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FOREWORD

The development reported herein was performed under
Contract F33615-76-C-5439 under the sponsorship of the Air
Force Flight Dynamics Laboratory, Advanced Composites ADP,
Wright-Patterson AFB, Ohio., Mr, Gene Shumaker, AFFDL/FBC,
was the Alr Force Project Engineer.

The contractor was General Dynamics' Fort Worth
Division. Mr. R. H. Roberts was the Program Manager, and
Mr. B. J, Wallace served as Deputy Program Mar.ager and
Principal Investigator for the Electromagnetic Compatibility
Development, Other key personnel contributing to the program
included:

P, F, Carrier
Je L. Hudson

System Design

Structural Design

A. J. Ledwig Lightning Strike Test

B. R. Smith Structural Analysis

F., Spelce - Manufacturing Development
R. E. Stephens Electrical & Installation
K. G. Wiles Electromagnetic Effects
R, T. Zeitler Electromagnetic Effects

In addition, Mr. B. J. C, Burrows of Culham Laboratory, UKAEA
Research Group, United Kingdom, made significant contribu-
tions to the series of tests concerning the induced effects of
lightning strikes.

The Defense Division, Lincoln Facility, of the Brunswick
Corporation also contributed, from their own resources, in the
area of reducing composite part fabrication cost via filament
winding. This effort was directed by Mr. B. W. Quinlan with
Mr. R, E. Curran serving as the Principal Investigator.

The development reported herein was performed during
the period of April 1977 to May 1978,

This final report is divided into two volumes. Volume I
(limited distribution) defines the program, presents test data
except for the induced effects of lightning strike test, and
presents design guidelines. Volume II (unlimited distribution)
presents the induced effects of lightning strike test and data.
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SECTION 1

SUMMARY

This document, Volume II, reports the phase of the contract
which studied the effects of atomspheric lightning on aircraft
avionir systems installed in graphite/epoxy aircraft structure.
The work draws heavily from testing technology developed by a
recognized authority in the field, Culham Laboratory of UKAEA,
In fact, the test contiguration, instrumentation techniques,
and test parameters \/ere established by Mr. B. J. C. Burrows of
Culham Laboratory. This work however, extends previous testing
and, in the opinion of the authors, represents a significant
contribution to the technology of lightning-effect evaluation.

There were a number of salient features of this program
which, the authors believe, have led to advancements in light-
ning studies technology. These include:

1) A simplified test configuration.
2) The evaluation of low and high frequency effects.
3) The measurement of basic coupling mechanisms.

4) Simplified models and theory with demonstrated
accuracy.

The useful product of the program is, of course, the models

and theory which allow general-case lightning environments to
be analized as threat voltages, currents, and fields acting
upon the avionics. The primary thrust of this report is there-
fore to develop and support these models with hard data,

The significant conclusion resulting from this work is
that the threat of external lightning can be handled with
design considerations which neither compromise the efficiency
of the composite airframe or impose escalating hardness re-
quirements on the avionics. In fact, in many instances no
special design considerations are necessary. A demonstration
test consisted of F-11l1 vintage avionics installed, in a typical
manner, in a YF-16 graphite epoxy forward fuselage. The
structure was pulsed with a 125 kA peak/32 kA/us rise time
strike while the systems were operating. No failures or per-
turbations occurred.
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SECTION 2

PROGRAM INTENT

The intent of this program was to determine and explain the
induced effects resulting from a lightning strike to the graphite/
epoxy (Gr/Ep) forward fuselage illustrated in Figure 1. To
meet this intent, a number of considerations had to be addressed.
Primarily, we had to be able to simulate an actual lightning
strike with the best methods available and we had to be assured
the measured data represented lightning effects and not in-
strumentation or test sct-up effects.

Since the very basis for this test was emulation of an
actual strike, in both magnitude and rise time, we begin our
discussions with the requirements and how to simulate a light-
ning strike, Next, we discuss the test configuration and
test apparatus, provide data on the waveform used in the test,
and finally the instrumentation techniques employed.

The last two sections discuss the testing along with pre-
dicted and measured data and finally the generalizations neces~

sary for effective predictions.
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SECTTION 3

\ REQUIREMENTS AND SIMULATT1ON

METHODS

As previously stated, our sinpgular intent was to provide
lightning test data which is relatable to an gctual strike. This
section outlines our thinking and the considerations for the test
configuration and the type of tests that were performed,

3.1 CURRENT EXPOSURL
LEVEL BY ZONES

In the natural lightning strike situation, .usclage could
experience strikes swept back from a front attachment point onto
the fuselape surface itself, 1.e., a Zone 2A strike. This condi-
tion 1s of more interest to studies of structural damage to the
>ﬁ praphite/epoxy surface than to induced voltape studies. In general,

| the worst case for induced voltapes would occur during the return
W stroke of u lightning strike where the current peak amplitude and
g di/dt would be the larpest. A forward fuselage will conduct this |
current through 1ts total length when the aircraft radome becomes
, the primary lightning attachment point (Yone 1A as defined in
x reference L), Reference 9 has predicted that approximately 75% of
all liphtning, strikes to the F-16 will initially attach in this
arca. For these reasons, we slmulated a Zone 1A strike by applying
current pulses to the foremost part of the composite fuselage
(assumes a radome attachment) and conducted it along the entire
] lenpgth to the aft-most scetion (assumes a lightning exit
% point at the alrcraft tall). Entrance or exit in terms of polarity
} ig of no sipnificance: the point of the desceription is to explain
] that the test confipuration provides for an entrance peint at one
; end and an exit or return point at the other.

fuselage

3.2  CURRENT PULSE PARAMETERS I
AND SCALING REQUIREMENTS

|
Very severe lightning current pulses have been measurced with
maximum amplitudes arvound L40KA and maximum rates of chanpe, di/dt,
of 100kA/us. Both values correspond to strikes whose values would
be exceeded only 2% of the time or a 2% severity., Complete dupli- l
cation of maximum rate of change and awmplitude was not possible in
our laboratory nor is complete duplication a necessity. The pro- I
blem we attacked was to make the amplitude and rise time realistic
Reality was judped on the basis of whether test pulse parameters \
were comparable to parameters of an actual slrike, and consequently
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whether the signal (induced voltages expected) to noise
(systematic noise, spurious responses, etc.) ratio was great ¥
enough such that results could be scaled to a severe strike, 3

The smaller the scaling factor between the test pulse
and real pulse, the more reliable the scaled up value. Scaling
factors of around five are considered satisfactory, therefore,
g the current pulse parameters should be approximately 30 kA peak
) current and 20 kA/us rate of vise. 30 kA is the 53% severity
value for the negative ground flash return stroke, and 20 kA/us
is the 23% soverity level for return stroke and 82% for re-
1\ strikes (Reference 2), Choice of scaling parameter (I or di/
|
|

dt) is addressed in Section 3.4,

The recoumendation of Reference 3, which described work on
a Hawker Hunter all-metal fuselage at high current and high
di/dt, stated that a high signal-to-noise ratio and high repeata-
Lility were best attained with & single stage capacitor bank
operating at 8 low voltage and producing the highest practical

current, The highest current at the lowest voltage requires a
miniwum inductance test configuration,

e

Thus, the low inductance
{ multibroad conductor system used in Reference 3 was adopted for
. this test. ?
ﬂ At this point, requirements and configuration have begun to
= form.
3

The gencrator is a single capacitor capable of accepting
! a charging voltage sufficient to produce approximately 30 kA peak
with a 20 kA/us rate of rise. The fusclage and return conductors ?
| (load assembly) is configured as a multi-conductor, low in- 5
i ductance assembly so that the operating voltage available on :
|

one capacitor produces maximum current amplitude and muximum
rate of rise.

. 3.3 FUSELAGFE CURRENT DISTRIBUTION

" In simulating a lightning strike passing along and through

- the fuselage, one of the key requirements was maintenance of fuse- ‘
= lage current distribution such as would exist in free space.

_ Maintenance of the required current distribution is primarily a

-

function of a return conductor configuration, This subsection

discusses the current distribution by f{requency bands along with

requirements placed on the return conductors to maintain "lree
space' distribution,




3.3.1 Low Frequency (LF) Current Distribution
{Below 1 MHz)

During a natural strike, the aircraft is remote from
ground, or any other object, and the lightning current pusses
into and out of the complete aircraft via very long arcs., The
return path for the current is remote and distributed and
comprises the displacement current flowing as the cloud-to-ground
or cloud-to-cloud capacitance is discharged by the flash. Current
flow through the fusclage in this condition produces the ''free
space'' field through the aircraft and the geometry of the magne-
tic and electric fields are not distorted by the presence of
nearby rectum current paths, The current distribution on the
alrcraft in free space is such that the ailrcraft is the center
of a nesting scries of magnetic ficld lines which conform to
the fuscelage cross-section close in, and are approximatcely
circular beyond a few fusclage radii as 1llustrated in Figure 2(a).

To achieve a good simulation of lightning, it is important
only that the free space fleld of Figure 2(a) is duplicated close
to the fusclage, Close-in, the field lines follow the fusclage
shape, Since field lines are lines of constant flux, there are
more lines per area (high density) at projections, like the
strakes or cockplt sill, and less lines per arca (low density) on
the f£lat or concave surfaces, Surface current density for the
fast changing current pulsces 1is inversely proportional to the
distance from the fusclage surface to the first ficeld line.

Since themugnatizing force H,is equal to the surface current densi-
ty, J, in amperes per meter, then B = uoJ, and B is inversely
proportional to the distance from the fuselage surface of the
first field line,

The portion of the frece space fiecld close to the aircraft
can be duplicated by enclosing the fuselage in a complete return
conductor exactly on onc of the ficld lines of Figure 2(a), as
in Figure 2(b). Now, very small ficlds exist outside the return
conductor, as in a coaxial cable, but the fileld within is identi-
cal to the frece space ficld,

The current return conductor shown in Figure 2(b) could be
cither a solid sheet or many individual, closely spaced, thin
wires. The latter method was used in Reference 4, Neither this
nor the complete sheet system is very convenient, however, being
cither costly to make or causing access difficultics. A uscful
working system which provides adequate simulation consists of a
sectional current return around the fuselage clrcumference con-
gisting of two, three or more conductors; the preater number pro-
viding the best simulation.

§]
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RETURN CONDUCTOR ON FIELD LINE 8 OF Fig. 2A
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CIRCULAR EQUIVALENT (c.f. Coaxial Cable) |

Figure 2(b) Frec Space Ficld of Figure 2(a) Retained by Return ! 3
b Conductor Placed on a Field Line b




Figure 2(c) shows the three conductor system uscd for this
test which follows the technique described in Reference 3. 'Two
conductors alone do not normally give an adequate simulation
of the frce epace field unless they are fairly distant - say five
or more fuselage radil, A two-conductor system has the addi-
tional disadvantage of high inductance (the inductance of the
fuselage and return conductors), whercas the systems shown in
Figures 2(b) and 2(c), the full coaxial, and quasi-coaxial test
systems both have the bonus of a very low inductance when re-
latively close spacing is used. The low inductance is a necessity

for our test configuration for the reasons cited in subsection 3.2.

The three-conductor system of Figure 2(c) provides a close

enough approximation of the free space field close to the fuseclage,

and, therefore, the curront distribution around the periphery of
the fuselage will be simulated, as long as the three conductors
are correctly placed, This applies equally to a graphite or
graphite/metal tus=lage. Theoretically in a graphite fusclage,
the current disirdiution corresponds more to the frec space con-
dition since current sharing tends to be more resistively con-
trolled in graphite and hence less dependent on return conductor
number, size, and position,

The biggest difference in the current distribution of the
Gr/Ep forward fuselage from that of a production airplanc is
caused by the absence of the inlet which starts at Station
161 and runs aft, Over its length, the inlet tends to "screen'
the underside of the fuselage and reduce the current density
there by a large factor,

The tendency toward current redistribution around the

fusclage (i.c., for current to forsake the Gr/Ep in favor of metal,

sec.6) occurs with the low frequency components of the lightning
pulse, which peak around 50 kHz, The same pulse on an all metal
alrcraft does not suffer current redistribution since curront is
inductively shared around the fusclage and the current is a skin
effect current only., (Reference page 130, appendix)

3.3.2 High Frequency (HF)
Current Distribution
(Above 1 MHz)

Much higher frequenclies can be theoretically predicted to
occur on an alrcraft in a natural lightning strike situation and
are obscrved in lightning simulation tests on large components,
Ideally, the test rig duplicates the predicted "Lree space'" HF
currents where possible, and the design of the test rig and
current raturn system is also considerced from this aspect.
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The HF currents have a similar circumferential pattern as the LF
currents in a metal fusclage, but have the additional complica-
tion of 4 longitudinal variation since the HF currents arc asso-
clated with standing waves on the fuselage exclted by the transi-
ents of the lightning, Airframe resonances have been predicted
and observed in NEMP investigations of spacecraft, missiles and
aircraft (Reference 5). Figure 3 illustrates the mechanism for
lightning attachment, where the fuscelage is represented by a simple
cylinder., A congiderable impedance mismatch oceurs at the two at-
tachment points, since the arc channel radius is — 0.5 mm compared
with an alreraft radius of 0,5 to 1.5m. The standing wave pattern
shown 18 the principal mode which corresponds to a frequency £

whose wavelength is twice the aireruft length - (dL.c., the A/2
mode)

f1 = _c  Hz ¢ = velocity of EM wuves
2/ =3 x 10% m/s
¢ = alreraft length in meters.

Thus, for an llm ulrcraft total length, £, 1s 300/22 Mz =
14MHz. This modce has a current maximum at the middle, peint A,
and 4 voltage maximum at the end, point B. Higher modes

occur at 2fy, 3fy, cte., on the simple cylinder and on an air-
craft, and the adrcraft casce {8 further complicated by

wing modes and fusclage/wing modes.,

The fuselage we tested 1s slightly shorter than half the
total length of the full F-16 fuselage and when the return con-
ductors arc asscmbled, the choice exists to connect them to the
fusclage at the front or back. Clearly a current maximum must
occur at the connection point in Figure 4, point A. In this casc,
the resonance is a quarter wave line resonance, as might be as-
sumed from transmission linc theory, but it is the same frequency
£1 as the A/2 mode for a full length fusclage and the current and
voltage anti-nodes occur au in figure 3. For this configu-
ration, the fields are now largely contained between the conduc-
tors of the load asscmbly and do not appreciably radiate into
space as for the isolated "alrcraft" of Figurc 3, and the Q of
the system is therefore higher. The "quarter wave line" load as-
scmbly suppresses 2fy, 4f1, etc. but f;,3f) -- may be observed,l

Thus, the structurcs shown in Figure 2(c) and Figurc 4 pro-
duce a simulation of LF and HF circumferential and longitudinal
current distribution expected on an ailrcraft in free space except
that the quarter wave line inhibits 2£7, 4fy, etc. and wing-

1 Our test data showed a significant amount of high frequency com-
ponents at 14 and 46 MHz. Sce Sections 5 and 8.
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fuselage modes are not represented,  To exeite the £y, 3£, etc,,

modes, a mismatch must occur at the capacitor bank/load agsembly
junction,

3.4 CHOLCE OF PARAMETERS
FOR SCALILING

Much previously reported work has shown that voltages induced
into avionice interfaces ave generated by two maln mechanisms:

a)  Rate of change of ficlds (dB  or db); for aperture
di dt
coupling and other direct coupling processes where

interface conductors are influenced directly by the
external ficlds, or;

b) Resistively generated voltages which are proportional
to the current amplitude and which occur along the
enclogsed structures.  This could be called "internal”
coupling. Nesistive-type veltages also occur in loops
within enelosed bays by induction from tlux which has
dittused through a resistive material,  Although such
a process fs theoretically o dg induction, the ¢,is a
dt
diffusion flux and not the same Llux which occurs extoer-
nally or in apertures, For elarity in this roport, this
process 1y callod vesistive/diffusion coupling and in-
variably has the amplitude and spectrum charactoeristic
of reslgtive voltages, with only minor differences.
This {s an important distinction since resistive/diffu-
sfon coupling is an iwportant tfeature of induced volt-
age within praphite, and metal/graphite airfrawmes.

The two coupling methods induce voltages having distinctly
difforent characteristics due to the difference of the excltation
spectrum, The spectrum of I applicable to resistive coupling and
the di/dt applicable to aperture and direet coupling are shown

in Figure 5 for the unipolar simulation pulse usced in tostg
detailed latoer,

The characteristic di/dt spoctrum with its predominance of

W encrgy is observed externally, in the cockpit and within
other apuortures.
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Likewise, voltages having the characteristic spectrum of the
current pulse, a predominantly low frequency spectrum, are
observed within compartments having a graphite outer skin.

Test data in Section 7 demonstrates the application of I

scaling to resistive voltages and di/dt scaling for aperture
voltages,

External electric field induced voltages (dE/dt) also
occur in the cockpit, etc. and have a predominantly HF spectrum
but the graphite shields these electric fields from the
enclosed equipment bay.

Another class of coupling is demonstrated in the test data
in Section 7 and deals with (dE/dt) HF effects inside enclosures,
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SECTION 1Y
TEST CONPFIGURATTION DISTGN

AND DES CRTPTITION

The considerations in the design of the test systom may be
summarized as follows:

1) A low inductance system is dosirable for achiceving high
1 and di/dt of the order suggested in Scction 3.2, while simulat-

ing the LF free space fileld configuration as described in Scetion
3.3.1'

2) The return conductors should be connected to the fuse-
lage in such a manner as to produce the HF longitudinal current
distribution described in Scction 3.3.2. This requires the roturn

conductors to be connccted to the rear of the forward fusclage
svetion,

3)  The capacitor bank shall be compact and introduce wmini -

mum coxtra inductance and should be a oune stage system for consils-
tency and repeatability,

) There must be an impoedance mismatceh between the capaci-
tor bank/waveshaping resistor and the load assembly in order to
encourage the quarter wave line resonance (See Section 3.3.2.).

5) A waveshaping vesistor should be designed to have mini-
num Inductance, and should be readily shorted for "ring''discharges,
with least disturbance of the total circuit inductance.

6) System grounding is required for safety, for the bank
charging current, to route power inco the fusclage for powering-
up clectronics and for routing hard-wired instrumentation back to
the screen room, but the grounding position shall be chosen to
minimize bank-to-ground and load assembly-to-ground currents,

One end of the fusclage is preferred for the grounding point,

preferably at the fusclage rear where avionic power reference was
located.

7) ‘The charging supply for the bank and the trigger feed
to the switch (an electrically triggered ficld distortion gap was
available) should not introduce spurious resonances, nor form

ground loops via the power supply unit in conjunction with the
main system grounding point,
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Since satisfying most of the above requirements is dependent
on the parameters of the load assembly, the load assembly design
and description will be given first., From this data, approximate
current and current rate-of-change values are calculated. Follow-
ing these calculations we have describwd the design of the impulse
generator, and ‘finally total configuration.

4,1 DESIGN AND DESCRIPTION OF
LOAD ASSEMBLY

The load assembly comprises the forward fuselage mounted
horizontally on a wooden stand, the instrumentation break-out box
at the back (—.7m projection), the current transformer mounting
and the three-24" wide return conductors, The returns are illus-
trated in Figure 2(c) and are shown in the photograph in Figure
6. The return conductors are 8mum thick, .6 meter wide aluminum
sheets fastened to a wooden frame, Insulation presents no problem
because of the low voltages involved, the grounding point position,
and the short pulse duration, therefore, return conductors were
supported by a simple wooden frame,

In the configuration shown (three conductor return), the in-
ductance is only 20% more than that of a full coaxial system.
For a full coaxial system, if r, = 2ry, the inductance per meter,
L, 1s given by

L' = _yp  log, (rZ) uH/m
2m ;T
= 0.2 log, 2 (H/m (1)

and therefore the inductance of the configuration is approximately
0.14 uH/m.

The circumfereniial positions of the return conductors were
obtained from POTENT' (Reference 6) calculations. The spacing of

LpOTENT .s a 2-dimensional field mapping program for elccrtrostatic
and magnetic field problems. Calculations are performed on a
50X50 mesh, and for the magnetic case, tabulations at each mesh
point provide values of magnetic flux, Hx, Hy, and |HI|. Arbi-
trary geometry can be specified and the program allows variable
mesh spacing to improve accuracy in regions of high fileld curva-
ture. The data can be processed by a graph plotting routinc to
produce mappings of magnetic flux contours (field lines) and |H|
as used in this report,
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the return conductors to fuselage was varied along the length of
the fuselage in an attempt to keep r,/r, approximately constant
at two. The inductance at representative stations as calculated
from the POTENT field maps were as follows:

STATION 75 STATION 150 STATION 273.5
CONDITION (FORWARD BAY) (COCKPIT) (FUEL TANK)
Current on «177 uH/m o172 pH/m «14 uH/m
fuselage skin
Current in metal ,286 uH/m «277 uH/m «179 uH/m

or high conducti-
vity regions

As can be noted, the tabulated values show very close agrcemenc to
the .14 uH/m calculated from equation (1) above,

The first utility of the above values of inductance is to
facilitate calculation of total inductance of the test configura-
tions, The forward fuselage is approximately 4.9 meters long with-
out its inmstrumentation breakout box {Sce Scction 6) and 5,6 meters
long with the box, Therefore, the inductance of the load asscmbly,
Ly, is given by

= 0,14 x 5.6 uH
= 0,78 uH

Thus, an inductance of ~1uH can be realized, This low value of
inductance cnables the overall system inductance, Lg, of the
capacitor bank, switch, busbars and load assembly to be kept very
low consequently easing the problem of generating large T and di/dt
with the gsimple bank,

4,2 DESIGN OF CAPACITOR BANK
FOR CURRENT PARAMETERS

The next consideration was the design and expected output of
the capacitor bank to the load assembly, These considerations are
as follows:

The low frequency equivalent circuit of a capacitor discharge
pulse generator is shown in Figure 7,
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C, = Bank capacitancce

Lo = Total series inductance
of bank, load assy,
resistor, cte,

Ry = Total cffective Scrices.
resistance

Figurce 7
Lightning Generator Equivalent Cilrcuit

When the capacitor bank is charged initially to V,, the cur-
rent pulse amplitude is given by

1 =  Vk
. oLy —n§~ Amps (2)

k, .1 and is a function of 4L,
RZ2Co

()

iIER, = 0,k = 1

Amps (3)

r—
[ |
<
o]
rﬁ]
C

if Rg = 2 %2_ = R, (the value for critical damping)
0
i - Yo o2 Amps ()
© Lo

wtl(‘-re (4] - 2- 718...

1f Ry 1s less than R, the pulse is oscillatory., If Rg = Rc,a
unipolar pulse with no overshoot is achievad.

Independently of Ry the maximum rate of change dl/dt is
given by

i .oy Amps/s (5)
dt Lo
20
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4,2.1 Calculation of i and d&/dt Amplitudes

Information development to ?his point now allows some approxi-
mate calculations to be made of I and di/dt. These can then be
compared to the magnitudes we sought for the reasons outlined in
Section 3.2,

From Scction 4.1, Lj, is approximately 1 uH., As a first order
approximation, wo estimated another 1 to 1.5 uH in the capacitor,
switch and resistor for a total circuit inductance, Lg, of 2-2.5
i H.

A capacitor of 4 uF, 45k\ (working voltage) was available,
thus
Lo - 2.25]”‘{

Vo"‘iSk\‘
Assuming k, = 0.85, from Cquation (2),
A -6 .
- 103 x .8 4 x 1079 = 51kA
S 7 o (R 2

and equation (5) gives

A
di . 45 x 103 w 20
$e P T0-6 kA/us

If Ro = Re = 1.5 (unipolar pulsc) cequations (4) and (5) give

! =45 x10° [4 x 1076 m 22kA
37183 Y 2,35 x 106 —

g% = 20kA/us

These are nominal values; actual test values are given in
Section 5. However, the range of these valucs demonstrate that
the configuration will provide the simulation we intended to
achieve. (See 3.2 requirements)




4,3 DESIGN TMPLEMENTATION

Requirements and test configuratioms have been developed.
However, the success of the test program was as dependent on the
hardware and methods of iwmplementing the design as on developwment
of the requirements for the test configuration., 'The items of
implementation such as grounding, lmpulse generator design, and
instrumentation arce discussed in this scctiom,

4.,3,1 System Grounding

Due to the simplicity and small size of the one stage bank,
considerable flexibility is possible in the layout of the test
configuration grounding, Conventionally, one side of the capacitor
bank is grounded (as in Reference 3); other tests have grounding
points at the fuselage midpoint (Reference 1) but choice of ground-
ing should be determined from congiderations (vi) and (vii) in Sce-
tion 4,0 above, Various possible grounding configurations are
shown in Flgure 8, Choice of point (1) scemed to provide the
simplest method for accowplishing all the constraints of articles
(vi) and (vii), Additionally, point (1) also provided the most
convenient place to provide a reference to the screen room which

was used to house the measuring instruments., Further discussions on

the screen roowm are contained in subsequent paragraphs,

With regard to spurious grounds, the smull, compact bank al-
lows larpe separation distances above the ground so as to minimizoe
stray HF' current through distributed capacitance,

Selection of point (1) dous allow the capacitor bank to risc
to several kV during the pulsce but this cffeet is not detrimental,
The charging and trigger leads also have high voltage impressed on
them during the pulse.  These leads are cffoectively isolated by a
resistor string which provents spurious currents from being in-
joectaed back into the power supply units.

As noted in IMgure 8, only one point was established as a
ground for the total test contiguration, PFigure 9 shows the loca-
tion of this ground with respeet to the load assembly and the
screen room (trailer in the background of Figure 9).

4.3.2 Iwpulse Generator

The high current impulse generator consisted of one 4ut,
50kV encrgy storage capacitor, an open gap switch, and a sceries
damp ing roesistor, These high current clements were arranged in a
closely spaced circuit located at the nose of the fusclage about
four feet above the floor as shown In Figuve 10,
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RETURN CONDUCTOR

TRIGGER LEAD
‘ CHARGE LEAD [ ———

CURRENT
f r‘ oM I nose Gr/Ep FUSELAGE REAR#TRANSFORMER

’ @/
| = o

E 70 SCREEN

,__;E:: 70 SCREEN ROOM | Room
| rryy vy

! 1, 2, and 3 are alternative grounding points of which only
one may be used., 1 18 the most convenient for instrumenta-
tion - see text.

Figurc 8 Choice of Bank and Load Asscmbly Grounding Points
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The gop switeh was constructed with one electrode attached
to the capacitor and {t utilized o mid-plane trigger rod as
shown in Figurce 10, The sories roesistor was constructoed with
titanium gstrips to provide high resistivity and the strips were
connected in alternate directions in a closely spaced stack for
minimum fmcductance, The resistor parameters were 1,35 olms re-
sistance and 0,3 wmicrohenries inductanco,

Charging and triggering woere provided £rom o power supply as-
sombly located about six fecet f£rom the capacitor, Resistive isola-
tion was provided in both the charging and trigger lines, The re-
sistors were located inside plastic tubing that was extoended bet-
ween the units,  UIriggering was provided through a smaller tripgger
gap loan ted ingide the powoer supply assembly, (This trigger was
algo tuken out to the screen room for oscilloscope trigger,)

The unique featurea of this part of the test confipguration
1y the low luductance provided by the damping resistor, and the
closed, broad councctions between the capacitor/pgap and the load
assombly, A schematic of the test coufiguration is given in

Figure 11,
4.3,3 Instrumentation

Instrumentation consisted vof a mobile sceroen room, a Toktronix
7633 oscilloscope, a Pearson 1080 current transformer, a fibor
optic transmitter/recelver, RG-58 and RG-22 coaxial cable, and vari-
ous calibirated loops and divider ncotworks, This scetion discusses
the instrumentation arrvangements,

4,3,3.1 Scroen Room

For these teste, we obtained a trailer which had a 8X12 seresn
room with an ancillary unshiclded oporations room, This trailer
was parked about 12-15 feet from the load assembly, All meusure-
ments were takon from inside tho scroen room. Flgure 12 shows a
portion of the internal arrangement,

The seroen room roceived powoer from a sclf-coutained trans-
former which was cnergized from facility powoer, The power entry
points into the shiclded enclosure were filtered and data indica-
ted no spurious signals ineide the enclosure, Havd-wire inter-
face cables into the shiclded enclosurce were all shiclded with
shicelds groundod at the entry points. Reference was the singlo
ground point established at the rear of the load assembly, Elee-
trical conncetion From the trailer to the pround was cffected by
a seetion of aluminum pipe laid from the oucside wall of the trail-
er to ground point, At the trailer side wall, a heavy brald was
26
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fitted over and clamped fo the aluminum pipe and routed through an

air duct to the ancillary operations room, outside the shielded en-
closure, where it was solidly fastened.

4,3.3.2 Measurement Instruments and Transducers

All measurements were made using an oscilloscope (CRO), Tek-
tronix Model 7633 with a 7Al13 differevwtial preamplifier. This
CRO has storage capability at sweep rates of 50 ns per division,
a bandwidth of 105 MHz, and a common mode rejection ratio greater
than 200 to 1 up to 20 MHz. It was calibrated to manufacturers
specifications just prior to the tests and calibration checks were
made periodically during the test period.

The CRO Inputs were provided by a coaxial or fiber optic in-
terface. The coaxial interface (RG-58 or RG-22) was used in mea-
surement of IR voltages developed along the fuselage, and flux
(both diffusion and external) voltages induced into "looped" cir-
cuits inside the fuselage. The coax was routed from the screen
room to the fuselage inside the aluminum pipe used to establish
ground between the screen room, local facility ground and the
fuselage. As can be seen from Figure 9, a vertical aluminum pipe
makes the ground connection between the fuselage and facility
ground. The vertical pipe is attached to an aluminum fixture
(instrumentation break-out box) which is in turn connected to the
metal bulkhead which exists at station 253 of the fuselage. This
instrumentation break-out box was used to facilitate instrumenta-
tion connections and to provide an extra length to promote a par-
ticular longitudinal HF resonance as discussed in Section 3.3.2.

From inside the break-~out box, the instrumentation coax was
routed inside the fuselage skin to the particular areas under
test. The routing was made along metal substructure or graphite

build-up areas where possible in order to minimize pick-up in
the cable.

At the CRO, divider networks were provided to scale the mea-
sured voltages so that the common mode rejection voltage would
not be exceeded at the CRO inputs. A typical divider is shown in

Figure 13. Data was measured using the differential input fea-
ture of the scope.

During tests with coaxial cable diagnostics, spurious noise
pick-up was periodically monitored by short and open circuit mea-
surements in order to assure a high signal to noise ratio. Figure
14 illustrates a typical check where the short circuit signal was
due to small loop coupling (i.e. simulated loop formed by the coax/
test circuit interface). 7The largest detected values peaked in the
tenths of wvolts range, Figure 14, which was negligible compared to
l.ens or hundreds of volts measured by the test circuit.

29




DR Al t a -

uo13RINSITUO) IDPJID3UI TEIXE0) ] 3INETI

L2133 SIISonwIa{zz-od) £ivd CIISiml/C3CEIES

-— fo s - R
HIEYE
: i SUISTOR
: | RaLTY ovg 1:v
. = ——
Gois . | 1z ISVIES
¥ H . !
S i ]
I - i
P 2173 DO —
_ ! s \ \ \ 3\ “ ~ 1
' .. —

_ i : — ; i —t —F 1125513

i i L g

e J / " \.\ \_/ -

: 7 !
: / i
¢ Y TeT 4
ST (zz==y 2132/ —
CEIoIMIIE0IEIES I
s e

! 0T = E0I5Vd KOIINTWE0D

30




Pipure 14: Typical Notse
Coaxial Cable
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Short Circuit Test in
Forward Bay.

Vertical: 1 V/Div.
Horizontal: 2usec/Div.

{Open Circult Test showed
nep lipgible signal)

Expanslion of Photo A above.

Vertical: 1 Volt/Div,
Horizontal: 100 nsce/Div,

Cheek Duta with RG-22
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, When a signal to noise ratio was small enough to becowe detri-
P mental to data accuracy, a diagnostic setup was used w) .ch incor-

i porated a low noise Fiber-optic link. This system eliminated high

' common mode voltages and spurious HF plck-up from shield leaks

’ or interaction between the screen room and fuselage. A block dia-
gram of the fiber optic link is shown in Figure 15. The transmitter
and receiver units were obtained from Meret Inc., Part Number MDLZ38.
Since these devices did not specifically meet our requirements, a
few modifications were performed as indicated. The most important
of these modifications involved designing a buffer and frequency
compensation unit for the transmitter, and a frequency compensation
and post amplifier unit for the receiver. The result of these modi-~
. fications was to provide an analog system with a flat frequency re~
sponge out to 30MHz and a 20dB/decade rolloff thereafter. This re-
gulted in less than 12dB loss at our upper frequency limit of 50MHz.

=y e

T —————

' | The voltape divider located at the signal input was added be-

g cause there was a 1 volt input limitation to the transwltter, The
' divider was made variable by resistor R for covering a wide range
of induced voltage levels, The entire transmission gystem was

' placed in a metallic case (2 x 2 X 4 inches) and powered by NICAD

! batteries. A twisted pair was used for connections to test cir-

| culty in order to climinate unwanted flux coupling. Open, loaded,
- and short circuit checks were continuously made durling all test

| phases und on all diapnostic setups to define real zero and voltage
ievels not assoclated with the test circuit.

Figures 16 and 17 show examples of the loaded and open cir-
cult noise levels, respectively., A few quick tests showed this
noige was located essentially in the recelver unlt. However, the
noise level was sufficiently low and 1ts frequency high enough as
not to sipgnificantly interfere with accurate data acquisitlon,

. For complete isolation from the high noise envivonment, the
r i storage scope used for recording data was also trigpered by a

|

]

fiber optic link, 'This link was designed and bullt at G. D. and
consigts of simply a waveshaping circuit and transmitter recoeiver
units, Tt can respond to a 20 nanosecond pulse up to 50 volts and
5 f has a delay time comparable to that of the data link.

! The tvanduccrs in general were clrcuits which were placed

4 inside the fuselape in particular places to evaluate effects such
! as diffusion and apertures., The clreuits consisted of loops,

o coax, open circuit wires, twisted pair and twisted-shielded pulr, L
; In addition, small, calibrated one and four-turn loops were uscd

; to measure Flux (and indirectly current) distribution both inside .
and outaide the fuselape shell,
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The primary current pulse was measured using a Pearson Model
1080 transformer connected around the cennection polnt between the
fusclage shell and the return conductors, This instrumentation
point is located at the aft end of the fusclage between the in-
strumentation break-out box and the returns,
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SECTION \'
DRIVING POINT WAVEFORM
AND
'L UX (CUR ENT)
DISTRIBUTTION

The current waveform developed by the impulse generator was
an over dampued unipolar pulse with a peak value of 20,000 amperes
rising to peak in 3.2 microscconds and falling cxponentially to
507% at 8.5 microscconds from turn-on., The initial rate of cur-
rent risce was 17 kA/uws, It was generated from a charge voltage
of 45 kV on the 4uF capacitor.

The current was measurcd with a calibrated current transform-
er, Pearson Model 1080, locuted at the aft end of the fuselage.
The transformer provided an accurate trace of the basic current
waveform but it was found that it acted as a differentiator of
high frequencies and cexaggerated components that were faster than
its rated rise time of .25 microscconds, The current wave con-
talned faster components and they were measured sceparately as
described below,

The output of the current transformer was recorded and a
computer analysis was made by using a digitizer to collect input
data points from the current trace, The waveform and its charac-
teristics ire shown in Figure 18. A Fourler transform of the
low frequency components was made and 1s shown in Figure 19,

Paramecters of the test circuit were determined from component
measurements, from waveform analyscs and from measurements of dim-
pulsc voltages., The circult inductance was determined from an
undordamped wave form that was obtained by shorting the damping
resistor and discharging the capacitor at 45 kV, The waveform
and its analysis arc shown in Figurce 20, The division of the
circuit inductance betwceen the components was determined by mea-
suring impulsc voltages around the circult, Voltage was measured
with respect to the sereen room through a voltage divider located
at the screen room wall with the scnsing lead connected to the
circuit at right angles to the current path. The initial impulse
voltage across cach component was determined from the traces and
the inductance of the underdamped circuit was divided among the
components in proportion to the initial voltage drops. The mea-

sured and calculated values of R, L, and C are tabulated in Table
1,

In comparing the values obtained with the requirements we
developed in Section 3, there is a very good agreement with what
was expected,
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Gapacitance
Vollage

i Gurrent Max

g Natural Froequeney
Induetance

L\_ Stored Faerpy

' Action Integral
Resistanee

1 Ji/dt Max

Fipure 20

Driving Point

Verticals

Horizontal:

Verticals

= 4,0 u

=4y KV

= 48 kAmps

= 42,9 kHz

w o 0,20 ull

= 4050 Joyles

W 22060 A= sce

= ,10% ohms

= 19,9 kAwps/usoc

Wave form-Underdamped
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Horizontul:

20 kamps/ Div,

20 usec/ biv,

20 kAmps/ Div.,
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5 usee/ Div,




TABLE 1

TEST GIRCUIT PARAMETERS !
! A. Capacitance: 1
Bridge, Brown Elec. Co. Model 3124 ¥
} Capacitor, CSI Model 50W58BNP 4,05 uf
B. Resistance Caleculated from Waveforms:
f‘ Underdamped cireuit 165 ohms )
M Overdamped circuit - 1,686 ohms \
| ) [ ]
“‘ DC Resistance of components: ' E&
. Bridge, Rublcon Co., Model 1622 ,
‘ Damping Resistor 1.350 ohms f'
N Fuscelage and return conductors 0228 o
¢ Fuselage forward compartment 0105 3
. C. lInductance Calculated from Waveform:
- Underdamped clreult 2.26 uH
B
' Inductunce of componeunts calculated
from voltage division:
Capacitor and gap assy. 0.23 '
Damping resistor 0.28 -
Generator counections 0.79 \
f\ Genoerator total 1.30 Y
Fusclage Sta. 60 to 253 n,56
3 Return conductors Sta. 60 to 253 0.34
D nd connections Sta. 253 0.34
%1 lLoad total 1.24 uH
i‘ Total test circuit 2.54 nuH
b B —
"u b { :.
)
3 40




5.1 LOW FREQUENCY (LEF) DISTRIBUTION

The field digtribution arvound the forward compartment was
measured in detail at fusclage station 85, The Lorward compart-
ment. was totally composite except for metal ring members at sta-
tions 60 and 98. All cquipment, wiring and cquipment mounts weroe
remwoved from the compartment prior to the tests gothat the results
would indicate characteristics of an all composite structure.  The
20 kA Ltest current was applicd ond te ond for cach measuroment,

loops wore placed inftially in six locations around the out-
side of the fuselage. Fileld traces (integrated voltages) are
shown In Flgurce 21, The flux waveshape with time was found to
bo gimilar to that ot the driving current as can be seoen from a
compirigon with Figure 18,

The magnetic fiold pattern produced by the test current pulse
way measured with small wire loops. Six identical loops were cone
structoed by winding four turns of No, 24 wire on a 3/4 x 2 inch
wooden form, The resultant coil looped an arcva of ,00108 m with
four turng and had an inductance of 1.8 pll, kach coil was connec-
ted to RG58 cuable which was routed through the fuselage to the CRO
and was torminated with 50 ohms, The signal was divided at the CRO
for voltage measurements and was connected to a 100 us Integrator
for flux measuvements, The time constant of the loop-cable system
wits determined to be adequate for the LF traces but was too long
to permit scaling of the high frequency components of voltage,

As can be deen from Figure 21, the distribution around the
fuselage 48 very uniform (as would be the casce in free space and
ag was an initial requirement in the design of the test configura-
tion).

To provide a check on the data, the magnetizing foree around
station 85 was calculated from the measured fiecld strength and was
comparced with the magnetizing force that was caleculated f£rom the
driving current and the fusclage dimensions, TFor cxample, thoe
peak £iold of circuit AO3 in Figure 21 was ,0089 webers/moetoer?.
The magnetizing force at that point was this field intensity divi-
ded by the permeabilicy of free space, or .0089/47 x10°7 = 7082
Amp/meter.  This value is in good agrecment with the average mag-
netdzing force of the driving current which was 20 kA and a fuse-
lage circumfereonce at station 85 of 2,74 moters, or 7290 Amp/metor,
This value also compares favorable with values predicted by POTENT
as shown in Scction 6,

Noxt, the loops were placed insdde the fuscelage at the same
six locations. The reaults are shown in Figure 22, The internal
41
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flux did not follow the driving current, but followed a diffusion/
redistribution pattern that was determined by characteristics of
the fuselage. Note that the general shape af the flux (which is a
measure of iniernal skin current) follows the shape suppested by
the theory. (Sce Section 6.)

5.2 HIGH FREQUENCY (HF)
DISTRIBUTION

As discussed in Section 3.3.2, a longitudinal distribution
of HF current was expected in our test configuration. Measurements
were made in a similar manner as in the LF tests. The expected
predominant frequencies were 14MHz and 42MHz. These currents were

expected to be maximum at the aft end and minimum at the forward
end.

Figurr~s 23(a) and (b) show the loop voltage and current (inte-
gral of loop voltage) at the aft end and Figures £3(c¢) and (d)
show the comparable valuee at the pgenerator. At 300 nanoseconds
from tuin-on, the current at the aft end measures 198 amperes peak-

to-peak (0.6 x 330 amp.) and at the forward end 92 amperes peak-to-
peak (0.2 x 463 amps).

The predominant frequency shown in the integrated waveform
1s !'4MHz. The int gration time was too long to show any higher
frequency componert., However, the higher frequency (approximately
46MHz) is evident <in the voliage shown in Figures 23(a) and (c).

To demonstrate that the effect (HF components) is due to
transmission line mis-match, the characteristic impedance of the
set-up was calculated (4CQ ) and this value resistance was con-
nected ac.,oss the forward end of the fuselage between the return
conductors and the fuselage. The measurement of current was re-
peated, with the results shown in Figure 24(a) and (b). Clearly,
the HF components are a transmission line effect as the 14MHz

component 1s almost completely damped out., During tests, the
damping resistor was vemoved.
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Oscillogram Scaling: 9
Vertical: 6.75 x 1.0’4 webers Meter®/Div.
Horizontaly 2 usec/Div,
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(A)

Loop Voltage

Vertical: 10 Volts/Div.
Horlzontal: 100 nsec/Div.

(B)

Current waveform indicated
by 100 nsec integrator.

Vertical: 330 Amps/Div,
Horizontal: 100 nsec/Div,

Figure 24 Lffects of Matching the [mpedance of the Test
Configuration




SHCTTION VI

TEHST APPROACH AND COMPARTITISON OF

PREDTCTED AND MEASURED RESULTS

In Scetion 3.4, we stated the primary mechanisms for induced
cffects,  Induced voltages are cither due to an aperture, or re-
gistively generated voltages resulting from diffusion of the flux
through the fusclage skin, or a combination efifcct,

For aperture cffeets there is no fundamental diffoeronce bot
ween a moetal or a Gr/Ep fuselage, Honee, caleculations of, and
measurements on apertures in a composite fuscelage, o,g,, the
cockpit, will in principle be unaffected by the graphite. However,
duc to the comparatively large 1R drops to be expected in graphite
(perhaps hundred or thousands of volts since p iy — 1000 times
larger than for aluminum), IR and aperture voltages will be comp-

arable in magnitude, and may add or subtract to glve complix wave-
forms, Examples will be shown,

Graphite ls a conductor, although a poor once. Therefore, it is
essentlully ditforent from Kevlar and glass fiber which are
insulators and give aperture typo voltages behind them.  Since graph-
ite 18 a conductor both resigtive and diffusion Llux Induced volt-

ages measurod internally will thervefore be proportional to the
wavetorm of the current and not di/de,

To make the output of these tests as genoral as possible, we
necded to determine Che prineipal characteristics of a comploex
structure comprising graphite, wetal and non-conductors from the
vicwpoint ol lightuing and the clectrdeal systems  Due to the

mechanical and clectriecal complexlty of the Luselage, three typi-
cal scetions wore tostods

1) Forward Equipment Bay (1'1:3), Stations 60-98., Fully
cnelosed, mainly graphite with Tour thickened up longe-
rons, but little metal, with two removable graphite
doors, one with a small Kevlar access panel in it,

2) Gockpit., stations 98-168. Large aparture dominatued
scction, mafnly graphite wall and floor (Including
praphite front strake scction) but with a wmetal sill

(the canopy sceal) and the metal vight-hand equipment
console,

3) CGentral and R, AL Bays, Stations 227-253,  This
seet fon has o lot of wmetal in the strakes, the rvoar
transverse bulkhead, and fore and aft panels,
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graphite bay doors are sccured to all metal sub-
structure, The right hand side panel has metal in-
serts for the screw heads.

In all scctions the predominant modes of induced voltage were det-
crmined,  Surface IR® and loop voltages were predicted and measured,
including the dependence on circumferential position, and depth
within the bay (i.e., distance in from skin). Also the effect of
metal fasteners and of screening of the wires to induced volt-
apges is shown.,

A

Additional measurcments ineluded:

(a) Small aperture coffects

(b) Attenuation of H.F. ficlds through graphite panels

(¢) Performunce of twisted pailrs, coaxial cables and
shiclded twisted pairs in prescence of aperturce dnd
diffusion ficlds,

(d) Effoct of additional metal conductors and their impact
on the eirvcumferential variation of voltages

(¢) M., ¥, offeets inside enclosed arcas (fwd bay) duc to
capacitive coupling

(£) Flux distribution inside the fusclage.
The test series also included an "electronies powered up! test
on the aircrat't to check for interference or damage,
6.1 DPREDICTED RESULTS: FORWARD EQUIPMENT BAY (1.£.8,)
6.1.1 Surfacce IR Voltages

A POTENT (Reference 6) field mapping of the front tusclage

at station 75, with the specificed load assembly roturn conductor
positions, ylcelded the surface magnetizing force H shown in

Figure 25a). These values are identical to the surface current
dengdty (L.0., currvent per unit width for longitudinal current),

*The term surface IR voltage wmeans that the resistively produced
voltage 18 measured by sensing connections along the inner face
of the panel whose outer surface 18 the outer surface of the
alveraft skin,
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CALCULATED VALUES OF
H AND HENCE SURFACE
CURRENT DENSITY J IN
AMPS/m FOR I-20KA

FIELD LINES {Lines of Constant
Flux) FOR CURRENT IN
GRAPHITE BUILT-UP AREAS
TOTAL FLUX ISPROPORTIONAL
TO NUMBER ON FLUX LINE

CALCULATED TOTAL
VOLTAGES INCLUDING
JOINT VOLTAGE WHERE
APPROPRIATE

Figure 25 Station 75 - Calculauted Flux and H Valuces
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also In Amps/meteyr, in the conditlon where the current distribution
Is essentially Inductively shared around the entire fusclape peri-
phery. [t can be shown that current redistribution {s small up to
peak current.  Since curvrent penetration throupgh the praphite is so
fast, the faside surface voltage follows the current pulse. There-
fore the external current produces a voltape on the inside surface
of the praphite panel piven by an Ohm's Law calculation:

V, =~ Jiptd Volts (6)

where J = local surface current density
Aot ef feetive resistivity of praphite pancl
/ =  panel lenpth
h = panel thickness

J 1y obtained from biyuxc 2 () and in the MR8 2 o= 38" (.965m)

h for o-ply {u 0.84 x 167 e oand Pert 18 taken from measured data,

For caleulations fn thig report, the value of fuppils taken to be the
reststivity of the surface ply, pg . This value {8 3750 x 10"8Om

and was measured as deseribed {n Volume 1 of this report., This value
of resistivity {s lower than most published values and is lower than
would be predicted tor a (0, +43), punel using gy andPp ay measured in
Volume 1, The fact is, an effective bulk roqiativity for the
fusclape will vary cunsiduxuhly around and alonp the fuselape peri-
phery due to metal substructure, ply build-up such as around access
doors and other ply and construction snomalies as discussed in this
report,  Such anomalics would always tend to make the ef fective
resistivity lower than would be predicted for uniform structure con-
taining only praphite and epoxy.

Using above values for ) , h,phpp, and 1 (from Figure 25 a) the
caleulated voltapes are shown in Fipure 25(0). To allow for the
screw Joints in the access panels, a resistance of 5Sm) -m will be
used based on measurements on Envirommental Conditioning Tests made
at. Geneval Dynamics.  For 2 joints per panel (fore and aft), the
total joint voltape V] to he added to the Fipure 25(b) values are:

V] = J x 10 x 10"3 volts,

Thus the total metal ring-to-metal ring (station 60 to 98) voltape
al.any IR wire (sce Figure 38) will be Vo +V,

Total valtages, including Joint voltapes as appropriate, are
plven in Fipure 25(c¢),
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6.1.2 Intcrnal Loop Voltages Generated by Diffusion Flux

Internal voltages in loops arce induced by the diffusion flux,
that is, flux which passes through, as distinct from around, a
conductor, To estimate Internal loop voltages the fleld pattern
of the diffusing flux is required - this is shown in Figure 25(b).
(also obtained by POTENT). For this calculation, current flow is
in four conducting paths only - the regions of graphite build-up,

The £lux adopts the same pattern throughout the entire dif-
fusion process. Flux which has passced through a conductor has a
rate of chunge depending on that conductor materisl, (thickness
resistivity, cte.) and cannot change as fast as the external £lux.
Voltages of a generally similar waveform and amplitude as the skin
Jp voltages will be gencrated on loops (¢f Theorem 1 in Appendix).

Using cquation(Al3)in the appendix, the voltages on separate
small loops can be calculated by a difference technique, That is,
the loop voltage can be considered to be the difference between
two loops, uvuch comprising one longitudinal arm of the test clr-
cuit, and a common return cleose to the graphite build-up,

" Thus, voltages on the 8" x 2" loops #1, #2 and #3 (sce Figure
38) ure caleulated by the difference in the flux ¢ at the posi-
tion of longitudinal wircs as follows:

Vloop #1 . ¢1 - ¢2

where o, is the flux at the graphite surface where Vi 1is
measurad, and ¢, and ¢, arc the fluxes linking the two
longitudinal sides of the 8" long loop; ¢ being the closest
to the graphite pancl, Likewisc for loop #2, the voltage 1is

caleulated from ¢, - ¢4 and so on, The £lux values from
the POTENT tabulation arce:

¢1 ¢ 2 ¢3 ‘b," ¢H
. 5217 4677 L4167 .3733 ,5558

Lxample Culculation Loop #l1 - Using the predicted panel Jp volt-
age for Vi which was given as 379V, and aliowing for the reduced

length of the loop (8" instead of 38" uscd for calculating Vp),
the predicted voltage is

Vgl = (P1—d) VR, 8 = .054 . 8 = 7.75V
- X x38 E5Em x 379 x 35
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it Similarly for loops #2 and #3:

B Vg = 7.3V
V#3 o 6. VAYS

K A comparison with measurced data follows the sections on predic- |
{ tions for the cockpit and the aft ovay.

6.2 PREDICTED RESULTS: COCKPIT AREA-STATION 126-168

' Voltages in the cockpit arca will be induced by both resistive/ |
diffusion coupling and aperturce coupling. The two mechanisms are

treated separately, but in any general case instartanoous voltages f
. producced by the two mechanisms oun be added algebraically for total x
voltage. }

6.2.1 Cockpit IR Voltagus

g Tha calculation method wsed 1is the sawur as used above for the
F,E,B.; and is simplificd by tho abscnce of removable accuss poncels
\ (Station 126 is behind the lower cquipment bay). However, the many
3 changes of skin thickness both along and around the cockpit make

. calculations difficult., The strakes further cowplicate tha problem
| since they arce different material and diffcevent thickness (thormo-
plastic rusin 8-ply, right; regular resin 16-ply, left). On the
cockplt: floor, between the longeron, 10-ply incresslng to l4-ply
toward the back is uscd, 'The longerons are councentrations of 0°
Eiber, Above the longerons up to the walst jolat is 10-ply,
changing to 6-ply up to the canopy =11l oxevpt at the left side ;
at the rear (adjacent to the gun muzzle) where it is 10-ply,

Figure 26(a) shows the external surfecoe fileld (caleulated by |
POLENT) thus giving the surface current density from which the

- voltage drops woere caleculated, Caleulated and weasured values

yi arce shown in Figurce 28,

6.2.2 Cockpit Apurture Fli. induced Voltages i

! : This caleulation will use the same assumptions for a graphite
;o fugelage as for metal; that is, the initial aperturce £ield is un-
) affected by current re<listribution. This has beon demonstratod to
! be true for metel, 'The POLENT calculation, referred to in the ;
- above paragraph, also produced the flux contours ('ficeld lines') '

shown in Figuve 26 (b). From the POTENT tabulation which produced

Figure 26 (L), calculation of voltages can be made by caleculating

My, which is defined in the Appendix, equation A2 in torms of U ’
; and M, MFF in offect 18 the fraction of the total flux which |

8 the

{ couple cireuit or loop; multiplicd by L'
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Flgure 26 Station 150 - Calculated Flux and H Values
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Mrp = L' x ¢ H/m @, = flux linking loop or circuit
Ii‘

= L x ¢ H/m ¢ = total flux between fuselage
1 and return conductors ( =1
weber in POTENT toechnique)

in any circuit of arbitrary length, ¥,

VM - I x -g% x 11' x ?%1“ VOltS L] l‘

Using this mecthod, the calculated voltage for a longitudinal loop,
"Loop 1' iu the £loor of the cockpit 1s as follows:

/ m 36" w ,91lm, vertical wire spacing = L,5" (=*3.8lcm),
height from floor = 2" (=5,08cm), From tabulation
¢ = ,0124 - ,00654 (that is, diffcrence of flux at
+ 3,5" level and +2" level),

¢, =1, L'=0,172 uli/m (scc para, 4.2.,4), and di =
17.2 kA/us, dt

17.2 x 10° x 0.172 x 10°® x .91 x .00586 |
15,8V

Loop 2 has the same orientation and dimensions as Loop 1 |
but is raised to 14.5" from the cockpit floor. By a similar cal- |
culation, using the appropriate value of ¢,

=
il %

J Three loops #1, #2, and #3 (shown in Figure 52) were situated

: along the cockpit side wall Voltages were also calculated by a
similar technique giving 2,7V, 3.0V and 2.9V respectively., All

\ aperturc flux within the cockpit 1s transverse, in simple theory,
and hence the predicted voltage in loops which have no loop arca

. orthogonal to the flux direction will be zero. Figurc 26(b)

' : shows the direction of the field lines across the cockpit.

6.3 PREDICTED RESULTS AFT BAYS -STATION 227-253

Voltages in both the upper (ammo handling bay) and aft right-
hand strake bays are resistive/diffusion voltages only. There-
fore, the prediction technique follows that used in the F.E.B. i
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i |
: |
3 |
\ As in the forward bay an extra potential drop caused by the joint
g} resiscances are included since both pancls are removable,
&( 6.3.1 IR Voltages in Upper Bay
". (Sce Figure 27(a) for surface fLicld) cCalculations wore made
. for the following wire numbers (sce Figure 56).
i
%4 {1 central
il 2 7" off center toward right
j\ #3 17" off coenter toward right y
) |
) The bay cover pancel is 10-ply, and the caleulations aie made on ‘ i
! \ a 27" length to comparce with measurements, J obtained from POTENT .
o wus as follows:
H | # #2 # |
J 3575 3520 3492 Amps/m ‘
{} Vi (graphite only) 6" 64 62 vy
‘ Vy (10mg 36 35 35 v

R total joint
1 resistance)

——— ot mre——

|
!

6.3.2 Loop Voliiges in Upper Bay

Two loops arce calculated, corresponding to the measured loops,
”-{ #1 and #2 of Figurce 58. These arc 26" long centrally placed, 8" '
¢ down and 15,5'" down ruspectively from the top graphite pancl, The ‘
loop calculation assumes that the loop is completed by rumning
wires across to the metal bulkheads and back along the side motal

' panel as shown in Figure 58. As before, for loop calculations in !

: the F.E.B., |

f; Vg (loop) = Vi x ¢, |
] —=

¢ Surface




¢, and ¢, are obtained from the tabulation from which Figure

27(b) is derived. Figure 27(b) shows the pattern of the diffus-
ing flux.

For loop #1

L
o
~J
it

Vg (loop) = 120 x 8-' 90V !

i
~!
Py

For loop #2

Vg (loop) = 120 x 0.272 = 69V

4
The total measured voltage, metal ring-to-metal ring was used for |
V. :
l
6.3.3 IR Voltages in Aft RH Strake Bay
These IR voltages were calculated as in paragraph 6.1.1 above.
The graphite is 6-ply, a 22" (.56m) measuring leagth is used and
the other data is as below:
Circuit # 5 #6 (See Figure 56)
L Distance
2 from 22" (.56m) 15"(.38m) 5%" (0.14m) ‘
" Strake (and 1%'" From strake
3 Ldge metal)
‘ J 2860 2780 3450  Amps/m
Vg 69 67 83 Volts \
Vy (L0mg 29 29 35 Volts :
: total |
- joint '
;i resistance)
)
L‘ I 98 96 118  Volts

i
':{ ' Vr 1 i
| |

!
' 6.4 COMPARISON OF CALCULATED AND MEASURED DATA ;

6.4.1 IR Comparisons

Figure 28 shows a comparison between predicted IR voltages :

in the three areas tested. Agreement is generally very good with |
some exceptions as dircussed below. |
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CALCULATED PEAK SURFACE
FIELD H IN AMPS/m FOR
§ MAX =20 kAmps

3140

(A)

3280
3740

/a0

M=o
,.//"\"’ N\ 4210
3780

\ \
3156 2600 2800 3287

$AT RETURN
CONDUCTORS

=1

DIFFUSION FLUX PLOT:
CURRENT IN METAL STRAKE
AND METAL PANEL (Shown
Crosshatched ) OUTLINE OF
FUSELAGE IS SHOWN DASHED

(8)

Figure 27 Station 237,5 - Surface H Ficld and Diffusion Flux
Plots Calculated Using Flcld Mapplng Program
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MEASURED VOLTAGES
265

350

435

440

42¢

360

270

STATION 75

140(L)

170(R)

104(L)

191(R)

72(R)

150

51

STATION 150

120

124

130

110

80

64

34

(118) SEE TEXT

STATION 2315

METAL

Figure 28 Comparison of Measured and Calculated IR Voltages
on Graphite
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A, FLE.B.

Conslstent agreement was obtained in all values; the predice-
tions are within 107 of measurad values. This agreement confirms
the choice of low value for pnunnd pysofor the graphite panels.

B, COCRPIT

Because of the complexity of the cockpit arca in terms of
ply thickness, strake geometry, ete,, the predictions werce not
expected to be as reliable as in the P KB, The simplest geometry
was thoe cockpit floor where agreement was adequate. At 'walst'
level inside, 51V was caleulated compared to 104V (1) and 72V (R)
measured,  This indlicates that the strakes do not contributa much
to the fuselage conductivity, perhaps because of lnadequate eloc-
trical bondlng (Mechanical bonding strength is not being ques-
tioned, ) The results are all the more surprising bocause the
thicker strake is on the right side which may have contributed to
the Jower value there than on the teft.  The voltages higher up
the side, toward the sillyare in somewhat better agreeoment.

C, AFT EQUIPMENT BAYS

The geometry 1s simpler here, oxcept for possible influence ol
the maetal boundary on the panel around its ontire periphery, On
comparison of the voltages shown in Figure 28, thoe upper bay mea-
sured voltages are all higher, and the RH bay voltages lower, than
the caleulated values,  Examination of data and the test systom
has ruled out many posslble sources of error, leaving only varia-
tions of J and p as likely causes., The most likely cause is the
'end effect’ of the test riyg, created by the shape of return con-
ductors, the aluminum extension box and the Fusclage, which may
have tended to increase current centrally at the expense of cur-
rent in the strakes, Also, the shape of the rear cockplt falving
just in front of the panel may have incrceased J too. While thesc

arpuments are speculative, the data is in qualitative support of
such an explanation.

The prediction of 118V at 1%" from the metal strake is in any
case not a reasonable prediction since current flow in the metal
alongside influences and reduces the graphite current,

A significant effect can be seen in the joint voltages, see
Table 8, The sum of the two jolnt voltages is .3 of the graphite
panel voltage for the RH bay, btut .62 for the upper bay. These
Eigures give joint resistances of 3.5m 2 and 6m§? for the side and

6l
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upper panel joints respectively. This may be accounted for by !
the presence of metal inserts in the graphite for the screw heads
on the side panel,

6.4.2 Diffusion Flux lLoop Voltage Comparison

A, PF.E.B. Loops Calculated V Measured V
(Figurc 28)

) #1 7.75 7
é? #2 I Figure 38 7.3 6.5
#3 } 6.2 5
: B. Aft Bay #1) Flgure 56 90 85
£ #2 69 51
;{ These show excellent agreement with predictions,
f 6.4,3 Apcrture Flux Comparison in Cockpit
ii Loops Calculated Voltage Measured Vol tage
Sg 36" on floor Sew 15.8 12
36" raised 14.5" ( 274 27 24
#1 2.7 2.4
#2 Figure 52 3.0 2.2
¥ #3 s 2.9 2.5
;j These results also show good agreement and indicate that the as-

v sumption used in the calculations is justified, that is, the aper-
ture flux in a graphite fuselage cockpit can be predicted as if
! the fuselage were metal.

6.4.4 Cencral Conclusions

!

I All voltages which were predicted to be generated by resistive/

e di Ffusion coupling, includes the measurements in the F.E.B., IR

i voltages in the cockpit and all the Aft bay circults did in fact

i produce voltages generally similar to the current pulse. DiLfusion

i flux generated loop voltages in general lack the extreme L.F. compo-
nents since they must show a zero crossing and polarity reversal
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to conserve the total quantity of flux which enters and leaves

the loop. However, they show the essential features of the current
pulse shape and have an initial rate of rise similar to the cur-
rent pulse and therefore a simllar HF spectrum.  This can be seen
by comparing the spectrum of a diffusion flux generated voltage on
a loop shown in Figure 44 with the curreat pulse spectrum shown in

Flgure 5.

Conversely, all the measured aperture flux voltages in the
cockpit have the characteristic di/dt wave shape which implies a
fast rise to peak voltage at t = 0+ and a zero crossing at approxi-
matuly 3us, Due to the effect of diffusion flux, the zero crosgu-
fng in Loop 1l test in the cockpit floor occurred early because a
ditffusion flux induced voltage subtracted from the aperturs flux

voltage,
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SECTION VII

TEST DATA COMPILATION

The composite forward fusclage, Migure 29, was basically
divided into three different test arcas: forward bay arca
(stations 60 to 98), cockpit arova (stations 98 to 168), and the
aft scetion (stations 168 to 253), The following presentation
of data will be sectiloned relative to these arcas for cuasce of
categorilzation, Data tables, charts, and typical oscillograms
will be given throughout this writo-up to deseribe fugelage re-
sponse to the lightning current pulse and to illustrate repre-
sentative waveforms measuroed during the various test phases,
Data will alsv be corrclated between a scevere 200kA lightning
strike and the 20kA tost current pulsce.

7.1 DATA EXTRAPOLATION 10 200kAMPS

Reference 1 defines a severe lightning strike as having a
200kA peak amplitude and 100kA/us rate of rise with these values
being execeded only about 0,5 percent of the time,  Since alr-
craft arce now being designed to withstand this level of curremt:,
tegt data reported herein will be extrapolated up to that ampli-
tude Loy comparison, ‘wo busic extrapolations were required for
data measurcments because of different coupling mechanisms,
These extrapolations correspond either to current amplitude, or
to current rate of risce, di/dt., Initially, cach scaling factor
was assumed to be a linear extrapolation from the 20kA-17kA/uscc
current waveform to a 200kA-100kA/us scvere lightning strike and
was defined as £ollows:

Current (I) Scaling Factor = 200kA = 10:1
20kA

Current Rate of Rise (di/dt) scaling Factor = 100kA/usce
17.1kA/uscc

= 5,85:1

The scaling factor applicable to particular data was deter-
mined by an analysis of the test circuit, cxpected response, and
shape of voltage waveforms measured on the test circuit.

In order to verify applicability of lincar extrapolation
between different current and di/dt amplitudes, a serics of toests
was performed at varying gencrator outputs, The first test of
the scaling veritication serics was relative to a voltage drop
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between two polnts in the fuselage. In the [orward bay, weasure-
mentys were taken between the aft/forward bulkheads at stations 98
and 60. Oscilloprams taken during these tests are shown in Figure
30 for input current amplitudes of 20kA and 10kA. ‘The peak vol-
tages show a 2:1 ratio for the corresponding 2:1 peak current
chanpe.

Another similar test was performed on the cockpit floor
(center line) between stations 130 and 168. This test comparcd the
20kA unipolar pulse to a damped oscillatory current at 48.7kA peak
amplitude or a 2.43:1 current increase., The resultant voltage
drop between the two stations at peak values showed a 2.33:1 in-
crcase in voltape amplitudes which is in close agreement to the
current increase. That the scaling is indeed current scaling is
demonstrated by the fact that the measured voltage waveforms
correspond in time to the current waveforms. More significantly,
the di/dt for the 20kA unipolar and 48, 7kA oscillatory was the same,
Had the induced voltage been proportional to di/dt, then there
would not have been a change in induced levels,

The second of the verification series dealt with di/dt
scaling. Duc tu the physics of coupling, these tests must be per-
formed {in an arca where the primary coupling mechanism is external
flux. The area chosen was in the center of the cockpit., A loop
was placed 8 inches above the cockpilt floor and the gencrator was
modified to produce high current damped occillatory waveforms.
Figure 31 shows the induced voltages in the loop at three different
current levels and three different di/dt's.  The peak currents were
31.2kA, 48.6kA, and 72.9kA. The corresponding di/dt's were 8.9kA/us
13.1kA/us, and 19.4kA/us, respectively,

Since the di/dt changes from pulse-to-pulse 4t the same rate
as I (1.c. amplitude change at a constant frequency), the key to
detormining whether the induced voltape is proportional to I or
di/dt ig the initial waveshape. A review of the oscilloprams in
Fipure 31 shows an initial value at t=0+ which follows a di/dt
coupled waveform rather than an IR induced voltape where V(0+)=0.

Some anomolies do exist in this data, Figure 31, which must
be accounted for in order to validly extrapolate by di/dt ratios.
The time from initial turn-on to first zero-crossing should ideally
be one-quarter cyc¢le rather than the much shorter time durations
observed in the threc oscillograms. The apparent shift from a
cosine wave to spike at t=0+ 1ig due to an additional diffusion
flux component. However, an extrapolation value is based on the
ratio of di/dt components at different generator outputs (e.g.
ratio of peak values of Figures 3la to time corresponding values
of Figure 31b). Since the separate ratios of external or diffu-
sion flux components equal a constant (ratio of current amplitudes),
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XIC €616

IR drop (Sta 98 to 60)
measured at a 20kAmp level.

Vertical: 50 Volts/Div,
Horizontal: 10 usec/Div.
(220 volt peak amplitude)

F '

| - X10 <G16)0 10v°
; IR drop (Sta 98 to 60)

’ measured at a 10 kAmp level,

Vertical: 20 Volts/Div.

Horizontal: 10 usec/Div.

(110 volt peak amplitude)

Figure 30 Linear IR Voltage Waveforms Taken
in the Forward Bay at 20 kAmp and 10 kAmp
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Loop voltage measured at
a 31.2 kAmp level,

Vertical: 2 Volts/Div.
Horizontal: 20 usec/Div.

Loop voltage measured at
a 48,6 kAmp level,

Vertical: 1 Volt/Div.
Horizontal: 20 usec/Div.

_‘____;—@‘.._. B

C. Loop voltage measured at
a 72.9 kAmp level,

Vertical: 1 Volt/Div,
Horizontal: 20 usec/Div, !

TST 0}
Figure 31 Loop Voltage Variation Measured in the Cockpit at
Three Damped Oscillatory Levels.
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the railo of the sum of extcrnal plus diffusion flux components

ylelds a simple algebraic relationship equal to the same constant
current ratio,

The ratio of peak values between the di/dt waveforms of
Figure 31 should thus equal the chauge in generator output. When
comparing 31(a) to 31(b), the voltage ratios from the first six
peak amplitudes yield an average value of 1,58:1 which corresponds
to the source di/dt ratio of 1.56:1 (also equal to the ratlo of
current amplitudes for constant frequency or 48,6kA/31.2kA«l . 56).
The next comparison, six peak values from 31(b) and 31(e¢), gives

a rutio of spproximately 2.7:1 while the source di/dt ratio comes
to 1.5 (72.9kA/48.6KkA).

As can be seen, the linearity of scaling did not hold through
the 72.9kA/19.4kA per usec pulse, The induced level is 1.8 times
higher (2.7/1.5) than would be predicted from elither I or di/dt
scaling, thereby Indicating some parameter change., It was during
this higher current (L.e., 72.9kA) level that arcing was first ob-
served along the joints of the metal canopy interface (the inter-
face is not a continuous piece of metal structure). It is sugpgest-
ed that the non-linear scaling condition is due to the arecing. The
arcing in effect creates a lower impedance path in the area around
the top of the canopy, and this in turn allows greater current den-
sities to exist near the top of the cockpit area. Additionally,

the arcing mechanism may tend to alter local di/dt conditions at
the canopy interface,

This test points out an important aspect of scaling, parti=
cularly in praphite/metal fuselages. Assumption of linear scaling
in areas where arcing can occur may result in errors when extra-
polated to high levels.

From the above test data, we feel the cockpit di/dt scaling
factor should be 10.5 (5.85 x 1.8) rather than the 5,85 which will
be used in fuselage areas other than the cockpit. The effect of
this arcing on current amplitude related measurements is not known
and we estimate voltape drops between points on the cockpit wall
can be elther lower or higher than actual data taken at 20kA. Hou-

ever, we will assume the 10:1 extrapolation because of lack of data.

7.2 FORWARD BAY

The forward bay arca afforded the best closed area in the
fuselage as there exists a minimum number of apertures and no
metallic ribs except for the ring members at the front and aft
bulkheads (stations 60 and 98)., This configuration represented
an ideally controllable test area which was approximately cylin-
drical in shape, closed in all planes or open via small apertures,
and comprised of all composite side walls. The aft bulkheads
(station 98) was also composite with small apertures located in
various positions (cable feed-thru point«) while the forward
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bulkhead (radome interface) was secaled of £ with aluminum foil in
order to provide a completely closced arca. By adding or sub-
tracting apertures, open or closed sccetions, internal racks/
equipment, etce,, we were able to obtain specific changes in
current and flux patterns in the bay., In this manner, we have
been able to study the characteristics and responsces of a

closed composite fusclage section to lightning currents.

7.2.1 Rasile Test Data

'wo basic test circuits have been used to define primary
clectromagnetic rules associated with composites, The first of
those clrcults was a wire loop for measuring magnetic Elux pene-
tration into the bay, By varying loop cross-scectional arca and
oricntation relative to the fusclage axes, we obtained f£icld
patterns and fioeld strengths that will be applicable to defining
exposure levels to dnternal alreraft cquipment and cables. A
typlcal exawple of this type of cxperiment can be described in
the following test., Magnetic £lux coupling by a small aperture
situated in the fusclage surface can be 1llustrated Erom the
experiment performed in Figure 32, An access port (4.5 X 3.25
inches) was located on the loft hand side of the forward bay
starting at station 92,75, Measurement of the magnetic flux
density was made with a single wire loop (3 X 7/8 inches)
which was positioned at various depths into the bay, A 50 ohm
coaxial cable was usced as the instrumentation lead to the
oscilloscopue where scope polarity is indicated by the (+) and
(-) markings on the loop. A typlcal oscillogram which was taken
during these tests is shown in Figurce 33 when the loop was at
position #3. The voltage waveform is deseribed by Amperoes' Flux
coupling law and is dircctly portional to the rate-of-change of
magnetic flux density normal to the planc the loop bounds, A
time Integration of the loop voltage, Figure 34, could then be
scaled to Webors/square moter by a (1/loop arca) factor (sco
equation 7). Table 2 1is a list of peak loop voltages and poak
flux densities obtained from the cigit loops with the voltage
zero-crossover time cqual to the time-to-peak ol the [lux
density,

Results show that the external £leld penctration into the
aperture is only predominant at a distance of two inches into
the bay or less than one maximum aporture dimension. As we
increasce distance into the bay, the diffusion flux becomes the
groater coupling vector which resulted in the Increase in the
zoro-crossover times shown. TFrom loop #2 to #5, this time varies
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Table 2

DATA FROM “OOP TESTS AROUND THE ACCESS PORT

IN THE

FORWARD BAY

PEAK ZERO oG U BAK
LOOP VOLTAGL CROSSOVER PLUX;’EN”” )
NO. (VOLTS) (uSeconds) (107~ Webers/m") |
1 7 - - t
2 8 3.4 5.9
3 6 3.9 5.2
4 1.5 5.8 2.9
5 1.2 6.3 2.6
6 4 4.3 4.1
7 1.2 6.1 2.5
8 1 6,2 2.3
|
|
i
|
f
1
i
i
|
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 [ from values close to the current source peak time, 3,2 uscc., to :
diffusion flux peaks at approximately 6 usec. Alternately, when |
the loop is one maximum aperture dimension inside the structure,
there is no external flux coupling to the loop.

: A calculation of external flux density at station 94, had
the aperture pot been there, also ylelded a peak f£lux density

of 10.5 X 10°3 W/m and is about twice the density measured on
loop #2. This phenomenon is & basic property of small apertures
in metal structures where the flux density in the opening can be :
approximated by onre-half the density without the aperture, This |
rule of thumb can also be applied to composites with values only :
being slightly smaller because diffusion flux addition 1s not
accounted for. However, this error will be small as shown by

{ the previous data. :

JESOER.S-Y

The sccond basic test circuilt measurvd IR drops acr s
different sections of the forward bay. The test technique was
to commect the RG-22 instrumentation to different points along
the fuselage and measure the differential voltage developed
across two 50 ohm resistors in a 10:1 divider, Becausc these
tests were constructed for measurements of IR drops, carc was '
taken to assure that wire routing would not produce loops which
could couple spurious £lux.

One arca of major emphasis in taking IR data was determina-
tion of the effects of metal straps in reducing voltage poten-
tials between two points. An example of this type of test is
illustrated in Figure 35, The IR drop was measured betwcen i
stations 60 and 98 with the potential sense wire to station 60
routed on the lower left flange (lougeron) which 1is constructed '
of twenty-two ply composite and interfaces with the side access
doors., The wire was routed on the flange in order to eliminate
flux coupling and was returned to the scope along with the po-
tential sense wire at station 98 on the RG-22 setup (with 10:l
divider), Four different tests, A, B, C and ), were conducted
with a varying number of aluminum straps (flashings) which werc
run between stations 60 and 98, Table 3 lists peak voltages and
typlca 1l voltage waveforms are shown in Figures 36 and 37.

B e e O P DU P §

Results show that a potential of 220 volts peak, Test D,
was developed with no flashings but a 45% drop to 120 volts, |
Test C, was achieved by having one flashing routed betweeun the
two tie-down points. Tests A and B show that the major percentage
drop achieved in Test C was not improved upon significantly
(approximately 9% more drop) by having the flashings installed in

B
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Table 3 VOLTAGE MEASUREMENTS IN THE FORWARD BAY
WITH/WITHOUT METAL FLASHINGS

INSTALLED MFASURED PEAR EXTRAPOLATION
FLASHINGS POINTS VOLTAGE @ 200 kAmps
TEST ¥ _#2 1 74 STA to STA (Volts) {Volta) COMMENTS
A Al Al Al AL 60-98 112 1120 Al Flashing {nstailed
. with plain screws,
A A Al Al Al AL 60-253 3o8 3080 Al Flashing installed .
: with plain screws, .
A AL A1 AL AL 60-98 98 980 Al Flashing #) installed \
g with taper pins,
’ A bAl AL Al Al 60-98 162 1620 Al Flushing #1 only a
. half stuip (eta 77-98),
B < Al Al AL 60-98 211 2110
H c Al - -~ - 60-98 120 1200
i C Al - - - 98-253 250 2500
! D - e - - 60-98 220 2200
b - - - - 98-253 242 2420
D - . == 60-98 110 1100 10 kAmp current source,
b - - = - 98-253 123 1230 10 kAwp current aource,
B ™ - - - 60-98 188 1880 Titanium Flashing,
] T™H - - - 98-253 282 2820 Titanium Flashing,

. Measurements taken at 20 kAmp unless specified,
3 2. Flashivngs are 25 mil thick/1 inch wide/38 inch long atvips,
; Kquivalent Resistance: Aluminum (A1) = 1,6 milli-ohme, !
) Titanium (T1) = 30 milli-chms, |
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positions 2, 3 and 4, Tests of this nature were conducted to
determine IR reductions from metallic straps in different
positions along the fuselage or wire routes between equipment
in order to obtain overall guidelines for protection against IR
drops that would affect aircraft avionic performance.

Another similar test involved the effects of metal straps
on both IR drops and flux density along the right access panel,
as 1llustrated in Figure 38, The entire forward bay was cleared
of unwanted wires and equipment racks to ellminate current paths
other than the composite structure. Voltage drop measurements
were made between stations 60 and 98 at five different points
(wire numbers 1-5). In the teat setup, holes were drilled through
the fiberglass ribs along the panel such that wires could be
routed to station 60 with no unwanted loops which would have
otherwise coupled spurilous flux. Reference points for the IR
measurement were the two metal ring members at stations 60 and
98 with the station 98 reference being a single point at the wire
#3 position. Three 2 X 4 inch loops (one after the other) were
also installed perpendicular to the panel with the first loop
being 1.25 inches from the wall and center opposite to IR wire
#3. When metal straps were installed between stations 60 and 98,
they were tied to the metal ring members, routed along IR wire #3
and placed through drilled slots in the fiberglass ribs similar
to the IR wire routing, All flux and IR measurements were made
with the RG-22 cable instrumentation setup.

A typical oscillogram from the IR measurements 1s shown
in Flgure 39, This voltage was measured along wire position #3
and was taken when no straps were installed along the panel.

M Voltage Drop Between Sta 98 '
M to Sta 60, e
|Vertical: 100V/Div.
Horizontal: 2 usec/Div.
(Peak Amplitude = 438 Volts)

Figure 39 Voltage Drop Along Wire Position #3
80 ig
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Figure 40 is a compilation of the peak voltage drops along

all wire positions with and without grounding straps,

Table 4 is a list of the types of metal straps used during these
measurements and defines the appropriate point markers used in
Figure 40, (Note that the dashed lines in the figure are an
approximation of what we felt the voltage drops would look like

TABLE 4: METAL STRAPS/RESISTANCE AND SYMBOLS FOR GRAFHS

RESISTANCE
SYMBOL METAL STRAP SIZE (Mill1i-Ohms)
0 No Strap N/A
a 38" x 24 AWG Wire 85
X 38" x 1" x .6 MIL Strip 65
o] 38" x 1" x 25 MIL Strip 1.6
<& 38" x 2" x 25 MIL Strip 0.8

as one approached position 3 from wire routes 2 and 4, respec-
tiVE].y- )

Results show that the voltage drop along wire position #3
dropped from the 400 volt level to the 50 volt range (an 887
drop) with aluminum straps installed in that position. However,
the voltages measured at the other positions (1, 2, 4, 5) were
only slightly affected by the straps. The average circumferen-
tial distance between reference points at station 60 was approxi-
mately 3 inches which illustrates the fact that substantial drops
in peak voltages between two points is obtained only with a strap
tied between those two points. This fact is also in coincidence
with the previously described experiment where the IR drop across
flange #1 was only affected by a metal flashing at that position,

The effect of the straps on magnetic flux density was
determined from voltages measured across the three loops in
Figure 38, Peak magnetic flux densities were obtained by time
integrations of the loop voltages in accoxdance with Amperes'
Law., The basic conversion equation was

82
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where, Bl = Magnetic £lux density (W/mz) (7)

A = Loop arca

Figure 41 is a plot of peak Flux densities from all three
loops and Figures 42 and 43 are oscillograms of loop #l1 voltages
which shows waveshape variation for all test setups, Figure 42A
is the diffusion flux into the forward bay and is the same wave-
shape measured from loops #2 and #3 except for decrcasing ampli-
tudes (il.e,, loop #3 has a peak value of 5 volts), The result
of adding metal straps along the wire #3 position was to intro-
duce a lower resistance path in the right acccess door, This
alterc current digtribution in that area and consequently
changes the diffusion flux pattern as detected by the loops,

By injecting a higher current down & strap, the resultant £lux
vector and thus loop voltage reverscs dircection from voltage A
(Figure 42A) to that of voltages C, D and E, By adding a 24 AWG
wire which has a higher resistance than the metal straps, the
current down the wire 1s smaller such that we observe an inteor-
mediate offsct (Figure 42B), The voltages arc due to usual
diffusion flux and an oppositely directed flux vector from the
wire which subtracts from cach other to yield a voltage B wave-
form. This can be seen by a voltage C typc wave plus a voltage
A wave. As we moved away frow the straps to loops #2 and #3,
the magnitude of the flux from current in the straps decrcascs
by an inverse distance factor. This effect resulted in wave-
forms between voltage B and C with loop #2 following voltage B
to a greater extent than loop #3.

A Tourler transform plot was made of the luop #l voltage
(Figurc 42A) and is shown in Figurc 44, This plot was obtaincd
by a computer digitization of the waveshape and performing a
Fouriler Iintegratlon from these points, It should be noted that
variations in the high frequency region of the plot were a re-
sult of the digitizer limitations, The straight line drawn
through that reglon is an approximation of what the plot should
look like had the digitizer been more accurate (i.e., point
readout was limited to +,01 inches on the oscillogram). The
itportant fact of this plot is that it essentially follows the
frequency spectrum of the current waveform, Figure 5, oxcept for

a deficlency of low frequency components, This data was treated
in more detail in Section 6.




'I!
i Point markers are described in Table 4
i 7 — -—70
t\ T r ¢
3 6T +60
4 1 1
8 450
X
i T
:{'-‘ 4 4 =40
: EXTRAPOLATED
! FLUX DI:'.l‘ISI'I"L"2 FLUX DENSITY
‘ (107 Webars/m?) } (10-3 Webers/m2)
(@ 200 kAmps)
74 - 30
\ !
24 +20.
] i
1+ AN TL0
|
: | |
! 4 0 —+ f — 0 ]
o 1 2 3 ;
-
L; | LOOP NUMBER
o

Figure 41 Flux Density Calculations From Three (2 x 4 inch) Loops
; in the Forward Bay
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A. lLoop voltage with no

metal straps.
Vertical: 5 Volts/Div.
Horizontal: 5 usec/Div,

B. Loop voltage with 24

AWG wire.
Verticaly 5 Volts/Div,

Horizontal: 2 usec/Div,

C. Loop voltage with
25 mil/1" wide Al strap.
Verticalsy 5 Volts/Div,
Horizontal: 2 usec/Div.

foap #L Voltage Measurements Taken Along the Forward

Figure 42
Bay Right panel




D. Loop voltage with
25 mi1/2" wide Al strip,
Vertical: 5 Volts/Div.
Horizontal: 2 usec/Div.

E. Loop voltage with
0.6 mil/1" wide Al strip.
Vertical: 5 Volts/Div.
Horizontal: 2 usec/Div.

Figure 43 loop #1 Voltage Measurements Taken Along the
Forward Bay Right Pancl
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7.2,2 Special Tests

Final testing in the forward bay centered around the
Induced effects on coaxial cables and twisted pair transmission
lines, Tests were designed to study coupling mechanisms and
relative amplitudes in the low and high frequency ranges. Wwhen
high frequency components were detected, a fiber optic instru-
mentation link was used in order to rcad low signal levels in
the presence of high common-mode signals, It should be noted
that extengive testing was not accomplished in all areas because
of test time limitations. However, those tests which were per-
formed in the forward bay were specially sclected to provide
general information concerning equipment interfaces, Coaxial
cable data will be presented first with twisted pair testing
immediately following,

7.2.2.1 Coaxial Cable Test Data

A comparative study was performed between an unshielded
single wire and a coaxial cable (type RG-58) as shown in Figure
45, Table 5 is a 1list of data obtainced from thosc tests and is
subdivided between shiclded/unshiclded circuits and different load
terminations, R;. Peak voltages which were measured across the
instrumentation load, R, arc provided in terms of cquivalent
current at the instrumentation input (i,e., Vo/Ry). Cable/wire
routing was dircectly atop the bottom left flange (composite)
except for Tests 11 through 13, Ground points for shicld and
load terminations were the metal ring members at stations 60 and
98. Shields were grounded at both onds unless specificed,

Tests 1 through 6 provided a basic insight into the
different coupling mechanisms which result from the flux and
current patterns in the forward bay., When we were dealing with
an unshiclded wire having forward and aft loading, there existed
three forms of coupling in the line, The first of these was an
injected diffusion current, IR, at station 60 which resilted from
the simple parallel combination of resistance; f,e¢., the line
load (R; + Rp,) in parallel with the composite flange resistance
(R). By varying the line load, we changed the amount of line
current by an R./ (Re + Ry + Ry) factor or — Re/(R;, + Rp)
knowing that R, <<(R; + Rp). (Tt should be noted that this
resistance ratio is on the order of 10-% such that any current
drawn into the line would have a negligible e¢ffect on current

in the flange,)
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The second item was diffusion flux coupling through the
loop formed between the line and flange surface. The flux
coupled current in the line should be constant assuming
constant loop arca; however, the emf measured across R, will
be a fraction of the total loop emf by R,/ (R, + Ry). The
final coupling mechanism is with respect to the distributed
capacitance between the line and flange. The load resistor, R;,
plays an luportant role in this effect such that the degree of
capacitive coupling will depend on its value., The resistance
can shunt out the capacitance (R; = 0) or increase upward
until an open circuit 1s approached, yielding a maximum capaci-
tive admittance, The voltage source as seen by this distri-
buted capacitance will be the IR wvoltage down the flange. The
following test results will illustrate these overall effects,

Coaxlal cable results of Tests 4, 5 and 6 will be
presented first since diffusion flux coupling to the center
line is shiclded out by the cable shield., 1In Test 4, the
sherted load, Ry = 0, in esscnce, shunted out the capacitive
cffect on the line, The measured voltage across the instrumen-
tation load, 15 volts peak, 1s thus an accurate measurc of the
voltage drop between stations 60 and 98 at the flange. When
the flange is paralleled with the coax shield, the addition of
the low resistance cable shiceld shows a similar effect, as secn

in previous tests, when metal strips were Installed betwoen
two points,

When resistance, R;, was added to the line, Tests 3 and 6,
we start introducing line capacitance. Because the resistive
voltage drop between stations 60 and 98 was only 15 volts, the
differcence in capacitance effects with the 100 ohm and 10 k-ohm
loading should be small, We can thus assume that any current
component through R, as a result of distributed capacitance is

a constant. Equations describing the voltage drop, V,, across
Ry at 6 uscconds are ag follows:

97 (IR]. + IC ) = 8,15 volts (8)
33.3 (Igp + Ig ) = 0.175 volts (9

IRI./IRZ = 10033,3/197 volts (10)
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where, Ic = Capacitive Component in Rp

IR = Line Resistance Component

(R, + Rp) >> Shield Resistance

Solving these equations for Ic ylelds:

IC w 3,7 mA
IRl - 80.3 mA
Ipp = 1.56 A

1 or

<
]
[ }

15.8 volts (197Q)

15,6 volts (10033,3 Q)

These values, Vi, are the equivalent drops across the
line minus the capaciiive voltage across Rp. We thus see that
these values are in close agreement with the 15 volts in Test 4
at 6 us and, assuming a constant I; in Rp 18 a good approxima- ]
tion, Figure 46 shows a typical voltage waveform which was I
medsured during Test 5, Note that the scale for 46 MHz was at |
86.6 V/Div. or x4 which is due to the fiber optic loss in that
frequency range (50 MHz). The expanded photo shows little or
1 no 46 MHz component except for the fiber optic receilver noise
)
i
l

which is barely detectable, At the low frequency voltage levels :
that werec measured, HF levels were so much lower we cannot
accurately make any statement from this data.

When a single wire (unshielded) was tested, tests 1, 2 and n
3, all three coupling mechanisms come into play with diffusion :
flux being the extra component from the shielded case, However, ‘
: we are now dealing with IR voltages down the flange which are
. in the 100 to 200 volt range, These amplitudes mean that we can |
no longer assume a constant capacitive effect on Ry and, there- !
fore, end up with more variables than equations., At any single \
time 1in a voltage plot, our basic equation for V, becomes: ;
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V” = RI)IR + RU chf + Rl)l(:

——etsa g et et

(Ry + Ry)

The only variable which we can assume constant is the
total loop voltage, Vemf, for constant loop areas, Figurce 47
is the voltage measured across Rp during test 2, We again sce
in this photo that HF components are much lowsr than LF com-
ponents,

In order to observe capacitive and HF effects more
clearly, we performed tests 7 thru 10 with an open circuit at
station 60, As expected, the distributed capacitvance results
in a dv/dt waveshape due to the IR drop down the flange.
Figure 48 is the voltage measured across a 502 resistor in the
fiber optic transmitter lince (another 508 resistor in series
with this resistor yiclded R, = 100Q), Since we are dealing
with capacitive coupling, the dV/dt coupling (constant current)
should remain the gsame regardless of the Ry value, This fact
was shown in test 7 with Ry raised to 1,1k ohms. The voltage
measurced across the same 50 ohm reisdlstor as in test 8 yielded
an identical voltage as in Figurce 48A or constant current, The
HF voltages shown in Figure 48B have the 46 MHz component super-
impused on a much smaller 14 iHz component, The equivalent test
circuit is a parallcl RC combination which would behave as a high
pass filter., We caleculated the total capacitance between the
l1ine and the flange to be about 41 pico-farads, ‘“Therefore,
the high pass frequency transfer function of a 41 pico-farad
capacitor has a 3 dB point with 100 ohms at 40 MHz and 33 Mi=z
with 1100 ohms, We see the 14 MHz and 46 MHz components with
this type spectral responsc, but the transfer loss, as measured
across the 50 ohms scope input, 1s much less with 100 ohms
than with 1100 ohms, Thc cxpanded photo from test 7 (1100 ohms)
did indevd show the 46 MHz component to be smaller by about 1:5
from Figure 488, The 14 MHz component in both cases were
practically the same as would be expected. As an alternate
check, the magnitude of the displacement current (capacitance)
can be roughly calculated by multiplying the initial rate-of-
change of the voltage measured along the flange by the distri-
buted capacitance (41 uuf), This glves a current of approxi-
mately 1,5 mA as compared to the 1,7 calculated from the
voltage measured at the scope,

The final testing in this area was performed with a
coaxial cable that was open circuit at station 60, Test 9
resulted in capacitive effects being eliminated and subsequently
no LF or HF components through R,. By ungrounding thc shield at

4 g5
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the forward end, we did sce a very small signal injection but
felt this was a rvesult of fringing cffects at the open end of
the cable which was exposaed (L.0,, the cable was simply cut at
that ond and not covered over), The important roesult of the
open circuit tosting was a demonstration of capacitive coupling
to a line internal to the fusclage and how this cffect can
couple I components,

In swmary, the IIF effocts soen can be qualltatively
ovaluated but the data wo obtained is only cursory. However,
in obscerving the overall offects, the magnitude of the HF
levels 18 so low compared to other (LYF) levels as to indicate
a minimal HE problem,

7.2.2.2 ‘wistod Palr Data

Tests on shiclded/unshiclded twisted palrs were primavily
conducted in the forward bay. Lines were run between stations
60 and 98 with Instrumontation connected at the back end
(station 98)., lLoading was normally 100 ohms across both ends
of the line, Orviginal testing was performed with the RG-22
cable but inltial results indicated the measured signals were
mostly due to spurious noigce and loop pickup at the twisted
pair/instrumentation interface, We then switched over to the
fiber optic system which groatly inmproved this condition and
found our induced signals to be less than 1 volt peak, However,
a simulation of the small loops formed by interfacing the
twisted pair to the [iber optic transmitter showed diffusion
flux coupling that was similar to a majority of our data. In
order to climinate ceven these lower levals of spurious pilckups,
it would have requirved a detalled analysis of the entire instru-
wmentation system and a complete redesign of the fiber optic
tramsmitter,  Time did not permit this form of improvement,
Therefore, data which we did obtain can only be applied in a
genoral sense,

Testing in the forward bay on unshiclded twisted pairs
positioned over the bottom left flange or 2 inches above the
conter of the floor produced diffusion flux pickup thirough the
loops formed between twisted lines, A typical oscillogram
is shown in Figurc 49A and shows an cxpanded viow of the HF/
46Milz component, The scale, 5,68V/Div., takes into account tho
12dB fiber optic loss at that frequency. The low frequency
waveform, which is not shown here, was a typical d¢,/dt loop

voltage with a peak at 0,15 volts, However, the spurious loop
pilckup at the twisted pair instrumentation interface was

o8
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identical which indicated little or no LF pickup on the line. The
HEE noise was simdlar to Fipure 49A but at halfl the amplitude. We
thus felt that any HF voltapes were trom capacitive coupling.

For a shielded/twisted pair, we felt that our most represen-
tative data was obtained during airveraft system testing.  During,
this phase, actual avionice equipment was installed and operated
aboard the composite fuselage to observe system reaction while the
generator current was incrementally increased to 125kA.  Included
in the setup was a multiplex (MUX) dipital data system with trans-
witter/receiver boxoes placed in the forward bay and the aft section
(8TA 253),  The interconnecting MUX bus line wag a shieldod/twlsted
patr as used on F-16 alrcraft which afforded us the opportunity to
observe inducaed voltapes on a closed loop system,

The iber optic diaghostics, Wigure 15, was com ed across
the twisted patr in the forward bay MUX box with measuwements taken
o bhoth gides of a ne d1solation transformer, Figure 498 (at 20kA)
fu a photo of the voltape measured across an equivalent 360 servies
tuolation resiatance on the primary side of the transformer, 1In
this situation, we see a predominant 4 Mie component and dd/dt type
wiavetorm with a sero-crogsover of approximately 6 useconds, 1t was
felt that this voltape was more a result of flux coupling in the
MUX box than throuph the MUX intertace Hoe.  Each MUX receiver/
transmit ter was oncased in g Lwepe rectanpular box (metallic) with
one side being entirely pertforated with 1/4 tneh diametoer holes
for ventilatfon, A tafr amount of diftfusfon flux could then couple
through these holes Into clreait components/intoernal wiring.,  We
feel that the 4 Mt component s a systoem reactdion to this flux,
Assuming that a voltage similar to Figure 498 1s coupled into the
MUX bus, an oextrapolation to a 200kA level would mean that the
peak voltape would reach a peak value of approximately 2 volts,

The tmportant tact heve {s that data systems operate at hipher
levels (mormally 112 volts maximum) such that an induced voltape
at 2 volts would not produce circuit damape.  Worst case ceffects
would be the possible injection of an error bit, However, since
the systems are continuously reeyeling there would be no hazard to

atrerat't salety, 1t should be noted that an external bit comparator

was tied to cach MUX receiver/transmitter to detoeet crror bit ine
Joot fon into the MUX Hine,  The comparator was Tinked to the boxes
throuph fiber optic Hines, At the 20kA level, only 5 Intermittent
errors were observed out of 33 shots to the fuselapge. As the
current lovel increasced, external field interaction with the com-
parator negated accurate crrvor monitoring. At this point, we could
only show that current levels up to 125kA did not damape the NUX
svatom,  Phis Fact was shown by a post-test funet fonal cheek.
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7.3 COCKPIT ARFA

The cockpit arca represented on an opposite extreme to
the forward bay in that approximately one-third of its
surface arca 1s an open aperture formed by the canopy inter-
face., The impact of the opening is that the entire cockpit
fusclage scction in the clectrical sense, 1s topologically
external as compared to the forward bay which is a closed area,
Mctallic structurcs of importance in the cockpit were the
canopy interface, a ring member at station 168, edge strakes,
and a right-hand side console mock-up. Test results are
described first for IR (Jp) wmeasurcments and secondly for
aperture and diffusion flux results on loops.

7.3.1 IR Voltage Test Results

Voltage measurements were taken between various points
along the cockpit left wall as illustrated in Figure 50, This
askew view was drawn to show all tie-down references in one
picture and facilitate visualization of overall potential drops
as listed in Table 6, A typical oscillogram is shown in Figure
51 from test 4.

Voltage Drop With Wire Routing
1-1'.3"

Verticals 50V/Div.
Horlzontals 2us/Div.

Figure 51: Voltage Measurement in the Cockpit Taken
During Test 4

Primary importance with respect to voltage levels centered
around wire routing f£rom the forward potential sense (positive)
point to the RG-22 instrumentation cable. For example, the
voltage measured between points 1 and 3' with routing by 1-1'-3'
showed a peak value of 160 volts. This voltage can then be C
broken down into its components as measured: points 1-1'
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yiclded 125 volts and points 173" yicelded 35 volts,  All
voltage drop measurements arve a function of wire routing with
current injected into the wive being a property ol Jp
dittusion flux coupling botween any two points along the

wire,  This phenomenon thus produces a voltage component addi-
Cion from difterent wive diveetions. 1t should be noted that

wire rout ing during these tests was directly atop the compo-
site 'loor,

One last tost series was made with a thick metal bonding
strap tied between points 3 and 3% on the longeron,  Results
apain showed a substantial voltage reduction between the two
tic-down poiuts (3 to 3") but negligible offects on surrounding
areas.  This data shows no new oftfeets but demonstrares the
mapnitude o lovels to be expectoed In the cockpit,

7.3.2

Loop Voltage Test Results

\ Magnetfe Flux measurements were aade with the six loops
positioned as shown In Plgure 52, Loop wvoltages taken from ]
loops 1, 2 and 3 are shown In Figure 53 with an cxpansion of ]
loop #1 piven in Pigure 54 to fllustrate initial rise and high

i

Initial Rise From Loop #1.
Verticals 1 volt/div,
Horizontal; 200 nscc/Div,

P

Figure 54 loop #1 Volrage Measured in The Cockpit ‘

froquency components,  Table 7 lists equivalent wmagnetic flux i
density peaks from all loops with these values obtained by
comput er time integration plots, sce Figure 55,
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A, Loop #1 voltage,
Vertical: 1 Volt/Div,
Horizontal; 2 uscc/Div.

B. lLoop #2 voltage,
Vertical: 1 volt/Ddiv,
Horizontal: 2 usece/Div,

C. Loop #3 voltage,
Vertical: 1 Volt/Div.
Horizontal: 2 usec/Div.

Fivure 57 Loop (FL, @2, #3) Voltage Measurements in
the Coekpit
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Results of this test show the vector combination (equivalent
subtraction) of external flux and diffusion flux and their re-
spective Intensity variation for different loop positions, The
loops closest to the cockpit sidewall and floor (#1 and #4) had
the largest diffusion flux components and thus a greater sub-
traction from cxternal [lux as shown by first peak flux/timc
relative to the second peak., As the loop moved out to position
#3 and #6, the diffusion [lux decreased in magnitude such that
we approached a prodominant cxternal flux component which can
be seen by the approach toward a 3,2 usccond peak time (corre-
spondipg to a zero cross in the differentlation process).,

Loop #6 did not obtain as grecat a change as loop #3 and it was
deduced that this was a result of the metal console being in
close proximity and adding an cextra component,

7.4 AIT SECTION

The aft scction represents a combination of the forward
bay and cockpit geometric and material conditions, The aft
scetion 18 composed of composite pancls/bulkheads, metallic
ribs/bulkheads, and some small arbitrarily loecated aperturcs,
Our major test arca was located in the upper bay between
stations 226 and 253 (ammo handling bay). It should be noted
that the compositce access pancls in this bay are interfaced
with the fuselage with metallic members on all sides, Addi-
tionally, some tests were performed in the right hand strake
arva which has metal substructurce around the panel periphery,
The pancels in the right hand strake area also have metal inscrts
in the counter sunk fastener holes while other composite panels
in other areas did not,

The organization of the data 1s by IR and loop measurc-
ments 88 in prior scctions, The data illustrates the effect
of joints and metal substructure on induced voltages dnd these
effects have been treated in both Section & and in the theory
of Appendix I,

7.4.1 IR Voltage Tust Results

Voltage measurements along the length of the aft scetdon
(stations 226 to 233) are illustrated in the test setup of
Figure 56, In ecach case, the forward tie-down point is the
positive reference point, with the reference wire routed aft
to the RG-22 diagnostic cable, A typical oscillogram taken
during this test is shown in Figure 57 and has the external
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lightning current waveform (outer waveform on pboto with arrow)
superimposed on it for comparison of waveshapes, This photo
illustrates the proportionulity of the voltages which appear
along the fuselage interior shell to the external current,

1. Current Pulse (arrow)
Vertical: 4 kAmp/Div.
Horizontal: 5usec/Div,

B2, Voltage Drop (inner photo)
Verticals 20 Volts/Div.
Horizontal: 4usec/Div.

Figure 57 Typical Voltage Waveform From the Aft Section
With a Superimposed Current Waveform

Peak voltages measured during all tests are summarized
in Table 8, At the bottom of Table 8, a description of three
test modes is also listed, Basically, the tests were divided
into three categories, Test 1 was with the reference points
commected to composite only in the upper bay and with every
other fastener in place along the joint which is perpendicular
to directlion of currert flow. Test 2 was with reference still
connected to the composite panel but with every screw in place,
and Test 3 was with the reference conmected to the metal
substructure at the fore and aft ends of the panel and every
screw in place. As can be seen from Table 8, Test 3 voltages
are higher than Test 1 and 2 voltages. The increased voltage
measured is due to the added joint resistrnce with the current
distribution staying about the same in t..: respective areas.
In comparing test results from Test 1 and 2 for wire positions
1 through 3, we see that a slightly higher voltage is measured
in the Test 2 condition. This might seem counter to expected
results because in Test 2, there were more fasteners installed
and, therefore, lower resistance at the joint, However, the
lower joint resistance also attracts slightly more current into
the panel, and the predominant resistunce is still the panel
resistance. Therefore, a slightly higher voltage reading in
Test 2 would be a normal result,
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The data shovn is generally what was to be expected as
discussed in the prediction section (Section 6), As a gross
check on the effects of the metal in the area, (test wire #6)
the voltage has a marked reduction near the metal strake on
the right hand side where flux (and current) densities are the
highest in the region,

7.4.2 Loop Voltage Test Results

Single wire loops were next installed in various area
of the aft section in order to measure average flux density
(see Figure 58), Table 9 is a list of data taken wilth these
loops and indexes peak loop voltages and magnetic flux densi-
ties. Flux was calculated from time integrations of the pro-
portioned d¢p waveforms (see Figure 59), Loops 1 and 2 (7.5

inch vertical separation) have large areas and the induced
voltages in these loops measure a combination of flux wectors
as distributed throughout that area in a vertical plane,

The smaller loops (3, 4, and 5) in the top of the bay
demonstrate flux coupling in the same locale and in a hori-
zontal plane but were constructed to demonstrate diffusion flux
distribution in the aft bay. Loops 3 and 4 are identical in
size and are located in the same vertical plane., Loop 5 is
twice the arca of loop 3 and is located in the same vertical
plane. As can be seen from Table 9, the peak flux density re-
mains the same since the (l.c., loops 3, 4 compared to loop 5)
2 times loop area to the 2 times integration ratio divides out
to yield identical average flux densities, The 2 times loop
area factor was directly observed because the peak voltage
readings in loop 5, Figure 59, were twice the amplitude of
loop 3 and 4, but the general waveshape of all loops was
identical,

Loops on the left side were used to show the effects of
different structural members on diffusion flux. Loop #8 was
placed under a small composite access door (composite to com~-
posite interface) and compared to loop #6 which is under a
solid composite panel. The general waveshapes of both voltages
were the same except for a slightly longer zero-crossover time
from loop #B8. The flux densities have a 1,8:1 ratio but this is
duec to different diffusion flux densities at the respective
positions. The important fact here is that the waveshapes were
identical which shows that the access door interface did not
introduce external fields into the bay. Loop #6 can also be
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compared to loop #9 which is situated next to the aft metal
bulkhead, station 253. Here again, the waveshapes were
similar with peak amplitude practically identical. Even
though loop #9 1s by a metal ring member, it would be parallel
to extra flux vectors introduced by current flow along the
member which would not be detectable,

The final test was set up with loop #7 placed external
to the fuselage and in-line with loop #6. A comparison of
the measured voltages are given in Figures 60 and 61 which
shows waveshapes of diffusion flux, Loop #6, and a di/dt
external flux, Loop #7. Peak values should not be miscon-
strued as a measure of transfer loss from the outside to in-
side for a composite panel but are an illustration of
diffusion and di/dt flux patterns at those two points. The
transfer loss in a configuration such as this also is tied to
the sectional geometry as well as material properties such as
resistivity and thickness,

One of the more important aspects which can be obtained
from the loop data is that internal voltages will be a sub-set
in amplitude and frequency content to the voltages which exist
along the surface (TR or Jp). This is discussed in more detail
in the theory section of Appendix I.
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SECTTION VITI

CONCLUSTIONS

For the graphite-cpoxy fuseclage, there are a number of con-
clusions or gencralizations which may be drawn from the tests
reported herein, Some of thesc conclusions also have ramifica-
tions regarding lightning effects on metal alrframes,

o There are three primary mechanisms of energy trangfer
from a lightning strike to electrical/electronic
oquipment. These primary transfer mechanisms assume
that design precautions are taken to prevent direct
transfer of cnergy to the interior of a fuselage shell
such as conduction of a lightning stroke down a pitot
lince or pitot heater wiring, The three are:

a, IR (Jp voltage per unit length)
b, Diffusion Flux
c. Aporture Flux

o The IR and diffusion flux voltages arc low frequency
signals (below 50kHz) and will impact only those
circuits which form significant loop arcas and/or
have multiple airframe reference points,

o 'The aperture flux is a function of geometry and con-
struction tcechniques and is approximately the same
whether the fusclage is graphite or aluminum,

o High frequency cffects are primarily aperture domina-
ted. However, duce to the short diffusion time through
graphite, HF ecffects can appear inside a fuselage and
be distributed by the E field developed along graphite
shell surfaces., These distributed HF effects are
basically displacement currents and are proportional
to the rate-of-change of the Jp voltage along the
interior of the fuseclage,

o The IR voltages appuaring inside the fuselage will be
approximately 3 X 10* higher than they would be in an
aluminum fusclage.
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0 Induced effects due to diffusion £lux can never be
! higher than the highest Jp voltage which exists
i along the surface of the Fuselage,

aﬁ o The fuselage response behaves in a manner predictable
L from transmission line theory and is independent of
i fuselage material,

L{ o Linear scaling of induced effects in a graphite fuselage
/ is not always permissible. If system response is
desired at high levels of I and di/dt, testing must

be done at high levels to determine if non~linear
conditions exist. Once appropriate scaling factors

1 are determined, IR voltages scale by I and loop

) voltages scale by di/dt,




APPENDIKX

THEORY OF INDUCED

MECHANTISMS

N 1. Aperture Coupled Voltages

With an aperture created by an electrically transparent open-
ing e.g., within the cockpit, or within bays having glass fiber,
Kevlar or other insulating covers, direct coupling of magnetic
flux occurs to wiring and circuits. This flux changes as fast as B
the external flux, hence the induced voltage per meter Vy in a
wire to alrframe configuration is glven by

X VM = 9 o o di V/m (A1)
g dt dt _
¢ = instantaneous flux which links
circults via aperture/meter

1 = total instantaneous lightning
current :

The constant of proportionality c¢ for any particular circuirt
using an airframe return is the fast flux transfer inductance, Mpp

given by |

My = L' - M H/m (42) . ~ i

L' = fuselage inductance at aperture ; 2

region in H/m 1 1

M = mutual inductance, fuselage to | 1

2 circuit in question

Hence VM =  Mpp %% V/m (A3) ‘
|
}

' MIF can be calculated by a variety of techniques including
field plotting, (Reference 6 ) filamentary techniques and others, !

9 Thus, voltages are proportional to the instantaneous rate of




change of the externally applied current. The current waveform
and the corresponding di/dt aperture coupled voltage are illus- .
trated in Figures Al(a) and Al(b). Often HF resonances produce 1

significant amplitudes of hash as in Figure Al(b) which adds to hf
the basic di/dt waveform.

Electric field coupling (ecdE/dt) may also occur in some cir- 3
cuits within apertures and will also be more apparent at higher 1
frequencies. Quantitative statistics are not available for dE/dt
of natural lightning and no attempt was made to simulate it in
the test. Nevertheless, electric fields would have heen produced :
in the testing by both the inductive effect of the load assembly ;
at L.F, ad through the standing wave electric field patterns at ;

i H.F.. Thus, these electric fields could have contributed to the 5
: measured resuits., When a better understanding is available of the

: magnitude of E-fields in a natural lightning strike, the accuracy \
E of the simulation in this test can be assessed,

g[ 2., Resistive/Diffuslon Voltages in

o Homogeneous Tubes '
& If we consider a long circular tube, diameter D, of homogeneous \
: resistive material, resistivity # , of wall thickness h (K<D),

the resistance per meter length is given by equation (A4) and the

& voltage VR for a d.c. current I 1s given by equation (AS). | 3
. R = P 2/ (A4) \
7 Dh !
Vg = _1° V/m (A5) 1
m Dh

If a step function pulse I, is applied to this tube at t = O
,x which has an external and remote current return, and V, is sensed

internally as in Figure A3, the voltage Vy as a function of time
will be given by equation {(n6) (Reference 8).

—_— [+ 4]
5 \ VR(t) = _1p ‘ 1 +2 2: (-1)nexp (-nzg) l V/m (A€) ‘
;| mDh | n=1 Ty '
| |
i ™ = "ph% sec (A7) I
H 71'2 p
P " \
§ = (0,127h“ usec (for My = 1) (AB) |

P l
|
where Iy is the characterigtic diffusion time,
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The bracketed term in equation (A6) is a lacunary function
and cannot be summed analytically. It can, however, be summed
numerically very easily., It is a universal function and its
shape is shown in Figure A4 ae a function of t/IM. Its value
always lies in the range 0 to 1. 'This function is somewhat simi-
lar to the complementary error fuaction and both have a slope of
0 at t = 0. Figure A4 exhibits a dead time (i.c., function = 0)
until t = %TM. Values of Ty for 2Zmm aluminum alloy ( » = 4 x 10-8 Q-m)
and graphite ( o = 4000 x 15'8 Q -m) are as follows:

Ty (Al) = 12.7 microsecs ; Ty(gr) = 12.7 nanosecs

M (Al) is comparatively long compared to times of interest in
lightning pulses (e.g., the current pulse of Figure Al(a)) but Ty
(gx) is very short indeed, The waveforms of voltages which would
be measured in the tube of Figure A3 for the current pulse of
Figure Al(a) would be as in Figure A2(s) and (b) for aluminum
and graphite. A large Ty appreclably changes the pulse

shape, especlally near t = 0+, The maximum rate of change of
Figure A4 occurs at t = 0,9TM.

Alternatively, in the frequency domain, the bandwidth to the
~3dB point, £,, is gliven by

t]‘.’ 2.35TM
= 1,17p MHz (for u, = 1) (A10)
hZ

Fquation (Al0) gives 12 MHz for graphite and 12 kHz for aluminum
alloy with p and h as above. Thus, the aluminum tube severely
attenuates all components of the lightning pulse above 12 kHz
whereas the graphite panel attenuates only those frequencies above
12 MHz and so gives a very accurate voltage proportional to the
current pulse waveform., (c¢f Figure 5, I spectrum)

Although a graphite fiber panel is not electrically homoge-
neous, the results of Refarence 7 (page 82) have showr that skin
effect does exlst in a predictable manner (although better agree-
ment is achieved in the example quoted in keference 7 if a lower
value of resistivity is used for the graphite; 3750 x 10-8 ©Q-m
instead of 10,000 x 10°8 Q.m as suggested in this report.).
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3. Resistive/Diffusion Voltages 1in
Complex Llectrical Geometry

The general! case of a two material system is shown in I'igure
A5(a), in a circular tube made of dissimilar resistivity materials
and . lLooking at the lpside surface of the tube wall,
in btbure A5(b), this analysis cxamincs the total potential
drops around a surface path ABCD and ABC'D'. If the narrow center
strip is graphite and the remainder aluminum (f.c., P,= 1000 xp, )
then Ty = 1000 x Tyo. There are three important regimes to note:

as

1) in very short times, t~ %Tpn2 (i.e., within the deadtime

for the graphite) vVag 03 Vg 03 therefore, potential ‘
drops around thc path = 0,

2) DC case, tewand current sharing between the materials is
resistively controlled, therefore V

=V DCy an d
Vap = Ve = 0. TerLforL, potcntia% drops =

3) Intermediato® case t - % T2 Vas= Vpeo (and Vap VD' C')o

In the intermediate case, which commences in nanoscc times
for graphite and extends for tens of microseconds typically, cur-
3 rent redistribution occurs from the inductive sharing case 1, to \
i the DC case 2 and potential drop balance around the close paths

; ABCD and ABC' D' must be maintained by a diffusion flux which links i
< | the paths and hence:

\
Vap - Voo = 4% !
(Al1) ;

where iﬁh’is the rate of change of diffusion flux, This flux 1
enters 9 and leaves the interior via the graphite so linking '
both paths equally as in Figure A5(b). Thus the diffusion flux
appears as soon as there is a potential drop along AB which is

not balanced by an equal potential drop along DC (clearly in the

case of the homogeneous tube considered in para, 2 above, every-
where within the tube:

; d
Vpg ™ Vpy and ‘:r‘{?"" 0.)

*There i{s a long period intermediate case involving current dif- ,
) fusion into the metal which is not important in this description. '
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Thus, in cross scction, the field shown in Figure A5(b),
will be as in Figurce A6(a). The pattern of flux within the tube
is very similar to the aperture £lux f£icld which would occur in
the tube if the graphite strip were removed, However, the diffu-
sion flux iun Figure A6(a) is not related in time to the external
flux. However, use can be made for the prediction of diffusion
voltages of the similar geometric pattern within, Prediction of
diffusion flux voltages is given below,

If we reverse the resistivities in Figure A5(b), let
p, = 1000 p, (1.¢,, graphite tube aand narrow metal strip) the
gituation i{s reversed. Vy:>Vyy and hence %ﬂn links the paths
as shown in Figurce A5(c) and A6(b), t

Induced Voltage Corollaries

From equation (All) and the configuration of Figure AS5(b)
if p is very small such that Vy,.—~0;

dp, =y _ (t) (A12)
T A8

Corollary 1

Diffusion flux induced voltages have the same form and
spectrum as the dominant resistive voltage within an
enclosure,

Starting at points D and C, Vpg(via the direct route)=
0, but Vpc (via A and B)w= VA hence

Corollary 2

It is the circuit route which determines the induced
voltage, not the reference points at each end.

Referring to Figure A6(a), diffusion flux within the
tube is clearly weaker toward the bottom than near
the top, (where dob, = VB ) hence:

dt

Corollary 3

Diffusion flux induced wvoltages within an enclosure,
induced in single loops, arcv always less than - or in
the limit, equal to the largest resistive potential
drop which oeccurs on the surface of the enclosure, and
will be smaller with increasing distance from that
surtacoe,
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An approximate technique of estimating the voltage on a loop
within an enclosure is to use the field mapping technique for an
aperture in the place of the graphite and then to scale the volt-
age as follows:

! é : l
) |
: ‘
Vs
\Y V _ . :
M hy R _loop ) LB (A13)
V;; ha Vi wire b
1 Therefore, Vi loop = VR wire X %%— = VR wire X %%% ‘
|
|

¢, und ¢, arc obtained from a POTENT aperturce plot to give the
! @, /. for a wirve within the bay with a graphite cover panel,

% In all cases, the voltages herce are loop voltages comprising a
' wire in the position shown connected back to the inside metal sur-
face, where "Vpo " = 0,

B | The worst case value for Vi, on any graphite panel can be cal-
w culated by assuming that the current is inductively sharced around
‘_i the whole conductor periphery and is then calculated from J and
n ® . In practice, owing to current redistribution V{ will general-
. ly be somewhat less, since current redistribution mab take placc
before peak current is reached.
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DEMONSTRATIONS OF 'COROLLARIES'

Corollary 1

All the measurements on diffusion flux penerated voltapges
within graphite skin bays have shown the close relationship to
IR voltages and therefore to the current waveform., Scaling of

diffusion [lux voltages, for fixed di/dt has been shown to be
only amplitude dependent,

Corollary 2

t

Note that it 1is the wire route rather than the end connections
which determine the type and amplitude of induced voltages, A
specific test was run to demonstrate this in the cockpit floor il-
lustrated in IMlgure A7. The three measurements and the reference
points are shown in the figure, and all wires were run close to
the praphite skin, but circuit B was routed from 2 across to near
1 and alongside wire C to 4 and across to 3. No contact was made
between wire B and points 1 and 4. The measurements clearly show
the equivalence of B and € thus 1llustrating the importance of

the wire itouce. This corollary is of great practical significance
in routing wires in a graphite fuselage.

Corollary 3

Demonstrated by many tests - for example the aft bay test with
IR wire #1 (Figure 56) and loop #1 in Figure 58. The IR wire gave
120 volts when measured metal-to-metal across the graphite panel
compared with 85 volts on the loop below., The corollary was used in
this case to help measurements since the filrst measurement on the
panel did not include the joint resilstances and gave only 74V
which is less than the loop voltage within. Hence, in calculating

diffusion flux loop voltages within structures the total of panel
IR and joint voltages should be used to calculate the loop voltage.

e e Al
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