activity. As an example
of its accuracy , a NASA Lear Jet investigating
lightning during in—flight tests as part of
TRIP—il was directed according to Stormscope ’s
ground station indications and was able to lo-
ca te lightning activity. Because of the pseudo—

100 - 
dis tance , but this problem diminishes as an

~~~~~~~~~~~~~~~~~~
c0P

~~~~~~~ 

range there is some difficulty in estimating

operator becomes more familiar with the system
80 - indications . Although further evaluation is

z needed , it appears that some method that relies).2
- on count ing the ntnnber of l ightning events over

Ia -

60 - a fixed t ime interval in conjunction with a
Stormscope display may prove useful as a storm
severi ty indicator. Once proven , such a method

40 could have useful weather—related applications .

As a result of this preliminary test and the
20 - in—fligh t evaluation of the Stormacope ment ion-

ed previously, the FAA provided funds for further
- 

in—fligh t testing to determine the effectivenessI of Storsascope for severe weather avoidance. The
20 40 60 80 100 results of these tes ts, which were per f ormed

at Patrick AFB in July , 1978, were recently made
TIME (MINUTES) available in preliminary form to the FAA .3

FIGURE 8. COMPARISON OF ELECTRICAL ACTIVITY REFERENCES
LEVELS DETERMINE!) BY STORNSCOPE AND
WAR 8-1—77. 1, Mangold , Vernon L., gvaluatio~ of Stormacope—

Phase I, AFFDL/FESL I January 1978.
Results show that Stormscope data is in general
agreemen t with LDAR data in regard to the 2. An Accuracy Analysis of the LEAR System ,
severity of thunderstorm activity over a given Federal Elec tric Corporation (FEC—7146), Con tract
area . Obv iously ,  data from a counter alone MS. 10—4967,8 Mar. 1977.
cannot be used to indicate severity levels 3, B~ IS, Lt. R .K . and Seymour , T.J., Evalua tion
when more than one cell is building or decaying of the Ryan Stor.acoe. as a Severe Weather Avoid-
in the area but monitoring the display quickly g~ce System for Aircraft , AFPDL/FESL , Dec. 1978.
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ABSTRACT munication equipment. These vans are installed
within communication range of the remote range

This paper describes recommended lightning pro— tracking antennas , with which they communicate
tection measures for the Tracking Instrumentation through tower—mounted VHF antennas. Within a
Subsystem (TIS) of the Navy Air Combat Maneuver— few meters of the vans i~ thu s a radio antenna
ing Range (A~21R) and Air Force Air Comba t Maneu— tower that is typically about 156-n tall and is
vering Instrumentation (AGMI). Physically ,  the a frequent target for lightning.
TIS consists of an antenna towe r , coaxial cables ,
and electronic instrumentation vans. Lightning A sketch of a typical TIS layout is shown in
strikes to the antenna tower have caused damage Figure 1. The equipment in the van is operated
to sensitive components inside the van , from comme rcial powe r, and local telephone

service is provided to the vans. The power
The design of the equipment and vans is such amplifiers for transmitting antennas and pre-
that excellent lightning tolerance cou ld be amplifiers for receiving antennas are mounted
readily incorporated into the design by apply— on the tower base about I in above ground.
ing the procedures recommended in the earlier Coaxial cables run from these amplif iers  up the
paper , “Shielding and Grounding Topology for tower to the antennas and from the ampl i f iers
Interference Control ,” presented at the 1977 into the equipment van and the RF ampl if iers to
Workshop. The important features of the equip— supply the amplifier operating power. The ail-

ment are the all—metal van construction with metal equipment van is grounded externall y by a
more—or—less concentrated cable penetration large cable connected to a steel supporting beam

areas , a “closed ” ac power system (metal con— on the underside of the van and to the tower
duits and closed metal cab inets), metal cabinets footing abou t 10 m away. The ac power system is

and f loor ducts for internal equipment, and a grounded 5 to 10 in from the van near the distri-
rational approach to grounding . These features bution transformers to one or more ground rods.
are being developed into an effective two—level
shield system without major redesign or rework— DIAGNOSIS 01 PROBLEM
ing of the equipment. incorporation of some of
these shield improvements has already resulted Discussion with on-site personne l regarding the

in a major improvement in the system ’s lightning effec ts of lightning strikes indicated tha t the

tolerance . princ ipal damage occurred in the dc power supplies
and in the line drivers and receivers at the ends

INTRODUCTION of the interconnecting cables inside the van.
The key components involved in these failures are

The Navy/Air Force Air Combat Maneuver ing Ran,~e/ ske tched in Figure 2. Inside the van tl,ere are

Instrumentation (ACMR/I) system is a sophisticated two interc onnected equipmen t racks identified as

pilot—training aid consisting of remote tracking XEROX COME and RCVR XMTR in Figure 2. The dc

antennas and tracking instrumentation subsystem power supp lies in the XERO X C~ 1P rack are con-

(TIS) , and a control computing and recording nected to the outside power lines through the ac

facility located at a Navy or Air Force training service entrance. If the power line s are struc k

range. Our concern here is primarily with the by lightning , the power supplies may be subjected
TIS , which consists of two all—metal vans , one to transients entering on the ac power wiring.
containing electronic data processing and corn— If the tower is struck , par t of the stroke current 
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ELECTRICAL may enter the van on the coaxial cables and flow

GROUND HF PREAMPS through the power supp ly and Out 00 the ac powe r
AND POWER conductor s (ground or neut ra l ) . Al though some

of the current on the coaxial cables may f l ow to
DISTRIBUTION 

AMPS \ ~~ RADIO ground through the outside grounding conductor ,
the van will be raised to a high potential by

I ~ _____________ 

supp lies be tween the case or chassi s and the ac
I POWER __________ 

power wiring (which is externall y grounded at

\
<

RANSFORMERS 
AB~~~~~~~~

’
~
\S~~~~

ER the RI -
~ Ldi/dt drop along this path , and this

~
JOOI ENTRY 

C 

potential difference will appear in the power

II the distribution transformers) . In any event ,
ac SERVICE 1 DISTRIBUTION OAX IAL the power supplies  are subjected to large tran-

CABLES sients whether  the power lines arc  the source ofENTRANCE 
~ 

1Ø
,;;
~NE~

,/
1 

..
~~—AND AMP the transient or the exit  path for  tower cu r ren t s .u TERNAL

_____ __________  POWERI I  _______________________

I GROUND CABLES When the coaxial cables from the tower are not
connected to the van skin at the entry  point ,1 FOR VAN : [___

~__~
_j the shield Currents are delivered to the RCVR

XMTR rack. These very large cur ren t s  can ra i se
EQUIPMENT the po ten t ia l  of this rack wi th  respec t to the

~~~~
‘ 
~~~ 

rest of the van (particularly if the rack is

TIS VAN grounded to the van only through a long ground-
ing conductor ~uch as the power “green wire”
ground). This potential may be divided between

TELEPHONE I the RCVR rack and the interconnecting cables

{SHELTER WAY 
LINE ENTRYI ( see Figure 2) and between the interconnecting

cables and the XEROX rack. The line drivers and
receivers  at the ends of the in terconnect ing
cables  w i l l  thus be h ighl y st r essed and sub jec t
to damage. A s imi la r  condi t ion  would p reva i l  i f

I,
the XEROX rack we re driven by a large surge onSERVICE VAN the power conductors , although this mechanism
appears to be less likely than the tower/coaxial

FIGURE 1 SKETCH OF A TIS INSTALLATION cable excitation of the RCVR cabinet.

The observed f a i l u r e s  were therefore  compa t ib le
wi t h the assessment that  large surge c u r r e n t s
may en te r (o r leave) the van on the power li nes
or on the coaxial cables from the r ad io  tower .

RADIO N Therefore , damage to electronic components

POWER TOWER occurred because the i n t eg r i t y  of shields such
COAXIAL as the van skin was not prese rved by divertingWIRING

FROM CABLES the cu rr en t on pe n et r a t i n g conduc to r s to the
FROM \...

\ 

outside of the shield.OUTSIDE TOWER
____________________________________ 

LIGHTN IN G PROTECTION

H /POW VR P roper t ies  of TIS Ins t a l l a t ions
TIS VAN 

RCER

the damage produced by l igh tn ing ,  two i n s t a l l s -
SUPPLI ES

I POWER — tion s were examined to identif y features that
COMP. 

I SUPPLY o migh t be useful in a hardening program. Although

J

~~~~

X E R O X  
RF AMP 

~~~~~ 
In addition to diagnosing the probable cause of

_____________________ ______ tween the two insofa r  as the i r  l i g h t n i n g  protec-

the two installations were similar in many re-
spects, there were significant differences be-l~ii 

________ 

______

___ _______________ tion is concerned. The TIS at Carrabe lle ,
-

Florida (Tyndall AFB) was newer and disp layed

than the TIS at Nag ’s Head, North CarolinaiNTERCONNECTING 

,/
~$~~~;;/;;;~~~~/~ :2. 

evidence of better lig htning-protection practices

CABLES (Oc eans NAS) . The i n s t a l l a t i o n s  had in common
the f o l l owing de si rabl e f ea tu res:

GROUNDI NG
CONDUCTOR UNDER- (I) The equi pment vans were of a l l - m e t a l

FLOOR construction such that they can be
DUCT developed as prima ry shields .

(2) The vans were grounded to earth through
FIGURE 2 SKETCH OF COMPONENTS INVOLVED a cable attached to the outside of the

IN LIGHTNING DAMAGE van ( t hereb y preserving the integrity

-44-
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ac POWER COAXIAL(3) All of the coaxial cables entered the

van at one small region, making the ENTRANCE EXTERNAL CABLES
use of a single entry panel feasible CONDUIT GROUND
for these cables.

(4) Wa ter and sewage pipes were plastic , ZONE 0so that these do not compromise the
METAL SK I Nprimary shield. OF VAN

Th. ins tallation s also had in c~~mon the follow-
ing undesirable fea tures: 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I
.

(1) The comaercial ac power entering the / 1/’van was not filtered ; thus power-line 
PROTECTED ii, CABLE

( 

t r ansient. could en ter the van.
ZONE INSIDE 

~~~ 
ENTRY
PANEL(2) Power for the RI preabip ltfiers and VAN

power amplifiers at the base of the
tower was provided from supp lies in- ZONE 1side the van. Because these power
leads were unprotected by shields or
surge limiters , transients could enter
the van and equipment cabinets along
the se power leads. FI G UR E 3 LI G HTNIN G PRODUC E D CABLE CURRENT S

D IVERT E D TO VAN SKIN(3) The telephone line s were unprotected
by shields or surge limiters , so that
external transients could enter (or
leave) the van on these leads. Specific reccminendations for the primary-shield

treatments included:(4) External conductors entered the van
(primary shield) at three separa te 

(1) - Install secondary lightning arr estersloca tions--near one end for the ac
and line filters on all ac power con-power , near the opposi te end for th e 
ductors entering the equipment van.coaxial cabl es, and on the opposi te

side for the telephone lines. (Secondary arresters were alread y
installed at Carrabelle.)

The two installation s were different in the (2) Ensure tha t the green-wire grounding
following respec ts: conductor doe s not go outside the van ,

and that the outside electrical ground-
(1) At Carrabelle , the ac power conductors ing conductor does not enter the van

had secondary lightning arresters in- (see Figure 4).
stalled ; at Nag ’s Head they had no 

(3) Make a metal entry panel for all co- :protection , 
axial cables entering the van (e.g.;

(2) A t Carrabelle, the coaxial cables from from the radio tower). Use feed-
the radio tower entered the van through through or panel mounting connectors I
an entry panel that diverted the cur- on the entry panel to connect the
ren t on the shields to the outside of cable shield to the pane l (see
the van. A t Nag ’s Head , the coaxial Figure 5). Bolt or rivet the entry
cables entered the van and the shields pane l to the skin of the van so tha t
we re connected to the equipment cabi- a very-low-impedanc e path between the
net through the panel connectors; thus cable shield and the van skin is formed.
the externa l current on the cables was (Such a panel existed at Carrabelle.)
delivered to the equipment cabinet
rather than diverted to the van.

(3) A t Carrabelle, a coaxial cable u sed
for local radio c~ mainications entered ZONE 0 ZONE
the van as an insula ted conductor , 

ZONE 0/ 

MAIN
thus violating the primary shield.

-~~ ZONE
G
I

Primary Shield

to an application of the shielding and grounding 

OWER~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Given the characteristics noted above , it there- POWERfore appeared that the TIS was ideally suited

I LTE RStopology concepts described in Reference I .  In
this approach, the all-me tal van is developed as
a primary shield and all lightning-produced
current on power line s, coaxial cables, or other
outeide conductors i. diverted to this shield as FIGURE 4 AC POWER PENETR AT IONS
illustrated in Figure 3. AND GROUNDING CONDUCTORS
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METAL PANEL ATTACHED I I 
i 

TUNED RFTO VAN WALL ZONE 0 CIRCUITS

ZONE 1 ZONE 0 ~~~~~~~~~~ tfttL_ 
Jr

_
~~~

TE R

CABLE 
_____

COAXIAL
ç;~;:JB~~~~~::~~;, dc POWER SUPPLY 

J

L

FEEDTHROUGH 
PANELCONNECTOR

ZONE 2

“ 

FLOO R
CONNECTOR

I /(XERO DUCT ~(RCVR~ I
FIGURE 5 SHIELD TERMINAT ION FOR COAXIAL CABLES ~ XMT R )~ I

ENTERING VAN ~~~COMP

(4) Bring the cables supp lying power to 

-

II_ —

the preamp s and power ampl i f ie r s  a t  UNSHIELDED
the base of the tower into the van INTERCONNECTING
through treatment boxes on the entry CABLES
panel. In the treatment boxes, surge
arresters and tertiary limiters or
filters should be installed on each FIGURE 6 SECOND LEVEL SHIELD TOPOLOGY DEFINED

conductor to prevent tower currents BY CABINETS AND FLOOR DUCT

from being conducted into the van on
these conductors. bolted to the f loor duct structure in such a

(5) Bring telephone lines in through the manner that electrical continuity is ensured.
entry panel (also through a treatment Similarly, all rack-mounted equipment should
box, which may be provided by the be bolted to the equipment racks so that elec-
utility). Treatment of the telephone trical continuity between the rack and the
lines should, at a minimum, include equipment case is preserved . All cables inter-
surge arresters, connecting racks or cabinets wi thin the van

(6) Treat any other cables or electrical 
should (1) be routed through the floor ducts

conductors (such as local communication (inside the second shield), or (2) be shielded

radio cables) that enter the van in the themselves (carry their own second-level shield).

same way as the system cables discussed 
Any conductor that enters or leaves the second

above , shield must be treated in some manner to make
certain that it does not carry intolerable inter—

Each of these recommendations is aimed at pre- ference into the small-signa l circuits.

venting large currents induced on outside con-
ductors from entering the van; these currents 

Among the conductors that enter or leave the

mast be diverted to the wall of the van where second-level shield are:

they cause no harm . (1) ac power wiring--this goes primarily

Second Level Sh iel to the power supplies , which may serve
as isolation devices for the power

If the current on the outside conductors is of 
wiring interference.

the order of kiloamperes , it is unreasonable to (2) RI cables from tower--the shield
expect that the above treatments will make the termina te s on the second-level shield ,
interior of the van an interference-free region . and the center conductor is usually
Several amperes of current (enough to damage filtered with a bandpa ss filter in
solid-state components) may remain on the treated the radio equipment.
conduc tors inside the van. Additiona l shielding
will thus be required for solid—state circuits 

(3) Power cables for externa l RI amplifiers—-

inside the van , 
at present these are subjected to the
raw outside environment. When the

This additional shielding may be provided by the 
recommended primary-shield treatment

me tal equipment cabinets if the conductors enter- 
is incorporated , line f i l ter s (or

ing and leaving the cabinets are treated in such 
similar treatment) should be applied

a way that they do not carry the room-level 
to the conductors carry ing power to

interference into the cabinets. The metal floor 
the in ternal circu its.

duct interc onnecting cables are considered a
pa rt of this second-level shield (Figure 6), 

Present Status

Therefore , one must first examine the connectivity
between the racks and the floor ducts to ensute Because these systems are operationa l, the recom-

that the rack cabinet s and ducts form a con- 
mended treatments are being - implemented on a

tinu ou s closed shielding surface. All electronic 
noninterference ba sis during inclement weather

equipment racks and cabinets should be firmly 
(when training fli ghts are not possible) . At

-4.6-
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the Nag ’s Head installation , top priority was
given to the entry pane l and power servic e
trea tments, since these appear to be the moat
serious violations of the pri ma ry shield. Since
these treatments were applied , the radio tower
has been struck by lightning several time s with
only minor damage (one integrated circuit chip,
one PS transistor) , whereas previousl y seve ra l
entire circuit boards were charred by similar
strikes .

These results are enc ourag ing, and it is antic i-  —

pated tha t when all of the treatments have been
app lied, even these minor problems will be
eliminated.

CONCLUSION S

The concept of shielding and grounding topology
introduced in Reference 1 , has been applied to
a medium-size facility to protect the electronic
components against damage by lightning. Although
all ot the recomnended change s have not yet been
incorporated , substantial improvement in the
li ghtning inmainity of the system has been ob-
tained with the high-priority first-level shield
improvements.

It should also be remarked that the design of
the equipment and vans was such that excellent
lightning tolerance could readily be incorporated
into the design. The important features of the
equipment are the all—meta l van construction with
more-or-less concentrated cable penetratio n
areas, a “closed” ac power system (metal conduits
and closed metal cabinets) , meta l cabinets and
floor ducts for internal equipment, and a ratio-
nal approach to grou nding. These features per-
mitted the development of an effective two-level
shield system wi thout major redesign or reworking
of the equipment. Thus, the Cost of incorpora-
tion of the recommended improvements is probably
less than the cost of one outage due to a ligh t-
ning strike.
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ABSTRAC T rent and energy to r each this region by impeding
its progress as litt le as possible so that it will

Grounding cross-country pipelines , fences or not dama ge sensitive equipment or structur es .
cable trays every few hundred feet with ground Too often we engage in wishfu l thinking when
rode sufficiently deep to give a one to five ohm connecting a protection system to a ground rod
resis tanc e to ear th “true ground ” is generall y that disappears from sight into the earth . Too
believed to offer good lightnin g protection. read ily we pronounc e the system well grounded
Computer analysis , considerin g a model of the and therefor e safe from lightni ng damage . We
line as a LR network , show s tha t , while the know that the rod does not make direct contact
high frequency dir ect and indirect curr ent com- with “true ground ” and we then measure the
ponenta are quickly attenuat ed, the low freque n_ ground resistance of the rod , This resistance
cy direc t stroke components travel long die- must be , we know , a function of the length and
tances down the line . They are of long duration diameter of the rod and of the r esistivity of the
and peak long after the sour ce current . Such soil . Give n a homogeneous soil , we can calcu-
component s can produce lightning dama ge and late the rod ground resistance using a formula
effect, by conductin g current s several thousan d such as :
fee t along partially exposed well grounded R = (P/Z- irl ) (in 4l/a - 1)
fences , pipeline s or cable tr ays into areas or where p is the earth resistivity in ohm-rn , l i e
buildings consider ed well shielded again st light- rod length (m) and a is rod radi us (in ). However ,
ning direct effects, we know that the soil is not homogeneous; that it

at least tends to dry out near the surface re sult-
An actual st roke current ,which traveled along a ing in a higher resistivity . We also know that
periodically grounde d fence and then und er- there may be rocks , rock layer s , buried cab les
gr ound along a vinyl jacketed telephone line , pe- or other metal and unknown things under the
ri odically produced fused earth “fulgurites” earth which coul d upset exact calculations . We ,
each time current was ejected into the ground , therefore , satisfy ourselve s with an aver age
to finally dama ge a guard shack , illustrates the measurement . Of cour se , some soils ar

4
e be tt er

prob lem . The building was shielded fr om direct conductors than others , rangin g from 10 ohm-rn
lightning stroke contact by overhead line s , for bed rock and city industrial areas to about 10

ohm-rn for wet organic soil . 2 We a lso know that
INTR ODUCTION the rod probably does not lose all it s induct ance

just because It disappears fro m view.
Lightning strike , the earth In a effort to reach
“true ground” , a region of very high conductivity A t KS~ . the sandy soil resistiv ity is low due to
and low current density somewhere under the the presence of salts in the soil water which
surface of the earth . Good lightning protection comes very close to the surface . This resistiv-
requires providing means for the lightning-cur- ity averages less than 30 ohm-rn so that a 3 /4

— 4 9 — —

-

- —- ~ -—~ - —-——-——-- - —

— 

~~IC~DINQ p~~~ M 1 A ~~j



r-’- Tii~ 
— — — - .— 

~ ~‘ 
r-~~~~

-— 
~~~~~~~~~~~~~~~

~

inch diameter rod , 20 feet long , provides a fence 192 feet from a point where a telephone
ground of less than S ohms and a 40 foot rod line from an old guard shack to another guard
provides a ground of less than 1 ohm. These shack crossed the fence. The shacks were about
must be c lass ified as “good ground s . 160 feet apart . The telephone cable was armor-

ed with steel wire and covered with a vinyl jack-
As often happens , a lightning damage incident et . Some of the lightning current entered the
invo lving a strike to a fence grounded with ten teleph one cable . From the fenc e to the guard
foot rods raised questions about the effective- 8ha ck the cable was buried about 6 inches in the
ness of grounding fences , pipeline s , cable trays ground and the lightning current squirted pen-
and buried cables. This incident and calc ula - odica lly into the ground , every 12 to 18 inches ,
tions on the effects of good ground s on lightning forming small fused earth “fulgurites’ on the
strike current s are discussed in this paper , cable , Fi gure 3 . These jacket punctures occur

when the shield to soil voltage exceeds the die -
For calculation purposes the waveform shown lectric strength of the jacket .4 Part of the cur-
in Figur e 1 will be assumed. The Space Shuttle rent followed the fence. Arcing occurred at the

100 D~~T1f~a~ saneasi ~ ifiUll IIIffl II~ 
gate near the guard shack , Figure 4 .

~ Ill 1~f lit I~1~11 t111 11111 ttI~flI1 Where the lightning hit the fence damage was

II~IU 1,tI!~UI~ III III1flh1 U t i l l HUll minor . Two of three barbed wires were sever-

~H 1 Iltffl1~flcfIH4UitU1t Huh ififfi ed , Figure 5 . The relatively short cable from

~~‘ 11-UI Ulilfi JU~Ui4UI41l ItittI ~t I l i t I t  the fenc e to the old guard shack was about six

K~ FlU HUIU lIffr 11Th~~
.”” FAU.TI ME feet above the ground supported on a fenc e post .

I1TTIT[II11TI i1TlllT1~1It~Iff ~iEt 1flh1Ifl1 It exp loded due to the relativel y high current

I II ’  l~l t I  I ll ~fflUil Hill h u H  which found a good ground at the terminal box

~1 tj~ 141 lI-I lllI ’hlT ’1~BliUdMU1 on the outside of the old shack . The remains of
-
~~~ IHUl ’ I H thu - ‘l?~1~J fflfll the cable and the terminal box are shown in Fig-

tu ft i ii L {1TH niJJ Ill ure 6.  The long cable to the other shack was

Uffi Ii If I ti-Hifi tl lFffl~flf not destroyed since it experienced a lowe r cur -

~ 
I l I t I  II iiiil [fflflj t ItIl1tIItll. ~ lL rent of longer du ration. This current found a

good ground at the power circuit inside the
FIGURE 1. MODEL OF A SIMPLE LIGHTNING shack , exploding crossing telephone and corn-

STROKE . munication line s in the process . The explosive
force of the discharge blew out the north window ,

Lightn ii~g Protection Cr iteria Document , JSC - knocked the west window askew ar. d split the
07636A , uses a model waveform rising to 200 door jam , Figure 7 . No guard was on duty.
KA. in 2 microseconds and falling to 7 NA. in Sinc e guard shacks are usually located near
the next 98 microseconds where continuing cur- fences , protecti ve measures were indicated .
re nts are then added , The high initial rate of
rise of current of 100 KA. fmicrosecond insures LIGHTNING CURRENT TRANSFER ALONG
maximum induction effects . We shall examine GROUNDED PIPEL INES E FENCES AND CABLE
the effects of the long fall time which allows en- TRAYS
ergy to be stored in the protective system and
to be transmitted long distances. Because of A low frequency equivalen t circuit of a pipeline ,
the large peak power of lightni ng stroke s , sig- fence or cable tray is shown in Figure 8. Each
nificant power may be t ransmitted . For exam - section has a series indu ctance and shunting

pie , a 100 KA. stroke into a 1 ohm gr ound is re sistance . The resistanc e generall y has a
dissipatin g energy at a peak ra te of 10 Giga- small inductanc e in series with the ground re-

watts . R educing the current by 1, 000 times to sistance . This is basically a LR filter network

100 A . leaves a peak power of 10 Kilowat t s . and its effects on the current waveforms are

Such currents and the longer duration contin- similar to those of a shield on current diffusing

uing currents can be conducted into areas con- through it . For 5 ohm grounds , the current

sidered safe fr om dire ct stroke s via partially after 30 sections each 40 meters long ( 1 , 200

exposed fences , pipeline s or even railroad meters) peaks at 148 A . ,  Figure 9 , correspond -

t racks . The waveform shown in Figu re 1 rep- ing to a ground voltage rise of 740 volts. At this

resen t. the current flowing in each direction level the danger is prima ril y from sparking in

when a 200 KA . strike s the middle of a pipeline , areas sensitive to possible ignition . Induction
The curr ent is assumed to go to zero at the is minimal because of the decreased rate of rise

rate of about 1 K A ./m ic r osecond . of current . As can be seen in Figure 9 , the
original waveform is attenuated and lengthened.

STROKE TO FENCE Due to energy storage in the series inductance ,
the peak s of currents distant from the point of

As shown in Figu re 2 , a lightning stroke hit a stroke contact occur long after the original

-5 0-
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FIGURE 4 , PITTING ON GATE POST NEAR
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FIGURE 10. COMPUTER EQUIVALENT CIRCUIT OF CABLE TRAY UNDER

A LIGHTNING AIR SHIELD WIRE .

stroke current is over . Beca use the currents CONC LUSIONS
into and out of the ground connections do not
pea k at the same time , the current peaks do ( 1 )  Part of the energy of a distant lightni ng
not add to zero at a node and they must be sep- stroke may be conducted into susceptible areas
ara te ly determined , by fence s, pipelines or bu ried cab les .

The equivalent circuit for a grounded shield (2) The energy stored in the conductor s or
wire over a cable t ra y is shown in Figure 10, t ransmitted by the m can cause damage where
Figure 11 shows the curren ts in the shield wire the progress of the current toward true earth
and cable tray. When the shield wire and cable ground Is impeded .
tray are grounded to the same ground as shown
in Figure 10 , the cable tray carries more cur- (3) While good grounding is effective , it gen-

rent than the shield wire because of the lower erally cannot be relied upon to eliminate all the
cable tray inductanc e and the common ground dangerous energy of a lightning stroke.
impedance. The cables located in the trays
may have voltages indu ced in them proportion- REFERENCES
al to the rate of rise of current and the trans.
Len Induc tan ce. 5 Wher e the insulation punc- I , E .D. Sunde , Earth Conduction Effects in
tures, a portion of the tray current will be con. Transmission Systems, Van Nostrand , 1949 ,

ducted by the cable or cable ehield . The
ground rod currents for the air shield-cable 2. H.W .Denny et , al., Grounding , Bonding and

tray system are shown in Figure 12. It is in- Shielding Practices and Procedures for Elec-
teresting to note that current is drawn out of tron ic Equipment and Facilities, Vol. 1, F .A. A .
the ground in the first five sections after the December 1975 .
stroke source current h&s sufficiently de-
creased so that the current in the line induct- 3. Space Shuttle Program Lightning Protection
ance is greater than the source lightning current . Criteria Document , JSC- 07636 A ,Nov . 1975 .
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ABSTRACT that is being designed (see “Design ”). Fig. 2
illustrates. The common mode impedance Zc of

This paper presents an approach to the design of the bundle may be defined as Vc/Ic~electronic systems lacking the benefit of wide ,
highly conductive , ground paths. The essential The common mode impedance of a bundle loop of
feature is a systematic treatment of low imped- interest is the sum of the component intercon-
ance loops. nect circuit Zc. An “isolated” interconnect

circuit is one for which the Zc is much larger
INTRODUCTION than that of any other bundle loop component

circuit. A ‘balanced1’ interconnect has impeaance
Image-Forming Ground and the Unbalanced Circuit symmetry to ground and may properly have Zc of

any moderate value . A double grounded shield
The kind of ground which is here assumed to be will reduce Zc to zero. Imaged and “strongly
lacking will be called “image-forming. ’ This is tied ’ interconnects have Zc so low as to be
a sheet or coaxial cyl i nder which if connected counted zero relative to the Zc of non-problem
in shunt with the return of an interconnecting loops ; loops formed by these Interconnects
circuit will produce a nearby image of the cir- constitute ‘shorted turns.” Note that at differ—
cult net current. Ideall y, the image is ent frequencies a given interconnect circuit
congruent wi th the circuit bundle; practically, might exhibit any or all three of the just noted
it is wi thin a few bundle diameters and , poorly behaviours .
done , it is remote or uncertain. This image-
forming ground Is a partial Lenz Law shield ____________ ____________
because It reduces the self and mutual Induct— 

-ances of the Interconnecting circuit. An inter-
connect having this ground can be termed an
“imaged” Interconnect. —

Unbalanced interconnects that are not at all Imaged Interconnect
Imaged occur in two forms. The here called
“strong tie ” has a nominal return , a bus perhaps
or a wi re, In or near its bundle. The ’~acr 1fice ______ ___________________ _ _ _ _ _ _

tie ” has no return in or near its bundle. Fig.
1 illustrates .

“Strong Tie ”Bundle Common Mode Impedance

All interconnect bundles except those optically _______ _____________________ _______

Isolated will in operation exhfbft a net current #A I I  II
I at some frequency, this current being the ~

‘ ].1 “Sacrifice Tie ” ~{ ~~
‘

i~d1cation of a clamp-on ammeter (current probe).The assoc iated common mode volta ge Vc may be
defined as the voltage measured between the end eTl’ f l f l r I IIIIIDAI ANCED INTERCONNECTSc i rcu i t  references using voltmeter leads routed riuuI’.~ 1. U

along the path of the bundle loop of Interest
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I Loss of imaging ground degrades unbalasced Inter-
I 

_________ 
connect circuits, their filters and their shields,[ also affects the design of balanced circuits and
does not affect isolated circuits at all.

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Effects of Ground Loss

For unbalanced interconnect circuits Zgt
increases as the ground image goes . farther away .
Unbalanced circuit shields become ineffective if

pigtail and circuit reference ) to which to
Zc
~~

_ ____________ 

there is no imaging ground path (between shield

ground. Common mode fi l tering is degraded to
chokes only as shown in Figure 4.

The common mode impedance, Zc , of balanced inter-
connect circuits becomes an important designFIGURE 2. COWON MODE IMPEDA N C ! parameter in systems wi th poor ground ; Zc deter-
mines how the members of a common mode loop
share the problem.

Measures of Interconnect Circuit Common Mode
Pickup The net effect of losing image-forming ground is

degraded containment of high frequencies , espec-
The mechanisms by which interconnect circuits ially EMI signals. Compensating steps are
respond to grounding problems can be measured by needed.
the quantities common mode rejection, CMR, and •

here called “ground transfer impedance” Zgt.
The former applies to balanced and Isolated cir-
cuits and is determined using the particular
common mode vol tage noted above. The CMR of a
device usually has sharp limi ts of lineari ty
(and damage) and usually depends strongly upon
frequency. Table 3 introduces balancers and
Isolators . Ground Transfer Impedance, Zgt, de-
scribes unbalanced circuits , being zero for a
well—imaged interconnect and progressively worse
for strong ties and sacrifice ties. It may be
defined as received interconnect voltage divided
by the common mode current of the bundle and
nearby ground (if any) combination .

DEVICE DC AC Vc max
DESCRIPTION Zc Balance Zc Balance

1) Relay 10 Megohms Yes 10 Megohms No 600 volts

2) Transforme r • Yes (l000pF x ui)—’ Yes 600 volts

3) Isolation trans.fonner • Yes (lOp F x w)-1 Yes 600 volts

4) Coonon Mode Choke
(Equalizing Transformer) 10 Ohms No 1O~ nH x w Yes depends

5) DIfferential Digital
Transmitter-ReceIver 1000 Ohms No 1000 Ohms Yes 15 volts

6) IIOS FET SWITCH 10 Megohms Yes 10 Megohms Yes 15 volts

7) Plus & minus power to
amplifier with virtua l 100 Ohms Yes 100 Ohms Yes 5 volts*
return

8) OptIcal isolator — Yes — Yes —
5Te~~ d “power supply rejection. ” TABLE 3. BALANCING AND ISOLATING DEVICES TYPICAL PARAMETERS
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Shields DESIGN

Shields which image the charge of an Interconnect The mast Important compensation for poor ground
bundle are cal led Faraday shields and are reason- Is careful selection of components and modula-
ably effective when grounded at one end only to tions because more Interference Is coupled In a
the correct ground path. Shields which image system with poor ground. Imagine that equipment

the currents of an interconnect bundle are some- under design must pass a NIL-STD—461 test per-
times called Lenz Law shields and must be formed on a wooden bench and the correct atti tude
connected to circuit reference or chassis at toward detail will have been achieved.
both ends. Loss of image-forming ground outlaws
Lenz Law shields and degrades Faraday shields. PrelimInaryi Design

Balanced circuit shields need no ground if bal- During preliminary design for poor ground:
ance is perfect and therefore are not very ‘ Locate signal fanout near power fanout

sensitive to poor ground: Grow~d the shield at ‘ Select intrinsically compatible modulations

the circuit low impedance end and terminate the • Place noisy or ultrasensitive circuits in or
other end with greater than Zc ohms . Shields oo metal

‘ must be discontinuous at isolators. • Plan twice as many connectors as the packagers
recommend (for reducing loop areas )

Overall , the designer must avoid unbalanced noisy • Identify for special care interconnect runs
interconnect circuits because these cannot be which may not get imaging ground paths.
shielded above audio frequency in the poor ground
system. Identification of loops is aided by the use of

symbols such as those of Figure 5 and by the use
of diagrams such as Figure 6.

CIRCUIT SYMBOL

Interconnect Reference

insu lated~~~ Sacrifice Tie

I Strong Tie

jr •OQd— ~~~~~~~~~•,_~~~~ 
—r Isolated Interconnect

J~ - -.

IIIIIII~jl~I ~

__ \Qsl_I;RA

~~~

.sL? Balanced Interconnect

—
FIGURE 4. UNGROUNDED FILTERS

FIGURE 5. RETURN SYNBO~.S
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FIGURE 6. SPACECRAFT LOOPS
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Common Mode Loop Design d. Common Mode Circuit Solution. Quantitative

Assuming that a legacy of preliminary design Is 
solution of the counnon made equivalent of the

a number of loops in interconnect circuit bundl- loop may be desired if conflict arises between
ing , the compensation for poor ground is to member circuits. Estimate common mode current
adjust the design of loop members such that they Ic as a fraction of circuit currents or as a
become compatible. Loops whose members have fraction of circuit voltages divided by loop Zc.
image—forming ground paths do not necessarily Evaluate coupling to member circuits as
need this attention .

Coupling Ic x Zc x CMR
Coupling Ic x Zgt

Loop compatibility steps are: for balanced and unbalanced member circuits
a. Select Zc of member circuits to get moderate respectively.

(50-50,000 ohm) value of loop -Zc.

b. Select shielding.

c. Apply shorted turn rules .

d. Solve common mode circuit.

a. Select Zc. At least one loop member should 
____________________ ____________ ______

be balanced or isolated (Table 3) in order to 
__________ __________keep the loop Zc above 50 ohms . Very high Zc

may permit electrostatic pickup which exceeds
the C~~ of loop devices , hence the suggested i) Shorted turn is beneficial
50,000 ohm upper limit for the loop. In general ,
if a member Zc is high this tends to protect
other members and if low protects itself. 

_________ _________

b. Select Shielding . Shields , if any , must be ________________________

grounded so as to not violate the Zc design.
Ful l double grounding violates the 50 ohm floor
and therefore is seldom advantageous. See 

_______ __________________________ ______

“Shields” topic, and the following shorted turn 
__________

rules.
ii) Shorted turn Is optimum

- c. Shorted Turn Rules. Shorted turns are good,
innocuous or bad depending on geometry with
respect to the circuit of Interest , as shown in
Figure 7 and below: __________ _________

I) Shorted turn within circuit path is bene 

-

____________________
ficial to that circuit.

_  _

ii) Shorted turn congruent with circuit path is 
______ ___________________optimum for that circuit. 

__________

iii) Shorted turn extending beyond a circuit ’s
path is bad for that circuit (unless Zgt O).

One important application of these rules Is to
the intrinsic conflict In a loop between the iii) Shorted turn Is detrimental
requirements of the members as to Zc: A shorted
turn (shields or returns) that is congruent with
a bundle loop always helps the coumnon mode cir- FIGURE 7. SHORTED TURN RULE
cult and degrades the member circuits. For
example, an isolato r or balancer in a loop might
suffer excessive common made voltage; addition
of a shorted turn will reduce that voltage at
the possible expense of the other circuits .
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Loop Fixes
An example containing both a loop which did not

It is assumed that circuit isolators and balan- function and one which did appears In Fig. 9.
cers have been considered and rejected (or that The power loop oscillated . When corrected by
time precludes that much redesign). Options strapping together the 15 and 30 volt returns at
become: the drawer , excessive ripple from the 30 volt

• Increase loop Zc circuit then appeared in the 5 vol t circuit;
• Improve Zgt or CMR this was filtered out. This illustrates m ade-

Lenz Law shield quate coninon mode isolation between the two
driver stages. The “LF Coax ” loop has very low

Increasing loop Zc to reduce Ic can be done at Impedance, but the Zgt of the coaxial cable is
VHF and above by adding ferrite beads (toroidal low enough to ensure acceptable pickup.
cores) at any point in the loop. At lower fre- -

quencies the interconnect bundle may be wound __________________________________________
30 or so turns on a toroldal core (one turn •
one bead). These measures failing, the ultimate mix Driver
Zc fix is sacrifice of one of the constituent I ~

- circuits by opening its strong-tie return. Quite
often one of the loop members has sufficient S ~~~~~~ :!“~~~ 

I

noise margin to tolerate this action . Partial
sacrifice Is sometimes seen (e.g., 10 ohms).

may perhaps be rescued by minor alterations to 
— — -The circuit predicted to have excess coupling

the bundle wiring , e.g., substitution of coaxial
~~ :...cable for single shielded wire or insertion of

resistance in one side of a balanced circuit to card 
~improve balance. IF Coax 

—

Finally, one may install an imaging ground loop.
This may be a heavy , shorted turn routed to

drawerminimize Zgt, or overall shielding carefully
terminated. Different branches of the loop can
be treated individually in this way.

Examples 5v ~~ 
30v

In Figure 8, a differential digital link con-
nects to a noisy reference, a stepper motor Rack Power Supplyreturn. The link is balanced at signal frequen-
cies and unbalanced at DC. Its Zc (1000 ohms)
is high enough to not shunt motor waveforms away -. s— strap added
from the motor nominal return. CMR is adequate.

~ — f i l te r  added

- FIGURE 9. CONTROL SYSTEM

SUMMAR Y

~~~~~~~~~~~~~~~~~~~~~~~~~~~n

+28y discrimination between loops which are benef Ic-

A design approach developed over the years for
various systems having no Imaging ground paths
has been described. The main feature Is a

ial or innocuous and those which are detrimental.
In spite of all care , it is stated that EMI

Ir~~
+sv

coupling will increase with poor ground and
that intrinsic compatibility should, in such
situations , be stressed.

FIGUR E 8. STEPPER MOTOR CONTROL
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ANALYZING SURGE-PROTECTIVE DEVICES WITHIN A COMMON FRNIEWORK
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ABSTRACT

The protective voltage level provided by sup- pressor types. These measures of performance
pressor devices of various technologies can be expressed In defined parametric form will then
approximated as a function of current by a two- be tested empirically on some suppressor ex-
term equation. The parameters of this equation amples.
are related to figure-of-merit measures often
used to compare nonlinear devices . The This analysis is not intended to lead to con-
parameter values estimated for some examples clusions on the relative merits of di ffe rent
give an indication of relati ve device effecti ve— suppressor types although It may indi cate areas
ness, but other application considerations also of similari ty or di fference in device type
affect choice of an optimum component. behavior. A complete evaluation of suppressor

suitability for a particular application also
bACKGROUND requi res consideration of many other electrical ,

mechanical , envi ronmental, and cos t factors .
Surge-protecti ve devices , also called sup- These are in the province of the suppressor
pressors , have been in use for many years to device user.

- reduce the possibility 0f damage or malfunction
in electrical and electronic equipment that may APPLICATI ON PERFORMANCE ANAL YSIS
be caused by voltage transients originati ng In
lightning stri kes or other causes . Recently , At the core of the analysis problem is the
the need for protection has increased as equip- di fference in behavior between various types of
ment incorporates an array of solid state suppressors. These fall into two generic
devices of small , sensiti ve s tructure. New classes. The discharge device class includes
technology suppressors such as gas tube , air gap , gas tube, and certain hybrid devices
transient suppression zener, meta l oxide with “crowbar” action. These devices are
varistor , and hybrid devices are recei ving wide— typified by a V-I curve that includes a region
spread use alongside air gap, silicon carbide in which voltage drops sharply after a threshold
and other device types. To simplify use and value Is exceeded. Consequently, these devices
comparison of manufacturer specifications In- also tend to draw follow current from the power
dustry standards are beIng prepared applicable source after the surge has passed. In the
to these types, and the IEEE test specification varistor device class the vol tage varies
for gas tubes is the first to appear. 1 monotonically and nonlinearly wi th current.2

Devices operating on the reverse junction
Although standards are beneficial in developing breakdown principle such as surge absorption
understanding of different devices wi thin a zener diodes usually fall Into this generic
type they are of limi ted value in interpreting class along with devices named as varistors .
differences between types. It is the purpose of What is needed then Is a common framework i n
this paper to identify some measures of per— which the discharge and varistor class devIces
formance which are common to surge-protective can be analyzed.
app lication s, and to propose a common analytical
framework for the analysis of the sundry sup- —63 —
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The elements of a conmon framework are straigh t- SUPP RE SSOR VOL TAGE MODEL
forward. The speci fications of suppressors are
divided into two groups: ratings and charac- The general shape of the V- I characteristi c of
teristics. First , the ratings will give the discharge class devices is illustrated in
levels of electrical stress the device has been Figure 2. Assuming that the device breaks down
designed and tested to withstand; such as con- at a voltage independent of the beak value of
tinuous ac or dc voltage, peak transient current surge current the discharge vol tage is constant.
for a given surge waveform, and rated nieter of However , except when used on systems with in-
surge repetitions. Next, of principal Interest trinsically limi ted source current a series
In the device characteristics group is the resistive element is required to limi t follow
specification giving the ability of the device current until the device commutates of f by ac
to suppress the vol tage excursion of the in- line reversal or other means . A silicon carbide
cident surge at a given peak current and wave- nonlinear resistancg element has often been used
form. This is usually termed discharge voltage in surge arrestors .4 Thus , the V-I curve model
for discharge type devices and clamping vol tage for discharge devices is simple: a straight
for many other types of suppressors . The horizontal line breaking to an upward sloping
ensuing analysis will concentrate on this line at high current when a series resistive
characteristic, element Is used. These relationships are

expressed by equations: -

Si nce the purpose of surge protecti ve devices Is
to control the level of transient voltage which V By (1), discharge device alone
appears across the protected equipment a
transient control level , (TCL) philosophy V k16 (2) , at higher currents with
provides the starting point for an anajysis series element
coem~n to both classes of suppressors .’ The key
elements are: where:
a) Establish the concept of proof testing,

rather than requiring ability to withstand V is the suppressor discharge or clamping
unknown “actual” transients . voltage

b) Define standard test waves .
c) Define surge source current capability. B~ is the discharge breakdown vol tage

Furthermore, the evaluation of the protection K is a device constant
level provided by a suppressor is a two step
process as illustrated In Figure 1. The coin- B is the characteristic of nonlinearity,
bination of open circu i t  voltage, source im— 0 ~ ~ 1pedance , and device clamping voltage determine
the peak surge current. As will be seen the I is the peak surge current
peak current can be important in determining the
discharge voltage or clamping voltage of both It is worth noting that if B has the value unity
classes of suppressors and must be carefully then suppressor voltage has a linear resistive
controlled to achieve standardized test relationship to current. As B approaches zero
condi tions , the voltage becomes constant as in equation (1).

The expression for clamping voltage of a varistor
class device is analogous to the above. The
terminal voltage varies slowly with current over
a wi de range, but at high current density the

STEP relationship tends toward linear as the effect
- of variable resistance approaches saturation.

F I This mechanism is represented by the equivalent

~

_ 

~ 

2 SOURCE j  circui t model of Figure 3 where R is the device
~~~~~~~ bulk resistance, and Rv Is the instantaneousvariab le resistance component.

,i\~ 
- 

OPEN CIRCUIT VOLTAGE STEP 2 [ 2 SOURCE -~
--i

A V ACROSS

LOAD
I ~ ) SUPPRESSOR PROTECTED

FIGURE 1. SUPPRESSOR EVALUATION STEPS 64



1000 1U5649, 47V nominal breakdown voltage , and

WIT H SER~ 
1N5664, 180 V nominal breakdown voltaqe. All

ES ELLMEUJ~ / three specimens were selected randomly from
commercial sources and are assumed to be

‘I I representative of devi ce generic behavior.
Device voltages at ln~ test current were

I 

measured first. Then measurements of clamping,
voltage were obtained at selected points within

- ,

the range of rated transient peak current.GAS TUBE ULY These measurements were performed on a Key Tek
System 1000 Surge generator/monitor Instrument.

200 ________ ________ 

j An 8x20 us pulse current test waveform as
considerea representative of lightning was used ,

.01 .1 1 10 100 and typical device response is shown in Figure 4.
AMPERES

The V-I curves measured for the three specimensFIGURE 2. DISCHARGE DEVICE V— I CURVE are shown in Figure 5. Linear regression
analysis techniques which originated in the
biologi cal and social sciences are used to
estimate the parameter values of equation (3)

regression procedure yields estimates of con-
which best fit the V-I  curves .5 The multiple

stant K and resistance R5 directly. Cut,
estima tes of a must be determi ned apriori and

pendent vari able in enuati on (3) must be
I calculated accord inqly. Through iterative

R 

observation values of 18 for the fi rst inde-

regressions the estima te of 13 can be refined by
a trial—and —err or process usina a goodness —of—fi t

I v cri terion. However , on an F stati s tic , Chow
test coi~ipar1son basis the estim ated coefficients
of the regression will not vary significantly
over some range of assumed values of 8. Hence ,
although a solution for a may be approximate a
statisti cally satisfactory estimate of R5 canFIGURE 3. VARISTOR EQUIVALENT CIRCUIT be obtained.

The terminal voltage-current relationship for
Fi gure 3 can be expressed as

V .K I B + R 51 (3)

Evi dently , for devices of the sai e value of -
constant K the clamping vol tage will depend on
values of n and R, where ~ is relatively moreimportant at low currents and R5 may be more
significant at meaiuni and high currents . Of
course, real devices may not behave in a manner IOA/div.
as simple as posited by the i deal model and its
equation, but the adequacy of then~ as explanatory 100V/d iv .
and predictive tools must be judged on empirical

N

grounds. The next section reports the results of 1O~~/dlv .
parameter estimates obtained from testing of
examples of several device types.

EMPIRICAL ESTIMATES OF PARAMETER VALUES

The estima te of parameters on three specimens of
varistor class devices will be considered first.
One specimen is metal—oxide—vari s tor of 130 Vac 8x2o TEsT wAvE . Ip.5OA, V&315~’
continuous rating (about 21OV nominal varistor V13OL A 1OA ITyp icafl

volta ge) 14mm nomInal diameter, commercial type
V13OLA1OA . The other two specimens are transient
supp ression zeners corresponding to JEDEC Types FIGURE 4. VARISTOR TEST WAVEFORfIS
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TABLE 2 FIT TO 1808V DIODE

VOLTS
Current (A) Voltage (v) Error S

Obs. Predicted
.001 180 180.0 0V I .2 188 187.5 —0.3

3 193 194.4 0.7
10 204 203.8 -0.1
30 229 227.3 —0.7
50 249 250.0 0.4

lN5664

100 -j 
Standard Error (v): 1.4

Goodness-of—fi t Statisti c, R2: .998
1N5649 As sumed B: .010

Resistance (ohms) : 1.09 ; Std. Error: .04
30
.1 1 10 100 1000 10,000

TABLE 3 FIT TO 47 BV DIODE
AMPERES Current (A) Voltage Error S

FIGURE 5. TEST SPECIMEN V-I CURVES Obs. Predicted
.001 46.9 47.2 0.6
.2 47.4 47.0 -0.8

10 48.4 47.7 -1.5
51 50.3 50.8 1.1

101 54.2 54.8 1.1The regression analysis was run using the STARES 206 63.6 63.2 -0.7program available In the statistical library of
General Electric Mark III timesharing computer Standard Error (v): 0.7service. The results are presented in Tables 1
2 and 3 where the fits of the model to the Goodness—of—fi t Statisti c, R2: .992specimen data are s iamiarized. As can be seen
the two term equatIon (3) describes V-I charac- Assume d 8: .004teristics with remarkable accuracy over current
ranges that span up to nearly 7 decades and In- Resistance (ohms): .080; Std. Error: .006cludes observa tions at or exceeding dev ice
ratings. These results have been obtained on
devices of different technology and voltages. The ana lysis can now reconsider discharge class
Series resistance of the metal-oxide varistor devices . The V-I curve measured on a gas tube
specimen Is very low relative to device vol tage, specimen typical of the type used in telecom-
but an excellent f i t  is obtained. munication applications was illus trated in

Figure 2. A l.2x50 us voltage waveform (8x20
TABLE 1 FIT TO METAL-OXIDE VARISTOR current waveform) was used for the tests , and

the surge source impedance was changed to vary
Current (A) Voltage (v) Error ~ short circui t current. The observed suppressor

breakdown voltage was virtually constant at
Obs. Predicted about 390V.

.001 223 215 -3.8

.2 254 265 4.0 If the gas tube Is Interpreted in terms of
100 332 339 2.0 equation (3) the value of B can be considered

1000 409 400 -2.2 zero. Therefore, the first term is a constant
2800 481 471 -0.9 as in equation (1). The suppressor voltage at
4800 - 549 553 0.8 high current depends on whether a series current

limi ting element is used. Assuming that the arc
Standard Error Cv ): 10.7 voltage of the discharge device in breakdown Is

sufficiently low to ignore, then the high current
Goodness-of-fit Statistic , R2: .996 V-I characteristic of the suppressor is deter-

mined solely by the limiting element. With a
Assumed ~: .033 nonlInear element equation (2) becomes applicable

at high currents. However, for elements with a
Resistance (obms): .035, Std. Error: .004 typical value of about 0.2 for B it is clear that

supp ressor voltage will rise relatively rapidly
high currents .
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OTHER MEASURES OF NONL INEARIT Y This characteristic is cooinonly speci fied for
zener diodes used In voltaqe reference orAnother approach for representing the relative stabilization applications . The characteristiceffectiveness of suppressor devices Is based on of a typical metal-oxide-varistor suppressor isdevice Ins tantaneous resistance, and this con— illustrated by Figure 7. Its value tends tocept has received some use in the industry in decrease as operating point I increases in valuethe past. For a nonlinear device the instan- depending on the relative nonlineari ty of thetaneous resistance is a variable as shown pre— device. The exact nature of this relationshipviously in the equivalent circuit of Figure 3. can be determined by noting that equation (5) is

Assuming that the fixed component R5 is rela- the derivative of equation (2) wi th respect totively very smal l then the variable resistance I. By performing the calculus operations it
component Rv at any operating point Is by can be shown that:definition:

Rv 
V (4) dVZ Rv ~j  

— 8KIB~
For a perfectly nonlinear device the voltage v
Is constant, and the plot of R~ versus I on a
syametrical log-log graph would be a straight Z~ = BKI I
line with a negati ve slope factor of uni ty . The
characteristic of a typical metal-oxide-varistor Zv = (6)
Is Illustrated by FIgure 6. A defect of this
characteristic for suppressor analysis is that
it is a relatively insensitive measure of coin- By substi tution of (4) into (6) it is apparent
parative performance. Also , since transient that the nonlinear exponent B provides the
vol tage protection Is the purpose of suppressors simple relation between Ins tantaneous resistance
the vol tage determining parameters are more and dynamic impedance :
directly to the point.

Z~ • B R
~ 

(7)
A more sensitive resistance type measure of non-
linear performance is small signal dynamic im— If interpreted in terms of the equivalent circuit,
pedance which is defined as the rate of change Figure 3, exponent a generally describes the non-
of device vol tage with current at a given linearity of element Rv. However , from a
operating point: terminal-to-terminal view the element R5 domi-

nates at high currents and B approaches the
(5) value unity. In the limi t Zv cannot be less than

R5.

500

100

5

I.-
0Wa. 

______ ______ ______ _____ ______ ______ ______ ______

____  .~~\_
_ _

‘C

5

a3
.1

~~~ 
_____  _____  _____  _____  _____  _____  _____  _____

_____  _____  _____  ____— _____  _____  _____  _____

~~ii: 
.~~ 0.05

_  __  _  

N.1 ‘- ‘II .010Q.\\b.o5 0.005
I

0 001o.
~ .oI 0. . 10 ‘00 0.01 0.1 1.0 10 100

PEAK CURRENT - AMPERES PEAK CURRENT - AMPERES

FIGURE 5. TYPICAL VAR IABLE RESI STANCE R, _ 6 7_ 1
~ 

6. TYPICAL DYNAMIC IMPEDANCE Z~



-- ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~•tU1 ~1~~~~~~~~~
1_ ~~~~~~~~~~~~~

- -~~ UL - i~~~~T~~~
’--

~ 
-
~~~~~~~ 

In passing It also should be noted that non- The results of suppressor voltage parameter
lineari ty of varistor class devices is often analysis can help to identi fy areas of sameness
given using the exponent ci. by the expression: or dissimilari ty in behavior between devices.

Howeve r, the user must also make a complete
I = K V~ (8) analysis of all requirements of an application

including other electrical , mechanical , en-
vironmental and cost factors .This is the same as the relationship given by

equation (2) except that the indepetident and REFERENCESdependent vari ables are reversed. It can be
shown that 1. Cohen , E.J., “A Uni versal Gas Tube

g(’. l/~ (9) Specificati on” , Telephone Engineer and Management
MagazIne, Apri l 1 , 1~77.

Therefore, equations (2) and (8) are comple- 2. IEEE Std 100-1977, IEEE Standard Dictionarynmntary descriptions where the exponents are of Liectrical and Electronics Terms, Secondreciprocally related. Although equation (2) is E~~tion , New Yori~, 1977.the form of most interest since suppressor
voltage is the dependent vari able it sometimes
may be useful to transform exponent values as ~~• I4artzloff, F.D. and Fisher, F.A., Transient
per equation (9). This results in exponents Control Level Philosophy and Implementation —

with high values for a high degree of non- The Reasoning Behind the Philosophy” , IEE E
lineari ty which may be simpler as an Intui ti ve 77CH1224-5EMC , Proceedings of the 2nd Symposium
relationship. on EMC , Montreux (Jan. 1977).

CONCLUSIONS 4. Walsh , G.W ., “A New-Technology Station Class
Arrester For Industrial and Coninercial Power

For analysis purposes suppressor devices can be Systems.” Conference Record of the IEEE Industry
divided into discharge class and vari5tor class App lication Society, Eleventh Annual Meeting ,

October lI , 1977, Chicago , Illinois, pp 30—35.devices according to generic behavior. The
voltage suppression performance Is modeled as a
function of peak surge current by a two term 5. Johnston, J., Econometric Methods,

McGraw-Hill , Inc., New York , 1912.expression. The first term Is the familiar
power law relationship between voltage and peak
current in which the exponent B describes the
degree of voltage nonlineari ty. The second term
is linear in current and the coefficient Is the
series bulk resistance or “on” resistance when
the device is in a conducti on saturated state.

Empirical estimates of the parameters of specimen
suppressor devices can be obtained by mul tiple
linear regression analysis methods. Values for
exponent a are assumed apriori and selected to
obtain best fit. Regressions on observed data
of metal-oxide-varistor and transient suppression
zener diode devices resul ted in goodness-of—fit,
R2, measures exceeding 99% of perfection . For a
gas tube specimen the observed breakdown voltage
was invariant with surge current , the vol tage
rate of rise being held constant, Implying a
value of zero for B. However, if  a fo l low
current limiting element is present It will
determine suppressor vol tage at higher currents .

Other measures of nonlinear performance can be
shown to be related to the two term expression .
In general, dynamic impedance is equal to the
product of instantaneous reshtance and exponent
B. At high currents this value approaches the
series bulk resistance value.
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EFFECT OF LEAD WIRE LENGTHS ON PROTE CTOR CLAMPING VOLTAGES
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ABS~RAC~
TABLE I

Under high current pulse conditions, excessive Minimum Fallur. Thr..holda of CMOS and Tn.
lead lengths on suppressor components can be
responsible for destruction of the protected Pulse Width

circuit. This is caused by voltage build-up D.vlc.
across the small but finite amount of inductance Typ. 2Oiisec 2ps1C j Ip5SC O.2pssc .ips.c .025111.0
in the interconnecting leads of the protector. I I
Some suppressor devices have been tested and 55107 22V I isv I i

55109 ~ev 3ev I I ov Iobserved to have more than twice the specified 
- -. soy ~ ov

clamping voltage which was subsequently shown s.uo
to be caused by inductive effects. Problems -

~ aov

and corrective measures are illustrated and
discussed in this paper. __________________________________________

SB4IC(MUCFOR FAILURE THRES}1)LDS - Pr.dkis d Failure
aP4DB and small area gecmetry semiconductors are

particularly vulnerable to the effects of tran- j e -

sient voltages. Unfortunately there has been -

very little information published on this sub-

trates how fragile ~~~S and ~~L devices can be. 1

j ect. The work reported by Van Keuren illus- 1

Miniim.en fai lure pulse voltage thresholds are - MInIIIIUIn Failure
shown in Table I.

- I 3
2

~~croci~~ iits have been measured by Gallace and
Electrostatic Discharge (ESD) failures of ?4)S

Puj ol t . Comparisons among several suppliers 9indicate that failure levels can be a function
of manufacturing technique. Repeated step Pules Voltage (volts)
stressing of a sample of 25 CD4O11AF type devices
shows that at a given stress level devices would
eventually fail, as shown in figure 1.

1: STRESS FAIUJRE OF CD4O11AF 

—----- — - -.--—“ -—--- - -
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E~ JIVALEW~ CIRCUIT OF PI~)TECFOR
Vert: 200V/div.

The equivalent circuit of a Silicon Transient
Suppressor , such as the TransZorb® which is Horiz : l0nsec/div.

—-

manufactured by General Semiconductor Industries,
is shown in fi gure 2. All parameter values are
fixed by manufacturing processes and device
construction except L 1, the inductance resulting
from the lead wires connecting the protector
across the circuit for which protection is in-
tended. Normal wiring practice results in lead FIQJRE 4: ZERO LENGTH LEAD WIRE S
lengths of the order of centimeters. In sane
power installations this has been observed to In figure 3, a 30V TransZorb!) in the DO-13 pack-be of the order of feet. age was pulsed with a 100A 4kV/nsec rise-time

transient. With 7.5 cm leads on each end , at
which current was injected and voltage measured ,
the overshoot voltage is slightly greater than
800V . The energy under this curve is calculatedL, 

. E~ emaI lnductanC.

to be l0pjou les, sufficient energy to destroy
most types of !4DS and sane 1TL devices. By
reducing the lead length to zero and repeating

R1 -E lecirlcallmp.danc. 
about ZOOV . The energy under this curve is less
than lujoule, below the destruct threshold of

b 

~~ im~~aiInduc~nc. the pulsing , the overshoot voltage is reduced to

- ~~ , ~~~~ 
?4DS and UL devices.

A 

C C Cap.clt.nc. b. LIGHTNING AND INDUCT IVE SWITCHING: Fran
measurements made on 120V ac power systems,
Martzloff3 has proposed a waveform which rises
to peak in SOOnsec, and then subsequently decay-
ing in a sinusoidal waveform with a frequency
of lOOkH. The lightning stroke, which is usually
reported with current rise-times ranging fran 1
to 3~sec has been more recently measured byFI(IJRE 2: E(~JIVAL~ 4T CIRCUIT OF PI~)TECTOR 
Llewllen~ to he as low as S00nsec. Transients

The inductance within an axial leaded part, as on shipboard ac power systems have been defined
represented by L2, is of the order of 10 ’ by MIL-STD-1399 as having transient rise-timeshenrys while the inductance within a modular of l.Spsec.
assembly can be one to two orders of magnitude
greater, depend ing on the design and the number Normal wiring practices are usually considered
of subconiponents . The capacitance of a silicon adequate for protection of electronic circuitry.
avalanche suppressor can vary over an order of “Normal” and “adequate” are relative terms and
magnittxle , depending on the degree of reverse usually prevail under conditions in which equip-
biasing. ment performance is acceptable. What is normal

and adequate protection for vacuum tubes is not
TRANS I~~T VOLTAGE RISE-TIMES the same for power semiconductor devices. Pro-

tection for nicrocircuits is also quite different
a. ~4P: Voltage rise-times of FNP (Electro- fran power semiconductors. With increased usagemagn~~Tc Pulse) transients, as generated by high of microprocessors and other small area geometry
altitode nuclear detonations , are 5kV/nsec. The semiconductors, equipment is becoming morepresence of even a small amount of inductance vulnerable to transient voltages , under both
in the protector circuit can have very profound single pulse and repetitive pulse conditions.
results on the effectiveness of a protector
device. This is illustrated with the oscillo- INIuCrIVE EFFECrS IN C()IPONENT LEADS
graphs in f igures 3 and 4.

a. CALCULATION : The inductance in a straight
wire appears, at first glance, to be very small

Vert: 200V/div and insignificant . Assuming a value of lull/in
for a straight wire, most lead wires have in-
ductance values in the nanohenry region. TheHOriz : lonsec/div. 

V(t)4

voltage drop developed across an inductor under
pulse conditions is expressed as:

FIQJRE 3: 7.5 01 LEAD WIRES where L is inductance in henries

TransZorb~) Registered Trademark - of General 
is time rate change of current

Semiconductor Industries , Inc . 7 0.

-- -~~ - — — - . - - --- --~~~ - 
~~~~~~~:~~~~~~~~ - --  ~~~~~~~~~~~~~~~~~~~~~ ~~-:~~~~:: -



-i
_
‘~~~~~~~~~~~~~~~~~~ - -~~~~~~~~~~ - i ~~

i
~--- 

~~~
— ---

~
-- -

~~~~~
- -
~~ 

- - - — - -

For the fast rise-times of FlIP as shown above ,
the associated problems are obvious; however, for 16 - - - -

the slower rise-time of switching and induced - 2cm

required can be ~efined ~~~~after ca~efu11y 

- - : : : :
studying all boundary conditions. 

~~

. - 
I

b. CASE STUDY : In the following application, a • 
_,

_~~~~~~~
_.
~~“ Length -

silicon t ransient suppressor is being used to ~~~~~~~ —

~~~~~~~~ ea~~~ and Jso pr~~~de transient 
I :

This is one of two repeaters powered and pro- 2 
- 

- 

- 

ciii
tected by the same component . I 

- 

Olll%~
- 0 ————~- 

- -

- 
0 tOO 200 300 400 500 900

Pulse Current (Amp.)

~~ 1 ~~~~ 

- 
___--_________________

+ 
-
~~ 

I FICU RE ~: CLNIPING VOLTAGE VS. PI J LSE CURRENT

I 

I 
—---- — _ _ _ _ _ _  -

~~~~~ r ~~
- - -

- TransZo,b
4 1cm 0~4 Lea ,cth

L_~~~~~~~~~~~~~~~ .~~~~~~~J -
Telecom Repeater with Proteclion c ii 

- 
I

-______________________________________ ~~OnIy
4

4 2cm

FIQJRE 5: TELECCM REPEATER WITh PROTECFION - Lead

The microcircuitry used in this equipment has VoIt59~ Probe Placement

some well defined failure levels; 20V in the _______________ ___________________

positive direction and 6.SV in the negative
direction. The suppressor has a well defined
clamping voltage in the avalanche direction under FIQJ RE : VOLTAGE P1~ BE PLAC12~1I-NI
a specified rise-time. The forward polarity
measurements are specified at 100A with an 8.4 Voltage drops across the lead wires contr ibut ing
msec , ½ sine wave pulse. To determine higher to peak clamp i ng voltage can be at t r ibuted to
current capability, pulse tests were made with a both resistive and inductive components. Czilcu-
l.2xsOusec waveform. Ekiring the process of lations were made for both resistive and induc-
taking data, small differences in lead length in tive voltage drops for ~i 1 .0 cm .040 in.  dia .
the protection circuit were observed to have pro- copper wire at pulse current levels from lOOA to
found effects on the suppression capability of 500A. Rise-time is l.2usec. This data is shown
the device. Measurements extended over the range in Table 11 .
from lOOA to 500A with lead lengths fran the body
of the device of zero, 1.0 an and 2.0 an. Tests — — —

were made on a molded 1.5k W TransZorb®. The peak TABLE If
clamping voltage was plotted against pulse cur- PuIa. Curr.nt Level snd Voltags Ovop

rent as shown in figure 6. - 
ICalculated Cilcuhated

After tests were made with :ero, 1.0 cm and 2.0 Pulse Measured Rseisttve Inductive

cm lead lengths , the plastic body was carefully 
~~~~~~ 

V0
~~~~~,~

09 VOl~~~~~~~O9 Vo1~~~~rop

cut away leaving only the cell containing the - - - - - -

junction and the leads . Voltage measurements were 100 75 019 083
then made across the cell , virtually eliminat ing 200 1.3 :s.. 1.66
inductance within the package. A lead length of aSO I 2.3 .099 2.81

2 an has a peak clamping voltage of 4V at 100A 500 3.3 095 1.11

and 13.SV at SOOA . By contrast , the cell only has
a peak clawing voltage of l.3V at 100A and 3V at
500A. Voltage probe placement for taking mea- Note that the calculated inductive voltage drop
surements is shown in figure 7. compares favorably with the measured voltage drop

while the resistive component contributes lesi~

— 7 1  
than 10% of the total .

~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ____________
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CLM’IPINC VOLTAGE OF AC PROTECTOR about 61W. The inductive overshoot illustrated
in figure 10 is quite profound by comparison

In power systems, it is quite easy to place a with figure 9.
modular assently protector in a convenient mount-
ing location rather than the most effective one,
especially in retrofit applications. These com-
ponents are sometimes bulky and do not always
conveniently fit the desired location. To illus-
trate reduced effectiveness in an ac power tran-

clamping voltage having lead lengths of 24 in.,
48 in., and 72 in. Pulse currents were b OA , 200A
300:~ and 400A with a waveform of 1.2x50)Jsec.

sient suppressor, a module was measured for peak 

100V/div.

Lead length vs additive peak clam ping voltage Horiz: Zpsec/div.
plotted here is that value above the normal
clamping voltage with zero lead length.

96 - - - -

~ ~~~~~~
FIQJRE 10: AC PROTECtOR , 72 IN. LEADS

CL\~t’l NC VOLT~\CE OF MIcR(Y: l RCIJ IT PROTECTOR
- An 1171-5 typ e rrans:orb~ , designed for protecting
- low voltage logic c i rcui ts , was pulsed at levels

of 100A , 100A , 300A , 40 0A and 500A with a l .2x
3

SOpsec waveform. Voltage drop was measured
across the leads at distances of zero, 1.0 an and

0 50 100 ISO 200 250 300 350 400 2.0 cm from the body of the package, adding a
Additive Ps.kChsmping VOltags(VOht$) total of 4.0 cm .030 dia. straight wire contrib-

uting to inductance and subsequently adding to
____ —

~~~~~~~~ the peak clamping voltage. A graph plotting
FICURE 8: I A l) I.F.NGTH VS. CLN~1PINC VOLTAGE total lead length vs. peak clamping voltage is

shown in figure 11.
Note that the additive clamping voltage can be __________________________________________
down in the range of 35V at I0OA for 24 in. leads
extending up to 350V at 400A for 72 in. leads. s - - 

~~~~~~~ 1An oscilbograph -~ ic ting optin~nn protection at . - -

IOOA and 400A is -ho~i~ in figure 9. The 100A
pulse is being clamped at about 21W and the 400A Epulse at ~65V . The peak clamping voltage is

£substantially increased by the inductive effects 
~
, 3

of 72 in. leads as shown in figure 10. In this
oscillograph , the 100A pulse produced a peak of
about 320V and the 400A pulse produced a peak of 2

~~~~~~~~~~~~~~~~~~~~~~~~~~ These curves are plotted as additive above the

0
0 5 10 IS 20 25

Vert: 100V/div. 
Clam Voltage Above BV (Volts)

riz: 2psec/
div. FIc~JRE II: LF.AD 1i~ CtII VS. PUAK CI~~~~1NG VOLTAGE

increase with pulse curren t us ing zero lead

breakdown voltage (By) at lmA , which was 6.3V
for the device tested . The clamping voltages

length due both to the electrical impedance and
thermal self-heating effect on the silicon pn
junction. Observe that the clamping voltage

FI~~1RE 9: A PRCrFI:C1 OR , OVT I?IIM PROTECFIc!4 covers a very broad range , from 3.6V above BV
to 24V above 1W depending on peak current and

— 7 2  
insertion method .
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REIAJCING INIXJCTIVE EFFgTS CONCWSICt4

The most obvious method of reducing inductive Inductive effects can be, and often are , a
effects and thus optimizing protector capability source of abnormally high peak clamping voltages
is to reduce lead wire lengths in the protector ccmpared to the inherent capability of a tran-
circuit. If it is not possible to reduce the sient voltage suppressor . These high clamping
conductor length , other options are available, voltages can cause failure of vulnerable elec-
Inductance in a given length of conductor can be tron.ic components; thus a suppressor capable of
reduced by replacing a small di ameter wire with providing adequate protection can be rendered
a wide strip conductor. On circuit boards , a useless due to poor insertion methods. So it
ground plane on one or both sides of the board behooves the design engineers working on both
has been used by the author as a method for opti- mechanical layout and circuit design to be
nuzing protector clamping, acutely aware of inductive effects and the prob-

lens which they can cause along with corrective
Since voltage drop across the lead length is a measures in order to optimize transient voltage
function of the transient rise-time, it may be protector components.
feasible to add series inductance between the
transient source and the protector to reduce the REFERENCES
rise-time and subsequently the peak clamping
voltage. A TransZorb® used for SV logic protec- 1. E. Van Keuren , “Effects of BfP Induced
tion was tested with a 300A pulse having a l.2x Transients on Integrated Circuits”, IEEE
SOpsec waveform with voltage measurements made Electromagnetic Compatibility Symposium Record,
at 2.0 cm from each end of the body of the October, 1975.
device. This is shown in figure 12, peaking at
24V. Placing a b2~iH choke ahead of the suppres- 2. L. Gallace ~ H. J. Pujol, “The Evaluationsor to reduce the rise-time, reduced the peak to of Q4DS Static-Charge Protection Networks and
l9V and using 24~iI reduced the peak to l7V. Failure Mechanisms Associated With Overstress
These curves are also shown in figure 12. Conditions as Related to Device Life”, presented

at the 1977 Reliability Physics Symposium.

~~~~~~~~ ies inductance 3. F. D. Martzloff, “A Onidance on Transient
Overvoltages in Low-Voltage AC Power Circuits”.

l2pH GE Report No. 77C1W221, Sept~ iñ er , 1977.

24pH Vert: SV/div.

- iioriz: soonsec/ ?~ sters Thesis, Florida Institute of Technol-

FIGJRE 12: C(~4PARATIVE CLAMP ING VOLTAGES
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ABSTRACT

The hardening of aircraft and electronic systems required to achieve adequate safety marg ins.
to the Nuclear Electromagnetic Pulse (NEMP) has
resul ted in the development of analysis and The NEMP technology as applied to the coupling
test techniques for circuit damage threshold analysis of aircraft in a lig~tning environmentcharacterization and terminal protection device has been previously presented . This paper
selection and characterization. This paper discusses the circuit aspects of the analysis ,
discusses these techniques and their applica— including the evaluation of circuit thresholds
tion to lightning problems. and the selection of terminal protection devices .

Specifically, the tasks are: 1) measuring the
INTRODUCTION damage parameters of the circuit; 2) modeling

the circuit; 3) using the model to establish the
NEMP and lightning provide similar threats to safety margin; 4) selecting the terminal pro-
aircraft and electronic systems. The increasing tection candidates and 5) iterating the tasks
use of digita l flight control systems and 1-3 including the model of the terminal pro-
integrated circuits Is increasing the threat to tection device to demonstrate adequate safety
these systems. For example , a typical discrete marg in. This general approach to circuit
audio transistor failure level to a hi s threshold evaluation and hardening is shown in
rectangular pulse is in the range of 100 watts Figure 2. The strategy used to characterize
to 1 kIlowatt. A typical Integrated circuit semiconductors and terminal protection devices
failure level ranges from 5 watts to 100 watts. is to develop models where:
As the integration scale gets larger and
circuit speeds increase the susceptib ility is 1. The necessary model data can be obtained
expected to get worse. The increased use of from test measurements at the device
composite structures on aircraft also tends to terminals ,
increase the severity of the problem . A 2. Details of the semiconductor manufac-systematic methodology and analytic tools have turing process (geometries , dopin g,been developed to assess the eff~ct of NEMP 1 etc.) are not required ,induced pulses at electronic equipment. Corbin
has shown how this system analysis methodology 3. Can be readily implemented on standard
can be applied to li ghtning problems. This computer aided desi gn programs . -

overal1 methodology Is shown in Figure 1 (from All the models to be discussed in this paper
Corbin ). meet these requirements .

Starting with a description of the en~ironment The following sections of this paper discuss
applied to an aircraft coupling model the parts testing, the damage modeling of semi-
transient signals coupled to the circuits are conductor circuits , and the selection and
determined. - The transient signals are then characterization of terminal protection devices.
applied to models of the circuits to evaluate
their damage thresholds. Where necessary PARTS TESTING
terminal protection is applied to the circuits
to prevent lightning induced damage. Note, Two purposes are achieved by the parts testing.
however , that hardening of an aircraft need not The damage threshold test results can be
be totally accomplished at the circuit level, manually compared to the predicted transients
Hardening can al so be accomplished at the to initially prio ritize the safety margins.
aircraft external structure. In some cases a This Is usually accomplished by estimating a
combination of hardening approaches may be 
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LIGHTNING
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r ~~~~~~~~~~ 

THRESHOLDS 
~~~~~~~~~~~~

N NO 
REQW REMENTS

TE ST DESIGN DESCRIPTION FOR TYES
REQUIREMENTS LIGHTNING-HARD SYSTEM

CIRCUIT HARDENED
THRESHOLD EM COUPLING
TE STS MODEL

IMPLEMENT HARDENING
MEASURES/DEVICES TEST

REQUIREMENTS

THRESHOLD 
~~~~~ 

TEST DATA L E V E L
DATA VALIDATION HARDENING TESTS

PREDICTED DEVICES
INDUCED TRANSIENTS

ADDITIONAL

F CIRCUIT HARDENING HARDENING
SUBSYSTEM THRESHOLDS SAFETY R E Q U I R E M E N T S  OPTIONS
THRESHOLDS NO IDENTIFIED

VALIDATED YES
LIGHTNING HARD DFSIGN

- LIGHTNING
SIMU LAT ION
VERIFICATION
TESTS

LIGHTNING HAHF )
AIRCRAFT

FIGURE 1. GENERAL APPROACH To VALIDA TED LIGHTNING-HARD AIRCRAFT
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greatly different in the two situations. An
I SOURCE example Is shown in Table 1 where the term

I 
DESCR IPTIO “bulk resistance ’ is the device impedance after

____________ breakdown.
lip Power Power

I CIRCUIT 1 1 AIRCRAFT ~ 
Parameter Off On

I THRESHOLD EMCOUPL ING Damage Power (lps) 23W 17W

I 
TEST j I MODE L j Damage Power (lbs) 65W 31W

+

I 

C I R C U I T  I PREDICTED
THRESHOLDS I INDUCED Breakdown Vo ltage + O.8V 8.8V
ANO MODEL ~ TRANSIENT S

_______ ___________ 
Breakdown Voltage O.8V O.7V

________ DAT A ____________

I CIRCUIT i ~~~~~~~~~~~~~~ C I R C U I T  I Bulk Resistance 7.8o 2.Oc~
+

VALIDATION II DAMAGE L ...ç MARGINI MODE L I C I R C U I T TESTS Bulk Resistance 8.7cz l1.6n
~~~ ~~~~~cHARAC TERI ZAT ION ~~~~~~~~~~ I 

TABLE 1. INTEGRATED CIRCUIT DAMAGE PARAMETERS4, NO

[DEFINE
T E R M I N A L

POWER OFF VERSUS POWER ON.

In add ition , some integrated circuits will “latchIPROTE CT ION
IRE OU IA EM E N up ’ when pulsed and then destroy themselves due

4, to excessive power supply current. Power off
I T E R M I N A L  testing would not discover latch-up conditions.
I PROTECTION
I DEVICE For discrete semiconductors power off testing is

TESTS adequate.
11’

I TERMINAL J Typical damage results for an integrated circuit
I PROTECTION i (National DM7098 Line Receiver) are given in
I DEVICE I Figures 5 and 6.

MODEL

TPD CHARACTERIZAT ION I
FIGURE 2. GENERA L APPROA CH TO CIRCUIT THRESHOLD

EVA L UA rIO~v AND CIRCU(THA ROEN(,1/G
- .. - .  - SEMICONDUCTOR DAMAGE MODELING

transient. Also the testing provides the data
required to model the circuit. The typical Heating of a semiconductor due to a high ampli-
parts test set up is shown in Figure 3. The tude transient is the damage mechanism. Tasca3

testing is conducted by step stressing the test has shown that the energy in a rectangular pulse
part with rectangular pulses and evaluating for revised to fail a semiconductor is given by:

damage after each applied pulse. This evalua- 4 3
tion , for discrete semiconductors, cons ists of EF = (

~ iT a oC~+4iT a
ZVpCpKpt + ~ anK~t) (ST)

observing their i—v characteristics on a curve where a is the radius of spherical defect region ,tracer. Integrated circuit damage is usually
evaluated using a switching setup and observing ~ is the material density , C is the material
the device input-output response. All the specific heat, K is the ~ material thermal
necessary data required for modeling a semi- conductivity , t is the pulse width , ~T is the
conductor part (discrete or Integrated circuit) temperature rise above ambient , and EF is the
Is obtained from measuring the current and energy required to produce the temperature rise

~T.voltage at the test part for each pulse. The
necessary data Is: The result  is typically implemented with empiri-

1. The Breakdown Vol tage (VBD). cal data In the form
1 1/ 2

2. The i-v relationship above VBD. 
~F 

= At + Bt + C
1/2

3. The power dissipated at damage. or = Kt

The data Is obtained for both posit ive and where the constants A , B, C and K are obtained by
negative polarity pulse drives , curve fi ts to experimental data and P is the

failure power and t is the pulse width. These
An additiona l consideration is that Integrated models work well where the transients can be
circuits should have power applied during the related to rectangular pulses .
testing. A comparison of power on versus power
off has shown that the application of power A Thermal Damage Model (TDM) usable with Computer
makes little difference in the damage power Aided Design (CAD) programs such as CIRCUS-2 and
threshold. However, the brea kdown vol tage and SCEPTRE , capable of determining the thermal
the 1-v relationship after breakdown can be response of semiconductor to arbitrary waveforms
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FIGURE 3. TYPICAL PA RTS TEST EQUIPMEN T SET-UP
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EL ECTRI CAL TH ERMAL ANA LOG
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5.

Ii 1V 1 1 DERIVED FROM V - i  CURVE

_____________________ _____________________ 

J2~~K V 1 - J 1 = INSTANTANEOUS POW ER K
-ao -20 -~~ #‘ 10 20 30 K DEVICE PARAMETER

/ 

V IV OLT I

5 F/GURE 4. THERMA L DAMAGE MODEL

The TDM has been shown to provide good agreement
wi th experiment for a variety of waveforms4 and

-10- with good failure prediction accuracy to very
high frequency transients5.

The DM7098 data presented previously will be
used as an example of the use of the damage

FIGUR E 5. I- V CLIR VE FOR DM7098 LINE RECEI VER model . The data in Figure 5 and 6 results In
the DM7098 model of Figure 7, where the para-
meter UF Is the pulse width at which the

_________________________________________ failure power, PF occurs. The parameter FFF
A relates the forward bias failure level andP, 1O Io9 Pt the reverse bias failure level .

L N
~ 25 — NEGATIVE PUI9ES

- 

~~~~~~~~ ()
IO n, lOO n, T H E R M A L  DAMAGE

V MODEL
PULSE WIDTH I

L~
VC e V I table WF PF FFF I

FIGURE 6 DAMAGE CUR yE FOR DM7098 DM 1 Jl-1000.0. .76 .00 . 7 O . 200 . 1 00001. 10E 6 250 0.2

(-496 0. - 7.6E-4 , 00 , 7.E-4 . 0 26. 97 0) J
has been developed ~~~~~~ Schematicall y the model
Is given in Figure 4, FIGURE ? MODEL DM7O98LINE RECEI VER IN TEGRA TE D

CIRCUI T DAMAGE MODEL
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Lightning induced waveforms at interface ACTIVE TERMINAL PROTECTION DEVICE MODELS AND
circuitry will vary from damped sinusoids to CHARACTERISTICS
primarily exponential signatures°. The form
depends upon the coupling and the source and Electrical surge arrestors are protection de-
load impedance of the circuit of interest. The vices containing a spark gap. When the break-
waveforms from a study of both direct attach~d down voltage of the gap is achieved an arc is
and indirect li ghtning to a L.earjet aircraft6 established in the gap. The gap thus approxi-
will be used as an example with the DM7098 mates a short circuit and limi ts the impressed
damage model . The frequency range of damped transient. These devices are widely used as
sinusoids varied from about 3 MHz to 12 MHz. lightning arrestors on power lines.
For this example the sinusoid will be taken as
a 3 MHz damped sine The significant characteristics of electrical

Surge arrestors (ESA) are:
V(t) = V~e~~

t sin (2~ft) 1. High impedance until the breakdown
where a = .345 x 106 voltage is reached.

f 3.0 x 106 2. Low impedance , low volta e (compared
to the breakdown voltage~ In the onPeak Voltage state.

The exponential will have the characteristics of 3. The breakdown voltage is a function of
the lightning stroke used in the analysis the rate—of-rise of the applied si gnal.

V( t) = V~ (e tI’tf - e
_t
~”tr) The i-v relationship for a surge arrestor is

given in Figure 8. Available devices have a
where V~, = Peak Voltage d.c. breakdown voltage varying from a few

hundred volts to a few thousand volts.t1 = 59ps
tr = 0.27 ~

LOW RESISTANCE REGION

model of Figure 7, to the damped sine is 20
watts. The failure threshold to the exponential
waveform Is 1.8 watts. Note, the variation on I A VMIN

The damage threshold of the DM7098, using the 
V = A + ~-

~~ RE
the thresholds differing by more than a factor
of ten.

the threshold,as a function of the waveform,with 
A 0

TERMINAL PROT ECTI ON 
_______V MIN I 

VProtection is required for those circuits where
damage Is predicted by the circuit analysis. ~~~ 

HIGH R ES ISTANCE R E G I O N . 
-

The form of the protection will vary from

to active l imiting devices. The techniçue used R0
passive devices such as resistors and filters SLOPE

to choose the means of protection is based upon
the magnitude of the transient and the signal
requirements of the circuit requiring protection. Note. (1)  Af ter turn-on , the

chara cter istic followsThe protection device model Is added to the the dashed lines.
circuit model and the problem run again to 121 The value Of V FIRE
establish that adequate safety margin exists. dependent upon the

rate of rise of the
impressed voltaqeCurrent limiting resistors or filters are often

required by design requirements other than the
transient protection. Filters may be required

FIGURE 8. ESA I-V CHA RACTERISTICSfor electromagnetic interference reasons , for
example. These elements can be utilized for
transient protection and if the transient Analytically an ESA is modeled as in Figure 9.levels are low enough they could be totally The treatment of the non-linear resistance hassufficient. At higher transient levels an taken different fotm~, depending upon the inves-active terminal protection device will be tigator. Andersen0~ treats the gap as a non-additionally required to protect the circuit. linear resistor whose value depends on the gapTerm inal protection dev ices (TPD ’s) can be
grouped into two classes: surge arrestors and vol tage, wi th an equivalent inductance to

account for gap Inertia. Kleiner , et al 8 treatlimiters. The surge arrestors are characterized the gap as a non-linear resistor whose value Isby a high turn on vol tage and a low voltage in dependent upon the energy in the gap. Details
the on state. Limiters will turn on at a lower of the models and the experiments required tovoltage compared to ESA’s, and will remain at obtain the model parameters will be found in theapproximately the l imiting voltage during the on
state . references. 
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Limiters are grouped into two classes based upon The silicon limiter diodes are modeled in exactly
the material from which they are manufactured. the same manner as the semiconductor circuits
The first class is the silicon diode l imi ters discussed earlier. For example, the model of a
which Includes zener diodes and transient lN6ll3 transient suppressor (a nominal 20V
suppressors. The second is the varistors which bipolar device) is given In Figure 10.
are typically manufactured from silicon carbide
or a metal oxide. The silicon diodes are
characterized by a sharp knee in their i-v
curve while the varistors have a much softer 60
knee characteristic. s—

The important parameters, of limiters are their 30
voltage, on resistance, capacitance , switching N61 13speed and power handling capability . Both zener
diodes and transient suppressors are available

L I I I I Iin breakdown vol tages from a few volts to a few
hundred vol ts. The upper l imit of available

( 
) 

/ 

-Is ~~ ~ ~~~ 
~

transient suppressors is about 200 V while
zener diodes are available with limiting
voltages greater than 300 V.

C____________________________________________

V-I table I WE 1 PP F F F

H_ _  _ _ _ _ _ _ _ _  _ _F 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

220 , 00 , 22.0 , 1,000 0). I l.OE-6 I 1O.E3
(-t0.000.0 -2.2E-4, 0.0, 2.2E-4. 10000.01 f f

A L FIGURE 10, 1 6173 TRANSIENT SUPPRESSOR DAMAGE
MODELwhere

C - Dynamic capacitance of the yap
r Discharge resistance Varistor damage Is an area that has not been
L Lead inductance plus gap ine rti a widely addressed theoretically. However, theA - Nonlinear gap resistance manufacturers typically provide maximum operating

FIG~’RE 9, ESA GAP MODEL curves such as in Figure 11, which presents the
maxmum allowable current as a function of pulse
width. This curve can be modeled using a similar

The on-resistance of both types of silicon strategy as for the semiconductors discussed
devices is a function of their voltage l imiting earlier. The model is given in Figure 12. When
value and power handling capability . The on- the voltage V reaches 1.0 the maximum current
resistance Increases as the l imiting voltage has been reac~ed.and power capability . Low voltage devices will

~ .- T -.-~have on—resistances of a fraction of an ohm tOO
while the higher l imiting voltage devices will
be in the range of 10-20 ohms. A transient
suppressor will generally have a smaller on- to
resistance than an equivalent (i.e., same wa,
breakdown voltage) zener diode.

I,

_E 1
The capacitance relationship for these devices

‘SIis related directly to the junction area (i.e.,

000 1 ‘ I ’ l l

power dissipation capability) and i nversely to
the junction voltage. A high vol tage device will ~~O 1  -

0typically exhibit a capacitance of a few 10’s of
pF while a low voltage device will have a few Z

hundred pF’s for the same power dissipation u o.o1

dcvi Wcc. a.

The switching speed of the limiting devices Is
quite variable. Zener diodes typically are 1O~~ 10’~ I0~ 1o 3 io 2 10 1 too
much slower than the transient suppressors. 1 ,us I m s  i sec
The usabl, frequency of zeners Is typically a PULSE WIDTH )SECONDS)
few megahertz. Transient suppressors are
quoted as having switching speeds of less than FIGURE 11. TYPICAL DAMAGE CHARACTERISTIC
1 ~~~ • — 80— FOR VARISTOR
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which fail open.
ELECTRICAL ENERGY ANALOGS TABLE 2. TERMINAl. PROTECTION DEVICE
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The circuit analysis and models used to evaluate

~4:i: L

circuit damage and terminal protection device
___________________________ 

________ 

performance have been presented. Given the
transient at the circuit the safety margin and
terminal protection requirements can be deter-
mined. The safety margin after the incorpora-
tion of terminal protection can be demonstrated.

A
2 The circuit of Figure 13 will be used as an

R b = 1
~~ 10O A 1 R2 ~~ 

example. The circuit had to wi thstand a current
max pulse having a damped sine waveform similar to

that discussed earlier. The failure level of
I - __i k

~
V iIQ Cl =C 2~~

l mav xT the line driver without terminal protection is
1 

~1 approximately 4.0 amperes which was below the
10 amperes required hardness level . The

I
~~

f h 1  ‘~0 fIo
6ifv 1 o terminal protection device—filter combination

was designed for both electromagnetic inter-
Oif V 1 <0 

A 3 - 
0.1R 1 fV 7 <0 ference and transient protection. The lN61l3

transient suppressor discussed earlier was used
10if V1~~~O 

10 1 R 2 i fV
1~~~0 for the limiting device. The failure level after13 = 1 R4~~f 6  incorporation of transient protection is 100

amperes providing a marg in of 20 dB.
FIGURE 12 VARISTOR DAMA GE MODEL

These techniques are readily implemented on any
time domain computer program allowing user

The choice of ESA ’s, limiting diodes or van s- defined models and provide an accurate means for
tors is dependent upon the magnitude of the evaluating circuit thresholds to either predicted
transient to be protected against and the or test waveforms.
threshold of the circuit to be protected. The
failure level of a silicon diode limiter is REFERENCES
typically a fraction of a joule while a van s-
tor will fail at more than 40 joules. A typical 1. John C. Corbin , Jr., “Vulnerabi l ity and
surge arrestor will withstand several kilojoules. Assessment of Aircraft Systems to Indirect
These devices can also be used in combination Li ghtning Effects” , Certification of Aircraft
wi th each other, and with current limiting For Lightnin a and Atmospheric Electricity
resistors ~nd filters to provide terminal Hazards Conf~~ nce, Paris , France, September 1978.
protection lO . Extensive tables of candidate
terminal protection devices will be found in 2. J. C. Corbin , Jr., and Dr. 0. F. Strawe,
references 11, 12, and 13. A comparison of the “Electromagnetic Coupling Analysis of a Learjet
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SPACE SHU1TLE LIGHTNING PROTECTION
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ABSTRA C~

The technology for l i gh tn ing  p ro tec t ion  of even
the most advanced spacecraft is available and Externa l tank

can be appl ied th rough coa t—ef fec t ive  hardware -

desi gns and desi gn—ver i f i ca t ion  techni ques .  In -

this  paper , the evolution of t he  Space Sh u t tl e
Li ghtning Protection Program is discussed , in-
cluding the general types of protection , test— -

ing, and analyses being performed to assess the
li ghtning—transient—damage susceptibility of Soli d rocket boosters
solid—state electronics.

Orbiter

INTRODUCTI ON J~~
, -

_ _ _ _ _ _  - /j~/ 
~In keeping with a na t ional  cot~nitment to pro— .— -

vide a low—cost apace transportation system , 
- 

-
.

the Space Shut t le  vehicle (Fig. 1) must accommo— -, - - -

date numerous launch and landing operations in — -
, 

-
-

an adverse weather environment each year. The -~

advanced sol id—state  electronics and the unique
therma l protect ion system required for stmosphe r—
ic entry create particular li ghtning protection
problems .

Pros past experiences with lightning, the most FIGURE 1 SPACE SHUTTLE SYSTEM
notable of which was the Apollo 12 llghtnLng
strike inciden t’ and the resulting Apollo—Soyuz
Test Project Overall Simulated Lightning Tes t2, LIGHTNIN G COMMITTEE
NASA Lyndon B. Johnson Space Center engineers
recognized that protection for the Space Shut— The management approach was to assemble a group
tle vould require the app lication of s ta te—of — of spec ia l is ts  who would provide an earl y def—
the—art technologies . To be cost—effective , ini tion of the lightning environment (desig ’
pro tective desi gn meas ures 1-tad to be incorpo— model) and who would develop the design require-

rated into the initial hardware designs. mente. The Space Shuttle Lightning Coimsiittr-e
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thus for med cons is ted of repr esen ta t ives  from extern al hardware Ilta t ,~n,st he locate d in main
the Shut t le  element cont rac tors  , the i n t eg ra t — r’ ur r e n t  p a t h s  ~, :t i r  ~ t t ri dtn,..,tt r.oni.s

ing contr4ctor , the U.S. Air Force, the three
NASA centers actively involved with the Space To det ermi ne tt,, arc— ,,ttadtmi~nt suites , a t e s t
Shuttle Program, and four consultants from the was conducted on a O .Ol-s ~~ te model of the
engineering and scientific cotmssinity. Space Shutt le v el, i rle (Fi 1~. .‘). The results ot

th is tes t  ar ia c o n t a i i w d  in  R e f e r e n c e  4. 01 p a r —
The product of this coscittee was the Space t i cu l ar concern to the di.si gners was the extent
Shuttle Li ghtning Protection Criteria Docu— of damage to the Orbit er therm al prote ction

ment3, a document that is being used in the coverings. Hence , two further tests were con-
Shuttle hardware desi gn. The coimnittee con— ducted . The purpose of the first test was to
tinues to function to help resolve particular perform a prelimi na ry r.v~ lr,ation to determine

lig htning protection design problems as they the vu ln e r abilit y r~f the vitrious pr otect ive . tn~~

ar i se .  te r  i al~ to 1 I gh t n i n g  stul t~ rl,-t ,-,mi ne th,~ teasi —
b i l i t y  of inc orp or i i t in g  l t g h t n i n g  d i v e rt t - r

DESIGN REQU IREMENTS strips. The reaulta S led to the conclusion that
d i ve r t e r  st r  i pa tha t  ~ni Id  wi t h a t a n d  cot cv heat  —

The formulation of the desi gn requ i rements inN were too heavy . Tltr.refore , the second tes t
centered  a round two b a s i c  ques t ions .  To what was conduct ed  to establish the extent ~f damage —

degree or depth should protective measur es be caused t’v a f,,tf— hr,~,,t swept—str oke li gh tntng

app lied? What desi gn limits should be imposed? strike . An a n a lys is ~ t tlit’ result~
6 showed

t h a t  the area of rlan ,~ige produced in the t a t  t e r
Fro m a prac t i ca I appr oach , c I r cu  i t up sets  woo td  C ,~~ . t was t h er m a  I I v :icei.irI ~t b l C  Wi th  no s p ec i a l
h, acceptable, if adverse actions were unlikely prote ction requit ed.
to occur . Some damage would be acceptable only
i I such damage d id  not resul  t I ii loss øí the  y e— ~‘s ‘
h i d ,- . Several factors . such as vehiel,- safe— - 

~~
‘. 

- 
-

ty , weight , simp l icit y , cost , and exi sting tech—
1K’ 1 rlgy for protec t i ye des i gns I n I I uettc ed ttu’
desi gn requirements. The Shuttle specification
thus imposed s p e c i f i c  p r o t e c t i o n  r e q u i r em en t s
in some areas while crit eria and guidelines . ~~~~~~~~~~~~~

fo r  p r o t e c tio n  were provided in  o the r  areas .
a

The desi gn requirements were divide ’d into two
categories — direct li ghtn ing effects and m di— -

rect l i ghtn ing  e f f e c t s .  The d i rec t  e f f e c t s
were defined as burning , b l a s t i n g , di r ect  coup-
l i n g  of vol tages  and currents, and s t r u c tu r a l
de formation caused by lig htning—ar c ~t t~ chm,.nt.
Also included in this definition were the hi gh—
pressure shock waves and magnetic forces cau sed
by the high lightning currents. The indir ect
el i cc ts were defined as the damage or m al  f u n c —
tiona (circuit u psets) caused by induced cur-
rents and volttgee that are produced by the
elec t romagnetic fields that occur with ti ght—
n i n g .

L i g h t n i n g  p ro t ec t ion  measures are d ivi ded i n t o
four groups:  the control  of Li gh t n i n g  paths ,
iaolation of sensitive Circuit. , unique ~ircuit
design , and design ve rificat ion . These mess— I - I .  I - ~ ..  L I  ‘ , . l ’ o: ~\l~t — A l  A t ’  , - ‘  . 1 - .

ures fundamentally en ’ail the app lication of
low—resi stance electrical bonding and grounding , Another  ares of p r i m a r y  ct ’t i t e r u  Wa, .  t l t , ~ py~~
c i rcuit isolation, aperture closeout ., wire techn ics , which ~- o u t Z d  he i git it ~ rl i .iamagetl
and cable shielding , filtering, and special with direct Lightning sic ~t t ~ chni,’n t. I’ve
circu i t des i gns to negate the effects of ti ght— worst—ease candid ates , tht- Orbiter outer  pa n e l
ning—i nd u ced voltage and curr ent t r an s ien t s ,  severan ce sy s t e m ( b r  crew intli g ht escape ) ~nd

the so l i d rocket boos te r  t r u s t  rum s e p a r a t i o n
~~~~~~~~~~~~~~~~~~~~ s y s t e m , were  t e s te d .  The r e s u l t s  of these

- 
teats are g i ’~en in R e f , .t -encee 7 and 8, r e spec—

Tb. capab i l i ty of th . hardware to w i t h s t a n d  t i v e l y .  The tests indic ated that both ot-dnance
~‘..th the d i rec t and indire ct ef fe cts of l i g h t —  sy st ems  could with stand a f u l l — t h r e a t  (200 000
‘~~ns can be verified through analysis or test; A) lightning strik e with out any adverse e t t , - c t ~~.
‘ .r . in som. case. , a combinat ion  of both is
x.q u s r .~.t . For the Space Shuttle , a full— Many other direct effect s tests were conducted
t~~, . s t — l . v e l d i r ec t  .t f .c t s  test  has been on S h u t t l e  hardware .  Fot- the i n t e r e s t e d  reader .

-—  - ‘s.d icr antennae, p itot tubes, thermal r e s u l t s  of t he  more i m p o r t a n t  t est !  may he oh—
‘. -  t~~ wi .~v .rungs , ven ts , doors , and other t a m ed f rom R e f e r en c e s  Q to ~‘l.
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Variou s indirect effects tests were also con— Li ghtning transient testing at the unit and sub—
ducted , and of special note wae the testing on system level . was a new experienc e -f-or most
the solid rocket booster nozzle severance equi pmen t vendors . Cost. quoted for such test-
(ordnance) system cable that is detailed in Ret- ing were prohibitive and serious weight penal-
erence 22. In this teat , a 40 000—A li ghtning ties (up to 600 Ib) for shielding were neces—
current was driven throug h the ordnance cable sary to maintain the induced—voltage levels
outer shield (tri p le shi elded) without f i r i ng below desi gn limit.. Also , during the Apollo—
or dudding the exp losives. In addition , the Soyuz li ghtning test , induced voltages as hi gh
pyrotechnic initiator controller that provide . as 350 V were measured with rio resulting compo-
the electrical signal to fire the ordnance was nent damage . In addition , studies performed
not adversely affected . for the U.S. Air Force25 indicated that compo-

nent pulse failure powers could vary by 1 or 2
A method for terminating cable shields using orders of magnitude among components with the
diodes was tested for possible Shuttle app lica— same part number. Thus, qualification testing
Lion and the results arc discuesed its Reference to determine failure levels for electrical and
2 1 . This scheme can be used when a conflict electronic hardware proved to be impractical.
exists in electromagnetic interference and At this point , the lightning protection program
lightning—shielding requirements. for the Shuttle vehicle was redirected .

Verification that hardware is ininune to the in— Space Shuttle critica l avionics systems have
direct effects of li ghtning, however , proved to been designed to be failure tolerant; that Ia ,
be more difficult than ori g inall y envisioned . sufficient redundancy has been used so that the

vehicle can still perform a mission after one
ANALYSIS VERSUS TEST failure in a critical aystem . A second failure

in that system, at worst , will still allow a
The original p lan to assess the indirect ef— successful return of the Orbiter. The vehicle
fects of li ghtning on Shuttle hardware was two- is , therefore, desi gned to be fail-operationsl/
fold. First , the electromagnetic field levels fail—sale. Li ghtning—induced failures in crit—
inside the vehicle were calculated based on a ical avionics equi pment can he tolerat ,~d , as
full-threat—leve l (200 000—A design model ) long as the fail—safe design requ i rement i.; not
li ghtning strike to the vehicle. (The details violated.
of the anal ytical procedure used will be dis—
cussed in another paper presented at this con— LIGHTNING TRANSIENT DAMAGE ANALYSIS
ference .) Various unshi elded circuit runs , *

using worst-case loop areas routed through The lightning transient survivability of d cc—
these magnetic fields , were postulated and trical components and equipment can he deter—
analyzed . From these an*lysea , open—circuit mined by analysis. Theoretical and experimen-
voltages and short—circuit currents were cal— ta l work by D. C. Wun sch and R . H. Bell 26 has
culated . The results were then discussed with shown that the power level required to damage
the Li ghtning Cotamittee. Bssed on experience a semiconductor junction is proportional to the
with indirect lightning effects on similar minus one—half power of the pulse width of the
type. of equipment , the coumsittee concluded app lied power for pulse widths between 0.1 and
that the off—th e—shelf avionics equi pment being 100 Mac c .
proposed for the Shuttle should withstand a
50—V and 10—A ( 2— M a c c ) li ghtning t rans ien t  with— Pp — Kt~~ /2
out damage . Thus, this requirement was imposed
on all flight—critical electrical and electron— where 

~F 
— failure power , K — proportionality

ic hardware. The electromagnetic environment constant , and t — puls~’ width.
inside the vehicle would be controlled , with at
least a 6— dB marg in , to levels below the equi p— The p ropor t iona l i ty  co ns tan t  has been named the
ment desi gn l evels. This li ghtning design con— “Wunsch” or “damage” constant. In general , the
trot would be exercised through the use of pulse widths of lig htning—induced voltage fall
shielding , aperture cloacouts , judicious equi p— within the cited range , and the Wunsch damage
Sent location , and other design techniques. equation can be used directly to predict whether

avionics semiconduct ors will survive l i ghtnin g -
Secondly, the calculated electromagnetic field induced voltages. Based on the Ap oll o— Sos u z
enviroi .ment would be verified by actual  measure— Test Project li ghtn ing  test , a S—M a c c pu lse
sent in an overall vehicle  (Orbiter onl y)  simu— width was chosen for Shuttle systems analy sis.
la ted li ghtning test. Prediction of the d cc— Damage constants of semiconductor devices were
tromagnetic fields inside sy setrica l vehicle. , calculated using the junct ion capaci tances  C~
such as the solid rocket booster and the exter— and breakdown voltages V bd , and the thermal
nal tank , is well established from first prim— impedances from junction—to—ambient 0ja or
ci ples of physics;  therefo re , testi ng at the from junct ion—to—case O~~ , using the equations
veh i c l e  leve l to verif y internal fields was not g iven in Reference 27. The damage constants can
p lanned. Avionics and other c r i t i c a l  e l e c t r i —  al so be determined by testing , but a statisti-
cal  equ i pment would be verified at the unit , cs l l y si g n i f i c a n t  number of components ( s i x  to
aubsyste . , and vehicle levels usi ng t rans ient  nine ) must be tested to fa i lure . A wide diaper—
ana l ysis tests similar to those described in sion (plus or minus I to 2 orders of magnitude)
Chapter 17 of Reference 24. exists in damage constants for like components
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with the same part number. The significance of taken . This action consists of adding shields
this fac t cannot be overlooked when conte.p lit— to wires , reloca ting equipment and wiring to
ing lightning tranaient damage susceptibility areas of tower magnetic field intensity, adding
testing at the unit or subeyste . level. Damage transient suppression devices , or redesi gning
levels can , however , be calculated to within the affected equi pment . A sensitive circ uit is
plus or minus 1 to 2 order. of magnitude; and , shown in Fi gure 3. The equivalent circui t and
through the use of dera ting techni ques , a damage samp le analy.is are shown in Figures 4 and 5.
constant can be calculated to ensure that at It is interesti ng to note that the most auscep—
least 95 percent of the components will actuall y tible component. in the circuit shown in Figure
have a higher damage constant . This fact , along 3 are zener diodes that were added to protect
with the multi ple redundancies used in critical the rest of the circuit from transients. If
systema , allows an ana lytic approach to be taken the diodes are removed , the circuit failure
to aaaure that , from a component damage stand—
poimt , the vehicle will be able to return safel y
af ter being struck by li ghtning . The analytic
techniques described in this paper are quite , LM1O1A

R 55 

4::::J±:r
Nvl___.similar to those that are currentl y in use for J2 -l ~ 

.___
~~~~~~~~~

—_________
~~ 11elec tromagnetic pulse survivability analysis.

I 
C22

100 a

anal ysi s effor t . Refe rences 25 , 27 , and 28 - ~~~~~~~~ ~~~~~~~~~~~~~~~~~~

Damag e constants have been determined for more
than 18 000 components by the U.S. Air Force. ~~ ~~~These da ta , stored in a computer program called
SUPERSAP, were made available for the Shuttle R56

- , CR15
have been used for Shuttle anal ysis. 24.9 K

‘-i—’ CR14 

1N4954The analytic approach used by the Space Shuttle
Program is divided into three steps , the first
two of which are performed in parallel. First ,
for each criticality I (failure of which causes 1N4954
loss of life or vehicle) black box or component ,
the internal circuits that are connected in
f l i ght were identified and detai led to the exter— FIGURE 3. TYPICAL CIRCUIT FOR LIGHTNING
nal connector and p in numbers. Using electro TRANSIENT ANALYSIS .
magnetic pulse ana lysis techniques , the damage
levels , fa i l ure vol tage , and failure current are
established for each connector contact. In the • i~~~~~~~ ,- - 

ana lysi s , all damage constants are derated by a

5 0  i’the damage constant corresponds to the lower - 
‘ 2~95—percentile failure level. A pulse width of c l i  00 ,  0~i tV5 Macc is used for all circuits except those that — ________ __________

fac tor of 0.1 , unless other data indicate that ~

f T  

c R : ~ 
v p~ 1 ~~

- ‘ ‘
~

14 “ ________ __________ ‘F ’

cross the Orbiter /external  tank , solid rocke t
l~~,, 1  0,,, ‘~booster /external tank , or the Shut t le  vehicle /

ground checkou t interfaces . For those interface 

~ I 0 100 
~ ~~

I 
~~
‘ i t O V

1’ . ,’ tc i rcui ts , a pulse width of 50 to 100 Macc is used 
___________

becau se li ghtning currents can flow directl y in
1’~’~ -the overall shields of the interconnecting cables . - 

, ,IN 1 t1I~~, -- I ‘~ 4 - ’.4Simp lif y ing asaumption s are used whenever poa— U S A F  SUPERSAP t- - o i  sun &as*i-

.ible to shorten the anal y sis. Such assumptions ,
however , are always selected to provide a more • ooo~ ‘t - o o~s it

conserva tive answer. So ~~~ 1 -

P,~ 1(1 1 2  
~ ~, i 2 

~ 
Itl ~~~ 44 125

Second , the induced open—circuit voltage and ~~~~~~~~~~~~~~ - ~~~~~~~
short—circuit  current for each interconnecting 

~~~~~~ I1 .~~20 
r~ ‘44~~~t

wire are calculated using the method eatab— . ,-
~ 

~~~~~~~~

lished in Appendix F of Referenc e 3. If the ,z~ ~~~~~ ~~~~~ ~ ,~
l p Iro ~~so7 1

~r 
C l~i~~~ r i  ,til

calculated induced—voltage and shor t—circui t  
1 ,‘1( 

•

curren t exceed the calculated failure voltage o~ .v 5~~ -

and current , step 3 is undertaken. Sr - r 5 V~ - - ‘r: 5p 
0
~ 

‘

- b O t V  V~ 12.50
Third , the ana lysi s is expanded to include
total end—to—end circuit impedances , and the
simp lif y ing assumption s are removed . An anal—

2 . 114105 151... s,*5* ,,, ne 41.5.4 V~ni o,. F .~~,., t$ ,,I s.,,,.n~.. 2’-ysis of the total circuit  then y ields the volt— ,‘~~,,
, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
age that app ears at each end of the circu it and P 0 t  F loSs f l I 5~ l d  ch ~~W I .5.1 m d  O~I5.l . ,n~ o4nIl5~~

a current tha t  is limited by the total circu it
impedance. If these values exceed the fail— FIGURE 4. SAMPLE EQUIVALENT CIRCUIT AND
ure vol tage and curren t , correc tive action is FAILURE DATA .
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Fo~CRl5 , 1F 1 23.9 A Generator _ _ — —VF
_ V

BOI + I FI (R B + R BF
) + V 0 21.74 V maximum I

F o ,Ul lOut , 1F2 I .O A Legend 1.6 x 10 / / dv
VF 

0 1F2 
(R

55 • R 6
) U V 602 V~ Failure voilaqe 

~/ ~
/‘ ~U 

~~
‘

VF 118. 7 V 1F ° Fa i lure  current

For Ull In . 1F3 0 .026 A R 8 Raverse buik resistanc e

_- R ~ Forward bulk resistanceR 55 C22 - 0 .01 ~as ec BF Voltage, V
0.01 I,t sec -Oc 5 Msec V BD Reverse breakdown voita~e

Theefam e, C 22 can be considared open

51F 1F3~56 l
~
VBDS - 707V ~

VF ~~ CR 15 is tess than VF ~~~ 
till

Input and output; theref ore , CR 15 is the 
Time , ~ssec

most suscep( ible component , and 
FIGURE 6. PHASE I TEST VOLTAG E WAVEFO RMS .

VF ~~2 1.7 V

1F ‘Fl ~ 
12 

0 I3, 3 O becauseUll ifleut VBD < VF through the existing radiofrequency link to
the launch processing system and by onboard

V -V 
visual observation (manned). A number of cir—

I = I + 
F BD2 cuits , particularl y sensitive to li ghtning—

F Fl R 55 
4- R

8 
induced effects , will be monitored by a special
fiber optics system.

‘F 2 4 A
For the second phase , the vehicle systems and

FIGURE 5 SAMPLE CALCULAT IONS 
test configuration will be the same as for the. . first phase except that a teat current (Fig. 8)
will be passed through the vehicle and returned
through a number of wires placed symeetrically

vol tage would increase from 22 V to 119 V 0 a around the vehicle.
grea ter than fivefold increase. However , the
failure current would decrease from 24 A to The results of these teats and the results of
1 A. The diode suppression , therefore , would the aforementioned analyses will then be used
be adequa te only if impedance in series with to evalua te the li gh tning protect ion desi gns of
the induction generator (at the other end of the vehicle.
the wire run) is high enough to limi t the
short—circuit current to less than 24 A. CONCLUDING REMARKS

ORBITER SIMU LATED LI GHTNIN G TEST Adequ a te li ghtning protection can be provided
efficiently and effectuall y in a spacecraft by

The present plan is to conduct a simulated incorporating well established and relativel y
lightning test on the Shuttle Orbiter vehicle, simple practices into system designs. Proper
The primary objectives will be to identify the analyses are required to determine where and
critical circuit upsets (i.e., those that could how to apply these practices in the design.
cau se Less of the vehicle) and to verif y the
predic ted li gh tning—induced magnetic fields The costa (i.e., weight and effects on systems )
within the vehicle. It should be noted that , to imp lement a l ightning protection program
although upset level, can be anal y t ica l l y deter— must be closel y balanced against the gains in
mined , the analys is would be extremel y cotap li- the utility of the vehicle to perform its mis-
cated. Also , upset levels shou ld not vary si g— aion .
nificant ly f rom veh ic le to vehicle , so resu l ts
ob tained from testi ng one vehicle should app ly The ind irect effects anal yses and the p lanned
to all vehicles. For the first phase , the Or— vehicle leve l lightni ng teat are perhaps “br eak—
bi ter will be isolated from ground , powered up, ing new ground” ; however , they are practical
and systems configured for fli gh t opera t ions and economical ways to ensure tha t the desi gn
below 50 000 ft. The output of a hi gh—vo ltage will protect critical circuit s.
genera tor , fed through a pulse-forming network ,
will be connec ted to the vehicle and a series The damage analyses for all critical circuits
of voltage waveforms (Fig. 6) will be app lied are expected to be comp leted before the vehicle—
to excite the vehicle a. an open—ended tranamis— leve l test of Orbiter vehicle 102 , which should
sian line . Figure 7 shows a rudimen tary teat occur in earl y 1980. For thi. test , the goal
configuration . The systems will be monitored will be to identify crit ical circuit upsets and
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s—High-voltage generator ~—Radiofrequency to launch ,
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processing system

Electrostatic sh ield
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Wire screen -
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~~~~~~~~~~~~~~~~~~~

~ Ground cooling
- Fiber optics

/ 

.

Pu lse-forming network u

Insu lator

Crew hatch access Rec ording van

FIGURE 7, PHASE I TEST CONFIGURATION.
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An RF Compatible Lightning Diverter Strip

John Robb , LTRI
Say Cline, Dayton-Granger Aviation, Inc.
John Raney, Dayton-Granger Aviation , Inc.

Capt. J. Dunn, USAF , Eglin AFB

ABSTRACT pilots canopy and on plastic antenna
- housings on the vertical stabilizer.

Airborne and Ground Radome Lightning No lightning penetration of plastic
protection with superior NY charac- areas was observed. Capt. Dunn will
teristics is the subject of this paper. discuss the flight tests and answer
Dayton-Granger “STRIKEGUARD” is ex- questions. The following tests of
amined along with a presentation of “STRIKEGUARD” were carried out by
laboratory test data. Additional ma- Lightning and Transients Research In-
terial is presented describing major stitute and will be described by ~r.thunderstorm penetrations by USAF. John Robb.

INTRODUCTION

The “STRIKEGUARD” concept was de-
veloped by Dayton-Granger to improve L & T REPORT NO. 679 SEPTEMBER 1978
the lightning performance of its static LIGHTNING TESTS OF AN ALUMINUM PARTICLE
dischargers. Aircraft skin protection LIGHTNING DIVERTER STRIP
of a radius around the discharger was (Dayton -Granger “STRIKE GUARD”)
the objective. The success of “STRIKE- FOR AIRCRA FT RADOME S
GUARD” in this application and its
ability to guide repeated 200 KA strokes LTRI Industry Cooperative
led to protection of Radome and other Period: Program Lightning & Static
plastic or composite areas. Of parti- Fall 78 Electrification Reduction
cular interest was “STRIKEGUARD” minimum
reflectance characteristics when exposed FORWARD
to strong RI fields . It was determined
by tests in the Dayton-Granger Labora- This report L & T No. 679 describes
tories - and later verified by field test- tests of a new type of lightning di-
ing by the Norton Co.,Brunswick and Air verter strip. The L & T technical per-
Force that “STRIKEGUARD” was literally sonnel taking part in the test included
invisible to RF from low frequency J. D . Robb, Dr. T. Chen and G. Baxter.
through 17 GIl. Its reflectance ap- 3. Cline of Dayton-Granger, representing
proaching the epoxy level. Flight test the manufacturer, witnessed and partici-
of “STRIKEGUARD” in the lightning en- pated in the tests.
vironment have been made by the Air
Force on the RF4C , T39 and Flll , General ABSTRACT
Aviation aircraft include helicopters
and the Sabreliner. Lightning tests have been carried out .on
The RF4C Flights were made by Eglin ATh a new lightning protection strip for
in conjunction with the National Severe aircraft radomes identified as the Day-
Storm Laboratory. Eight flights were ton-Gran ger “STRIKEGUARD” high current
made from -Tinker Afl by Capt . James Dunn damage tests and long arc diversion
resulting in sixty penetrations of major tests were carried out on protection
thunderstorms. The aircraft flew at 300 strips which were mounted on flat panels
knots indicated at levels of 15 to 20 ranging up ten feet in length and also
thousand feet. Six major lightning on a small aircraft radome . Tests were
strikes were observed with numerous made with the strips covered with a thin
lessor strikes . The aircraft suffered coat of polyurethane paint (.004 inch)
damage to several metal areas. “STRIKE- and also unpainted . When painted over ,
GUA RD” was uabd on the radccne , over the
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they carried one high current 200 KA was covered with a layer of paint only
discharge with some deterioration and 0.o04 inch thick. This sample did spark
a puncture did occur. Unpainted , they over. The discharge current was 198
carried multiple high current discharges kiloamperes current crest. The urethane
(200 kiloamperes), provided diverting paint and a majority of the strip was
action over ten foot lengths and no badly damaged in the test. The strip
punctures occurred in tests of an did demonstrate that it could carry a
actual small radome. As for all light- single high current discharge; it pro-
ning diverter systems, lightning tests vided one shot protection. The test
are recommended for each actual in- discharge photographs, the oscillogram
stallation. and the damaged str ip are shown in Fig.

2a , b , and c.
1.0 INTRODUCTION

A second unpainted test sample 20 .5 ins .
Tests have been conducted on a new in length was tested. The test sample
aluminum particle type of diver ter did sparkover at 50 kilovolts with a
strip for radome protection from light- resultant current of 185 ,000 amperes.
ning . Both high current damage tests There was little damage done to the
(200 kiloainperes) and long arc diver- strip. A photograph of the test along
sion tests (one megavolt discharges) with an oscillograni and photograph of
were carried out on the test strips, the diverter strip after test are shown

in Fig. 3a , b , and c.
2.0 IDENTIFICATION OF PROTECTION STRIP

4 .0 ATTACHMENT POINT TESTS
The test strip is identified as the
Dayton-Granger “STRIKEGUARD” and con - 4.1 Test Waveform
sisted of fine a luminum particles de-
posited on a flexible substrate 1/2 The fast rate of rise waveform (2 micro-
inch wide. The strip measured open seconds to crest) was used in the tests.
circuit with D. C. potentials . This waveform is most conservative in

the tests of dielectric puncture .
3.0 HIGH CURRENT TESTS

4 .2 Radome Tests
3.1 Calibration

A Gates Learjet Radoine was used for the
A calibration test discharge was fired attachment point tests. Four diverter
to a 15 inch long metal strip. The strips were mounted on the radome as
test arrangement and current oscillo- shown in Fig. 4. The radome and the
gram are shown in Figure la and b. The strips were painted over with a 0.007
current magnitude was calculated from inch thickness of urethane paint. A
the measurement of the period and decre- metal disc simulating the radar dish was
ment of one cycle of the oscillatory mounted under the radome as shown in Fig .
wave form and from a cotnputor corn- 5.
putation using the exact linear circuit
equations. The results were compared The test electrode was positioned 1-1/2
with the measured value of crest cur- meters from the radome and aimed mid way
rent shown on the oscillogram. between the #1 and #2 diverter strips.

The radome was equipped with a rain eros-
3.2 High Current Test ion boot and the diverter tape ended

approximately 1/4 inch under the rain
The first test diverter was 15 incheS erosion boot. The radome punctured —

long and mounted on a 0.031 inch fiber- approximately mid way down and slightly
glas flat panel and painted over with to the left of painted diverter strip #1.
0.007 urethane paint. With 50 kilo- The paint and small portions of the div-
volts on the current generator, the erter strip were damaged during the tests.
test sample did not spark over. It was A photograph of the test and of the strip
replaced with a second test sample which after the test are shown in Figures 6a
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Next, the painted strips were replaced
with unpainted diverter strips. Tests
were run with the test electrode pos-
itioned directly over the radome , and
at positions of 0 and 45 to each side
The electrode spacing was 1-1/2 meters
over the radonie , as shown in Fig. 7a.
The test discharges attached to di-
verter strip #2 and #4. There was
little sign of damage to the diverter
strip and no punctures of the radome la. 50 us/cm , 10 Ky , 40 KA
occurred. The test discharges are Calibration Shot
shown in Figure 7b , c, and d. The
unpainted diverter strips thus demon-
strated protection of the radotne.

4.3 Attachment Point Tests -

10 Foot Diverter

Nex t , attachment tests were carried out
on a 10 foot length of diverter strip.
The test sample was affixed to a ten
foot length of wood, a 2” x 4”. The
diverter strip was grounded at one end
and test electrode was located at an
angle of approximately 45 to the un-
grounded end of the diverter strip at a
spacing of 1-1/2 meters as shown in Fig.
8. Two test discharges were fired to
the strip, and in each case the dis-
charge traveled down the diverter strip
rather than over the short air gap of 2a. 50 Ky, 198 KA Strike
10 inches or less to the test floor
below the strip. Thus the diverter
strip demonstrated diverting effective-
ness for a full ten foot length.

5.0 CONCLUSION

Tests of the aluminum particle light-
ning diverter strips have shown that
unpainted , they can divert long arc
discharges over a ten foot length, and
that they are capable of carrying mul-
tiple high current restrikes as demon-
strated in tests of a small radome.
When painted over the diverter effect-
iveness is much reduced. For all light-
ning diverter strips, even for solid
aluminum bars , it is reconinended that 2b. 50 Ky, 198 KA Waveform
testS be made of any actual radome in-
stallation. Figure 2.  Photograph and Oscil lo-

gram of Test on Painted Over
Diverter Strip
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Figure 3c. Unpainted Strip shows
Little Signs of 185 Kiloampere Test
Discharge.

Figure 2c. Diverter Strip with .0004”
Urethane Paint after 198 KA Strike .

- 

lxlO6 and 10 KA Lightning Strike

~3 . to Radome with Painted Diverter
- ~~~~- Strips

SO KV , 185 KA Strike 

L 

~~~~~~~~~~~

E 

1:1:... .

Painted Strip #1 Painted Strip #3
After Strike After Strike

50 Ky , 185 KA Waveform
Figure 6. Test Discharge to Painted

Figure 3a. Test Photograph and Oscill- Strips above #1 and #3 Diverter Strips
ograin for Unpainted Diverter Strip, after the Discharge Shown Below.
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-45~
”” ’ 5-’

~~
’
~~ 45o

1½ METER

_ _ _ _  
,.+45~ Lightn ing  Str ike to Diverter

Strip #4
Position of the probe for testing with

unpainted diverter strips .
Fig,  #8

Figure 7a , Position of the Probe for
Testing with Unpainted Diverter
Strips .

-45° Lightning Strike to Diverter
Strip ‘k2 . Fig. 7c . Addi t iona l  Tests
of Unpainted Diverter Strips on Lear-
j e t  Radome .

PROBE

_ _

_
_ 

L
10’ LONG , NOT PAINTED C WOOD
DIVERTER STRIP —~ _____

Figure 7b. 00 Lightning Strike to // / / / / / / / ~~“ S7N~ O~ F /

Diverter Strip #2.
Attachment Point tests of 10 foot long

diverter strip
Fig. ~12I.igure 8. Attachment Point Tests of

10 Foot Long Diverter Strip.
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AGAINST THE INDIRECT EFFECTS OF LIGHTNING

JOHN C. CORBIN , JR.
Atmospheric Electricity Hazards Group

Air Force Flight  Dynam ics Labo ra to ry
Wright—Patterson APR , Ohio 45433

BIOGRAPHY

Dr. Corbin is a senior electrical engineer in the Atmospheric Electri—
city Hazards Group of the Air Force Flight Dynamics Laboratory (AFFDL).
He received the Bachelor of Electrical Engineering degree from Cornell
University in 1950 and the M.S. and Ph.D. degrees in electrical engin—
eering from Ohio State University in 1963 and 1974, respectively .
Prior to his AFFT)L assignment , he served on the staff for the Assistant
for Operations , Air Force Wright Aeronautical Laboratories (AFWAL) for
one year. During the period from 1964—1975, he was Deputy Director of
the Plasma Physics Laboratory of the Aerospace Research Laboratories.
He has authored articles and reports in the areas of skin effect , plasma
wave instabilities and control , nonlinear optics , multiwave parametric
processes , and assessment of atmospheric electricity hazards to aircraft.

ABSTRACT

A number of different approaches which can be energy flow path is shown in Figure 1 (Ref. 1).
be applied to protect or harden aircraft and Important lightning parameters include rise time
their electronic systems against the indirect of the current and voltage pulses , peak current ,
effects of lightning are discussed in this total charge transferred , peak electric and nag—
paper. The basic approaches include (1) harden— netic fields, and the frequency spectrum of rad—
ing the external structure to prevent or greatly iated fields.
reduce the penetration of rf energy into the -

aircraf t, (2) shielding equipment and cables , Because earlier vacuum tube electronics were rel—
(3) hardening electronic circuits , and (4) corn— atively immune to transients or surges induced in
binations of all three. The use of filters , aircraft electrical circuits by lightning, induced
limiters, circuit design , and functional harden— effects were of little concern. However, during
ing are described as techniques which can be the past decade , electronics technology has pro—
applied for protec t ing electronic circuits. A gressed to discrete solid state electronics and
systems approach is recommended for achieving more recently to integrated circuit electronics.
an optimum hardened configuration. The next step, which is now underway, is the

- app lication of microcircuitry in new commercial
INTRODUCTION and military aircraft and in new missile systems.

These components are inherently more susceptible
Lightning is a dual hazard to aircraft because to voltage and current surges because of their
of both its damaging direct , or physical , effects low operating voltage, current , and power hand—
as well as its induced or indirect electromag— ling capabilities. Moreover , they are being used
netic e f f e c t s .  The most obviou s di rect e f f e c t s  in cr itical elect ron ic subsystems which may be
are physical, damage and burnout of the aircraft essential for the integrity of safe and controlled
structure caused by extreme heat loading as a flight . Even use of ci rcuit  and componen t “re—
result of high current lightning pulses . Re— dundancy ” may nct prevent interruption or failure
sultant pitting/puncture points indicate the of a critical subsystem caused by simultaneous
location of lightning entry/exit points on the lightning—induced transients. Evidence of im—
aircraft. The most frequent direct effect dam— pact or damage to avionic/electrical systems
age occurs at radomes, pitot booms, canopies, without direct lightning attachment to electrical
external antennas, and wing tips. Unless pro— components has recently appeared in airline light—
tective devices and designs are used , damaging ning strike reports (Ref. 2).
currents can penetrate directly into the inter-
ior of the aircraft. Another factor that is contributing to awareness

of the hazard of induced e f f e c t s is the increas—
Ind irect or induced effects due to lightning may lug trend for the gr eater use of advanced compo—
cause temporary disruption (upset) or permanent site materials in aircraft structures. These
damage to internal electrical/electronic systems. composite materials (e.g., graphite epoxy) have
Lightning currents on the skin of the aircraft inherently reduced electromagnetic shielding
(which result from a direc t strike or a nearby properties over the frequency spectrum generated
strike) can couple energy into the aircraft in— by lightning . Hence , sensitive electronic flight
ten or to produce voltage and current surges on controls and avionics may be exposed to consider—
sensitive electrical circuits. The coupled ably higher levels of induced electromagnetic
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energy if proper protective design and installa— wings, enipennage , radome, nose wheel well) , var—
tion techniques are not employed . jous doors (e.g., engine nacelle, personnel ac—

Cess, avionics bay, cargo loading), power return
VULNERABILITY ASSES SMEMT FOR INDUC ED EFFECTS via structure , coaxial cable shield bonding , de—

icing lines , and mechanical shafts and control
Vulnerability assessments of aircraft systems to lines.
a lightning environment can be made by using
analysis, test , or a combination of both. Max— After important sources of rf coupling were
lswm confidence in the assessment is obtained found , various techniques were developed to
by the coordinated use of both analysis and test close the POEs. Some of these were (Ref. 4):
(Ref. 3). tn following the suggested approach
as outlined in Ref . 3, if safety margins are (1) The use of fine wire mesh in cockpit and
found to be negative or inadequate as a result other windows.
of the vulnerability assessment, then hardening (2) The use of ri gaskets and special corro—
measures are required . This paper identifies Sion protection techniques around doors and ac—
hardening measures or options that are available cess covers.
and can be implemented to achieve a hardened (3) The use of filters on cables that go out—
system — one that is adequately protected against side the fuselage.
the induced electromagnetic effects of lightning . (4) the use of improved bonding on coax

sh ields, waveguide, hydraulic lines, pneumatic
HARD ENING APPROACHES lines and some mechanical shafts .

(5) The use of ferrite cores around control
Four basic approaches can be used to harden air— lines and some mechanical shafts to absorb and
craft and their electronic systems against light— reflect transients.
ning electromagnetic pulse (LEMP ) effects. The (6) The use of a separate wire return for the
suggested approaches are: neutral on power lines rather than using the

structure.
(1) Harden the external structure to prevent (7) The use of shielding on some exposed

or greatly reduce the penetration of rf energy cables in the wings, wheel wells, empennage and
into the aircraft. under the nose radome.

(2) Shield equipment and cables to prevent Using various simulated closure techniques , the
on greatly reduce the penetration of rf energy average transient current on all cables inside
through the shielded enclosure. the fuselage was reduced about 20 dB below the

unhardened condition.
(3) Harden electronic circuits to withstand

the signals that do penetrate. Approach (1) is advantageous in that it uses the
existing structure to protect a large number of

(4) Combine (l) , (2) , and/or (3) above. electronic packages that would be expensive to
modif y to withstand large lightning—induced tran—

HARDENING THE EXTERNAL STRUCTURE sients. If needed , filters , surge protection de—
vices, coupling transformers and other hardening

Approach (1) has been applied to a number of devices can be made smaller, lighter, and less
- aircraft to reduce induced electromagnetic expensive. However , closing the POEs adds some
transients. In hardening these aircraft, it was weight , particularly in the filter packages for
determined that it would be most cost—effective cabling coming into the fuselage from the wings
to begin by closing the points—of—entry (POEs) and eapennage . Also, reliability and maintain—
where fields or currents enter from the outside, ability of hardening techniques have yet to be
Energy which is conducted inside on cables or determined over the extended life of the aircraft.
which propagates through the holes or aper tures
in the structure can result in other currents Recently, studies of the degradation of some of
being induced on cables inside. These currents these hardening techniques (e.g., filtering,
can further propagate along the cables to cniti— cable shields and conductive gaskets) were re—
cal or sensitive electronic systems where per— por ted (Ref. 5). The shielding effectiveness of
manent damage or transient upset can result, double shielded cables was measured both before
Fast digital circuits are the most susceptible and after the cables were subjected to a series
to upset. of bending, twisting, and stretching tests (500

bends, 500 rotations). The shielding effective—
To determine POEs , d i f f e r en t  tests were run on ness was found to degrade from an expected 60 dB
the aircraft. The first teat involved a visual to about 30 dB in some cases. Measurements on
inspection and an rf “sniff test” in wh ich an f ilter packs in systems subject to field environ-
rf source was placed inside the aircraft and a ments showed that filters which had been expected
detector was used outside the aircraft to detect to provide 50 dB of attenuation provided as little
points of leakage. Additional tests involved as 22 dB due principally to improper grounding or
injecting currents onto the exterior of the fuse— installation. Conductive gaskets were measured
lag. and measuring cable currents inside as the under vary ing pressures to predict EM degradation
various POEs were closed . with age since they are known to take a Set when

compressed for a long period of time.
Impor tant POEs tha t were found included cockpit
windows, cables in various locations (e.g., 98 

- ~~-~~5. . 5-~ ---- - 5- --- 
— — Si — —S — —5-—— — —5- -—-‘5--- -



F- -I----- - - 5-- - -- -  -~~~~---

SHI~1DING EQUIPMENT AND CABLES signals . However , if the interfering signal has
high content in the desired (pass) band , the

Approach (2) was employed in shielding electron— filter effectiveness is reduced .
ic system elements, known as Line Replaceable
Units (LRUs), in the B—i aircraft against the A filter must meet some or all of the following
nuclear electromagnetic pulse (Ref. 6). As far requirements to he effective:
as practicable, LRUs were grouped in a relatively
few avionics bays which were designed and con— (1) Have extremely high or low input imped —
structed to give 70 dE attenuation against the ance relative to the source in the frequency re—
externa l N~ fP environment over a specified fre— jection (stop) band .
quency range. Within the bays , further shield— (2) Have high loss to frequencies in the
ing was not necessary. In the design and con— stop band .
struction of the bays , special attention was (3) Have high dc current carrying capability
given to joint fabrication , door seals, and to without changing stop band characteristics.
intrusion control. Electrical interconnections (4) Prevent cross coupling.
between bays were made princ ipally by high per— (5) Prevent arcing across its elements .
neability conduits . In high vibration areas , (6) Have low de resistance (primarily power
and for ease of manufacture, braided—shield line consideration).
cables were used extensively , Spec ial care was (7) Have high reliability.
exercised in shielding and terminat ing the cables .
The remainder of the aircraft was protected by A wide range of filter types are available for
the basic structure of the aircraft which was lightning electromagnetic pulse (LEMP) harden—
conservatively considered to be 20 dE. ing. These include:

The following guidelines have been recommended (1) Discrete R , L, C filters
when shielding all the cables and electronic (2) Ferrite filters -

packages within the aircraft (Ref. 7): (3) Filter pin connectors
(4) Coaxial filters

(1) Use a one—point circuitry ground . (5) Electromechanical filters
(2) Separate all power leads. (6) Active filters
(3) Balance power leads on all cable runs.
(4) Use the shielded twisted pair wiring Passive discrete filters use combinations of dis—

concept on all lines except power lines. crete R, L, and C components. They permit linple—
(5) Build all power leads in separate bulk mentation of any of the functional filter char—

shielded cables. acteristics (i.e., high pass, low pass, bandpass,
(6) Build all other leads in bulk shielded and band reject), With careful attention to corn—

cables. ponent selection, they can be designed for use
(7) Use metallic enclosures fo r  all electri— at frequencies up to 100 MHz .

cal and electronic packages.
(8) Filter all leads entering or leaving The ferrite filter is a special category of dis—

high noise level packages. This includes motors, crete passive filters. This f i l ter achieves a
choppers , inverters , power relays , high power frequency dependent resistive insertion loss by
transistor switching circuits, etc. using a dissipative filter at the high frequen—

(9) Filter all leads entering or leaving a cies in the stop band while avoiding the low
transmitter package except the transmitter out— frequency (pass band) dissipation associated
put coax, with the other discrete passive dissipative fil—

(10) Use a filter/arc suppressor on all de— ter , the RC filter.
liberate receiving antennas and on low power
transmitters using semiconductor output devices. Filter pin connectors are passive and use the
Filtering will be limited by pass band require— coaxial shell of cable connectors as a capacitor
ments, but the combined filter/arc suppression plate along with added series inductance to ob—
will, in general, handle the problem. tam a network filter. They are low pass filters

and provide cut off  frequencies above 10 kHz .
HARDEMING EL EC TRONIC CIRCUITS

Coaxial filters are distributive passive filters
Techni ques which can be employed in Approach (3) that utilize short sections of high impedance or
to harden electronic circuits to w ithsta nd tram— low impedance transmission line to simulate
sients that penetrate the external structure and series inductance and shunt capacitance , respec—
shielded equipm ent bays and cable runs include tively .
filtering, l4niting, circuit design, and func-
tional hardening. Each of these techniques is Monolithic crystal and ceramic filters and mech—
discussed below. ani~al filters are categorized as electromechan-

ical filters. Crystal and ceramic filters use
a. Filtering the piezoelectric effect to transform electrical

energy to mechanical energy and then use the
A filter provides a reduction in power to a load mechanical resonance properties of the crystal
of undesired signals while permitting desired or ceramic to achieve frequency selectivity.
signals to pass with little or no attenuation. Mechanical filters use a mechanical resonator 

—

The filter accomplishes this by discriminating with electromechanical transducers at the inpu t
against the frequency content of the undesired and output to achieve electr ical  f i l t e r  proper-
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ties. These filters are basically band pass cir— Semiconductor devices such as the Zener diode
cuits, but low and high pass functions can be and silicon junction suppressor have the ability
achieved by adding passive elements, to provid e protection on voltage limiting down

to low voltage levels necessary to protect inte—
Active filters, while not generally applicable grated circuit8 and other semiconductor devices.
to L~~1P protection , may be useful in some specif— Their major drawback is their limited capability
ic applications. Active f i l ters  are hybrid de— to handle significant surge energy.
vices that use one of four basically d i f fe ren t
active circuits or devices in conjunc t ion with Table 2 lists several of the basic surge protec—
passive frequ ency discrimination elements. The tion devices and their advantages and limitations
four circuits include the nega t ive impedance (Ref . 9) .
converter , the operational amplifier , the gyra-
tor, and the phase—locked loop. Hybrid protection using both spark gaps and sil-

icon avalanche suppressors have been developed
Filter types and their characteristics are sum— for  optimizing the capabilities of both of the
marized in Table 1 (Ref. 8) .  device types. The spark gap contributes the

high current surge capability while the silicon
b. Limiting component responds to the fast  rise time wave

front components .
Limiting is an effect ive method to reduce coup-
led energy from getting into sensitive electron— c. Circuit Design
Ic circuits. Limiting (or clamping) is achieved
by using special suppression devices which are An important means of controlling lightning—re—
of two basic types — “crowbar ” and “constant lated interference is through proper circuit de—
voltage.” “Crowbar” devices are those which , on sign. Basic considerations about circuit design
sensing an overvoltage, switch to a low impedance and signal transmission are shown in Figure 2
state and thus cause the impressed voltage across (Ref. 2).
them to collapse to a low value. “Constant vol—
tage~ devices are those which, on sensing an As ghown In Figure 2(a) , signal circu its shou ld
overvoltage , tend by virtue of their nonlinear avoid the use of the aircraft structure as a
current—voltage relation to maintain their vol— return path. If the structure is used as a re—
tage at a predetermined level and do not collapse turn path, resistively and inductively generated
the voltage. Examples of the first type are voltage drops will be included in the path bet—
spark gaps and gas filled surge arrestors. Ex— ween transmitting and receiving devices.
smples of the second type are Zeners and silicon
avalance diodes and varistors. Signal transmission over a twisted pair circuit

as shown in Figure 2(b) with signal grounds iso—
Crowbar or switching devices inherently offer lated from the aircraft structure tends to couple
greater surge power handling capability than do lower voltages in the signal path. However , the
the Zener or varistor type of devices. The in— use of twisted pair transmission lines does not
stantaneous power dissipated in a suppressor de— eliminate the common mode voltage to which elec—
vice is a product of the surge current through tronic systems may be subjected. Commo n mode
the device and the voltage across the device, voltages applied to the unbalanced transmission
For a constant surge current, a switching device path can lead to line—to—line voltages comparable
like a spark gap which has low voltage across it to the common mode voltage.
when conducting will dissipate less power than
a device e,~.ch as a Zener diode which retains a For differential transmission and reception de—
high voltage across it. Thus, a spark gap will vices shown in Figure 2 (c) ,  a many—fold improve—
be physically smaller than a Zener diode or var— ment can be achieved in rejecting common mode
istor device for a given surge power handling voltages produced by lightning.
capability.

In general , it is good practice not to inter—
Major disadvantages of switching devices are connect two different pieces of electronic equip—
their inability to clamp surge voltages to a low ment at semiconductor junctions as shown in Fig—
level and their tendency to continue conduction ure 2(a) and 2(c). Resistance inserted between
once started on dc lines of significant voltage, the junction and the interconnecting wires as

shown in Figure 2(d) can dissipate transient
The metal oxide varistor (MOV) is a “soft ” limi— energy and effec tively protect semiconductors
ter whose shunt resistance is inversely propor— from lightning induced voltages and currents.
tional to the applied voltage. No critical vol-
tage level of surge is required to activate this Finally,  interconnection through balanced trans—
protection device as it is always in the circuit mission lInes and transformers as shown in Figure
as a path to ground. As the surge voltage rises, 2(e) in conjunction with input protection for
the variator lowers its resistance thus providing semiconductors probably provides maximum protec—
a low shunt impedance in parallel with the device tion against unwanted transients induced on gig—
being protected. A major disadvantage of this mal wiring.
type of device on some circuits is its loading
effect  on the circuit dur ing per iods of steady d. Functional Hardening
state operation.

yLnctional hardening is particularly Important
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in protecting digital circuits which have broad 2. J .A. Fisher and J .A. Plumer , Lightning Pro—
band pass characteristics and which are most sue— tection of Aircraft, NA SA Reference Publ ica tion
ceptible to system upset. Prom a system stand— 1008, October 1977.
point, functional hardening can be pursued using
several different approaches (Ref. 10). 3. J.C. Corbin, Jr ., “Vulnerability Assessment

of A ircraf t Systems to Indirect Lightning Effects,”
Use of a higher operating voltage level for dig— Conference on Certification of Aircraft for
ital circuits probably obtains more protection Lightning and Atmospheric Electricity Hazards,
than is possible by any other means. If digital  Paper No. 21, September 1978.
data are transmitted over a cabling system at
10 volts, for examp le, a 60 dB advantage results 4. G.E. Morgan, “ENP A ircraft Hardening,” 1975
from a protection standpoint than if a 10 mliii— IEEE Electromagnetic Compatibility Symposium
volt drive level were chosen. Record , IEEE 75CH1002—5 ENC.

Coding and signal processing techniques can he 5. G.L. Maxam and J.E. Solberg, “Degradation of
employed to minimize the possibi l i ty  of opera— ~4P Hardening Devices,” DNA EN? Environmentst ional upset. Some of the techniques include and Protection Implementation Seminar Abstract ,
error detection and correction codes, repeated October 1977.
data , parity checks , closed ioop information
transfer , and detection reject circuits. 6. J.M. Oberhoitzer and N. Thomas, “FlIP Shield-

ing and Zoning Practices on the B—l A i rc ra f t , ’
Hard memories can be used as temporary storage in DNA FlIP Environmentis and Protection Implementa—
critical applications where long computational tion Seminar Abstract , October 1977.
processes are required to generate needed data.
This technique can obviate complete recycling of 7. Electromagnetic Pulse Handbook for Missiles
computer programs should some form of operational and Aircraft in Flight, Air Force Weapons Labor—
upset occur. atory Technical Report 73—68, September 1972.

Circumvention techniques can be used when harden— 8. FlIP Electronic Design Handbook , Air Force
inS requirements are physically d i f f i c u l t  to ap— Weapons Laboratory , April 1973 .
ply.  For a specific threat , circumvention in-
volves detecting the event and using this infor— 9. W.C .  Hart and LW . Malone , “Lightning and
nation to blank or reset a computational pro cess. Lightning Protection,” Interference Technology
For non—specific threats , a duty cycle technique Engineers’ Master (ITFI), 1976.
is used whereby information is accepted only dur-
ing small Increments of time so that the proba— 10. R.J. Haislmaier and T.A . Martin , FlIP Protec—
bility of a lightning event, for example, happen— tion Engineering Study, Final Report, Naval Sur—
ing during this time period is negligible or cx— face Weapons Center , July 1977.
trend y snail. Event sensors can also be used
to reset systems or initiate master resets. 11. D.L. Suiter, R.D. Gadbois, and R.L. Blount,

“Space Shuttle Lightning Protection ,” Federal
The use of fiber optics in signal circuits offers Aviation Administration/Florida Institute of
the possibility of practically eliminating elect— Technology Workshop on Grounding and Lightning
romagnetic interference and transient pulse ef— Technology, March 1979.
fects. However, fiber optics is presently limi-
ted to signal circuits and will not affect the
problem of transients induced via power circuits.

CONCLUSIONS AND RECOMMENDATIONS

This paper has touched briefly upon a number of
approaches and techniques that have proved ef-
fective in protecting aircraft electronic cir-
cuits from induced electromagnetic transients.
To be most effective, a systems approach is re-
quired to insure that no one system is either
overly hardened or underprotected . With proper
analysis and testing, a balance of hardening
options can be chosen and applied to achieve an
optimum hardened configuration (Ref. 11).
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TABLE 1 - FILTER COMPARISON MATRIX

FILTER CLASS FILTER TYPE USERU L FREQUENCY SIGNIFICANT SIGNIFICANT
(See Code) RANG E (Hz ) ADVANTAGES DISADVANTAGES

8D iscrete R,L,C 1,2,3,4 To 10 Versa t ile Large for low frequency
Low cost Low Q

Ferr ite Beads 1 io6 
— io8 Versa t ile Spu r ious resonances

Dissipa tive with low Saturation
pass band loss

Filter Connector 1 — lO~ Design integration Spurious resonances
simplicity Saturation

- 
Dissipa t ive

7 9
Coaxial 1,2,3,4 10 — 10 High frequency use Large size

Low Parasit ics

Crystal 3,4 5x10
6 

— l.5xl08 High Q Spur ious resonances
Small size High cost

5 7
Ceramic 3 10 - 10 High Q Spurious resonances

Small size Not IC compatible

Mechan ical 3,4 lO~ — 2xl04 High Q Limited range
Not IC compatible
High insertion loss

5Ac tive 1,2,3,4 To 10 Small size Power requirement
Cain provision Limited range

Damage susceptibility

Code: 1 — low pass; 2 — high pass; 3 — bamdpass ; 4 — band reject

TABLE 2 — COMPARATIVE VALUES OF SEVERAL SURGE PROTECTION DEVICES

PARAJIETER SPARE GAPS VARISTOR DEVICES ZENER DIODES

Typical surge current 10,000 1,000 500
capability (Amps)

Response time (sac) io
_8 

io
_8 

l0~~

Capacitance (farad) io~~
2 lO~~~ lO

_10

Voltage range (volts) 90 and higher 40 — 700 2 - 300

Insulat ion resistance High (iO~ ohms) Medium Medium

Bipolar opera tion Yes Yes No

Failure mode Shor t Sho rt Shor t

Ac t ivated state Short circuit Clamped Clamped

U

-103- 



INFLIGHT LIGHTNING CHARACTERISTICS MEASUREMENT SYSTEM

F.L. Pitts , M.E. Thomas, R.E. Campbell ,
R.M. Thomas , and K.P. Zaepfel
NASA Langley Research Center

ABSTRACT occurring prior to the trigger , and in time
resolution limitations of 1/100 of the sweep

A research data-gathering system being developed time for 1 systems employing conventiona l oscil-
for inflight measurement of direct and nearby loscopes and 1/500 for systems2einploying state—
lightning strike characteristics is described , of—the-art scan converter tubes . A full light-
Wideband analog recorders used to record the fling scenario consists of a number of events such
lightning scenario are supplemented with high- as leader activities, multiple strikes , etc.,
sample-rate digital transient recorders with lasting over several seconds , and does not lend
augmented memory capacity for increased time itself to characterization using the afore-
resolution of specific time s of Interest. The mentioned technique. The intent of the instru-
endless-loop data storage technii4ue employed by mentation system development described herein
the transient recorders circumvents problems is to employ state-of-the-art digital and analog
associated with oscilloscopic techniques and data-acquisition technologies to obtain inflight
allows unattended operation . System integrity data on the full lightning-hazard scenario. The
and inrunity from induced effects is accom- wide bandwidth and transient nature of lightnin g
pu shed by fiber-optics signal -transmission phenomena , coupled with the resulting harsh
links , shielded system enclosures , and the use ‘electromagnetic environment , create a formidable
of a dynarnotor for power system isolation . instrumentation probl em. A number of factors

provide a frariework for synthesis of an instru-
INTRODUCTION mentation system design for inflight measurement

of direct and nearby lightning-strike character-
The NASA Langley Research Center is undertaking istics. Published lightning data indicates that
development of experimental equipment and tech- frequencies of lightning electromagnetic phe-
niques for inflight measurement of the lightning- nomena range from near 0 to several gigahertz.
generated electro lagnetic environment affecting The state-of-the-art fcr instrumentation is not
aircraft. The motivation for this development such as to allow continuous time-domain recording
activity is based on inadequate lightning- of data over the total bandwidth; it is known ,
hazard definition as related to the projected however , that there is ar~ inverse dependence ofuse of digital avionic systems and composite amplitude with frequency which weights the
structures in future aircraft. These two tech— frequency response importance (as concerns the
nology applications compound lightning related hazard problem) toward the lower portion of the
problem s in that , on the one hand , digital spectrum. It is anticipated that correlation of
avionic systems can be ‘upset~ by electrical the flight data obtained over the system design
transients, while on the other hand , composite bandwidth of 100 MHz with the existing statis-
structures may not provide the Faraday shield tica lly significant body of ground-based data
and protection provided by metal aircraft. The will provide information of fundame~tal impor-
notion of upset,” as applied to digita l systems, tance to lightning protection needs
concerns the potentiality for a digital system
process to be perturbed (without permanent GENERAL SYSTEM DESCRIPTION
damage) by an electrical transient , and thus not
correctly perform the intended function until Among the key elements which characterize the
reset, reloaded , or re—initiated . This mal- instrumentation system described are utilization
function differentiates digital-system suscep- of endless loop ’ digital transient data recorders
tibility from analog—system susceptibility where— and state-of-the-art wideband analog tape
in an electrical transient may only be manifest recorders. The “endless loop ’ digital transient
as a momentary “glitch” in system function . data recording concept involves a fast, parallel
Advanced digital systems will employ various analog-to-digital converter along with an inter-
approaches to system redundancy to achieve pro- leaved solid-state memory to accomplish high-
tection against classical random failure modes; speed data storage in a memory that is continually
lightning induced transients , however, could refreshed. Upon occurence of an event to be
conceivably “upset” the entire system. permanently stored , a trigger is generated . the

memory is “frozen,” and the data are read into a
Fundamental to the design of advanced digital slower recording medium. Trigger criteria for
system architectures (and protection schemes) the digita l transient recorders are significant
for flight critical applications is the require- considerations. The trigger scheme to be employed
ment for a comprehensive definition of the will most likely be based on peak values ; other
lightning hazard. Two programs 1 ’ ~ have’ been approaches such as output from AM receivers
conducted to obtain inflight data on lightning operating at various frequencies have been con-
characteristics. These activities have been sidered , but the exact scheme will of necessity
hampered by instrumentation problems germane to evoive during flight tests. Off-the-shelf tran-
oscilloscope technology. These problems are sient recorders are available with up to 500-MHz
characterized by the nature of oscilloscope samp le rates (100—MHz Input analog bandwidth),
triggering which can result in loss of data six-bit resolution , and 1 024 word memories . At

the factest sample rate, a time domain recording
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of about 2 u s can be made with these off-the- of the aircraft is the optimum sensor orientation
shelf units. In order to provide a much wider to minimize disturbance to the measurement caused
data window, the transient recorder memory is by electromagnetic interaction with the aircraft.
being expanded In an in-house development effort
to 131 072 data words, which will allow a time Instrumentation-system isolat ion to protect
domain recording of 262 us at the fastest sample against spurious responses (responses other than
rate. The sample rate can be varied in fixed those generated by calibrated inputs) Is obtained
increments so that much longer data windows may by employing fiber—optic data links for signal
be obtained with correspondingly lower sample transmission and a dynamotor for power-system
rates. The data readout to the slower recorder i solation. Sensor data are transmitted to the
(50 000 bits~ per second) will require around shielded instrumentation-system enclosure using
10 seconds, battery-powered optical transmitters operating

into fiber-optic transmission lines. In this
Wideband analog tape recorders with data fre- manner , only modulated optical si gnals and
quency response from near 0 to 15-Mhz and data mechanical power is input to the shielded
record time for two channels of 24 minutes are instrumentation system enclosure.
available. These recorders will be used to
record the full lightning scenario and will be A block diagram of the overall instrumentation
au~nented by the digital transient recorders system is shown in Figure 3. Most elements of
for increased time resolution of portions of the system have been previousl y discussed; the
the total lightning event , data flow is ~s follows : All sensor si gnals

are i nput to the shielded system enclosure via
Wi th the exception of the static electric field fiber-optic data links. Each signal is then
measurements, sensors selected for the light- routed to a peak detector which continually
nin g measurement tasks are passive analog monitors the signal and stores the peak values
devices which were designed for use by the on a magnetic tape recorder. The sensor si gnals
Nuclear EMP community.5 The sensors were are also routed to the wideband analog recorder,
designed to have a simple relationship between to the transient recorders, and to the trigger
sensitivity and geometry over a broad frequency control system. The output of the transient
band . Table 1 lIsts the measurement require- recorders are recorded in digital form on the
ments and sensors selected for the primary magnetic tape recorder for permanent data stor-
lightning measurements. The amplitude ranges age. The television and film cameras (with
are based on electric field change of lO~ V/rn wide-ang le lenses) will provide information on
(near breakdown) in 0.1 ps and on a peak stroke the details of li ghtning attachment to aid in
current of 20 kA. data analysis. Specific details of fundamental

subsystem components are described below .
Figure 1 shows the sensor locations for the
airborne lig~itning measurement system employing SENSORS
four 0-dot (D~ sensors near aircraft extremities ,eight B-dot (B) sensors arranged in symmetrical The sensors have been chosen to permi t a thorough
pairings ab9ut the aircraft fuselage and wjngs, description of the lightning phenomena as expe-
one I -dot (I) sensor and three orthogonal B rienced by an aircraft. Electromagnetic sensors
sensors on the nose boom. measure the fields and currents caused by direct

or nearby lightning strikes over a wide Ire-
Electromagnetic interaction with the aircraft quency range, while a group of secondary sensors
was cons i~Jered for incident radiation with a help in locating the lightnin g channel with
half—wavelength on the order of fuselage length . respect to, or on , the aircraft. The fol lowing
For this condition , currents flow on the surface paragraphs give brief descriptions and appl i-
of the aircraft in a manner which is described cations of these sensors in the system.
as the “first symmetric mode”6 and the “first
antisynretric mode,” as shown in Figure 2. fin Flush Plate Antenna . The flush plate antennas ,
examination of the scattered fields (magnetic also known as D-dot sensors, will be mounted at
fields resulting from the current distributions) the extremities of the aircraft, such as on the
shows that the field is minimum along the center- bottom of the nose, on the tops of the wing tips,
line of the aircraft. This is due to the and on the bottom of the tail , to obtain electric
syimietry of the field around the fuselage and field data from direct and nearby strikes.
cancellation of the opposite fields about the Although they have a very wide frequency response,
wings for the symmetric mode. Vertical cornpo- D-dot sensors respond to time rate of change of
nents of the scattered field are present, the electric flux density and not to the static
however, along the centerline for the field. Therefore, the data must be integrated
antlsynanetric mode. Therefore, measurements of to obtain the electric field Intensity . However,
undisturbed incident fields are made with sensors if these sensors are in corona , they will also
located on a nose boom ali gned with the aircraft measure the normal conduction current density
centerilne and sensitive axes in the longitu- caused by the corona in addition to electric
dinal and lateral directions only. For incident flux density.
radiation of shorter wavelengths , current modes
can be excited in the vertical tail which will Field Mill. Because the D-dot sensors do not - -

disturb the measurements made In the lateral respond to the static E— fleld , four field mills
axis. Therefore, alignment of the sensitive will be mounted on the aircraft to measure the —

axis of the sensor with the longitudinal axis three components of the ambient electric field ,
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the charge on the aircraft, and the total change to each channel .
In the static field caused by a li ghtning event.
They will be located so that the effects of TRANSIENT RECORDERS
corona and precipitation static discharge
currents are minimized . The transient recorders to be used are modified

Biomation Model 6500 Waveform Recorders. The
Loop Antenna . The mu ltigap loop antennas , also Bloniatlon 6500 is a fast analog-to-di gital con-
known as B-dot sensors, will be mounted on the verter (ADC) with Internal storage for 1 024
wings, fuselage, and nose boom. Those on the six-bit words. At the fastest rate, the
wings and the fuselage will measure the circum- Biomation 6500 samples an analog signa l every
ferential fields about these sections of the 2 ns and has an Input analog bandwidth of
aircraft resulting from direct and nearby 100 MHz . The recorders are operated in an
strikes . The loop antenna on the nose boom with “endless loop ’ mode, wherein the recorder con-
sensitive axis in the longitudinal direction wi ll tinuously samples and stores data until a
measure the fields from nearby strikes without trigger event occurs which causes the record
being greatly disturbed by the aircraft , phase to end. The recorded data is then output
Alt hau gh they have a wide frequency range , the to an analog recorder at a slower rate for
loop antennas are designed to respond to time storage. Once the memory has been read out , i t
rate of change of the magnetic flux density , and returns to the record phase to await the next
the ~~~ must be integrated to obtain the nag- trigger event. The data-record time window can
netic field intensity , be adjusted relative to the occurrence of the

trigger event by delaying the cessation of the
Inductive Current Probe. This induct ive recording . This feature allows an adjustable
sensor (I) will be mounted on the nose boom so data window from just before the trigger event
that the total attachment current to the booni up to 10 000 sample time s after the trigger event
can be measured. The sensor is a hollow con- via front panel switches (e.g., at a 2-ns sample
ductive ring , with a gap around the inside interval time , the data window can be delayed
perimeter , which fits around the outside of the up to 2 ~~~
boom. The output Is measured across the gap.
The sensor output must be integrated to obtain The memory modification was undertaken to provide
current . a significantly longer data record at the Inaxi-

mum samp lin g rate. In particular , an expansion
Resistive Shunt. This total current sensor is a from 1 024 samples to better than 100 000 samples
complement to the above sensor. Its advantage was desired without compromising the capability
is frequency response to 0; the output Is a volt- for 500 mill ion samples per second . A review
age generated across an internal resistive shunt. of available memory integrated circuits (IC’ s)

resulted In selection of the INTEL 2147-3. It
Cameras. Both video and film cameras, with a is an N-channel silicon-gate MOS technology
variety of lenses to visuall y cover the aircraft random access memory (RAM) organized as 4096 x 1
and surrounding airspace , will be used to analyze bit with a write cycle time of 55-ns. As a
li ghtning phenomena and to aid in locating light— comparison the standard memory utilizes an
ning on, or near , the aircraft . Video tape emitter coupled logic (ECL) RAM organized as
systems with more lines per frame and higher 128 x 1 bit with a write cycle time of lO-ns.
frame rates than standard television are avail- The major characterist ics of the modified
able for better resolution . Photographic cameras recorder are storage for 131 072 samples as
will be sing le-frame , 35-rn types with motorized compared to 1 024; increase of memory IC’ s from
film advance mechanisms . 48 to 192; and provision for delay ing the

trigger by up to 100 000 interval times. The
MicroDhgnes. Visual observations of li ghtning modified recorder can capture a 262-us “snapshot ”
from aircraft have often produced Inaccurate at the maximum sample rate compared to a 2-us
distance estimates . Therefore, thunder (shock- snapshot for the standard recorder.
wave) data wi ll be recorded to determine the
distance between the lightning and the aircraft . The major components of the transient recorder

are indicated in Figure 4. The signal to be
Sçp~or Caljbration . The field measurement sensors recorded is presented to the input attenuators
will be calibrated apart from the aircraft in a and amplifier, digitized , and then stored in the
laboratory environment. Then In order to call— memory. The trigger and control circuitry
brate out field distorting effects of the air- controls and selects the data period to be
craft, the sensors will be check-calibrated while retained . Once a snapshot has been obtained ,
mounted in the aircraft. For a dc calibration it is output for recording on the analog recorder.
of the field mills , a close—proximity plate The Blomation 6500 recorder achieves Its hi gh
charged by a high-voltage generator will be placed sampling rate by employing a parallel ADC tech-
over the field mill rotor. The total current nique. The output of the ADC is converted to a
sensor will be calibrated by usinq a high six-bit gray code. At the maximum sampling rate,
current generator, such as an impulse generator a new data sample is taken every 2 ns. In order
or a Marx generator, applying a known waveform to provide more time for the storage of the data,
directly Into the nose boom of the aircraft. the ADC output is double buffered into two six-
Internal wire sensors will be calibrated by bit registers on an alternating basis . Thus,
replacing them in each measuring channel with each of these registers has new data every 4 ns.
current or voltage sources, as appropriate The output of these two registers is presented to 



the memory board on two six— bit parallel buses. input dynamic range. It is anticipated that the
Throuqh the use of memory interleaving, the dynamic range of the data to be recorded wi ll
effective speed of a memory can be increased , exceed 60 dB, necessitating logarithmic dynamic
The memory is divided into sections and the range compression in the signal—conditioning
write cycles are overlapped. For example, circuitry . Since the compressed signals must
consider a memory divided into four sections, serve both the wideband analog tape recorder and
each section having a wr1te~cyc1e time of 4 the fast transient recorders, the logarithmic
time units, as shown in Figure 5. A time perIod amplifiers must have a bandwidth of 100 1hz.
4 tIme units long is equally divided into four This bandwidth , coupled with the large dynamic
parts. Memory section 1 begins a write cycle range needed, requires the use of a pseudo-
at time 0. Memory section 2 begIns a write logarithmic amplifier ’ having a nearly, but
cycle at tIme 1 , etc. All write operations are not true, logarithmic response. The pseudo-
performed in this sequence. Each memory section logarithmic response can be realized by
has 4 tIme units to complete a write cycle, but summing cascaded linear-limiting amplifier
the effective write cycle of the four-section stages, as shown in the block diagram of
memory Is equivalent to 1 tIme unit. The stor- Figure 6, where
age is organized as an eight-way interleaved e ~~~ log (k., e1 )
memory in the standard Blomation 6500; the OU ~ ,n
modified memory is organized as a 32-way Inter-
leaved memory. The data is routed to the The initial system will use Integrated-circuit
32-section memory via three stages of temporary psuedo -logarithmlc amplifiers (Texas Instruments
storage. The two registers that sample the ADC Part Number IL 441) that have a maximum band-
output change data at a 4-ns rate and each of width of 40 MHz and input dynamic range of 80dB.
these registers then feed four more registers
sequentially. These registers are updated at a FIBER-OPTIC DATA LINKS
16-ns rate. Finally, each of these registers
then feeis four more registers , which are updated The purpose of the fiber-optic data links is to
at a 64-ns rate. The 64-ns data period provides obtain noise-free transmission of wideband data
sufficient margin for the 55-ns write cycle siqnals from the various remote sensors to the
memory IC’s to allow for delays in the circuits , data-recording system. The link consists of a
Each of the memory sections is organized as transmitt~”, a fiber-optic cable , and a receiver.
4 096 six-bit samples ; thus 6 of the 2147—3 IC ’ s The transmitter converts the electrical sensor
are required for each memory section. signals to an optical signal by modulating the

output of a light -emitting diode (LED). The
The addressing and control section of the memory receiver , consisting of a photodlode, a trans-
consists of two parts. One part selects memory impedance amplifier , and an amplifier/buffer ,
sections and the other part generates 12-bit converts the light signal to an appropriate
addresses (12-bits are required to address the electrical signal for data recording. The
4 096 word sections). The memory section selec- optical fiber consists of a core of transparent
tion is accomplished by decoding a high-speed dielectric material surrounded by a cladding
parallel counter and the 12-bit address gener- material of lower refractive index. An optical
atlon is accomplished using a 12—bit binary cable may contain many such optical fibers to
counter, improve the optical coupling from the LED to the

cable.
WIDEBAND ANALOG RECORDING

The advantages of fiber-optic data links in this
Wideband analog data recording will be accom— application are the total electrical isolation
p u shed using an instrumentation tape recorder and superior [MI resistance provided by the
that employs video recording techniques optical cable. Along with the usual aircraft
originally developed for television broadcast environmental considerations , the fiber-optic
use. Using rotary magnetic heads with a head- data link must meet the fol lowing requirements :
to-tape speed of 3 120 inches per second (twice
standard television), wideband FM signal - • Frequency Response: near 0 to 100 MHZ
processing electronics, and improved magnetic— (rise time ~3.5 ns)head efficiency, the recorder will provide
simultaneous recording or playback of two wIde- • Input Dynamic Range: ~60 dBbend (15-MHz) channels and two auxiliary (audio
and digital) channels for a total time of 24 • Output Signal: O.2V peak-to-peak m m .
minutes. Development is currently underway to 2V peak-to-peak max.
to extend this record time to approximately 30
minutes by using newer, more efficient heads Wideband fiber-optic data links have been
and magnetic tapes. The InitIa l instrumentation designed and one of them operates at 160 11Hz.
system will use a similar recorder, the RCA However, its data bandwidth Is only 20 11Hz.
ADVISER-62 (airborne dual-channel variable-input Moreover, the state-of-the-art in optical fiber
severe environment recorder/reproducer), which links Is such that for a 100-1hz bandwidth , the
has a 6 P44z bandwidth, attainable signal-to-noise ratio Is less than

the expected 60-dB data signal dynamic range.
The video instrumentation recorder has a signal- Other considerations in the design of this data
to-noise (S/N) ratio of about 30 dB and a l imited link are the LED type, the photodiode type, the
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the optical couplers , and the optical cable. It is planned that the Initial fl ight test will
employ two of the transient recorders and one

To solve the dynamic range problem, the signal wideband (6-4hz) analog recorder. Future plans
compression circuitry (logarithmic amplifiers) Include acquisition of 15-MHz analog recorders
required for the analog tape-recording and investigation of wider bandwidth analog
process will be incorporated into the fiber- recording technologies . Al so planned are
optic transmitter. LED’s and photodiodes are completion of development, and flight tests over
available wi th rise times on the order of 2 ns instrumented lightning ranges, of a system cap-
and the length of the optical cable ( ~2O m) able of simultaneous acquisition of eight
simplifies ftber selection . The prima ry prob- 100-MHz transient recorder channels.
lems are design of the LED drive circuitry and
the receiver circuitry so that they meet the
bandwidth requirement , provide the required Amplitude Sensor
stability , and maintain the electrical isolation Measurement Range Description
between the fiber-optic transmi tters and the
rest of the data system. The latter will be D 0.01 to l0-~-— Flush Plate
accomplished using plug -in rechargeable battery m2 Dipole
packs for the transmitter assemblies. A block
diagram of the complete fiber-optic data link
Is shown in Figure 7 . B  10 to 10 000 !~!~.1! Multigap Loop
SH1ELDI’’. ISOLATION. AND POWER SYSTEM

The lightning measurement equipment must operate . kA InductiveI 0.1 to 100in a harsh electromagnetic environment, and 1as Current Probe
because of the low-level circuits employed in
the data system, it is subject to interference
caused by the elec tromagnetic environment (EMI). 2 

Field MillTherefore, system integrity Is accomplished by E 10 to 10
protection with shielding which is more effective
than that provided by a metal lic aircraft, and
by electrical isolation from [MI sources . A TABLE 1. MEASUREMENTS SU1~IARYsystem constraint resulting from the EMI protec-
tion design requires that the measurement system REFERENCES(excluding sensors) be enclosed by a Faraday
shield. The shield is a double-walled enclosure
with the outer wall grounded to the aircraft 1. Measurements of Li ghtning Strikes to
structure in several places and the inner wall Aircraft. B.J. Peterson and W .R. Wood , Sandia
electrica lly ins ilated from the outer , allowing Laboratory Report SC-M-67-549, (DS-68-l).
a one-point ground as shown schematically in Sandia Laboratory, Albuquerque, New Mexico.
Figure 8. The outer wall is capable of conduct- January 1 968.
Ing the currents which wi ll flow in the aircraft
structure as a result of a direct strike. Fiber- 2. Airborne Measurement of Electromagnetic
optic data links are used to transmit sensor Environment Near Thunderstorm Cells (TRIP-76).
signals into the enclosure, thus eliminating SRI Project 5536 (under NASA Contract NAS9-15101).
electrical conduction paths which might carry J.E. Nanevlcz, R.C. Adamo, and R.T. Bly, Jr .,
interference signals to the data system. System Stanford Research Institute, Menlo Park, CA;

March 1977.power will be coupled Into the enclosure either
mechanicall y or hydraulically. The apertures
in the Faraday shield for the fiber-optics and 3. A Ground Lightning Environment for Engineer-
the mechanIcal power system can be kept very ing Usage. N. Cianos and E.T. Pierce, SRI
small , thus maintaining the shielding effective- Project 1834, August 1972, Page 103.
ness of the enclosure. 4. Proceedings: Second Annual Workshop on
STATUS AND PLANS Meteorological and Environmental Inputs to

AvIation Systems. NASA CP-2O57, March 1978,
An initial developmental flight activity using a Page 211.
NASA F-l06 aircraft is planned for the summer of
1979 to prove and demonstrate the measurement 5. IEEE Transactions on Antennas and Propaga-
system concept. The sensor complement will uti- tion. C.E. Baum, et al, January 1978, Volume
lize existing nuclear EMP designs which adequate- AP-26, Number 1 , Pages 22-35.
ly meet lightning measurement requirements. The
augmented memory design for the transient recorder 6. EMP Interaction Note Number 63, “Interaction
is complete and testing is at the breadboard of Electromagnetic Fields With an Object Which

stage; circuit techniques to allow operation at has an Electromagnetic Symmetry Plane”.
C.E. Baum, AWFL , March 3, 1971 .the 500-1hz sample rate have been demonstrated.

Laboratory operation of the logarithmic ampl i-
fiers and fiber optic data link has been demon- 7. Logarithmic Video Amplifiers. R.S. Hughes,

strated up to 40—MHz and development is Artech House, Inc . , Dedham , MA, 1971 .
continuing to achieve the full 100-MHz bandwidth. 1 09—
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A3STRAC T derstorms and sevesal hundred lightning
waveforms were obtained , thus demonstrating

A program was conducted to develop and its capability as a state—of—the—art in—

demonstrate an instrumentation system for flight lightning research tool. As a result

time—synchronized in—flight measurement of of data acquired during the program it was
the electromagnetic characteristics and confirmed that near—miss lightning strikes

effects of nearby lightning. A four—channel do not pose a hazard to conventionally

instrumentation system was developed using constructed all—aluminum aircraft without

capacitive top—loaded E—field sensors , sophisticated electronic flight control

Moebius loop H—field sensors , slot antenna systems. It is recommended that future

akin current sensors , four transient digi— lightning research programs use systems

tizers, a PDP—ll/05 minicomputer , and employing the concepts described herein and

specialized data acquisition , processing that a flight program whose intent is to

and analysis software. The instrumentation, get “struck” be conducted using the system

which had a DC to 30 MHz bandwidth , was and methods of analysis developed during

developed, calibrated , installed on a this program.

Pilatua Porter aircraft , and flown during 
-

the 1978 (June to October) thunderstorm 
BACKGROUND

season. The design parameters of sensitivity,
bandwidth and dynamic range were chosen Ground based lightning test systems and corn—

based on previous experience and verified puter models exist for predictin~ aircraft

dur ing ground tests and the flight program, response to lightning strokes.Z, There is,

The orthogonal configuration of the E and however , a dearth of actual in—flight measure—

H field sensors , the tine synchronization 
ments with which to compare these forecasts .

of all inputs , and specially deve loped soft— Accord ingly , the Air Force Flight Dynamics

ware based on sophisticated analytical Laboratory (AFFDL) E.M. Hazards Group, through

models permit the derivation of range and its on—site contractor Technology/Scientific

azimuth of nearby lightning strokes , their Serv ices , Inc. (TISST) began a series of

spectral energy content, and significant 
flight programs in 1976 to quantify the air—

coupling parameters based on calculated 
borne threat.3 The objectives of the flight

energy transfer functions. The system test program reported herein were to (1) de-
velop sensor and instrumentation techniques

was successfully flown during eigh t thun— 
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with the proper sensit ivity, dy namic range , Laboratory facilities . Figure 1 is a block
and bandwidth , (2) fly these sensors and diagram of the complete instrumentation
evaluate their performance, and (3) simul— system. The four sensors and processing
taneously measure the relationship between methods were chosen to y ield a max imum of
magnetic (H) field and electric (E) field , information while limiting the complexity of
H—field and skin current response and E— the instrumentation and data acquisition
field and akin current response for nearby system. The magnitudes of two orthogonal
(0.5—5 mile) lightning strokes. Simultan— H—field or E—field vectors permit the cal—
eous measurements permit the calculation culation of azimuth to the lfghtning stroke.
of the system transfer functions. These
are necessary to accurately predict the 

~~~~~~~~~ ~~~, 
j ,,,~, i- T~*~~5Nt O~5Tl~~PS I ~‘~~~~‘~‘ I

airborne light’ting threat. While a stat is 

-

_______

t ical analysis was not part of this progra m ,
limited sampling of lightning freqt~et.cy

response of aircraft avionics systems to the 

_____

content and amplitude was obtained. The
flight test portion of the program took
place during the 1978 thunderstorm season TM4

~~~ 1(June to October).

r~~~~~EXPECTED RESULTS

instrumentation system that measured a few

Based on the methods of analysis available ________

for the interpretation of electromagnetic
measurements , it was anticipated that an 

~_,w,, 
parameters simultaneously (i.e. ti me—syn chro -- - 

nized) would yield considerably more useful
information than the more complex systems Figure 1. Diagram of Instrumentation
normally used and which depend on statistical
samples and analyses. Although the data
collected are still being processed and Range information may be derived by computing
analyzed , the preliminary indications are the ratio of magnetic field to electric field
that the quantity and quality of data re— (II/E) at a given frequency according to the
suiting from the instrumentation and methods method proposed by Rhunke.4 The spectral
described will significan tly improve computer energy content of the lightning strokes can
model predictions of aircraft avionics rca— be determined by computing the Fourier con—
ponse to lightning—like threats. The data ponents, while the significant coupling
will also provide some benefit to the inter— parameters can be identified by calculating
pretatton and application of ground—based energy transfer functions . Data acquisition
Lightning simulat ion test (LST) measurem~.nts. in—flight and processing post—flight with

This is considered to be the firs t fli gh t the instrumentation system described was the
program to successfu ll y obtain s imult aneous result of specially developed software as

w ideband , high—reso lution transient caas ure— illustrated in the Figure 2 logical flow dia—
Lents of the lightning threat and the air— gram . The aircraft was flown in close prox —
craft respons e to it. iJDity to well developed cells at altitudes

between 5000 and 10,000 feet and in VFR con-
ditions . Some isolated , slow moving, dissi—

TEC HNICAL APPROA CH pating systems were circled ; however, the
aircraft was genera l ly flown in the north—

In order to completely identify the threat , wes t quadrant and always aw ay from any roll
one wou ld , ideally, measure three ve ctor c louds and their overhang or anvil.
component s of magnetic field , electric field
and skin currents and monitor ind uced voltage 

________ ________on a variety of on—board avionics circuits. I mm I
This implies at leas t ten simultaneous mea— 1 DIGV?IZUS

surements wit h a comparable number of sen -- Isora , plus data acquisition units , Pract i-
cally, the same information is obtainab le

ly, a four sensor data acquisitio n system
from sets of fewer measure ment . . According— 

~~~~~~~~~~~~~~~~~~~~~~~~was developed , insta lled in a Pilatus Porte r
aircraft and f lown during the program. The
four sensors cons isted of E and H fi eld see-

~~~~~~~ ____IJsvUo~ ______sors , a skin current sensor and a long wire 
~~~~(trigger) an tenna, and their respective

signal conditioning circuits. The data
acqu isition system was comprised of a tran— Figure 2. Logical Flow Diagram
sien t dig itizer system and in terface elec-
tronics . All the sensors were cons tructed
and ca librated at the E.M. Hazards Group j

~ 4— 

~----~~T 
-

-

_____ ~~~~~~~~~~~~~~ JL . — 
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Weather radar depictions of the storm systems This high impedance antenna was connected to
were obtained from National Wea ther Service in— a unity gain buffer amplifier which drove the
stallations at Det ro i t  (DTW) and Pittsburgh 5012 impedance input to a Tektronix R7912A
(PIT). These films were studied to prcvide transient digitizer . The capacitive lo~d was
data on the location , size , intensity and dir- approximately 8 x io—12 farad . The 3 dIS Ire—
ect i o n  and r a te  of move nent of the storm sys-- quency response of this antenna/amplifier
tens . Figure 3 compares the disp lays for a system was from d .c. to 30 MHz. 1~ o of these
storm on 18 September 78 as recorded at Petroit were mounted on the aircraft.
(left) and Pittsburgh (right) at 1703 CMT on H—F ield SensorsI the 250 nautical mile range. The system under
study is located in the ENF. ~re~ of the DT~
display and th~

. NNW corner iii -
~~~ display . Detection of magnetic flux is usually nerformed

using some form of loop sensor. Previous
attempts by others to use either shielded air
core or ferrite core multf .turn loops have
suffered from the, predictable, loss in fre—’
quency response. The Moebius loop sensor has
been used extensively by the EMP conviunitv and
has received much attention. 5 For loops
‘whose diameter is small compared to the high-
est wavelength of interest one obtains com-
parable sensitivity to multi—turn loops with-
out the attendant loss in frequency response.6

For this program two 8 inch diameter Moebius
loops employing balanced 5012 coaxial cable
surrounded circumferentially by a copper tube

Figure 3. Storm Displayed by Weather Radar d .7 Experience again dictated that thewere use
loop signal be amplified 100 times then carried
by a balanced twin—axial 10012 cable to a dif—

Its southern ext ens i on , which shows contour ferentia l input at the R7912A transient digi—
levels indicating heavy preci p itation , is over tizers . Overall loop/amplifier frequency
the greater Cleveland area at this time. The response was calculated to be 2KHz . f . 26P~3~entire system extends northward for aporoxi— and measured to be 10kHz ~ f ‘ 4OMH . Figure 5
mately 125 miles over Lake Erie and into Can— shows the Moebius b oo sensor and its ~1ectri—ada and is about 50 miles wide. Comparison cal equivalent circuit.
with a picture taken 30 minutes later showed
the storm 25 miLes to the east , indicating a 

-
rate of movement of SO knots. Data for this
particular systen were taken with the aircraft
west of the storm at a distance of approximate—
ly 5 nautical miles . Consistent triggering
of the data acquisition equipment showed a high
level of electrical activity , an indication
which could he confirmed by pilot and test

From previous flight experience it was decided

operator observations .

E—Pield Sensors
‘ I

that a transient electric field sensor respond-
ing to field intensities in the range 1 v/rn z z
through 1.0 ky/meter was required. The melee— 7 7
ted antenna was a capacitively top—loaded non—
opole as illustrated in Figure 4. a. Construction b . Installation

Figure 5. H—Field Sensors

~~

j 
The output voltage generated in the loop was
recorded and stored on magnetic tape. Laterj  
computer to obtain the magnetic field intensity
these signals were integrated using the POP-Il

f rom :

8(t) iS.4J V ( t ) d t  + 1.2 x 1O~~ V ( t l  (1)
0

a. Construction b. Insta llation where the constants are dependant upon loop

Figure 4. E—Field Sensor size and thickness of copper ~hie1d .-115- 
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V ( t ) is the measured loop volt age on It wh I cii It v .1 ‘‘I i  isv chain” o I rIgger

8(t) is the computed magnetic field cab lea m t  ert -ottuec t ed between transient d igi—
I ze rs . 8 xi mont t r I gge r d c i  av between any two

t hus d ! g t t i i t -r s  w i s  ~ iiis ec which was essent tal l y

H( t 1 — 8 ( t )  lit0 ( 2 )  the prop igat itin del  iv a long di I I erent coax
cab l e hngt ii~ Th is ni tt l iod  assured ‘‘a m c i i—

Moc h I us loop sens it lvi t v ranged I roe I x 10 2 t;int ous ’’ t r i ~ gt -  r i t iC
amp/meter to 1 .6 x 10~ amp/meter .

Skin Current Sensor 
Data  A cj t i i s i t  ion ~v s t e m

A shorted slot antenna was constructed In 
A Tektronix W I ’ 2 221  Wavetorm D i g i t i z i n g  s y s t e m

rep laceable aluminum panels on the aircraft , was used as the’ h ea rt of the data acquisition

rhe’ clot antenna cons ista 01 a long s lot c - i t t  
a v a t  em t o  process and i -~ ord ill high—reso l—

perp,’nd I cu lar to the current flow patti . A Li t ion traits ! etit measurenlen t a . Tb is sys em Is

shorting wire is placed across the slot and pictured in Figure 8 as Installed in the air—
cu r r en t mon i to r i n g  prob e measures  t he cu r ren t craf t . and consists ol tour Tektronix R79 12

I lowin g In this short. The on t put ol the probe’ Trans i ent Dig! t I zers • l’l)P— li /OS mini—computer
is p ro p o r t i o n a l to the local current in the magne t ic t ape d r i v e  • graphi cs t e’rmin-i 1 -4nd
t ustiage . a dual f loppy disc. ihe data acqu i sf t i on

svstenl was in s ta l l ed  in a specia lly  constructed
F I c u e  It illustrates the slot ante’nna des i gn equipment r i c k.

used during this program . The slot antenna
I r - ~ptt l icv response rang es from 800kHz ~ F _______ - ,- - I

f i r - ~t s lot res onance (
~ 100MHz). The output - - 

- 
‘ - 4 D t ( l F l Z E R ~~~~-

c i  
_____ 

-

ponse was 800kHz -: ~ 30MH z . _____ ~ l L ll7FH -

— 
I

III k—

: -‘
~
‘ ~~~~~ 

i i. - I i i  ‘

- 
I~DI I /11 ~

a . Construction b. Instal lat ion PI~ IVI ~~~~~~~~~~~ 

-

~

Figure 6. Skin Current Sensors 
-
_

- -~~ -

Lon~~ W ire Trigger Antenna a. Dig i t I ~ -rs . Computer and l)isc Driv e

A long wire antenna connected from the ver t i c a l
stabilIzer of the aircra t t to an entry ooint 

-

just behind the wings (Figure 7) served as an
“event ” detector. The output o f this  even t
detector was used as an input to a tr i gger

(,RAI’)I I CS

______ 
TERMI NA l

MACNETIC 

i 
~Lh . ; i a  ph 1 Terni I no I anti Tape Dr I ye

Figure 7. Long Wire Antenna Installation Figure 8. l)at- a Acquts it ion System Installation
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The R7912 Transient Digitizer is essentially PC—6 single—engined aircraft manufactured ,
a high—speed analog—to—digital converter which under license, by Fairchild Ind ustries in the
can sample at rates of up to 1GHz. Operation U.S. This aircraft has short take—off and
is similar to that of an oscilloscope, except landing (STOL) characteristics and is a ver—
that the raw data is converted to a numeric satile aircraft that can be rapidly converted
array of 512 elements or samples . Transient to a variety of configurations such as from
waveforms are subsequently processed and stored pure freighter to passenger transport. It was
in this form by the computer . The effec tive easily adapted for the flight program instru—
system bandwidt h is dependent on the sample mentation . I t  is a braced high wing mono—
rate and on the 117912 sweep spe ed. Table 1 plane with an all metal se rt i—monocoque fuse—
shows the eFfective system bandwidths based lage structure , cantilever all metal tail
on sample period , sweep speed , and Nyquist in— structure , and non—retractable landing gear
terval (time window width). wi th a steerable tail wheel. Table 2 lists

the pertinent physical and performance char—
Table 1 — R7912 Eff ective System Bandw idth acteriatics of the aircraft.

TIME EFFECTIVE Table 2
SWEEP WINDOW SAMPLE SYSTEM
SPEED* WIDTH PERIOD** BANDWIDTH Porter Aircraft Physical and Performance

- Characteristics
50 nS 500 nS 1 nS 500 MHZ

Physical100 nS 1 pS 2 nS 230 MHz

500 nS 5 u S  10 nS 50 MHz Wing Span 49 f t .  10 in.
Length 36 f t .l p  lO pS 2O nS 25 MHz Wing Area 310 sq.ft .

2 u 20 uS - 40 nS 12.5 MHz Empty Wei ght 2 ,415 lbs .
Useful Load 3,381 lbs .5 t ~ SO pS lOO nS 5 MHz Ava ilable Test Load 2 ,000 lbs.

10 P 100 PS 196 nS 2.5 MHz Max. Load for Takeoff 5,796 lbs.

* Sweep speeds used in this program Performance

** 51 samples per division Takeoff Ground Roll at
pS — microseconds nS — nanoseconds Max. Gross Weigh t 330 f t .

Landing Roll at Max .
The PDP—lI/05 minicomputer performs data pro— Weight 110 ft.
ceasing and control functions under software Stall Speed 33 knots
operator control. Real—time operator conmun— Cruise Speed 140 knots
ication w ith the system is accomplished wi th Serv ice Ceiling over 28,000 ft.
the 4010—1 graphics terminal. The CP100 dual Max. Speed (never exceed) 270 knots
cassette driv e provides a means of storage
and retrieval of programs , data files, and
waveform files using magnetic tape cassettes.
The operating system was loaded from the disc
unit. The digitizers were connected to the
various transient sensors , and the resulting

tape by the computer. The stored information
was later retrieved for processing (e.g. Four—

/ 1.HWH,.

transient waveforms were stored on magnetic 

I

icr transformations) and analysis. 
__________

_______ 
‘ ‘ I  

________Stor macope
P— L..,g WH

A Ryan Sto~~~cope syste m was also installed
on the aircraft . Normally the Stor niscope
is used as an avoidance device; however , in
this instance , it was used as a homing device .

~ riecia..,..,Pre—fli gh t weather briefings with Wright
Patterson meteorologists and viewings of the o

H

Wright—Pttterson weather radar provided in—
for mat ion on thunderstorm activity and tops
out to 150 miles or so. Once a “GO” decision
was made, Stormscope was used to home—in on
the desired electrical activity .

Figure 9. Porter Aircraft and Sensor LocationsAircraf t

The aircraft selected as the fligh t test bed
was a Sids~ Pilatus Flugzengwerke AG nort er —1 1 7—

s— HIJ~~~--’~ - - I -~ 
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Figure 9 illustrates the basic Porter air-
frame and the location of the lightning de-
tection probes as installed for the flight
program . Double shielded RG58 coaxial cables

J 

dH/ d t~I~~~~~~~~~~~~~ 
I

were routed through the leading edge of the
wings or through the fuselage and connected —

_t: dII/dt
~~!J~~~~E

to the amplifiers installed at the prob e ,
The installation of the amplifier at the probe 8P-~ tr.v/sec/dtv 1 v/sec/div
maximized the signal to no ise ratw Dy amp- 

— —
lit ying sensor s ignals prior to cabling the
signal back to the digitizers . ________

_ _~~~LPower for the tota l system was supplied by
three 28VDC to 117 VC (60Hz) inverters .
Two 750 watt inverters were located forward

r tof the front right seat (co—pilot side) while
a 1 kilowatt system was mounted on special — —
tracks af t  of the crew comp artment.  The two 100 mv/meter /div 200 mv/meter /d iv
750 watt circuits or the sIngle 1 104 circuit Al l on 250 nSJdiv
were adequate to power the ent i re s y stem .

Figure 11 . Natural Lightning on the Ground

The crew consisted of a pilot . an equi pment
operator and a data logger . The payload consum-
ed a total of 1000 pounds nut 0 the maximum
2000 pound useful b -id . dli /d ~~~~~~~~~~~~~~~~~~

RESULTS ANI) ANALY SIS
dh/dt

Data was collected under three conditions : 
____________ _________________

first , natural lightning parameters were mea— I v / - i cc /c I ty  ‘10(1 iucv / - ;cc / c l iv
cured while the aircraft was parked on the ramp
and thunderstorms passed nearby. Second, da ta
was collected for simulated lightning strokes
(2 x 20 usec waveform) generated by an impulse
generator while the aircraft was parked on the
ramp. Third , the aircra f t was flown in close
proximity of thunderstorms . Figures 10, 11,
and 12 show typical measurements of dH/dt ____
and electric field for these three condi t ion~ , — 

~~~~~~

- ~~~~~~

respective ly , in each f igure dH/dt lI’ represents 1 v/meter/div 2 v/meter/div
t he magnetic field measured by the loop whose All on 1.25 micros.iconds/div
axis is para llel to the direction of f light;
dH/dt J represents magnetic field measured by - 

Figure 12. Natural Lightning In—Fligh t

the loop whose .axes are perpendicular to the
direction of flight. Evert is the vertical - swing and ~fus 

represent the wing and fuselage
component of the electric field; ~J repreasots skin current density, respectively.
the component of elect ric f ield perpendicular
to direction of flight. Also, in the figures Data reduction is currently in process so that

statistical evaluation of risetimes and dom-
inant frequencies is not yet available. How-
ever, figures 13, 14, and 15 are typical Four—
ler Transforms of the previously illustrated

j 

All on l.2~ mlcrosecondsl data . Because the amplitude of some spectral
components was so low, the data plotted aredul/dill 

I actually shown as log~~ fFm (f(t)fl where f(t)
is the time domain H—field , E—field or skin

4 vol
’

ec~~~v 
current density and Fm is the magnitude of its
Fourier Transform in polar coordinates.

Figure 16 illustrates the Fourier Transform
of the skin current density waveform for ground
based simu lated lightning and airborne natural
lightning excitation modes . The similarity
between these two wavefor ms is attr ibutable to
the fact that in both cases the stimulus was

— 
1’ vc r l 

— spectrally rich and that the characteristic
2 volts/meter/div 2 volts/meter/div lengths of the aircraf t determine wha t fre-

quencies are dominan t in the skin current rem—
Figure 10. Na tural Lightning on the Ground ponse. Ideally, one would compute the transfer
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function for the input/output pairs. This
is another data reduction task awaiting corn—
pletion.

All on 3 MHz/div — - — 

= = —

All zero lines 3
divi s ions up fro m — . . ‘

~~~~~
- ‘ . — ‘  -

.

center . — - -

1 amp/meter - — 

1—’ 2 amp/m2/d iv 2 amp/m 2/d lv  

E
1 v/metc’ v/ meter 

— - — - — — - - 

~~

Figure 13 Fourier Transform of Natural L = : I = I I : : _
~:Lightning on the Ground 2 amp/m2/div 2 amp/m 2/div

— = = : — _J_
~ — - - — 

a. Simulated on the b . Natural Lightning
- 

— 
4-U’ Ground in Fligh t
dli - - — Figure 16. FF7 of Skin Current Density

SU

~

IARY 

— J — 
dH 

- - 
To date , lightning protection of aircraft has= = = — = dtj — - 
been based upon only a partial knowledge of the

— ii : = = = IL ~~ 
- threat. Aircraft skin current response has

— 

2 amrc/meter — 2 ftacp/meter been postulated as that of crossed dipoles whose
- lengths are that of the wings and fuselage-.— — - T T From this flight program , sensors and methods

— — — - 1 T have been demonstrated which can define the
-- — — — — T

~J -- r I airborne threat. This definition must result
— — — - - — —  ç -~~~~ 4. from simultaneous wideband measurement of

— — — — - 1— ~t’ 
several parameters. From the measurement of

— — - - — — — E~ l t electric field and magnetic field one may ob—
— — — = — * ~~~~

- tam the total energy and spectral content of
— — — — - - — — — — 

- 1— ~~~~
- the threat. From the induced skin currents

— — — — - - — — — — 
J_ .~L one may compute that the aircraft geometrical

2 v/meter 1 v/meter configuration produces a different resonance/
All on 3 !‘IHz/div antiresonance structure than that computed by

Figure 14. Fourier Transform of Simulated using classical assumptions. This knowledge
Lightning on the Ground is required as input to computer models for

- 
predicting lightning induced voltages in air—

- - — - craft avionics systems . In addition , the data
- - —  - - can be used to refine ground based test systems.
- - -  - With the establishment of this capability ,
‘ - — JH full threat definition must be completed
- - — — 

~~~~ ~ = : — — —  - through a flight program whose intent is to
— — + -  - -  .j — —  ‘ get the aircraft struck using the types of 

1- -  - - systems and pr inc iples proven in this program .

2 amp/meter - 2 amp/me~ter_ -__~
__
~ The authors wish to acknowledge the assistance 

- ‘ -  of Ms. Jean Reazer for operation of the c.om— 
. -  puter during thunderstorm flights; of Mr. Ralph
‘ jj- -  Lusk of Mead Technologies Inc . whose skills 

- -.  - ‘ - -  as pilot made measurements possible and of the
- . . ‘I financial and moral support of Mr. John Rirken

of NAVAIR .

1 v/meter 1 vlmeter
All on 3 MHz/div

Figure 15. Fourier Transform of Natural
Lightning on the Ground — 11 9 —
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TEST TECHNIQUES FOR SIMITLATINC. LIGHTNING STRIKES TO CARBON
(GRAPHITE) FiBRE COMPOSITE STRUCTURES

P F litt l e , A W Hanson and B J (‘ Burrows
Cuiham Laboratory, United Kingdon Atomi c Energy Authority

SUI*IARY

The paper considers the differences in keeps the current to the external akin of the
phys ical propert ies between graphite epoxy fuselage , w ings , ta il plane , f in e tc . ,  because
compos ite and aluminium a l loys , and d iscusses the pulse is too short to allow magnetic f lux
how this affects the lightning testing tech— to diffuse through the skin. Resistive (IR)
niques to be app lied . Damage mechanisms and voltages and induced voltages from electro—
hazards arising from both direct and indir ect magnetic induction are therefore in general
effects are discussed and compared with those of negligibly small. This accounts for the very
metal alloys. Appropriate diagnostic techniques low incidence of aircraft damage from fue l tank
are suggested for tests on both small and large fires and explosions caused by current flow in
structures . Special problem areas resulting the wing, since the massive box section of the
from the properties of the material and the wing, often with metal skinning much greater
manufacturin g techniques employed are than 2 sin, keeps the current out of the fuel
identif ied, tank inner surf .ices .

INTROD1JCTWN Induced vol tage problems in metal airc ratt
are therefore largely due to apertures in the

Teat techniques for lightning effects on metal which act as points—of —entry for magnetic
conventional aircraft comprising a metal skinned flux. Such apertures are the cockp it , radomes ,
a i r f r ame , plastic canopies , fibre glass radotnes fibr e glass skinning, antenna install.stions ,
e t c . ,  are now fair ly wel l  established poorly bonded equipment bay covers , and open
internat ionallv ~~

1 ’2 ’3
~~. These test methods were undercarriage bays , f l a p  bays etc. The removal

standardised before graphite fibre epoxy of induced effects consists of examining these
laminates (GRIEF) had been developed to the several points—of—entry and taking the
point where they could be used to cover appropriate precautions . Generally the effect
si gnificant areas of an aircraft fuselage . New of each aperture can be treated separately
designs in GR/EF will require engineering testS owing to the presence of metal bulkheads
to assist in development and in the study  of between them.
their impact on aircr a ft systems , and
c~c i . , I i f icat ion (certifieati on ~ tests to Compared to aluminium , GR/EP panels exhibit
demonstrate s.-ifetv. little or no apparent ski n ef fe ct  since the

- resistivity c is increased and skin dep th ~ is
The features of GR/El’ composi tes which proportional to ~~i , Thus wi th i n  a jew nanosecs

m erit special attention in testing are their current diffuses through to the inside surface
non—homogeneous structure and their of most GRIEF panels used in aircr a ft and
relatively high resistance (approxim ately lO~ lig htning current pulses penetrate wi th
greater than aluminium alloys). These negli g i b l e  attenuation.
d if ferences a f fec t  the current distr ibut ion in  a -

graphite or metal/graphite structure and require Thus in an ai rcraf t  skinned wi th  CR/Er ,
a scientific appraisal of the test techniques. every GR/EF panel becomes a point—of—entr y for

magnetic flux, generating large resistive
The problems associated wi th testing GR/EF voltages and allowing di f fusion f lux to

composites are discussed below, both in penetrate and combine with the aperture flux
reference to indirect and direct effects of from the cockp it or some other point—of—entry .
l i ghtn ing. Another differ ence a r i s e s  because the current

flow pattern in a met al aircraft is determined
INDIRECT EFFECTS essentially by inductive shar ing  ~at least for

the lightning parameters of interest in indirect
Basic Theoretical Considerations effects work) whereas , in a graphite or metal/

graphite aircraft in which the resistance is
This section discusses the Impact on several orders of magni tude higher , both

indire ct effects testing , that is , testing for inductive and resistive sharing will occur in
induced voltage and currents in both wiring and times of interest to indirect etfects. This i s
Important metal sub—structures such as fuel because the redistribution t ime constant is
pipes, reduced inversely as the resistivity is

increased .
Conventional metal aircraft are well—

shielded against the indirect effects of The effects on te..i techniques of th~ sc iiiJ
li ghtning current . The normal thickness of other considerations are now briefly described .
alumini um skinning — usually ~ .080” (2 ~~) — 

— 2 —
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The Current Flow Patøer* in the Atreraft because the redistribution time -r is of the
order of milliseconds .

The airframe, o~ part airframe , under test
should be inatall.d wag~ simulated lightning Individual Panel Testing
current return conductors so that the current
flow pattern for both fast—changing and slow Individual pane l tes t ing for induced voltage
pulses is the same as it would be in a natural effects is not very satisfactory owing to the
inflight strike . This requires that the return different current redistribution when a panel is
conductors are positioned such that their not in its intended airframe environment.
presence has a negligible effect on the magnetic Therefore testing on a full—size airframe is
field at the airframe structure under test. reconinended; a Hawker Hunter fuselage is used

as a test rig at Cuiham.
To achieve this , the field pattern produced

by the aircraft in fli ght (when it is an Where individual panel testing is necessary
isolated body with no return conductors near) the details of the frame into which it fits, and
must be simulated by some arrangement of nearby the fasteners , must be correct: the amplitude of
conductors. Such a system has been described the diffusion flux depends on the panel
previously for testing both metal~

4’5~ and resistance plus the joint resistance . (See
metal/graphite structures (6). The field Ref. 6 page 134). The ef fect  of a metal frame
distortion due to an incorrectly placed return on the flux penetration will only be observed
conductor can be seen by comparing Figures 1(a) fully if the correct frame is used with all
and 1(b). The structures in Figure 1(a) will fasteners both transverse and longitudinal .
exhibit current crowding on the fuselage lower Fewer fasteners (i.e. higher joint resistance)
surface dur ing the inductive sharing regime, tends to reduce the current in the panel
and therefore generate excessively high aperture somewhat and to increase the observed induced
and diffusion flux voltages on the lower panels voltage . Measurements on a panel in a metal
in the lower bays, and also give lower voltages f r ame show that for a fast pulse the current
across the top. The inflight strike gives a across the centre of a GRIEF panel flow s in a
field shape as in Figure 1(b) and this is reverse direction (compared to bulk current
simulated exactly by a suitably spaced fully— flow) while the current is falling but positive
coax ial system, or approx imately by the Cuiham as shown in Figure 4. The explanation for this
Quasi Coaxial (CQC) system as in Figure 2. This phenomenon is that flux which entered the panel
gives a good simulation of the field around the during the time of the initial current rise must
whole fuselage and therefore a balanced ratio of leave as the current reduces , so generating
voltages in top, bottom and side panels . The ‘back emf ’ and so a reverse current flow . This
three conductor system is ideal for fuselage unexpected result has been observed and
testing, but a four conductor CQC system is confirmed in several different geometries.
ideal for wing tests as in Figure 3. Three
conductors would not be suitable for a Diagnostics
structure with wing type syninetry. Careless use
of return conductors for a wing test will often Diagnostics on GR/EP tests will in general
over—emphasise the current in the mid—chord follow the techniques used on metal structure
position, therefore return conductors must be tests, but more care in choice of diagnos tic
placed well to the for and aft  as shown in measuring positions and all cable routes will
Figure 3. have to be taken.

The close spaced fully—coaxial and CQC For example , care will be needed to avoid
systems have a considerably potential advantage errors due to the use of one connection point
for whole aircraft tests owing to the low simultaneously for current entry and voltage
inductance (“ l uff) of the load assembly, sensing. Small sample tesL.~ in particular need
comprising the aircraft and return conductors, separate current entry and potential sensing
A small inductance both simplifies and reduces (the “4—wire” method) if reliable resistivity
the cost of a full threat test, which may become measurements are to be taken, either for pulse
necessary for both direct and indirect effects testing of d.c. tests.
tests.

The routing of diagnostic connections and
The flux patterns change very quickly in a wiring is also important if dependable

graphi te and metal/graphite structure, and the measurements are to be made. For example , when
above discussion largely concerns the f irst few potential drops along a panel are measured
microseconds of a pulse. As referred to during pulse tests it is vital that the wire to
previously the current redistribution time, , the further test point runs straigh t back along
is about 0.5 to lOjis . The fast—chang ing and the panel to the second test point, and then the
hi gh amplitude components of lightning typically two wires twisted together are taken back to the
have this ord er of pulse length and therefore measuring system (e.g. on oscilloscope with
induced voltages in the initial inductively differential input facility) . The sensing wire
shared period and transitional time are measures the voltage along its route , including
important. Conversely in an all metal aircraft the effects of aperture and diffusion flux
(excluding special stainless steel or titanium coupling to the loop formed by the wire and the
alloy aircraft) the induced voltages occur tes t panel, Therefore only when the wire runs —

exclusively in the inductive sharing regime, back hard agains t the panel (s o making the area
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of the loo? ne~ ligibly small), will the voltage lightning technologist l ie in the non—
be correct tb ,7). Figure 5 illustrates the homogeneous nature of the material; the
effect of wire routes. A measures the 1K drop resistivity (which is anisotropic in the
along the pane l, B measures the sum of the two individual fibres and in the bulk material); the
joint voltages only, and C measures the total higher arc burning voltage ; and the low thermal
joint p lus panel IR voltage . Measurement A is conduc t i v i t y .
useful for determ ining the pane l current if its
electrical i-hara cte r isti c s are known; the panel It has been shown previously that
acts as its own current shunt, significant arc damage to metal panels is mainly

restricted to burn through at the arc root ,
Fi gure 6 demonstrates how the induced which for any given thickness of any specific

volta ge princ i ple of equivalence between me tal requires a calculable minimum current , and
resistive (IR) and diffusi on (d~ /dt) voltages a calculable minimum time t o  ,-ffect (8). Other
(6,7) may be app lied to diagnostics where it is current parameters are of no consequence and
inconvenient or forbidden to drill holes or negligible damage occurs in the surrounding
make attachments to the graphite. The loop area due to ohmic heating. Thus there is no
shown measures the pane l IR drop along the l i n e  longer need for ire root tests on metal skins
of t~ie wi re , al though it does not contact  the for zones where both current and t ime
panel e le c t r i ca l ly ,  requirements are not s a t i s f i e d, or where small

holes are acceptab le .
Voltages w i l l , of course , b~- vol-v large in

long th in gr-iphite panels , up to severa l W ith GR/EP the arc burning voltage is
thousa’~d v o l t s  per met re length at f u l l  threat approximatel y ten time s that of aluminium, and
lightning current . Thc rofo re  diagnos tic wires consequently ten t imes the heating energy is
which run some length of an ai r~- r i 1 t  fuselage available in the arc root per coulomb of charge
mus t allow for the largo common mcdc vo l tage t ransfered.  In the surrounding area the much
occurring between , sax- , an .t t r r.ft’ronce point hi gher  bulk resistivit~’ (up to 1000 times
and the position of measurement. Diagnostic greater than alum inium) can give rise to severe
routes s hould be chosen to make best use of ohmic heating damage with pulses of high action
longitudinal metal components in the fuselage by integral . This often takes the form of
running wires within , or hard aga inst them, delamination.
Similar routes may have to be used in aircraft
design to mitigate the problems created by the The dissipati on of the heat generated is
introduction of GR/EF panels , also affected by the lower therma l conductivity .

Thus the damage in and around the arc root
One useful diagnostic technique is to use a region is dependent not only on the pulse

fibre optic consnunication system, for example current level and duration as in metal panels ,
the FOL 100 by Electro Optic Developments but also on the charge transfered and the pulse I -

Limited of England . This system has a 150 MHz action integral.
bandwid th for analogue signals , wi th input
atter.uators of 0—30dB and a calibration signal , Consider now the current flow in the bu lk
both remotely swi rchabl e. Viewed in the material . Al though some composites are produced
frequency domain , a GRIEF panel acts as a low using woven carbon fibres most GRIEF is made in
pass filter with a cut off frequency normall y the form of multi —p ly lay ups . Each ply
in the range of 10 to 20 MHz. The cut off consists of unidirectional fibres , but
frequency is given approximately by successive plies are laid at differing angles

— 
1 .17’ MHZ 

of fibre orientation depending upon the
0 structural requirements of the component . The

where h is the panel thickness in metres , and o - resistance within a ply to current flowing
is the resistivity in Il—rn . Thus the measuring across the fibre lay can be some orders of
bandwidth should extend to 2 f0 or 3 f0 to magnitude greater than the resistance to
ensure that the full spectrum of transients is current flowing along the fibre lay, and thus
recorded , and the FOL 100 instrument is the current distribution between plies will
satisfactory in this regard . depend upon the direction of the ct’rrent flow ,

and the orientation of the fibre lay in each
DIRECT EFFECTS particular ply. The contact resistance between

adjacent fibres in the vertical and horizontal
Basic Theoretical Considerations directions and between plies , will vary with the

lay up pattern and the manufacturing techniques
Carbon fibre structures are subject to used. The effective resistance to currant flow

direct effects (damage by ohmic heating, and therefore the total ohmic heating and the
magneti: forces and arc root heating) in the distribution of that heating , ~i1l depend upon
same way as metal structures. The difference in the lay up of the composite , and the cut rent
the physical properties of GR/EF compared to path in it. The direction of the test current
aluminium alloy however leads to significant is therefore very important , and the tests nust
diff.rsnces In the nature and magnitude of the be carefully designed so that the current flows
resultant damage. This in turn can affect the in the appropriate path during the test.
testing techniques that need to be app lied.

Direct measurements on GR/EF panels (9,lO)
D i f f e r ences of partic ular interest to the have shown that Ohm ’s Law is obeyed both for b ”
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d.c. currents and high current pulses of abort in the testing progranane include hybrid systems
duration with low action Integrals , where the of mixed glass and carbon fibre reinforcing, as
temperature rise is small. This is true over a hi gh currents restricted to a few carbon fibres
very wide range of current densities, can result in the explosive fusing of the carbon
Resista nce of the bulk material becomes non fibres.
line ar above i iO°C (II) whilst the temperature
co—efficient of resistance of the fibres becomes Diagnostics
negative above 65oC (lfl .

Various techniques for measuring current
Direc t Effects Testing sharing and redistribution between CFRP

- components have been described in the sect ion
Por zones I and 2, the diffe rences in the on diagnost ics for Indirect E f f e c t s .  Theae are

arc root damage mechanisms imp ly that a applicable to direct effects tests also . Some
reappraisal of the teat waveforms suitable for means of measuring the peak temperatures , and
arc root testing on GR/EP may be desirable, temperature gradients are also required .

Sophisticated infra red cameras and detectors
For zone 3 testing a similar reappra isal may have been used , but for most tests the simp le

be required . Recent unpublished work at Culham application of temperature sensitive paints will
has shown that the damage resulting irom current suffice.
pulses of a fixed act ion integral into identical
panels varies with the waveshape of the pulse. TESTING EQUIPMENT
Both the character and the magnitude of the
damage are affected. The reason for this is Generators
not yet understood , but it is suspected to be
caused by an uneven current distribution For tests on indirect effects the initial
enhanced by the negative temperature value of di/dt is often the most impor tan t
coefficient of resistance of carbon (graphite) parameter , and this not much affected by the
fibres above 65°C and the low thermal hi gher resistance of GRIEF composites. For
conductivity of the composite as a whole. Work tests on direct effects the value of the action
is still proceeding on this. A more precise integral Ji 2dt is clearly not- c important in
specification of waveshape and initial di/dt , in GR/E F than in aluminium alloys . In $enerato5s
addition to peak current and action integral , using initial capacitive storage , Ji’dt —
may be needed for zone 3 direct effects tests on where R is the total circuit resistance.
GRIEF . The higher resistivity of CR/Er therefore

requires a higher value of C or V than would
The discussion in the section ‘The Current be required for the same test in aluminium

Flow Pattern in the Aircraft ’ applies with equal alloys. There is always some inductance in
force to direct effects testing. The current the circuit so I — VK 1 4 (K1 is a complex
distribution within the airframe mus t be function of R , C and 1) so changes in either V
properly reproduced . or C affect 1. For circuits using a critically

damped capac itive discharge , there is a further
Interfaces and Sp~cial Constructions restriction on the choice of circuit constants

as must be unity. It has been seen that the
Current crossing interfaces within the rise ~ime and total pulse duration may also be

composite or at metal/composite joints is often important parameters of the test current , and it
forced to take a disadvantageous path through is often difficult to choose circuits constants
the GR/EF e.g. crossing interlaminate that give the cirrect rise time , dura tion , peak
h’i,ndaries. There is therefore a far greater current and action integral. Greater
j--te ntial hazard at such interfaces than CX I5t S  flexibility can be achieved whilst still
at  a metal/metal interface. The test progranine maintaining the unidirectional pulse waveform
muSt include a realistic investigation of all by the use of clamped circuits , i.e. by first
such interfaces , discharging the capacitors into the inductor ,

and cousnutating the current into the test piece
Particular care must be taken at glued when the required value of t has been reached .

intorf sces where there is a possibility of This technique is however much more difficult
current crossing the glue line . In such cases it is described in detail by Hanson ( 1 2) .
current will tend to concentrate in voids in
the glue causing explosive expansion of the air Test Circuits and Eq~ ipment
in the void , and subsequent failure of the glue
line . In Zone 3 hard contact tests , the effects of

the magnetic field of the return conductors is
In a s imilar manner aluminium honeycomb in more important for mixed GR/EF and aluminium

GRIEF sandw ich panels can give rise to structures than it would be for aluminium
explosive delamination of the panel when current  structures.
in the honeycomb crosses the honeycomb interfoil 

<I’ 13)glue lines. Aluminium honeycomb s are very Previous Cuiham Publications ~~
‘ have

sens itive to this type of failure and very indicated the importance of electrode spacing,
prec ise simulation of the true environment is and the effects of electrode jets. In GR/EF
important in these tests, panel tests it is important to use a jet

diverting electrode, and an adequate gap between
Other systems worthy of particular attention panel and elec trode to eliminate punch through
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ABSTRACT The objective of the study reported here is to
compute voltage and current levels induced on

Results are presented for lightining i nduced cables internal to an all composite aircraft,
cable currents and voltages on typical cable which is referred to as an Advanced Design Corn-
runs inside an all composite aircraft. Both posite Aircraft (ADCA) , a conceptual aircraft
a direct stroke and a nearby stroke are con— of the 1980’s. Nuclear EMP ccwpling results to
sldered. Results are also given for the case this same aircraft were presented at the IEEE
in which the ai rcraft is coated with 6—mil alu- meeting in Atlanta in 1978’. The study concerns
minum flame spray. It is shown that , as ex- only the indirect effects , which Includes the
pected, the direct stroke Induces the largest threat to an aircraft from a stroke attaching
voltages , but the effects of the nearby strike directly to it as wel l as the lightning induced
are not negligible, electromagnetic pulse (LEMP ) from a near miss.

INTRODUCTION - The numerical solutions -are obta ined by the
same methods used for the NEMP computations 1.

Because of their high strength to weight ratios . The surface current densities are obtained from
graphite epoxy composite materials are finding the three-dimensional fini te difference code
Increased usage as structural elenents in modern THREDE2 and the computation of the Internal
and future airc raft . In addition, modern air— cable responses is obtained by a finite differ-
craft are relying more heavily on more sensitive ence multiconductor transmission line code 3.
logic in avionics and weapon circuitry, and fly- The ADCA structural outline overlayed by the
by—wire technology is already being used. Be— THREDE finite di fference model outline, and
cause of the compos ite’s relatively low electri— location of the cable runs is given in Figure 1.
cal conductivity , it does not shield the sensi- The fuselage is approximately 1&n long. Skin
tive circuitry as much as would a conventional thicknesses on the ADCA vary between .152 cm
airplane. Because of these considerations, the and 1.52 cm, with a nominal average value of
Induced effects of lightning on such an aircraft .254 cm.
are assuming more importance.
_______________________________________________ 

RESULTS FOR A DIRECT STROKE
•Work sponsored by the AFFDII Wright Patterson The threat current waveform used for a directAir  Force Base, under Contract r33615-7,—C- ,Io,

a $~ k 11 stroke attaching to the aircraft Is the returnto ur(auttan erospace rpora on, w en a e I. 4 1 7 A f 4. 44 5

authors were with Mission Research Corporation. 5 ro e ma e coitvnon1y useu or sys~em S ,.Uu ~S
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cost. Because the threat lasts 100 lisec, a new
iP2 approach Is desired,

‘(
~

-
TP3

TP9 
_ _ _ _ _ _ _ _ _ _ _ _

C$iNARD
- FIGURE 3. ADCA THREDE MODEL USED FOR LIGHTNING

DIRECT STROKE ANALYSIS.

FIGURE 1. OVERLAY OF THE THREDE MATHEMAT ICAL The approach takes advantage of the low fre—
MODEL AND STRUCTURAL OUTLINE OF THE quency content of the threat.
ADCA, AND CABLES SUBJECTED TO INTER-
NAL COUPLING ANALYSIS. A current is injected into the ADCA that Is

short enough so that THREDE can compute a suf-
and is shown In FIgure 2. It Is noted that the ficlently complete transient response. The
spectral content falls off rapidly and is down injected current waveform Is shown in Figure 4,
mare than 80 dB in the vicinity of prIncipal which shows a 200 kA nearly triangular wave-
aircraft resonances (6— 7 MHz). Thus, the solu— form, whose total time durati on is 500 ns.
tion to the direct stroke problem involves The source of this Injected current is an
principally the static solution. isosceles triangular voltage source of 500 ns

duration. The resistances in Figure 3 are 900
ohms in the front wire and 800 ohms in the rear

200 
- _________________

w ire. These values are chosen to represent the
high values of the source impedance for the
lightning channel as discussed in Reference 6,
which states that this is in the vicinity of
1000 to 3000 ohms. The importance of this
impedance for this problem is that the aircraft

__________________________ resonances will be most greatly excited when
2~isec 20 40 60 80 100 ~isec 

the end impedances are much higher than the
characteristic impedance of the transmission

a. Time Domain line formed by the aircraft, with respect to
______________________________ the ground plane. This value is nominally 156

1.0 ~ 
—

tion coefficient (_O .7). The choice of resist—
.
~~ io 2t 

~~~~~~~~~~ ohms, so an 800—ohm load implies a large reflec-

~ ances at the lower end - f the range was dic-
tated by code limitations on how much resistance

‘P. can be readily modeled. The resistance must be
limi ted to 100 11 or less per cell as larger
values lead to instability and only a finite

~ ~ 
~ number of cells are available for modeling the

resistance of the lightning channels.
.
~~ _ _ _ _ _ _ _ _ _io 6 

~ 
201 

-, 

io~ io6 ~~Frequency (Hz ) ~~~~ 

‘::

b. Spectral Amplitude

FIGURE 2. LIGHTNING RETURN STROKE CURRENT USED
IN THE DIRECT STROKE ANALYSIS. _____________________________I I i • I

The solution is obtained by modifying THREDE to 0 0.2 0.4 0.6 0.8 1.0
handle current Injection and applying it to the Time (llsec)
configuration of Figure 3-~~ Because the max-
lmian time step used in THREDEs finite difference
algorithm ts limited by the cell size, ~HREDE FIGURE 4, CURRENT INJECTED AT THE NOSE.
cannot be used •o compute the response much
beyond one microsecond because of computational
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Figure 5 shows a sample current density response by about 14dB, which is only a factor of 5.
computed on the fuselage skin for the injected Thus , it does not appear that such a fix will
current of Figure 4. Apart from some rather provide absolute protection , but it will sta—
smal l excitation of ADCA resonances , the wave— tistically reduce the threat.
forms are of the same triangular shape as the
input. The same observation is true for skin Table 1. Suniiiary of Peak Open Circuit Vol tage
currents elsewhere. It is therefore concluded and Short Circuit Current Computa- -

.

that the waveshape of the response is approxi- t-ions for o 15,000 mhos /m (for
mately independent of location on the aircraft , Direct Stroke)
which Implies~ a static solution. If this is
true for the current waveform of Figure 4 , It Cables V 0~

(V)  I 5~
(Pimp)

will be even mare true for the threat current
(Figure 2) whos e spectral content is at lower Side Winder 4 .5x10’ 2.IxlO’frequencies .

Fly—by—Wire 4.7x103 2.Ox103
27 — ECS 4 .3x10’ 5.8xlO’

18 The quantities V0~, ~~~ are defined as follows:

Voc = The open circuit voltage on the
back end of the cable with the

~2 forward end short circuited.
0

‘Sc = The short circuit current on the
________ 

__________________ back end of the cable with both
ends short circuited .0 0.2 0.4 0.6 0.8 1.0

Time (~isec) RESULTS FOR LEMP
FIGURE 5. SAMPLE CURRENT DENSITY WAVEFORMS AT

THE FUSELAGE BOTrOM, REAR CENTER The main problem in computing the LEMP hazard
(TP5) FOR THE INJECTED CURREN T OF Is the lack of knowledge of the LEMP threat.
FIGURE 4 The LEMP waveshape and ampl i tude are not well

known because of the lack of experimental data
at aircraft altitudes. In recent years, pro—

Therefore, the current density at various loca— grams have begun in which Instrumented aircraft
tions on the ADCA is assumed to be of the same were to fly near thunderstorms and record
shape as the threat, but the relative amplitudes electromagnetic fields and induced cable cur-
are given from the THREDE solution to the t n— rents. This has not yet been very successful ,
angular problem with smaller pulse width. These because of an abnormal lack of thunderstorm
current densities multiplied by the skin trans— activity in the test regi,~n

e
~

l.
fer impedances then provide the electric field
source terms which drive the cables internal to In investigating the LEMP problem, LEMP from
the ADCA. both stepped l eaders and return strokes were

considered. It was found that the stepped
It should be pointed out that the presence of l eader LEMP response resulted in less than b y
the ground plane (which is a necessary artifice induced on internal cables , which Is much less
for THREDE computations) in Figure 3 affects the than that caused by the direct stroke or a
ci rcumferential variation of the currents. For nearby return stroke. Therefore, the return
example , the current density on the fuselage stroke LEMP wil l only be considered further .
bottom is nearly twice that on top. This prob-
lem is corrected by using the average of the The LEMP field waveforms for a return stroke
top and bottom values to get the true amplitude are computed using the model of Uman ’’. This
of the current density , model was used to compute the LEMP electric

fields from a severe lightning stroke at van —
Table 1 is a suninary of the worst case open cir— ous ranges and altitudes. The return stroke
cult voltages and short circuit currents for current was assume d to be the 200 KA SRI model’’
several cables. The open circuit voltage wave— which differs from Figure 2 in that it is a
shape follows that of the incident current and double exponential instead of a triangle. It
the short circuit current is the integral of it. is assume d to be traveling upwards at a veloc ity

of 2.4x~O 3 m/sec , which is the fastest recorded
Because of the possible deleterious effectc ‘~~~ velocity ’2 . The lightning channel between
th~~e voltages and currents , the effectiveness cloud and ground is assumed to be vertical and
of usIng an aluminum flame spray coating on the 4 kilometers long. The earth is assumed to be
composite skin was investigated. Calculations a perfect conductor. The radial and vertical
were done for a 6—mu tMck aluminum flame electric fields were computed at many altitudes
spray, which is assumed to have a conductivity and ranges. In all cases it was found that the
of 10 mho/m’. The effect of the flame spray horizontal electric field was the larger threat.
is to reduce the internal vol tages and currents
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One problem is to determine how cl ose the stroke Table 2 is a sunanary of the worst case pea k
can be to the aircraft without actually att ach— open circuit voltages and short circuit currents
ing to It. This distance Is determIned mainly for sample cables for a — 15,000 mho/m. The
by ascertaining the distance from the aircraft peak amplitude of the incident pulse is roughly
at which the aircraft does not perturb the 820 ky /rn. The cable voltages and currents have
static fields significantly. This distance is the same waveshape as discussed for the direct
estimated to be on the order of one aircraft stroke.
dImension, or 18.3 meters ’3 , This , then w i l l
be used for the purposes of specifying the dis- Table 2. Suninary of Peak Open Circuit Voltage
tance at which the aircraft can be from--the and Short Circuit Current Computa—
stroke without sustaining a direct strike. Al- tions for a 15,000 mho/m for LEMP.
though this distance may be subject to some
controversy, it should provide a good worst case Cables V oc ( V )  I 5~

(Am P)
for protection purposes. The horizontal elect- 

_____________________________________________

- n c  fiel d at this range and a height of 500 Side Winder 210 51meters , as well as other heights , is shown in
Figure 6, and is used as the LEMP threat for Fly—by—Wire t000 177
this study. ECS 40 19

100( ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ ‘~~ — - 
~~~~~~ 
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It Is nOted that the res ponse in Table 2 is
sufficient to possibly cause a hazard. If 6800 mils of aluminum flame spray were applied to
the aircraft , as discussed for the direct stroke

600 ~
“ -

~ case, the l evels would be reduced by approxi-
mately 14dB.

4’

~ 400{C CONCLI.JS IONS
4’V.,

Several conclusions are offered. Firs t, it Is-v 200tjJ observed that the direct strike is the worstI;

case, as one would expect, but the levels from
‘~ 0 1 2 3 4 5 6 7 8 a near mis s are also significant. However , be-

Time (lisec) cause an aircraft is illumined by lightning
induced fields more than it undergoes a direct

FIGURE 6. HORIZONTAL ELECTRIC FIELD AT 18.3 strike , it  is difficult to say which is a more
METERS WITH HEIGHT AS A PARAMETER. significant threat. The effect of the flame

spray is to significantly reduce the threat to
Figure 7 illustrates the axial current density a l evel that is still high if one considers
at the top of the fuselage for Incidence from the worst case, but statistically the threat
the top. It is noted that the response consists should be small.
of the superposition of a large term proportion— Another important observation is the signifi-al to the geometrical optics term (2

~
x
~i~~ 

for cance of the hiqh frequency threat. Most
a cylinder, R Is outward normal) plus the lightning data gathered so far relates to the
smaller dipole made response which invol ves the low frequency regime because this is the regime
high frequency oscillations. Responses on the responsible for the direct effects (damage).
side of the aircraft (the shadow boundary ) However , there is not as much data available on
involve only the dipole mode because there the high frequency threa t of lightning. It is
2nxH — 0. these frequencies which excite the aircraft andinc cable resonances , and would be most responsible

_______________ ________ 
for the upset or damage done to internal black
boxes . It is noted that the threats used for
this paper are primarily the low frequency com-
ponents, because of lack of definition of the
high frequency components.

~~~~~~~L~~.21~~IIIi 1

Finally, it should be pointed out that the
results presented were for a skin conductivity

—Ic of 15,000 mhos-/m. Because of the low frequency
of threat used in this analysis , the results
would scale linearly with conductivity , because
skin thicknesses are much smaller than the skin

1 ~~~~~~~~~~~~~~~~~~~~ 
I ‘ — depths.

0.5 1.0 1.5 2.0 2.5 3.0
Time (usec)

FIGURE 7. AXIAL CURRENT DENSITY AT TP3 FOR
RETURN STROKE FIELD. -130-
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ABSTRACT microprocessor fails or acts erraticali’- ;
a power supply burns up. What ca~ s~-s

A .C. line protection (secondary arrestor) these occurrences? High—speed ,
has become the most difficult problem in overvoltage transients are one of the
interfacing electrical energy with the least understood, yet most troublesome
electronic equipment it powers. of problems which plague the electrical !
Although a number of filtering systems electronic engineer and service
are a regular part of most electronic technician. Actually, the problem her
equipment, none have provided adequate existed ever since electrical power ha~protection against lightning and A.C. been transmitted from one place to
line transients, another, but the recognition of the

problem and its seriousness has oni’-
1. A general discussion of components, come about since the developmen t of
circuits, and systems protectors , and solid—state microelectronics.
how they app ly to the A.C. power line.

As their function has become more
2. Six major considerations for sophisticated , faster, and precise ,
electronic equipment and facility components have become smaller and more
protection. prone to disruption, destruction , an d

erratic behavior. Any major deviation
3. A description of what IEEE/SPD in power can disrupt or destroy a chir .

• Working Group. are doing about To this problem we suggest that a
standardization of A.C. power line solution must be very fast at keep~~ q
suppressor. and a guideline on surge the excess energy to a minimum
voltage in the A.C. power circuits. (clipping), and it must do what it does

(suppress) at a level which prevents any
4. Details in selecting and placement excessive energy from being strong
(at the entrance or inside the facility) enough to destroy or disrupt . In ~~~
of protecting equipment based on computer, this condit ion can create
sensitivity of equipment to be protected mislogic because some of the excess
and energy levels in the lightning energy can disrupt logic circuits as
transients or power line surges. well as destroy or disrupt memor’;

programs. In either case, comput-er
INTRODUCT ION malfunction or breakdown, spikes and

surges cost money and time.
A computer mysteriously dumps logic, a
circuit board fails~ a telecommunication Solid—state components generally are
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engineered to function efficiently for a case of erosion , eventually the component
long lifetime of service . If voltages will test as being unreliable, a factor
are constant and there is no variation , usually attributed to age. Traumatized
they may last forever (theoretically), systems are not so easily identified . A
In theory , there are only three causes computer or telecommunication system may
for solid—state component failure: heat , go into an erratic behavior mode which
vibration, and high—speed , overvoltage could last from microseconds to —onths.
transients . Most systems are engineered Sometimes a traumatized system is though t
to be either air—conditioned or to have software problems when the real
ven t i l a t ed  s u f f i c i e n t ly to e l i m i n a t e  problem is spike-related. When anal yzed ,
hea t  f a i lu re. Most sys tems are however , the component pa r t s  may not
v ibra t ion isolated, but few systems have show up as failing or unreliable. Oddly
been engineered to adequately handle enough , when spiking is eliminated to
high-speed , overvoltage transients , these systems which have become trauma-

tized , they seem to stabilize and act
What happens to solid—state , microelec— fully functional again.
tronic components when they are attacked
by overvoltage spikes? You might try Solid—state , microelectrc’nic components
and think of a wall as a form of solid- are becoming a more common part of
state device . The wall is basically everyone ’s daily life in manufacturing ,
solid . The wall is there to separate data transmission , data acquisition ,
one space area from another. Try to communications , health care and research ,
think of an overvoltage spike as a finance , etc. Components have become so
demolition worker w i t h  a sledgehammer , minute and delicate that as many as
chisel , and crowbar. Plso , t ry  to think 20,000 or more transistors and resistors
of energy as B.B.’s, golf balls , tennis are compressed into a space of approxi—
balls , or basketballs. Some forms of rnately 1/4 x 1/4 . And , a computer
energy such as tennis balls or basket- may have hundreds of these elements.
balls wi l l  simply bounce off the wall . Anytime a new building is being erected
Some such as golf balls or B.B.’ s may in the future , it will be necessary to
make donts . This is the case wi th  consider a rigid electr ical  requirement
lower—intensity overvoltage variations which will accommodate future generations
(these can sometimes traumatize an of yet undeveloped computers , micro-
electronic logic system). But , when the processors , and telecommunication
demolition worker begins pounding away equipment.
wi th  the sledgehammer , chisel , and
crowbar , there is permanent damage What are the many causes of high—speed ,
wrought by his efforts. The gradual overvoltage transients , spikes , and
deterioration or erosive effect on surges? If you can imagine any shunting
solid—state components is just as or switching activity, no mat ter what
destructive as this but takes place at the cause, you ’ve got half the answer.
a sub—microscop ic level , maybe one ten- Lightning , power company switching ,
thousandth the diameter of a human hair, inductive motor start—ups , i.e., air

conditioning systems , elevators , SCR
When the demolition worker has pounded - swi tch ing ,  arcing contactors , x-ray
away on that wall enough , he breaks machines , arc welding , and even circuit
through and the wall collapses. After breakers tripping. Heavy inductive
being chipped away at enough by high- loads which may be nearby your power
speed , overvoltage spikes, solid—state lines or even your neighbor ’s power
components , like the wall , break down, lines.., the causes are so many and so
Of course , if the demolition worker varied that they are only limited by
really wanted to be efficient , he would your ability to imagine them.
use dynamite and , as quick as a flash of
lightning, would break down the wall. How does one identify the problem? One
Such is the case with very intense method of identifying the problem is to
overvoltage spikes , lightning surges, monitor the power lines at the problem
inductive motor and SCR switching surges. location. There are few very fine

power line monitors which will be fast
In analyzing the problem , there are three enough to record spikes , but one should
basic condit ions of solid—state be cautious to have up—to—date equipmen -
components after being attacked by high- for monitoring . Traditional equipment
speed , overvoltage spikes: TRAUMA , used by power companies is not fast
EROSION, and BREAKDOWN. In the case of enough to catch spikes. Another area
breakdown , the analysis is simple. The for caution is that even though you
component no longer is working. In the monitor the power lines which are to
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feed your facilities in question , you Wi th prospects of integrated circuit
may not monitor long enough to cover all technology becoming even more delicate
contingencies. The major consideration and power problems and demands exceeding
has to do with what the future holds in the limits of what a power company may
store. Equipment requirements for the be able to suppl y properly , one is left
future will be get t ing more critical , with the task of recommending a proper
and the quality of the power being expedien t for new and old electrical
supplied by power companies will be systems alike. What , then , does one look
getting worse, for to protect and prevent the contami-

na t ion o f del ica t e e l e c tr o n i c  eq u i pmen t
Another method of identify ing the and computers?
problem is through laboratory evaluation
of failed parts. Yet another method is SIX MAJOR CONS IDERAT IONS FOR ELECTRONI C
deductive reasoning after the fact , ~Q3~IPMENT PROTECT ION
i.e., component failure has taken place
or logic disrupt ion has occurred . But , 1. One of the  prima ry charac te r i s t i cs
w i t h  th i s  par t i cu la r  f a i l u r e  or of a suppress ion  s y s t e m  is speed of
disrupt ion , there has not been a blown react ion t i m e , i . e . ,  h ow fas t  does the
out fuse or a tripped ci rcuit  breaker ,  sys tem sense and destroy or neutralize
One could , therefore, safely conclude the sp ike? In orde r to be e f f e c t ive in
that whatever caused the failure had to preventing the disruption of logic , a
be caused by something very fast and system must react and suppress in 50
high—powered , and tha t  is the n a t u r e  of nanoseconds or f a s t e r .
a spike. Apart from someo ne
deliberately causing a failure , one must :‘. The second most important character-
conclude that a spike caused the damage istic of an adequate suppression system
or disruption under these circumstances , is its clamping level , i . e . ,  the  peak

vo l t age  which  w i l l  he allowed t o  pass
By definition , a surge or spike is a t h rou gh  the  sys tem w i t h  t h c  :~~‘r- ~~ror
high—ampli tude , overvoltage v ar i a t  ion i ct  i :.- . Fot 1 2 t)  \-7\ C power s~-~ t ~~~~ a
of short dura t ion .  In the case of the  max imum a l lowable  level is u s u a l ly  ~~
spike, the culprit can rise to very i.e., turn on at 20017 peak with a max imum
high levels, 5600 volts or more over suppression voltage of 300v peak . This
line voltage , and disappear in less than g i v e s  ~i 1:1.5 clamp ing ratio wh i ch is
one microsecond. As little as one ~O- - •

nanojoule (1 x lO s) of energy applied
to the I.C. can cause ~ shutdown of 3 . Another important characteristic is
operations. Figure 1.1 the energy suppression capability

(joules) of the suppressor system—-how
— . DIGITA L IC’, much o f the  t ransien t en ergy th e

I suppressor can handle.  To Le e f f e c t i v e ,
- - a sy s t em  mus t be able to handle as much

LOW P401st excessive energy as may come in a g iven
10” ‘ a’ - ~~~~~~~~~~ application . 1’ central city office

building may be j us t  as t roublesome as a
• ia-’ — - tO’s IC.’ rural industrial site. In high lightning

~Ow PO areas , one should have as much protection
~Ø
4 - - 

SIC 10 S as budget will allow . In industrial
~~ 

- cnv~ rons , requirements vary according to
• IO~ Io~ T RA NSISTO RS app l ica t ion , but  one sho uld a l low for  the

— ZINII~SAND worst o f a l l  possible conti ngencies .
— 10 HtcT Ic ’ f ss

uIGH PCWE~ 4. A nother  major  considerat ion  in the
tO~ 

- • 10’ TRA NSI STORS selection of a t r ans ien t  suppr ession
_ POWIRS CR’, system is how it a f f e c t s  the c on t i n u i ty10.1 - I PO*ERDIOOIS of electrical  energy whi le  i t  is per fo rm—

- • to” - • ing as a suppressor. Does it cause any
distortion of the sine wave , short the

to.,— iOfl — • line , or cause discontinuity, for however
$U$CIPTISLS UPStT SURP4OUV brief a period , in the flow of energy?

Not.. toi~ ,a ,ini ,,n th,mc;oSIcofldfs~IOfl 5. Perhaps the next most important
considera t ion  is w h e t h e r  or not. the

FIGURE 1. UPSET AND BURNOUT ENERGIES system is self-resetting , automatic , and
FOR VARIOUS SEMICONDUCTORS self—maintaining.
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6. The final consideration is product secondary of power supply transformers.
reliability. Will the system work when In pract ice, their life expectancy is
you need it to work? Solid—state systems very short.
have , to da te , been the most reliable
and durable yet developed . Within the 5. The silicon , solid—state circuit
limits of their engineering specif i— protectors are generally the fastest and
cations , they may be capable of easily most rel iable of all systems for long
allowing the equipment they are assigned life, speed , and durability. Variations
to protect to grow obsolete long before in circuit design make this method of
either would otherwise wear out , transient suppression (no gas tube or

MOV ’s) the most reliable and fastest on
Once all six factors have been considered, the market  by adding high—speed c i rcu i try
one must look at where the voltage will to the system with high energy
be at maximum power dissipation . For capabilities . Systems designed with gas
example , dissipating 100 joules, a tubes and NOV ’s. with a series inductor,
Transtector Transient Suppressor (ACP2000) initially appear to be adequate, but a
will not allow the voltage to exceed 300 great numbe r of failures of these
volts peak . Where a metal oxide varistor systems have been seen in the field.2
would dissipate 100 joules, the voltage The reason for this is that  when the gas
would rise to over 1000 volts peak. if tube finally fails, it usually blows a
this happened on 120 VAC service, your fuse in the gas tube line producing a
equipment would fail using the metal very large inductive kick across the
oxide varistor. inductor which fails the NOV and the

equipment .  In practice, the in i t ia l
WHAT TYPES OF TRANSIENT SUPPRESSORS ARE cost may be low, but the reliability and
AVAILABLE? life is also low.

1. Carbon blocks and spark gaps are the 6. Other forms of transient protection ,
earliest forms of transient suppressors which are not necessarily transient
and may work well for nonelectronic or suppressors , include isolation and
nonsolid—state , microc lectromic regulation transformers, motor—generator
applications. They can handle large sets, and UPS (uninter rupt ib le  power
quantities of energy but have a high systems). The main design function of
clamping ratio, relative slow response , this category is to electrically isolate
and “ crowbar” the A C . line, and/or provide a continuous flow of

power. These systems do have their
2. Thyristors and resistors , more limits and may not deliver the proper
sophisticated forms of suppression , regulation suppression fast enough .
handle very high energy but are too slow
to be effective and short the A.C. power Isolation transformers may reach a
line like the gas tube does, saturation level and actually accelerate

a spike.
3. Gas—discharge tubes are effect ive on
some coevnunications equipment but not - Regulation transformers, while handling
for solid—state, microelectronic power bump and brownout conditions well,
applications. Similar problem as 1. are not fast enough to handle spikes

(transients).
4. Metal—oxide varistors (MOV ’s) are
a recent development which may be used Motor—generator sets usually perform
on some solid—state equipment but are well, but some have been known to run
not good for computer and solid—state, away and cause great damage to the
microelectronic applications . Although systems which they were designed to
the speed with which a varistor operates protect .
may be nearly good enough , the peak
voltages achieved are not generally low The solid-state UPS is a more reliable
enough to prevent disruption or breakdown source of uninterrup t ible power. Basic
of solid—state , microelectronic elements , considerations must be given to the
A varistor’s breakdown characteristics economics of these devices due to the
are less than desirable for many high initial cost in comparison to other
applica tions. There use on A .C. power stored energy systems . The designers
lines without some limiting impedance of the UPS have taken great care to
is extremely dangerous due to the abili ty insure proper operation of their equip-
to explode when overatressed. Their ment as it relates to the device for
applica t ions are contactors , relays , which it is prov iding constant power.
solenoid coils , and in some places on the An investigation of the solid—state 
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circuitry in the control portion of the device that will identify these high-
UPS wi].l show very careful consideration speed overvoltages and shunt them to
given to providing bypass switch-gear ground . This device must incorporate
that allows an electrical noise-free both an extremely fast response time in
transfer from the UPS to the backup order to provide adequate protection for
power system in case of UPS failure, logic and memory circuitry as well as a
‘the control portion of the UPS is made design that allows simultaneous transient
up of solid—state integrated circuits, suppression on all phases of the power
Transients cause damage to these source.
circuits due to the fact that the UPS
is fed by an unfiltered A ,c. power line. Transtector Systems has had a long—
Additionally, the alternate power source standing reputation as the world’s
is usually the same unfiltered A .C. leader in solid—state , transient
power line that feeds the UPS. In the protection systems. Their use of silicon
case of UPS failure where the UPS is junct ion, solid—state devices in a
interfaced with computer hardware, the multiple stage circuit has proven to be
switch to alternate power allows for a totally successful in applications of
direct pathway by which transients will secondary arrestors for computers and
enter the computer circuitry. It should all solid-state electronic equipment .
be noted here that it is not necessary
for the UPS to fail before the computer IEEE/SPD WORK ING GROUPS3
is connected to the unfiltered A.C.
power line. The static load transfer The SPD (Surge Protection Devices) sub—
switch—gear is devised from noise—free group of IEEE society is divided into
electronic switches (SCR’s). These several working groups. The writer is
SCR’s can be caused to misfire by participating in two sub—groups. The
transients , thus resulting in an first is sub—group (3.3.6.3) solid—
unnecessary and potentially damaging state devices. This sub-group has the
transfer to the unfiltered A.C. power responsibility to write specification
source, standards for semiconductor devices.

The three standards are:
Cost considerations are part of making
a selection as well as technical ability I. Metal—oxide varistors.
to perform. Side-by—side comparisons 2. Silicon avalanche suppressors.
will reveal that even though the solid— 3. Two—terminal , multiple component
state systems appear to cost the most devices.
initially, they are the least expensive
when the value of the systems being When these three standards are completed,
protected is considered as well as the the “end user” will be able to compare,
cost of repair and downtime to the using common definitions and test
systems being protected. Value received , circuits, between several suppressor
in this case, is far more important than manufacturers and determine which
the initial outlay of monies for suppressor is the best to fit his needs.
protection. 

- 
It will offer methods of comparing

- reliability of different suppressors
When dealing with a computer installa- within a particular category .
tion, the primary considerations are the
accuracy of data on the computer as well The second sub-group (3.4.4) is presently
as the operat ional uptime , as opposed to writing a guideline entitled , “Guideline
downtime costs, plus the cost of repair on Surge Voltages in A .C. Power Circuits
and replacement. With many computers Rated up To 600V.” (P587.l/Dl) dated
cos t ing over $1,000,000, it’s easy to October, 1978. The first draft has been
understand the importance of reliable completed.
protection. Literally thousands of
man-hours can be lost in an instant as The scope of the guideline primarily
a spike does its dirty work. Logic addresses lightning and surges appearing
errors and broken down compu ters are at the P.C. power entrance to facilit ies
but two of the many problems which and residential buildings. It covers
develop as a result of spikes. In tele- all P.C. voltages up to 600V.
coemunicat ion/radar tracking systems ,
misfired logic can cause outage or worse It is to complement such standards as
errors which can cause air crashes. IEEE 472, “Guide for Surge Withstand

Capability ($WC) Tests, and IEEE 28,
It is clear that there is an enormous ‘ Standard for Surge Arrestors for P.C.
need for a dynamic transient protection Power Circuits ,” covering primarily the
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utilities environment.. Lighting systems in commercial
buildings.

This guideline intends to present a
practical proposal for the selection of C. Outlets and Long Branch Circuits
voltage and current tests to be applied All outlets at more than lOm (30 ft .)
in evaluating the s-lrge withstand from Category B with wires *~l4-lO.capability of equipeent connected to All outlets at more than 20m (60 ft .)
these power circuits , primarily in from Category ~ with wires ‘14—10.
industrial and residential applications.
It provides how to proceed from the
environment descript ion to the selection
of ‘standard test waves.

-
~~~~

The surge voltages considered are those
A 8 I C

exceeding twice the peak operating
voltage and having duration ranging from
a fraction of a microsecond to a milli—
second. Voltages of less than twice the
operating voltage are not covered here.
In additior., transients of longer
duration resulting from power company
surges are not considered in this
guideline.

/ / / / /  -‘-‘/‘l’” ‘ 7 / , / , T’ ’ ’1 7’7~
’Other subjects discussed in this guide-

line are listed below:

1. The origin of surge voltages.
2. Occurrences and voltage levels in

unprotected circuits.
3. Wave shape of representative surge

voltages.
4. Energy and source impedance. ft- —ft*~~’
The guideline group has proposed the
following approach because of the wide
range of possible source impedances and
the difficulty of selecting a specific
value. Three broad categories of building
locations are proposed to represent the
vast ma jo r i ty  of locations, from those
near the service entrance to those
remote from it. The source impedance of
the surge increases from -the outside to
locati ons well within the building.
Open—circuit voltages, on the other hand , ______

show little variation within a building 
____ _________

because the wiring provides little
attenuat ion. Figure 2 illustrates the
application of the three categories to I i ‘

the wiring of a building.

A. Outside and Service Entrance
Service drop from pole to building
entrance. Run between meter and
distribut ion panel. overhead line FIGURE 2. LOCATION CATEGORIES
to detached buildings. Underground
lines to well pumps.

B. Major Feeders and Short Branch
Circuits
Distribution panel devices. Bus and
feeder systems in industrial plants.
Heavy appliance outlets with “short”
connect ions to the service entrance.
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Table I, “Matrix of Surge Voltages Versus 6. Reliability is most important when
Facility Location,” shows open—circuit human life is at stake and for low—
voltages and short—circuit currents for cost ma intenance and operation.
each of the three categories. The
energy deposited ir~ a 500V suppressor
has been computed and is shown for each 

____________

of the categories.

Energy
In a SOOV REFERENCES

Maximum 
- Suppressor

Loca t ion In~ ulse (Joule.) 1. Intelcon Rad Tech, Intel—RT—8090—013,
September , 1974,

A.
Outdoor and 10kv 1.2 x 50 us 2. Tr~*nstector Systems Test Report andService lOkA 8 x 20 us 150 Analysis, 78AB—LEA—2 , September ,
Entrance 1978.

B. 3. IEEE/SPD Working Group (3.3.4)
Major Feeders 6kv 1.2 x 50 us Guideline No. P587,l/Dl , October ,
and Short 3kA 8 x 20 us 40 1978, FIRST DRAFr.
Branch
Circuits 6kv 0.5 us x 100kHz

500 A short circuit 2

c.
Long Branch 6kv 0.5 us x 100kH z
Circuits and 200 A short circuit 0.8 ‘

Outlets

TABLE I. MATRIX OF SURGE VOLTAGES VERSUS
FACIL ITY LOCATION 

- 
- -

The values shown in the table represent
the max imum range, corresponding to an
“High Exposure ” situat ion. For less
exposed systems, or when the prospect of
a failure is not highly objectionable,
one could specify lower values of open—
circuit voltages with corresponding
reductions in the currents.

SUP*IARY 
- 

-

In conclusion , the major fac tors to be
considered for facili ty and equipment
protection are:

1. Response t ime is to be in the low
nanoseconr’~~g ion.

2. The voltage suppression and clamping
ratio must be low enough to protect
the equipment at the required power
level (Re ference 3).

3. The power suppression capability i.
to be large enough to handle the
applicat ion with concern for what
happens if the device fails.

4. No distortion of the sine wave when
the suppressor operates.

5. Automatic or resettable operation is -c
important l~r human life applications
as well as maintenance and cost
factor..
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ABSTRACT

We measured the charge transferred between ground triggered lightning .and a wi re-trailing rocket that triggered lightning ,
The current has two kinds of behavior: there is INSTRUMENTATIONa current which increases linearly with time dur-
ing the 2.1 seconds before the lightning strike.
Superimposed on this smooth current is a series We launched modified ENTAC 58” rockets from a
of 18 pulses each of which transfer between 4 and mountain ridge near Langmuir Laboratory in central
200 ~C of charge during a period of less than a 

New Mexico. These rockets were originally de-
few millisecorods. The amount of charge trans- signed for military anti-tank use: the gunner
ferred by the six largest pulses is approximately guided the rocket to its target by sending elec-
described by an exponentially increasing function trical signals through two 0.26 sin diameter steel 

-

of time. As the rocket ascends the electric field wires which unwound from a bobbin inside the
near its nose will increase due to the enhance- rocket. We modified the rocket for our applica-
ment of field about an elevated, grounded conduc- tion by gluing the fins in a fixed position and
tor. When the field at the nose attains the by replacing the warhead wi th an aluminum nose
breakdown field strength, corona discharge will 13 m in diameter , 140 niii in length whose tip was
produce space charge which limits the field at the 

- fashioned into a hemispherical cap. We launched
rocket’ s surface to the breakdown value. As the the rockets at a 68° elevation angle so we expect
rocket continues to rise the increased enhance- their upward speed was somewhat less th*n the 80
ment of the field near the rocket causes the m ~-l value specified for level flight. A rock-
corona discharge current to increase. We think et was launched when the surface electric field
the linearly increasing current that we measured approached the value at which lightning had
Is corona current. The current pulses probably occurred during several previous local discharges.
represent streamers which propagate from the
rocket to the surrounding air. As the rocket rises , We isolated the launcher from earth wlth
and the field strength near it -Increases, the plastic blocks of approximately 5 cm thickness.
streamers will tend to propagate farther and We connected the rocket ’ s wi res to ground through
transfer more charge. We think the last streamer a 0.5 ohm wirewound resistor and integrated the
developed into an upward propagating lightning , voltage across this resistor. The complete

circuit is shown in Fig. 1. In this way we were
INTROD UCTION able to measure the charge that flowed between

the earth and the rocket. The rocket current
Launching wire—trailing rockets toward a thunder- integrator output was recorded on a CEC oscillo-
cloud Is a proven technique for triggering light- graph recorder with qalvanometers wi th a constant
ning (Newnann, et al., 1967; Fieux , Gary, Hubert, response (within * 5%~ from DC to at Ieastl40 Hz.
1975). We describe here our measurement of the We used the same oscillograph to also record the
charge transfer between ground and a rocket which outputs from an electric field change meter
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(located 60 at southeast of the rocket launcher) , during the lightning. The value of the electric
a field mill (located 120 at south of the rocket field at the ground 120 metres from the launch er
launcher), and a nearby microphone to detect ininediately after the lightning is more negative
thunder. We digitized the original record to a than -15 KV m 1 .
resolution of 10 mil liseconds and 3 millivolts
out of the integrator. The presence of the DISCUSSION
resistor in parallel with the integrator s feed-
back capacitor makes the integrator ’s output We interpret the linear increase in rocket
voltage proportional to the low frequency compo- current from 5.4 to 7.5 seconds after launch as
nents of the input current. We removed this corona current from the rocket and its wires .
effect during the preparation of the plots for The electric field at the top of an elevated and
the charge transfer between rocket and earth and grounded conductor is enhanced by the shape of
the electric field by use of the transfer func- the elevated structure. As the rocket ascends we
tions of the feedback loop of the integrators . expect the electric field strength at the nose of

the rocket will increase approximately linearly
OBSERVATIONS wi th  altitude . When the field at the nose exceeds

the breakdown field strength of air , about 2000
We launched a rocket at 11 h 11 m 16.2 s MST kV m 1 at this mountain top laboratory , corona
on 2fl August 1974 when a thundercloud was above discharge will produce a space charge which will
our aboratory . Several eyewitnesses reported limit the field strength at the nose. However ,
that the rocket was struck by li gh tn ing shortly the s pace char ge layer cont inually needs to be
after its launch. Plots of the electric field replaced since the rocket is moving . This process
a t gr- j nd level , the deconvoluted charge transfer makes the rocket’s corona current larger than the
bet~ie~n rocket and ground , and average current corona current of a stationary structure of the
betwee n rocket and ground are shown in Fig . 2. same shape. The decline in the electric field at

the ground , shown in Fig. 2, is owing partly to
Examination of the record shows that the rocket the shield ing effect of the elevater’. grounded
current rose above the 0.05 mA threshold for wire near the field change meter anr’ partly to the
detection at about 5.4 seconds after launch. The emission of positive space charge from corona dis-
curren t generally tended to increase linea rlywith charge from :he rocket.
time during the next 2.1 seconds. During this
time the electric field at the ground decreased . We believe the current pulses represent positive
From 6.7 to 7.5 seconds after launch there is a streamers which propagated from the rocket-wire
series of 18 discontinuities in the record of the system to the surrounding air. Since the field
rocket current integrator. These discontinuities near the rocket s nose is enhanced by the elevation
represent rapid changes in charge transfer due to and curvature of the surface , we expect that
current pulses. A plot of the charge transferred streamers propagated a short distance in the
during these pulses is shown in Fig. 3. The s ix enhanced f iel ds , but terminated a few centimetres
larges t pulses each transferred an amount of charge from the rocket. As the rocket ascended , the
which can be d -- ~cribed approxi mately by AQ = 6.3 field strength near the rocket inc—eased and the
x io~~ exp(1 .19 -

‘ where ~Q is  in coulomb s and t i s streame rs propagated far ther and trans ferre d more
in  seconds a f ter the first pulse. The reported charge before they died . We think the last
value of the charge transferred in the pulses is streamer developed into the lightning stroke that
probably an underestimate because the rocket was seen . We estimate the rocket s altitude was
current integrator circuit was not capable of between 300 and 500 metres when the lightning
res pondi ng to pulses of du rat i on less than 10 ~sec. occurred . The rocket was still rising in the

clear a i r below the thunderc l oud when the li ght-
At approximatel y 7.5 seconds after launch the ning occurred .
electric field data shows an abrupt change due -

to lightning at the same time (within the 10 Unfortunately there are no photographs of this
mill isecond resolution of our record) as the lightning stroke and the eyewitnesses who observed
rocket current integrator abruptly saturated . branching did not notice the direction , so we ca n
Hence we have no measurement of the charge not determine whether the lightning was upwa rd or
transferred by this lightning stroke . The downward propagating . However, records from a
person who fired the rocket from a protective microphone 60 metres from the rocket launcher
shelter about 10 metres from the launcher show the thunder ampl i tude was slightly less than
reported that the launcher was covered with a that from lightning 2 km away. Weak thunder
white glow, so not all the lightning current follows upward propagating lightning ( McEachron ,
passed through our measurement circuit. The 1939) because there is no return stroke wi th
output of the field change meter was saturated rapidly changing current (Uman , 1969).
for 60 ms during the lightning. The output of
another field change meter , less sensitive and We think the weak thunder recorded during our
farther from the rocket than the one used to triggered lightning suggests that the lightnin g
produce the electric field record shown in Fig. 2, propagated upward from the rocket to the cloud.
varied rapidly during the lightning. This If this is true, the earlier current pulses shown
variation was too rapid to produce a discernible in Fig. 3 may represent “unsuccessful streamers” .
trace on the photosensitive paper in our recorder.
The bandwidth of the field mill was too narrow
to respond to rapid field changes . We do not
have a continuous record of the electric field 1 43—
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FIgure 3. Charge transferred per current pulse vs. time from launch.
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ABSTRACT isrohabdity that the vehic le wilt not be exposed o lightning.
Other em wironmental factors , such as wind stresses, could do

the Space Shuttle lightning design prugniun evaluates direct effects for ~ ~t~u~h damage and abort a flight as easily as lightning.
estcrior mounted equipments and restrike prubahiities. The prediction Atiother ‘mportant factor is that the orbiter •s protected
of indirect efTect~ u.s critical ciccuita is the major effo,-t. This effort trou t some or the lightning environ m ent by other elements of
involves predicting the internal electromagnetIc fields, the eneegy levels the Space Shuttle during launch.Induced Ni the cables, and the maigina between component failure
levels and Induced energy levels. - - -I 1w orbiter is protected by the external tank (ET). which

extends 16.2 meters ahead of the orbiter nose. Also, the
INTROI)UCTION contisictive nature of the solid rocket booster (SRB) plumes

m akes them the most probable entry point from the rear.
rhe Space Shuttle lightning protection design is based on the Thus any direct strike involvement on an ascent would most
NA SA criteri a that requires the sursival of the crew and probably be a restrike after striking the nose of the external
schick in the eveuit of a lightning strike dunng ascent or tank and exiting the plunt e of the solid rocket booster.

.-ui t - lii e s it I’ 11cr .uuhu Is sms and lest progratu has been
uutij’kuutented to etis tir e coinpluan ~-e with th is rei lui r ettt ~’nt b r  I xposur~ time ~luring a launch would he approximately 80
hot hi dir ec t .ind indirect effects from a lig ht ning strike seconds, of which half might result in ii full—scal e light n ing

stroke of 200 ,000 amperes due to a cloud-to-.ground stroke.
Shutt le  lightning require m ents are dehined in JSC 07636 I -

.it , _ f titiptwc ’ bite lightning waveform shown in Figure I as the In the descent mt)(wle , the orbiter cou ld he stnmck by lightning
sksu ui baseline. Models of the Shuttle were tested to (luring a portion of the five minutes it is exposed to the lower
determine the att ach point s for lightning in both .isccnt antI attuosphere . lluis phase is the most probable for lightning
d~scent2 . rhese attach points are detined its the lightning involvement, since, with an unpowered vehicle, there is
c riteria document I and were derived from tests as its relatively little maneuvering ability. A storm could develop in
Figure 2. wh t rh  shows .i picture of corona frouus the high the landing pattern area after commi tment to the landing
•~~ rst POInts, site .

t)IRFCT STRIKE IWSIGN To assess the proper lightning protection design , it is
necessary to examine the protection of each entry point. The

the design requirements h)r the orbiter to withstand the nose and leading edge of the wings are thermally insulated
direct effects of lightning are t he caine as those required by with reinforced carbon-carbon (RCC), which has been
in airc raft l . The orbiter has the advantage that only a small demonstrated to withstand a 200.000-ampere st roke with
portion of its operations are at alti tudes where clouds form only minor damage 3. The other attac h poin ts , the eyebrow.
and , therefore , the design impkm nenta tion m ust consider the the vert ical tail , and wing tips, are covered with reusable
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peak-coupled ‘voltage design r ec lui r crnent . which is based on which are m ounted ouu each side of the vertical stabilizer.
the antenna being bonded wit h  .u 2.5-nuill iohr n bond to the These pods contain all of th ie fuel tanks .mnst cotitrol s lbr
orbite r skin. The antennas arc mounted with a special the OMS engines and the reaction control subsystem (R( ’S)
corrosion-prevention bonding process , called the KA process, jets. For strikes attachin g to the tail , lightning current will
which lowers these resistances to measured values thaI range flow under the removable pods , as they cannot be adequately
from 0.014 to 0.098 mi lhiohm. This provides an adequate bonded to the orbiter skin. The indirect effects will he
margln for a strike near the antenna. discussed in the next section , but the structura l configuration

needs to be de fin ed in order to analy ze the di rect st rike
The antenna rad ome material . pol y it n id e glass , was previous ly effects. The fuel tanks are within 0.15 meter of the skin of
tested5 to deter mine the surface flas hu over distance versus the the OMS pod , The skin is gr aphite epoxy and it was tested6
puncture distance. The test data showed the failure inecha- in a configuration representing the pod design, A 50.000-
nism to be by surface flashover ; thus the lightning current ampere stroke punctured the skin (Figu re 4) and evaporated
will not be directl y coupled into the antenna receiver system, the aluminum on one side of a double thermal blanket. hut
The effects of the TPS material on the surface of the radome did not reach the hypergo lic fuel tank. Therefore , the only
material were neglected . since it very closely approximates concern is whether the hole will cause too severe a reentry
the breakdown strength of air at sea level. This would tend to heatin g problem.
cause the strik e to enter through one of the gaps between the
tile surrounding the antenna , r ather than to penetr ate the tile Direct Strike Summary
and cause a surface tlashover.

Thus , by analysis and test , the direc t strike l ightning
The RCS jets are designed to operate at temperatures of characteristics of the orbiter have bee n evaluated. The design
2500°F but the slurr y coating on the surface of (lie is not impers ious to Iig htt u ing. hut the risk has been
columbium nozzle is thin and its reaction to a lightning strike minimized to the point where it is acceptable for the Shuttle
will be determined earl y in 1979 . If the coating is removed , program.
firi ng the jets could burn a hole in the nozzle , which could
al low reent ry heat inside the outer shell and cause serious
damage to the vehicle. iNDIRECT EFFEC’I’S

The vent ducts have alt been analyzed and found to be The indirect effects analysis evaluates the electromagnetic

structurally strong enough to withst and a lightni ng strike fields. prod itced by either a direct strike or a near miss , tha t

without damnage. Analysis has also shown tha t these ducts couple into the orbiter through apertures or diffusion. The
will not couple lightning current into any critical component analysis then determines the energy levels induced in the

that could be dansaged and cause loss of the vehicle , cables To determine the in ternal fields , mt is necessary to
establish , the skin eurreu st density and the resultant apertur e

The vent doors, star tracker doors , egress doors, and payload fields,

bay doors have all been analyzed and bonded to ensure that a
lightning restrike will not cause welding that  would prevent Field Analysis
operation of critical vents antI doors .

The ma xi mt ut n  current density at cacti aperture in the
The window glass was satnp lc-testesl4 to determine the fu selage was det ertn iuie d for the worst-case combinations of
ef fects of lightning: the trip le-layer glass constniction is such entry and exit points. For each case, the orbiter surface Was
that surface tiashover would occur prior to failure of the glass m apped into a two~lii nensional region atud t h en t h e  skin
itself. cttrr ent density variation over the surface was fo ti tu d by t h e

grapluical mapping teChni que , assuming quasi—st ati c hehas b r .
The remaining exterior structures that have not been The skin current distributes itself according to ( hi t  l aplace
discussed are the orbital maneuver iutg subsystem (OMS) pods, equation , subject to proper boundary con dt t io i iC rite

a -

• 
..

5’

FIGURE 4. OMS POD GRAPHiTE EPOX Y TEST
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current flow lines satisfy the Neumann condition (Ic., ho separation, and other requirements. At these temperatures
current flows across the boundaxy ) and the equipotential and lightning frequencies , the resistivity of aluminum
lines - satisfy the Dirichlet condition (ie., they are perpen- decreases by more than three orden of magnitude, and the
dicular to the boundary), forming an orthogonal set. skin depth decreases to less than 0.2 mils (3.5 x l06 meters).

A current-diverting curtain (Figure 7) was installed to make
With the skin current density established at each aperture,
the internally coupled fields due to each aperture were
evaluated using Bethe’s small-hole coupling theory8. The. 

___________

curreni flowing along the edge of a hole generates a magnetic
dipole field in the hole that acts as a transmitting antenna.
The field intensity falls off as I /R3, where R is the far-field

AFT HEAT SHIELD

distance from the aperture (Figure 5). Fields from multiple

tNcONEi.HE*T HINT D_ _.___STRUCTURE

‘ • Hp

ET/ORO UMSILICAL CLOSEOUT WIRE MESH

ORSITER

COPPE R CLAD
lRO~4 WIRE_.L~[J R 

r~~~~~~~~~~~~~~~~~~~~~~ j 5  

MESH CURTAIN

~~~~~~~~~~~~~~~~~~~~~~ ELECTRICAL

•~ 
URSILICAL

L.... ~~~~~~~~ J~’J

* t
STRUCTURE R~~~Ii Hp VARIES AS-13 R h PIp VARIES AS* FIGURE 7. BONDING AND APERTURE CLOSEOUT

R > h Hp VARIES AS-~ R < h Np VARIES AS 12 contact with the periphery of the fuel line and to present a
low impedance path to the orbiter skin. The fields in the aft

FIGURES. APERTURE FIELDS fuselage were based on the 99 percent estimated efficiency of
this curtain. it is assumed that only 1 percent of the cur ent
on the fuel lines would not be diverted by the curtain, but

apertures were added linearly, for a worst case estimate. The would continue into the aft fuselage and out the engine
field data were prepared in the form of field intensity profiles thnmst structure. - 

-

(Figure 6) for ease of presentation and use.
Potential problems due to high field levels in several areas
were eliminated or minimized in the early design phase. An

NUMERICAL example is shown in Figure 7 for the aft heat shield , Other- VALUES IN
AMPERES/METER examples are:

20”

relocated forward of the rear spar (i.e., inside the skin)

_________________ 

~~~~~~~ 1. The wiring harnesses in the wing-elevon gap were

(
%;—~ 

A 
~~~ except for short exposed runs that were covered by plastic

s-a convoluted tubing with metallic overbraid.

10 ~~~~~ 2. All wires were routed as close to the skin as practical
throughout the orbiter.C E 

3. A wim mesh was included in the outer layer of the
payload bay graphite epoxy doors. They were bonded at allFIGURE 6 EXAMPLE OF ORBITER MAGNETIC available points and sliding contacts were installed across the

FIELD MAPPING expan~ on j oints.

Two areas were analyzed by different methods. The largest 4~ The wire harnesses inside the OMS pod graphite epoxy
aperture, the electromagnetic gep around the perimeter of skin were constructed of shielded wire with an overbrakl/foil
the payload bay doors, was analyzed by a modal field wrap combination.
matching method. The approach was to obtain a resonant
mode expan sion of the coupled field in the cylindrical 5. The flight deck wiring was protected by a combination
payload cavity, of methods. The objective was to isolate the wiring and

hardware volume from the crew volume. All of the primary
The second ares was the aft fuselage cryogenic fuel lines In and secondary structure is bonded. All panels are bonded to
the launch phase, all likely attach points would result in a the secondary structure. The method and degree of bonding
large proportion of the current flowing on the fuel lines. The Is a function of baic design and location. (Hinges, 360-degree
aperture around the fuel lines could not be totally shielded peripheral bonding, mounting point bonding, wire-covered
dee to cryogenic temperatures (-423°F or 20.3°K for LH2), foam rubber for sealing join ts and gaps, meters and Switches

-150-
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6. In the aft area of the flight deck, payload panel where L has units of henries and Isc has units of amperes. An
interchangeability considerations resulted in adding a metallic es.pression for the self-inductance of a wire over a ground
layer to the overhead observation window covers to totaliy plane is
close these apertures. The covers are used during launch and
reentry phases and the windows are used on orbit. 

L”  2 x l0-~ b k  
~-J henries/meter (3)

cable Analysis
where h is the height of the wire above the ground plane and

Electromagnetic tiekis. described in the previous section. d is the wire diameter.
couple energy into the electrical circuits, producing voltage
and current transients that could damage critical electrical For a worst-case analysis, a simple black box-to-black box
equipment. The contribution due to the electric fields and analysis is done (Figure 8). Open-circuit voltages and short-
diffusion-coupled magnetic fields can be neglected in the circuit currents induced in the cable between the two boxes
calculation of the voltage and current transients , which could are com pared with the voltage and current fa ilu re levels of all
upset or damage critical electrical equipment. This assump- circuits within each box. The failure levels are calcula ted by
tion has been verified by test during the Apo llo-Soyuz Test NASA JSC using the method descril in Appendix 1) to
Progra m (ASTP)9. Only the magnetic fields coupled through Ref. 1. If this initial analysis does not provide a sufficient
apertures make a significant con tribution to the induced safety margin , a more detailed analysis must he completed. as
transient levels (Figure 8). discussed later.

To simplify the transient analysis calculat ions , while still
—ELECTRONIC providing accuracy for a worst-case s i tu at ion ,  severa l assump-

EOUIPMENT
tions were made :

H

I . The orbiter was divided into several characteristic /on cs/ so that the magnetic fields could he mapped in each zone
(Figure 9). The fields in each zone wil l vary a*~co rsli n g t o the/ - type of lightning strike and the attach points. The field used5TRUCT~ ..~ 

- - - - in all calculations for each zone was the maximum. regardle ss
GIVEN; APSRTURE FIELD - ¶000 AM of the type of strike (Table I) .

atE
DIFFuSION FIELD - lOGO AMPERES/METER

AREA - t X h - ~~ N2

AMPERES/ METER)VOLTAGE • K AREA)

APSRTURE VOLTAGE I.2S (~~~~).S30V

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

DIP FUIIOP4 VOLTAG E I.25( !~~
CONCLUSION DIFFUSION FIELDS CAN USUALLY BE NEGLECTED

F1GURE & SAMPLE I’OLTAGE CALCUL.4 T10N ______

SHUTTLE ZONES
The method used for determining the open circuit voltage i FLIGHT DICK S PAYLOAD BAY

2 CENTER EQUIPMENT BAY 7 AFT EQUIPMENT BAY(Voc), short circuit current (lsc), and self-inductance (L) of a 3 LOWER EOUI PM ENT BAY 5 ENGINE COMPARTMENT
wire above a ground plane is described in Appendix F to 4 FORWARD TOP S VERTICAL STABILIZER

P FORWARD CENTER 10 WINGRef. I. A changing magnetic field linking a wire produces an
open circuit voltage given by n(;URF ~~. Sh IELDED LOVES WI~llI.V

ORBITER STRIC TU RE
dHVOe * dt~~

Lo A~~ 
(I)

2. The waveform ol the internal magneti c field follows the
lightning current waveform and is triangular. The induced

where voltage waveform is a square pulse, since it is propo rtional to
the time derivative of the magneti c field , as in Equation ( I

0 = the total flux linking the circuit in webers (Figure I 0). rhe pulse width is defined as five microseconds
Mo • 4 ~ x 10-7 henryimeter , the permeability of free space in Appendix D to Ref. I . based on the Apollo-Soyuz TestA — the area of the circuit loop in square meters (Le.. the progra m (ASTP) lightning test.

length of the circuit times its height above the ground
plane) 3. For all circuits crossing the orbiter interfaces to exterior

H — the magnetic field intensity in amperes/meter equipment , the voltage waveshape is triangular, having a pulse
• the pulse time in seconds width of 100 microseconds, with a two-microsecond rise time

(Figure 10). It is proportional to the lightning current
The short circuit current is calculated using waveform, as Voc lsc ZI. where Zr is the transfer

impeda nce between the cable and its shield.

dIsc I - 4. For convenience of calculation , each cable is divided intoVoc L~~j or he —t J Voc dt (2) several segments, based on the field levels of the zones in
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TABLE 1. MAGNETIC FIELDS IN DIFFERENT the sum of the calculated induced levels, the operating level,
ZONES OF THE STRUCTURE and the voltage induced on the power buses, where

____________ ___________________________________ applicable. If the margin is adequate to prevent failure, no
Maximum Aperture Coupled Field furtl~er analysis of the circuit is needed. For little or no

Zone (amp eresJ meter) margin , a detailed end-to end analysis is done to determine
____________ _____________________________________ whether the sum of the cable impedance and the terminating

1 ,200 circuit impedances is adequate to prevent failure by limiting
the current in the cable (Figure Ii).

2 ID

r 

J5C cOMPUTES3 I FAILURE LEVEL
1V 1. I~I

REV IEW NO NO

4 100 ~I$$IOE 5051

5 100 RESULTS I INC�~~Z>WI ACT ION

_________________ A 
PIN-FOR-PIN J ~,/ ‘ NEED ED

6 75 I ________ROCKWELL COMPUTES 1,/

I YES

I INDUCED LEVELS
7 200 I(INCLUDESSHIELDINO)I 

I ANALYZE ’

_ _ _ _ _ _  

5OTH~~~
_____________________ ENDS 

I

10 30 000 I~~’ FAILURE CURRENT 

~~~~~~~~~~~~~~~~~

8 600

1 ,000 V~~ - OPEN CIRCUIT VOLTAGE 
~L 

NO

V 1 ’ FAILURE VOLTAGE

______________ __________________________________________ 
CURRENT LIMIT 

1ADD SHIELDING

I 

CHANGE COMPONENTS
which it is located and also on the height of the cable above ADD SUPPRESSORS I
the ground plane. The open circuit voltage and the self-
inductance is calculated for each cable segment using FIGURE II. .4NALYS1S TECHNIQUE
Equations (I) and (3). These are then summed to determine
the total open circuit voltage and the short circuit current
tEq uation 2) for the cable. In perform ing the end-to-end analysis, the total circuit is

analyzed, including all terminating impedances, all branch
circuit induced voltages , and all interconnected circuits that
feed through from another box. Hand calculations of the
transient effects are done for simple circuits. More compli-
cated circuits are modeled for time domain tiansientH
computer analysis using the Rockwell Electronic Design
Analysis Codes Program (REDAC). The transient voltage and
current levels versus time across all components can be0

- TIM E plotted to provid e excellent data for distributed voltages and
MAGNETIC FI ELD WAVEFORM currents,

If the end-to-end analysis still indicates the probable failure
V I -

- of a Criticality I circuit , measures must be taken to protect
the circuit. These methods include mnultipom t grounded
shielding of the wires, adding a dedicated ret urn line,

0 

_ _ _ _ _ _ _I replacing a component with a ha rder component, adding a
transient suppressor or a current limiter, rerouting the wires.

TIME or redesigning the circuit.
VOLTA GE WAVEFORM (ORSITER IF4TSRIOR)

Multipoint grounded shields provide a path for circulating
current that reduces the magnetic field around the wire inside
the shield, thereby reducing the open circuit voltage induced

V in the wire. The most effective shield is a solid conduit or
cable tray. A braided shield can also provide adequate
shielding effectiveness in most applications with proper

S
TIME grounding procedures. The best methods of grounding are

VOLTAGE WAVEFORM (ORMITER EXTERIOR? with either a 36Oilegree connector or a very short external

FIGURE 10. VOLTAGE RESPONSE TO pigtail. Grounding the shield at points other than both ends is

MA GNETIC FIELD necessary on long runs to maintain the shielding
effectiveness.

NASA JSC has calculated component damage levels for all The addition of a dedicated return line, in effect, moves the
Lightning Criticality I circuits. These are then compared to ground plane neater to the signal wire. This greatly reduces
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the differential loop area of the circuit and the differential Particular care must be used in state-of-the-art circuits , such
induced voltage, as well. The common mode voltage between as CMOS, to identify them early and insure adequate
the total circuit and the ground plane will not be changed by hardness from electrostatic voltages and lightning pulses by 1:
the addition of a dedicated return, however, short wire runs or high-impedance input circuits.

A probable circuit failure is often due to one particularly ACKNOWLEDGMENTSWisceptible component. This component can sometimes be
replaced by a similar device that is better able to withstand The authors are indebted to members of the Space Shuttlethe transient effects of ligh tning. Lightnin g Committee, and especially to R.L. Blount,

DL. Suiter, and R.D. Gadbois of NASA JSC, for theirA transient suppressor, such as a zener diode, shunting the technical advice.
line immediately inside the box, can protect the circu it by
holding the voltage at its zener rating. A current limiting
device , such as a resistor, is also effective for limiting the REFERENCES
current to a level the circuit can tolerate. The addition of a
resistor is particularly useful in the protection of CMOS I. Space Shuttle Lightning Protection Criteria Document,
devices, which can tolerate only low voltages and currents. JSC 07636, Revision B, National Aeronautics and Space

Administration , Lyndon B. Johnson Space Center,
If none of the preceding methods are sufficient to protect a Houston, Texas, August 30, 1978.
circuit from the transien ts due to lightning, it may be
possible to reroute the wires either through a zone with a 2. Simulated Lightning Test Shuttle .03 Scale Model, ?lower field level or closer to the vehicle structure. As a last McDennell Douglas Report MDC A3 15S , December 1974.alternative, the circuit may need an isolation or protection
device inserted in the circuit, or may have to be redesigned.

3. Preliminary Evaluation of Space Shuttle Thermal Protec-
Recommendations tion System (IPS) Response to Lightning Strikes ,

McDonnell Douglas Report, May II , 1973.
The lightning design for indirect effects was originally
planned to employ a brute-force shielding technique and to 4. Swept Stroke Simulated Lightning Tests, Space Shuttleverify the design by black-box testing. The first was deleted Thermal Protection System, Lightning and Transients
when the weight impact on the orbiter became excessive. The Research Institute, St. Paul, Minn., Report No. 595,
black-box testing was deleted in favor of a rigorous analysis December 1974.
program. If such analysis were instigated at the start of a
program, many dollars would be saved, particularly in the
area of testing. it is recommended that the techniques 5. Artificial Lightning Tests of B-I Dielectric Composite
outlined by this paper be used, but that the analysis effort be Panels, Lightning and Transients Research Institute, St.
accomplished by the suppliers of the electronic/electrical Paul , Minn., Report No. 543, June 1972.
equipment. To reduce the cost impact associated with the
word “lightning,” the analysis should be specified as a square
wave pulse input with the voltage levels estimated from a 6. AN Graphite Epoxy Skin Panel Lightning Strike Develop-
zoned vehicle such as Figure 9. For a worst-case condition in ment Test, McDonnell Douglas Test Request
the orbiter, the maximum voltage would be 375 volts for any No. 073-016.08, February 18, 1976.
internal wire run. The OMS pod circuits, being external,
could be exposed to more than 50,000 volts, if the wires 7. Ramo, S., Whinnery, J. R., and Van Duzer-, T., Fields and
were not shielded . Other external wiring, such as the elevons Waves in Communication Electronics, John Wiley & Sons,
and landing gear, could also be subjected to high fields. - Inc., New York, 1965.

CONCLUSIONS
8. Bethe, H. A., “Theory of Diffraction by Small Holes.”

The analysis of the indirect effects of lightn ing in the orbiter Phys. Rev., October 1944, pp 163-182.
has shown that circuits can be designed to be immune to
lightning by using good circuit design techniques, balanced 9. ASTP Simulated Lightning Test Report, JSC 09221.
difterential circuits, control of wire routing, or addition of National Aeronautics and Space Administration,
components to obtain an adequate margin between the Lyndon B. Johnson Space Center, Houston, Texas,
induced energy and failure levels. . November 1974.-
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A NEW STANDARD FOR LIGHTNING - QUALIFICATION TESTING OF AIRCRAFT :
TECHNICAL OVER VIEW , DEFINITIONS AND BASIC WAVEFORMS

J. Anderson Plumer - 
-

Lightning Technologies , Inc.
560 Hubba rd Av enue

Pittsfield , Massachusetts 01201
U.S.A.

SUMMARY

The imperfect lightning-safety record of present-day
aircraft , plus the appearance in new aircraft of ad-
vanced composite materials and solid state electronic
systems that may be even more vulnerable to lightning
strikes has led to a demand, from all quar ters , for
incorporation of improved lightning protection in new
ai rcraf t .  This may be accompl ished , for a new air-
craft. in six steps which include: determination of
str ike zones , estabLishment of lightning environment,
identif ication of vulnerable components and protection
criteria , design of protective measures , and verifi-
cation of their adequacy by test. The degree of pro-
tectiort achieved is dependent , in part , upon the light-
ning environment and qualification test criteria
employed. In an effort to provide widely accepted
criteria representat ive of a severe environment,
Society of Automotive Engineers (SAE) Committee AE4-L
(on lightning) and a similar group in UK have prepared
documer.ts defining lightning waveforms and testing
techniques for aerospace vehicles and hardware. Agree-
inent exists on the criteria to be employed for qualifi-
cation testing, and the I’ S. Committee has drafted a
U.S. military standard for lightn ing qualification
test ing based on this criteria. This paper suimnarizes
the scope , lightning strike zone definitions and test
waveforns presented in the draft standard .

Background

The imperfect lightning-safety record of present-day aircraft , plus the appearance of
advanced composite materials and solid s ta te  electronic systems that may be even more vul-
nerable to lightning strikes in the future has led to a demand for incorporation of im-
proved lightning protection in new aircraft. This may be achieved by the following steps:

1. Determine the Lightning Strike Zones
Determine the aircraft surfaces , or zones , where lightning strike attachment to the
aircraft is probable , and the oortio~~~~ the airframe through which lightning ct’r-
rents must flow between these attachment points.

2. Establish the Lightning Environment
Establish the component(s) of the total lightning flash current to be expected in
each lightning strike zone. These are the currents that must be protected against.

• 3. Identify Vulnerable Systems or Components

Ident ify systems and components that might be vulnerable to interference or damage
from either the direct effects (physical damage) or indirect effects (electromag-
netic coupling) produced by lightning.

4. Establish Protection Criteria
Determine the systems and/or components that need to be protected , and those that
need not be protected , based upon importance to safety-of-flight , mission relia-
bility or maintenance factors. Establish lightning protection pass-fail criteria
for those items to be protected.

5. Design Lighgning Protection -

Design lightning protection measures for each of the systems and/or components in
need of protection.

6. Vgrifi Protection Adequacy by Test
Verif y the adequacy of the protection designs by laboratory qualification tests
.i~ alat ing the lightning environments established in step 2 using the pass-fail
criteria of step 4.

-155- - 

-

_ _ _  ~~~~~~ P~i ~~~~~~~~

~~~~~~~~~~~~~~

- 

---—.--— -,~~
_

~~~
_ .-_._. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

___________________________________________________ -
— --——---~~~ -~~ —~~~~~ .—_ -~~~ — —.



- - -,~~~~— - .- :-~--.— 
-- ‘-

~~
‘

- --
~~
—--‘

Th, lightning strike zones (step 1) are usually determined by comparison of the new
aircraft with lightning strike experience of earlier aircraft of the same general shape;
or by performance of simulated lightning tests ott model aircraft, The lightnin.g strike
zones of one aircraft determined from a model test (Reference I) are shoiin on Ergure 1.

LIGIPIO

— ZON~~~SANO2S

Figure 1. - Typical Lightning Strike Zones,

Until recently, in the absence of a widely accepted standard, the lightning environ-
ment expected within each zone (step 2) was designated by individual procuring organiza-
tions,or by the lightning laboratory performing the tests , with the result that the degree
of protection obtained varied widely from place to place . This was particularly true in
the United States , where a number of agencies and laboratories were at work designing
lightning protection and performing verification tests.

Identification of potentially vulnerable systems or components (step 3) and protection
criteria (step 4) has always been the responsibility of the aircraft designer , although
often in consultation with regulatory authorities or lightning laboratory personnel. De-
sign of lightning protective measures (step 5) has also been accomplished by the aircraft
designers , with frequent hel p from specialists in lightning laboratories where potential
solutions can be evaluated.

The number and severity of verification tests (Step 6) were , like the environmes.~ (ofstep 2) also left for the procuring organization, regulatory authority or lightning labora-
tory to designate, with the result that laboratory capabilities (and not the natural
environment) determined the severity of the tests that would be performed. Inevitably,
some disagreement existed among laboratories as to what constituted an appropriate test.

The appearance in the late ‘60 ’s of advanced composites and microelectronics in air-
craft applications placed much greater importance on lightning protection, and emphasized
the need for improved, and more widely accepted verification criteria. Prompted by this,
a large amount of research was initiated into the mature of lightning and its effects upon
the new composite materials and solid-state electronics. A greater understanding of light-
ning effects resulted, together with improved cest and protective techniques. Forums such
as the series of Lightning and Static Electricity Conferences beginning in 1968 (References
2, 3, 4 and 5) were created for review of results and exchange of ideas.

The need, however, for widely-accepted criteria with which to verify protection
adequacy remained. Accordingly, efforts were begun in the US and the W( toward develop-
ment of standardized criteria defining lightning voltage and current waveforms, seven ties,
and test techniques for verifying the adequacy of protective measures . In the US, this
effort was begun in 1972 with the formation of ‘ Special Task F” under the auspices of the
Society of Automotive Engineers (Sn) Conanittee A14 on Electromagnetic Compatibility.
Special, Teak F was comprised of 15 individuals from US lightning simulation laboratories ,
government agencies and aircraft manufacturers with experience in lightning simulation and
testing. Beginning with a survey of the extensive literatur, that had become available .
this cosasittee proceeded to define the possible lightning strike zones, the lightning
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environment to be experienced in each , and the techniques for simulating this environment
in the laboratory. Three years later , the committee published its recommendations in a
report entitled , “Lightning Test Waveforms and Techniques for Aerospace Vehicles and
Hardware” dated 5 May 1976 (Reference 6). This report (sometimes called the “red book”
after its cover) has been in use since 1976 by procuring organizations and lightning test
laboratories in the US.

A similar effort was undertaken in the UK , culminating in publication of a “Recom-
mended Practice for Lightning Simulation and Testing Techniques for Aircraft” by 0. Philipoct
of the Culham Laboratory Lightning Studies Unit in May, 1977 (Reference 7). The current
waveforms described in this document have been accepted in the UK for testing aircraft
systems, structures and equipment for airworthiness purposes , and are in agreement with
the lightning current test cri teria in the US “red book” . Agreement on this important
set of tests resulted from a desire to have mutually acceptable criteria and was achieved
from continuing discussion among members of each group over a period of years while these
documents were being formulated .

A disparity remained between the US and UK recommendations with respect to model air-
craft testing, and also with respect to certain other tests utilized mainly to obtain en-
gineering design data; areas in which some difference among US opinion remained as well.
Thus , continuing discussions have been underway among both groups in an e f f o r t  to resolve
the remaining d i f ferences  and to c lar i f y a few ambiguities turned up iuning two years of
use of the “red book” . As a result , the L’S committee (now designated SAE Committee AE4-L)
revised its “red book” as of June 20, 1978 and will shortly publish this document under a
blue cover. This “blue book” (Reference 8) will replace the “red book” in the US.

The principal change incorporated in the US “blue book” was the establishment of two
categories of tests: qualification testing and engineering testing, and inclusion of all
of the protection verification (airworthiness certification) tests within the qualification
test category.

The remaining tests , which included the scale model lightning attachment point test ,
swept stroke test and full vehicle induced voltage test , provide data useful in achieving
a qualifiable design but are not considered necessary for protection verification. They
are therefore placed within the engineering category. Discussion continues on the vali-
dity of several of these engineering tests , and improvements may be possible as research
continues. Separation of the tests in this way eases the airworthiness authorities ’ task
of specifying the proper qualification tests , and provides a set of tests upon which wide
agreement exists.

The New Military Standard

Upon achievement of this widespread agreement on the lightning environment and test
techniques for qualification purposes , the US Dept. of Defense requested SAE Committee
AE4-L to draft a military standard incorporating the “blue book” qualification test cni-
teria. This draf t , en t i t l ed  ‘ Lightning Qua l i f i ca t ion  Test Techniques for  Aerospace Vehi-
cles and Hardware ” (Reference 9) was completed on 20 June 1978.

This new standard defines the l ightning str ike zones , lightning vol tages and currents
applicable to each zone , and the methods to be used to test components located in each zone .
It is important to note that neither the standard nor the “blue book” that preceded it
provide the following:

1.. The location of lightning strike zones on a particular aircraft

2. The systems or components that must be tested

3. Pro tec tion techn iques
4. The pass-fa il criteria

These items depend upon the mission and characteristics of the particular aircraft ,
and should be established and agreed upon by the procuring agency, airworthiness authority
and aircraft manufacturer for each new aircraft. Guidance in some of these areas will be
provided in a “Users Guide” to be published as an appendix to the new standard in 1979.
Further guidance is available in the literature (Reference 10).

The following are excerpts taken directl y from the new standar d , and discussions, where
appropriate , of the defini t ions  and lightning test  waveforms incorporated in it .

“3.0 DEFINITIONS
3. 1 Lightning Attachment Zones

Aerospace vehicle surfaces are divided into three zones , with each zone
having different lightning attachment and/or transfer characteristics. These
are defined as follows :

Zone 1: Surfaces of the vehicle for which there is a high probability of
initial lightning flash attachment.

Zone 2: Surfaces of the vehicle across which there is a high probability of
a lightning flash being swept by the airflow from a Zone 1 point of init ial
flash attachment .”
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“Zone 3: Zone 3 includes all of the vehicle areas other than those covered
by Zone 1 and Zone 2 regions. In Zone 3 there is a low probability of any
direct attachment of the lightning flash arc . Zone 3 areas may carry sub-
stantial amounts of electric current but only by conduction between some
pair of initial or swept stroke attachment points.

Zones 1 and 2 are further divided into A and B regions depending on the
probability that the flash will hang on for any protracted period of time.
An A typ. region is one in which there is low probability that the arc will
remain attached and a B type region is one in which there is a high proba-
bility that the arc will remain attached. Examples of zones are as follows:

Zone IA: Initial attachment point with low probability of flash hang-on,
such as a leading edge.

Zone 18: Initial attachment point with high probability of flash hang-on,
such as a trailing edge.

Zone 2A: A swept stroke zone with low probability of flash hang-on, such
as a wing mid-span.

Zone 23: A swept stroke zone with hLgh probability of flash hang-on, such
as a wing inboard trailing edge.”

Note that the above definitions define each zone, but do not provide dimensions or
other description of where the zones are located on particular aircraft. Thus the former
“18 inch” rule for zone I (Reference 11) and similar guidelines have been onttted from
the new definitions. The 18- inch dimension may be appropriate for some aircraft, but
experience has shown that it is not applicable to all aircraft. Establishment of the zone
locations is therefore the first step in design of protection for a new aitcraft. Othar
definitions provided in the new standard are:

“3.2 Direct and Indirect Lightning Effects

The lightning effects to which aerospace vehicles are exposed and the
effects which are reproduced through laboratory testing with simulated
lightning waveforms are divided into DIRECT EFFECTS and INDIRECT EFFECTS.
The DIRECT EFFECTS of lightning are the burnirg, eroding, blasting, and
struc tural deforma tion caused by lightning arc attachment , as well as the
high-pressure shock waves and magnetic forces produced by the associated
high currents. The INDIRECT EFFECTS are predominantly those resulting from
the interaction of the electromagnetic fields accompanying lightning, with
electrical apparatus in the aircraft. Hazardous indirect effects could in
principle be produced by a lightning flash that did not directly contact the
aircraft and hence was not capable of producing the direct effects of burning
and blasting. However, it is currently believed that most indirect effects
of importance will be associated with a direct lightning flash. In some
cases both direct and indirect effects may occur to the sane component of
the aircraft. An example would be a lightning flash to an antenna which
physically damages the antenna and also sends damaging voltages into the
transmitter or receiver connected to that antenna . In this document the
physical damage to the antenna will be discussed as a direct effect and the
voltages or currents coupled from the antenna into the communications equip-
ment will be treated as an indirect effect. ”

Some of the qualification tests address direct effects , whereas others address in-
direct effects. These definitions clarify the intent of each.

The lightning waveforms presented in the standard are described in terms of time to
crest, ra te of r ise , etc. Definitions of these parameters are also included , as follows :

“3.3 Waveform Parameters

Definitions of the rise time, rate of rise, decay time and other para-
meters utilized in the waveform definitions that follow are consistent with
Paragraphs 2.4and 2.6of USA Standard C68.1/IEEE Standard No, 4 Standard Tech-
niques for Dielectric Tests (1978) and High Voltage Test Techniques, IEC 60-2
(1973). Sections 4 and 6.

Average Rate of Rise Voltage

The average rate of rise, dv/d t, of a voltage waveform is defined as the
slope of a straight line drawn between the points where the voltage is 307. and
907. of its peak value, as shown in Figure 3-1.”
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Figure 3-1 Average Rate of Rise of Voltage

Tt~ u to Cr.et

Tb. t im. to cr.it , T i,  of a voltage waveform Li defined as 1.67 times th .
tim. interval between the instants when the voltag. ii 307. and 907. of it. peak
value as shown in Figure 3-2.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
t1~O t9O

Figure 3-2 Time to Cre st of a Voltag. Waveform

Decay Time

The decay time , T2, of a voltage waveform is defined a. the time interval
between the tnter,.ct with the abcis.e of a tin, drawn through th. points where
the voltage is 30% and 907. of its peak value during it. rise , and the instant
when the voltage ha. decayed to 507. of its peak value , as shown on Figur. 3-3. 

Figure 3-3 Decay Time of a Voltage Waveform
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“Charge Transfer

The charge transfer , Q, is defined as the 3.ntegral of the time-varying
current over it. entire duration , or

Q j~ i(t)dt (amp-seconds or coulomb.)

and is equivalent to the area beneath the current waveform as shown on
Figure 3-4.

i

/ 1 / ) !
t

Figure 3-4 Charge Transfer of a Current Waveform ,

Action Integral

The action integral of a current waveform is a measure of the ability of
the current to deliver energy and is def ined as the integral of the square of
the time-varying current ever its entire duration.

,,
I i(t)2dt (amper e 2-seconds)
JO

The waveforms of the li~htning voltages and currents to be simulated in the qualifi-cation tests appear in the ‘ Specific Requirements” section of the standard , as follows :

“4.2 Specific Requirements

Waveforms of the simulated lightning currents and voltages to be used in
these tests are presented in th is  section .

4.2.1 Test Waveforms

The waveforms and components depicted in Figures 4-1, 4-2 and 4-3 are
idealized representations and need not be simulated exactly. Only the numeri-
cal parameters specified in the following p aragraphs need be produced.

4.2.2 Voltage Waveforms

For qualification testing there are two voltage waveforms, A and 8 , which
reprisent the electric fields associated with a lightning strike . Voltage
waveform B is used to test for streamers and other potential attachment points.

4.2.2.1 Volta ge Waveform A - Basic Lightning Waveform

Waveform A baa an average rate of r ise of 1000 kV per microsecond (+50%)
until its increas , is interrupted by puncture of , or •flashover across , tEe
object under test. At that time the voltage collapses to zero. The rate of
voltage collapse or the decay time of the voltage if breakdown does not occur
(open circuit voltage of the lightning voltage generator) is not specified.
Voltage waveform A is shown in Figure 4-1,”
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Figure 4-1 voltage Waveform A

4 . 2 . 2 . 2  Voltage Waveform B - Full Wave

Waveform B rises to crest  in 1.2 (+207,) microseconds. Time to crest
and decay time refer to the open c i rcui t  voltage of the lightning voltage
generator , and assume that the waveform is not limited by puncture or
flashover of the object under tests. This waveform is shown in Figure 4-2.

VOLTACL

~

i ~~~~~~~~~~~ 
05 .1

0 1.2, . ,20~ SO~.-’ 2O~
Figure 4-2 Voltage Waveform B

4.2.3 Current Waveforms and Components

For qualification testing, there are four components , A , B , C and D,
used for determination of direct e f f e c t s , and test waveform E used for
determination of indirect ef fects .  Component s A , B , C and D each simulate
a different characteristic of the current in a natural lightning f lash and
are shown in Figure 4 -3.  They are app lied individually or as a composite
of two or more components together in one t es t .  Current waveform E , also
shown on Figure 4-3 , is in tende d to determine indirect e f f e c t s .

4 .2 . 3 . 1  Component A - Ini t ia l  High Peak Current

Co9onent A has a peak amplitude of 200 hA (+107,) and an action inte-
gral (Ii dt) of 2*10’ amp -second (±20’!,) with a total time duration not
exceeding 500 microseconds. This component may be unidirectional or oscil-
latory.

4.2.3.2 Component B - Intermediate  Current

Component B has an average amp litude of 2 hA (+ 10%) flowing fo r a
maximum duration of 5 milliseconds and a maximum charge transfer of 10 cou-
lambs. The waveform shall be unidirectional , e.g. rectangular , exponential
or l fnearly decaying .

4. 2 .3 .3  Component C - Continuing Current

Component C t ransfe rs  a charge of 200 coulombs (+207.) in a time of
between 0 .25  and 1 second . The waveform s ha ll  be uniair ect ional , e .g .
rec tangular , exponential or linearly decaying .

4.2.3.4 Component D - Restr ike Current

Component 0 has a peak amplitude of 100 kA (+107.) and an action tnte-

• gra l of 0.25*10’ amp 2-second (±2 07.). This componint may be either unidi-
rectional or oscillatory with a total tim~ not exceeding 500 microseconds.

4.2.3.5 Current Waveform E - Fast Rate of Rise Stroke Test for Full-Size
Rardware

Current waveform E has an instantaneous rate of rise of at least 25 hA
per microsecond for at least 0.5 microsecond , as shown in Figure 4-3. Cur-
rent waveform E has a minimum amplitude of 50 hA . Al terna tively , component.
A or D may be applied with a 25 hA per microsecond rate of rise for at least
0.5 microsecond and the direct and indirect effects evaluation conducted
simultaneously.”
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Figure 4-3 Current Waveforms

Since the aircraft is usually in motion when it receives a lightning strike , not all
components of the lightning flash current will enter the aircraft at the same point . Sur-
faces in zone 2A, for example, can be expected to receive only a re-strike and a portion
of the continuing current, whereas trailing edges of extremities may be struck initially
and have to receive all of the currents as the flash hangs on there until it dies . Accord-
ingly, a table is presented to show which voltage and current components are required in
each zone:

Table I - Application of Waveforms for Qualification Tests

Voltage
Waveforms Current Waveforms/Components Test

Test Zone A B A B C 0 E Method
Full size IA ,B IC 102
hardware
attachment
point

Direct ettects- 1A x IC 301
structural

“ 18 X X IC IC 30].
“ 2A X1 X1 X 301

“ 28 IC X X 301

3 X X 301

Direct effects- Same current components as f or structural tests 302
combustible
vapor ignition

Direct effects- X 303
streame rs

Indirect effects- X2 401
externa l
electrical
hardware

Note 1: Use an average current .of 2 hA .+ 107. for the actual dwell time up to
5 macc , and an average current ~f 400 amps for the remaining dwell
time .

Note 2: Indirect effects should also be measured with current components
A. B, C or D as appropriate to the test zone .”

The test methods (identified by number 102 , 301, etc.) in which m ess waveforms are
applied are also listed in Table I.
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Severity

Current Components A , B, C, U and E, taken together represent a severe lightning
flash, one that is exceeded in action integral only about 17. of the time (Reference 12).
It is akin to the “Severe (appl ied) model” of a lightning flash proposed by Cianos and
Pierce (Reference 13). The statistical data against which this comparison is made , of
course, was derived from measurements of lightning currents entering grounded objects.
There is some reason to believe that , statistically, current amplitudes and action irite-
grals would be somewhat lower at flight altitudes due to branching and higher source
impedances . If this is so, the probability of encountering a f lash of greater severity
than the new-standard cr i ter ia  would be even less than 17..

Superseded Documents

If adop ted by the US Dept. of Defense , the lightning test criteria in the standard
will supersede those in present US military procurement specifications and test standards .
These include :

MIL-B-50873 ‘(ASG) - Bondi~~g, Electr ical , and Lightning Protectior
for Aerospace Systems

MIL-A-9094D (ASG) - Arrester , Lightn ing General Specif ica tion For
MIL-C-38373A (ASG) - Cap , Fluid Filler

Future editions of these and specifications for  other hardware in need of lightning tests
will  make reference to the new standard for lightning tests .  It is expected that a similar
situation will apply to ~S Civil (FAA) airworthiness cer ti f ic t ion  requirements.

Conclusion

Preparation of the “blue book” and “green book” criteria for lightning testing of
aircraf t , achievement of widespread US and UK agreement on its validity, and prepara tion
of the new standard thatresulted from it represent a significant advancement in the re-
sources available to prov ide reliable lightning protect ion for a i r c ra f t .  This advancem.nt
did not come about quickly nor was i t  accomplished by onl y a few individuals. It was
instead the product of a cooperative effort of many individuals on both sides of the
Atlant ic .  This author wishes to thank a l l  who par t ic ipa ted  in this e f f o r t , and looks for-
ward to continued cooperat ion in the f u t u r e .
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