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I. INTRODUCTION

The work described in this report represents one phase of an
experimental studv of the electromagnetic resonances of conducting
bodies with attached wires. This work is similar to a previous investi-
gation described in NASA CR 169455 [Ref. 1]; the major difference in the
present case is the use of smaller, more resistive wires. The conducting
bodies included two cylinders and an approximate scale model of an
F-106B aircraft. The results from the cvlinders have been compared with
theoretical calculations to check the accuracy of this technique. he
results from the aircraft model find application in the studv ot
lightning strikes to airplanes. The wires represent, in an approximate
sense, the lightnineg channel. Our results have been compared with thase
obtained from the NASA F-106B during direct lightning strikes. The areed
to interpret the data from the F-106B is the main motivation for th»
work reported here.

Section II of the report describes the laboratorv technidgue
emploved to investigate the resonances. Short pulses of current were
applied to the bodv under test through one of the attached wires. and
froe-field electromagnetic sensors or probes were used to measure the
S-dot ¢3B/3t)» and D-dot (4D/Jt) fields as a funcriun of ¢ime nesr tue
surfice of the bodv. Two wires were used, one for current 2ntrv and “he
other for current exit. Thev were connected avially to the ends of the
cvlinders and to the nose and tail of the F-106B model, with the curren:
inrut on the nose wire.¥

A curve=-fittine technigue known as Pronv analvsis (Refs. 1.

- = -

Wit o uased to o stuly the ressonannes., The Prony code was run on vhoe

s v s darta andd o serts o of Sores and residues were evtracroe. oo L
D ULl o he ot aporar e ocas o tae natural froeguones s

ot mandew i Gvad o m, o Dodrior 1Malvoete wds 1Lso gsed on che il o g
1LTrnate 3onroach for ontainlue informarion o the rosonances.

* In the orevious investiarion. senscrs were mount=d directlv va i

Soelts o withoan o oninad o ibio insiie one of the attachied wires.,

PR Y




ol ol R L aihie Jaglh i oG el S A ) Pelie A =T i W T A Ty T T T ET N VT MTTwTTw Y, YUY, T Y O v

The Pronv results for the cylinders are given in Section III. Thev
show the expected weaker damping of the resonances for the resistive-
wire case, and thev are in agreement with theoretical calculations
{Refs. 5,6].

The Prony results from the aircraft model are given in Section IV
and compared with results obtained on the NASA F-106B [Ref. 7]. The
comparison shows that the use of resistive wires brings the resonances
of the model into better agreement with those observed in flight.

The results are summarized and conclusions drawn in Section V.
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II. EXPERIMENTAL SETUP AND MEASUREMENT TECHNIQUE

Experimental Setup

A diagram of the experimental setup is shown in Figure 1. It

consists of a pulse generator (Tektronix, Tvpe 109), a 12-ft bv 12-ft

ground plane, a sampling oscilloscope with the appropriate plug-ins

(Tektronix Tyvpe 568 Oscilloscope, Tvpe 3T2

Type 352 Sampling Unit,
Random Sampling Sweep Plug-ins, and Tvpe S4 Sampling Heads), a monitor
oscilloscope (Tektronix Tvoe 7313), some in-house-built buffer amnli-
fiers, and a computer with floppv disk drive for the dizitizine and

recording of waveforms (DEC PDP 11/04, Plessev PM-XSil). In the experi-

ment, the object undergoing testing is either a cvlinder or an -100B

model located 10 ft* above the ground plane, and attached to the rest of

3

the experiment with wires having a resistance of 3.0 Q to the foot and

diameter of 0.0l in.¥%%

A roughlv rectaneular pulse with a 1.2-ns-wide base and a rise time
and a fall time of 0.25 ns each, is applied at the eround oline. The

pulse propazates up the lower wire, over the object under test, on up

another resistive wire attached to the top of the test object. ind from
this wire to a low resistance wire attached to the ground. The EM fieil -
near the test object is measured with free-field sensors. The ©inm= )
required for a ogortion of the nulse to be reflected from the nose o7 ri- j
test obiect down to the ground plane and back up again is 20 nzx. Th: 1
2ives 1 data window 20 ns wide in which to sample the waveform Lafa: s ]
is corrupted by reflections. j
Diza Acauisition Svstem y
The acanisition of data from the probes {3 dopne v o3 R T e d
soentadl iy moditiled for this rask wich 1 ooreemaamante oL . }
R B foanioh rhe commnrer sannloas o tha o onvg oo ¥ N :
oo tioscnane and an analoc-to-dicital convevter waloa i lris :
MO canverter and the atorrammabie clack are horth stancarvd voLiL :
.
‘
«
*To convert foet to meters, multinle be L0438 000 D=0, f
OTo canvert inches to mecars, sultiply by 203400 0w Teol 1
. . L. R . ;;‘;. L ..‘.-.-.‘i—;
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Figure 1. Diagram of experimental setup.
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available boards which plug into the Q-bus of the PDP Il series com-
puter. The A/D converter is a Data Translation DT 1712. This board has
a single 12-bit converter with 8 differential input channels multiplexed
into it. The differential inputs are advantageous because the probes
have two outputs, and it is the difference between the outputs that is
of interest. The input range of the converter is from ~10 V to +10 V;
this makes one least significant bit equal to 4.88 mV. The maximum
throughput rate is 35 kHz. The A/D board needs an external trigger to
mark the start of the waveform to be converted. This signal is sunolied
bv the proerammable clock, a DEC RKwll-K.

The external trigger used on the rlock board is the "data window"
siznal. A "data window" is ¢enerated bv usine the horizontal sweep of

XY

the sampline oscilloscope to saturate a simple sinale 2N2222 transiscor

anolifier. The output of the saturated amplifier is =ssenriisll> an P

asvmmetric squarewave that is then used to accomplish three differen:

r
W
U
v,

v
s
T
n
i
3]
i
ot
-
1
ot

rizeerine the programmable clock in the comruter.
k is "windowing" the data that the computer is "seaing.
The horizontal sweep for the monitor scope comes from the sampline

sscilloscone, s0 that the two ascilloscopes have exactlv the same swo

rivs and %he tricss are svachronized. The third task is5 23300 a

counter te measuie the len-th of tipe it takes for the samoiins os-1ilo-
TERNRE: SOURRTIIO T 3 e o1,

The o dicolav oon i samolint ascilloscone s o=4 rasunll ol g
Tt iea onloag Thoas the petaal sween rato 10 oach slower than ot
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Figure 5. Modes of resonances for the cvlinders.
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III. RESULTS FROM THE CYLINDERS

Measurements of the natural frequencies of the cylinders were done
first for comparison to previous cvlinder work. Bv comparing the
present results with those of Turner [Ref. 1], the degree to which the
resistive wire affected the experiment was found, since Turner used the
same cvlinders but used the outer shield of 0.141-in semirigid coaxial
cable for the wires. Comparisons with the theoretical calculations bv
Tesche [Ref. 5] and Yang [Ref. 6] were also interesting. The work bv
Tesche involved the natural frequencies of isolated cvlinders. while tha
work bv Yang dealt with the effect that a resistive wire atrtachm=nc
would have on the natural frequencies of a cvlinder.

Both the magnetic field (B-dot) and the electric field (D-dot) wero
measured at the center, lengzthwise, of the cvlinders. As showr in
Fiocure 5, the B-dot probe would "see" onlv the fundamental freguencw in.d
its odd harmonics, while the D-dot probe would measure onlv the ov.epn
harmonics. By makine the measurements in this manner, the two orobes
would complement each other. The D-dot probe was also moved to a second
lo ation on both of the cvlinders in order to measure the odd harmoni.:
for comparison with the B-dot results. The amount of agreement of :he

odd harmonics was taken as a measure of the accuracvy of the tochni -,

This second location was one-guarter of the lenoth of the ocviiader
the end.

A tvonical measured B-dot and D-dot response for the small < linds-
‘5 shown in Tiszure 6. and for the large cviinder in Fioure 7. The I ...

vuise that wis used {s siven in Ficure 2. Pronv analvsis was ca: o

out as described in Reference 1. The onlv special processine thio s
waveforms recoived boetfore bheine analvzed by the Pronv ni o
siaple low=oaso Siltvorinas ~hat vas done Yo Two rodoans, h
reisouil was ‘o remoyv e the chonce of griasiano o oeourt ano o

. "y N - . . N N N + £ }- o R o . . .
ororram. The second was Lo renove ae omach of the "ohilice qelo, A e -
ted bv the samplin? heads, as possible. The fundamentzl frooaen N

both rvlinders was around 160 MHz. and the bandwidth of both nroce: o

less than 2 GHz. The onro~ram that filtered rthe wavaliorms A0
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by Yang [Ref. 6]. Some direct comparisons with their calculated poles
are in Chapter III.

The aircraft model is an approximate model of an F-106B delta-wing
aircraft. The model was constructed in the following manner. The
fuselage was made of an aluminum cvlinder, 2 ft long with a 4-in dia-
meter, and an aluminum cone, 1 ft long with a base diameter of 4 in,
tapering down to a diameter of 2 in. The tail and both wings were
constructed of 1/16-in-thick brass and made to scale with the rest of
the model. Thev were mechanicallv attached to the fuselage with screws,
and to assure a good electrical connection, copper tape was also usei.
The overall scale of the madel was 18.8:1. A comparison between the
model and the actual aircraft is shown in Figure 3, and Tigure 4 shous

the model in the experimental setup.
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Figure 2. Photograph of the sensors.
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craft, On the cvlinders, various positions for the probes are
. used.

7. Using the counter (HP 5314A Universal Counter), measure the time
necessary for the oscilloscope to complete ten sweeps and divide
this number by ten. This number is the average time required for
the oscilloscope to complete a sweep.

r After these preliminaries are completed, tvpe in the command R
DATA. The machine will query back for the necessarv information befor-
runnineg. The name of the output file, the settinas on the samalice
'; oscilloscope. and the current sweep rate of the svsiem will he {nf 10~
tion required for the program to proceed. The provram will tale o coen
consecutive sweeps, deleting the first sweep and keepino the lasr oo,

and averace them to obtain a single waveform. Durinv the comiaier

am

o
1’2

-

ing, the counter should be left on in ovder to measuve i
S5

b ]

mpl
ecessarv for the eleven sweeps to be completed. Tf, due 10 4 malfunc-

- tion, the actual rate varies from the rate that was inserted in ~he
- proegram, the data should be purged from the records. There {u ilwavs

some small variation, tvpicallv 0.10 to 0.25 percent, which is accect-
able.
Sensors

Two different sensors were used to make all the measur-menvs of | e

»loctromarnstic field on both the model and the two oviiand=ro. D
were a D-dot and a1 B-dot probe. The B-dot nrobe i3 a R
minufactured by I[0.G. havine a bandwidth or at 1.zt .
The D-dot probte 13 3 model ACD=3ACRY, also ~snufrctared by Theil 5o
i bandwidenh of ag Teast Lol Gz [Red. 0. 4 shotorraph arf e Lenan
is aiven 1o 01 - 2.

Fivst eviinder., Nereailrer cotaerred fo a5 ne swat!l ool nder, voas

Pone and had o a diameter of 2 in. The secondt oviindr v, e oo

horerfter as the larre cvlinder. was also 3 90 Yonog, bar had 1 3 gmeros
3t & in. The ratio af Adiameter-ro=lenath ot the small oniindas s
Aol the same an that used dn o theoretroal cork b D oeachhe ey R B
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for the computer to digitize. Taking 400 samples in this period of time
vields an actual sampling rate of 206 samples/second.

The outputs from the sampling oscilloscope have an impedance of
10 kQ, which can cause a problem with the multiplexer. If the cables to
the multiplexer have too much capacitance, there is an undesirable
"charge-up" time. There are two wavs to correct this problem. The
first is to use short cables, but there is a limit to how much capaci-
tance can be removed this wav. The second way is to lower the impedance
feeding into the multiplexer bv insertinz a buffer amplifier in the line
that would have a verv hiegh input impedance and 1 verv low ourpur
impedance. The hig¢h input impedance of the amplifier would not "loa!
down" the output from the sampling scope, and thus eliminate a possible

source of distortion of the waveform. The verv low outout impedince o

the amplifier would decrease the time necessiarv to chiaroe un She

rt
1

capacitance of the cables and the assorted strav capacitances in
circuit. The second wav is the method that was chosen.

Luperimental Procedure

Before starting the data-taking proeram, the following procedure s

1. Turn on all the equioment (eucept the pulser!) and allow it ar Lo

3¢ minutes to "warm up," i.e., to come to thermal equilibrium.

J
]

Check the calibraticen of rhe svstem with a 2 ns standarcd 7 2o

i
v
.

§
(

Time Mark Generator). and adiust the horizontal sweeus ar t©o
ascillosceoves if necessary.

5. Turn on the pulser snd ohtain a nair of sisnals from *fhe aro...

4. Adjust the delav in the B chaane! of the sampling unic plur-1n
thit the two sienals gocur simultineoaslv.

- Usin o the U0 offser and rthe Tios Pecician sdiasimen

simolins soame, 3aiuast The maosssion o of the wite

P — W o 5w - . : 1 U R e e e e e .
window'” on the diszolav of the monitor vsciiloscore ind renove

DO level.

n. Final adiustments of the nosition of the probe and the cacles Tron
- B t

(¥

t are made at this time. The nrobe is placed at a4 rosition nes

the aoad=l that corresconis Lo 1 pasition of a4 prabe an the aro -
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searching for a minimum in the frequency spectrum in the 2-GHz to

vy

2.5-GHz band and making that the cutoff frequencv.

The Pronv poles have been normalized in the following wav. The
frequencies (in rad/s) and the damping rates (in Np/s) were multiplied
bv the length of the cvlinder, L, and divided bv the quantity of pi
times the speed of light in vacuum. See, for example, the labels on the
axes in Figure 9. The normalized frequencv of the first resonance thus

has a value near 1.0.

The results of the Pron~ analvsis on both of the fields measured at

the center of the small cvlinder are eiven in Table 1. A Pronv order

* . . . , ,
'3 with 3 sampling rate of everv sixth point was used on the [-dot dav.,.
p
L For the B-dot data, a Pronv order of 18 was also used, but a sampling
b
3 rate of everv eizhth point was used. In both cases the program was szt

te take ten time shifts. Thus the real poles could be discevrned fromn

rhe pseudonoles, created by the Pronyv proeram. on the basis of their

L

stabilitv. ¢nlv the vpoles from the reconstructions havine an IMS -rrar
less than or equal to 6 percent were used to obrain the means and he

.

andard deviations in the table.

cr

TABLE 1. PRONY RECULTS roOR THE SMALL CYLINDER

Pole Number Damping {requency Dot o
rirst -(3.231+0.004 0.920+0,8050 Doy
Second —‘).:73f0.h‘”5 1.\373t‘3.l.\n’ p D=
Third =0, 20a%0) 005 A R Lt D=l -
Tonrti -0LRT-0,005 LIPSV IV D=t
v D= HCR I S S T T S U i : = T
100 T e fialds were measuse b, TS N s ot s e o e
St o owoitld b o some overlan ot Fho 001 es e 1ared N fio L el v

The o roeaates of this oare oiven in Table 2.0 The B fisld data 1s ne save

As wis oiven in the nravious table: the new D=dor dara has o3 Prens
srder o Jeoand a4 samniine rate of everv sinta noinr, The oo weot

PUDE VI ol Wy S SN GO Wil S WA e
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between the B-dot and D-dot poles is generallv good with one exception,

the frequencv of the first pole.

TABLE 2. A COMPARISON BEIWEEN THE B-DOT AND THE D-DOT POLES
OF THE SMALL CYLINDER

Pole Number Damping Freguencv Probe

First ~0.236+0.014 0.851+0.004 D-dot
~0.231+0.004 0.920+0.000 B-dot
Third ~0.291+0.004 2.799+0.004 D-dot

~0.204+0.005 2.74140.004 S-dot

The differant vailues thut the two Teasurements Tave £o0 1.
frequency of the {irst pele was disturbing., Thera were tvo poesilioe
sources for this diffsrence in rhe two waveforms. Tha firct sourn- was

that the probes interacted with the fields of the cvlinder and

either raised the freguencv with the D-dot probe. or lowered the
freaquencyv with the D-dot probe. The second possible source wis that of
accumuliated round-off error in the Pronv oroeram.

2n further. the wavefaras wers roce. o

Low=pass Filteoine ovooram ~har v desined to Sast toiss mhe U5
pole. The resulis are shown in Tawze 3. RO .
. gn 1 - T . - Vo -1 N ~ pat A -

«uxcell=nt.  From this, the conclusion ia TR NS s
a4 . - — b . 3 — v H DAt . -
S1US0 Uaie Wd e T ToatiaTe LD 2T,
TABLE ). A BETATLID COMPARISON QY THL TInoT TouLZ
. - L
~ior e 00
iy YU B ate!
The arocadure goed on the small cviinder was r=meatsd oa fhe Lo
L. - T e P As} PO [ B bad R M . . - - .
RS OTTRE closty o U=l lel o umor sl VU e asurel o T oae oo
- PP . LU I . L T UL PR Ui WU AR DR P e wd




the cvlinder; then the D-dot probe was moved to the second location,
near the end of the cvlinder, and the D-field was recorded. In the
analvsis on the first set of data, the Prony order was set at 306 with a
sampling rate of everv sixth point for the B-dot waveform. For the
D-dot waveform, the Prony order used was 2% and a sampling rate of everv
sixth point was used. In both cases the acceptable limit on the recon-

struction error was set at 6 percent. The results are given in Table 3.

TABLE 4. PRONY RESULTS FOR THE LARGE CYLINDER

Pole Number Dampine Freaguencv Proge
First -0.,240+0.000 0.327+0.005 B-dot
Second -0.290+0.000 1.769+0.003 b-der
Thircd -0.330+0.024 2.722+40.061 s-dot
Fourt ~0.347+0.005 3.4380+40.007 D-dot
For the analvsis of the D-field waveform measured near the end »f
the cvlinder. a Pronv order of 30 and a sampling rate of everv sinzi
point were used. The results ire given in Tabhle 3. The seraecoans
i - . -1 S N -~ s St N P P Y s N L L - H
S between the odd voies cobrained from the two probes 1s wevv sood,
=
TAZLE 5. A TOMPARISCN JLETWELDN THT B-DOT AND THY D-0ot DoLIC
- uF THE LARCED CYLINLIER
" - Poie Number Jampine Trequence Denls
P ————————
S et L PP
ﬁ. Tirsr -0, 220+, 000 (SRS DR -4
i oL e - ' .
L h
L
= Third - Y el R | -
e - -
r - PN Wy 2 Saoel) -
F. _______________________________________________________
A comoarison betwesn the poles venevated v the o Linds i
b f
é Srovided Dn o the rranh oof T 9 In this rranh. ~he ofd ol s e 7o
4. e o F M g iog frayy rhe Doad Dorie v Tl e
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difference in the poles is the lower fregquencies of the lareer cviin-

der. This is due to the increased capacitance of the end p'ates of the
cvlinder. The lowering of the frequencv of resonance is more pronounced
in the higher modes. A second effect of increasing the diameter of the
cvlinder is a sliehtlv stronger dampine of the pole.

A comparison with the results of Turner {Ref. 1| for both cvlinders

is given in Table 6 and in Figures 10 and 11. 1In Figure 10 the smali
cvlinder results are compared, and in Fiecure 11 the laree cvlinder
results are compared. he wires used by Turner were the conoer o
shield of 0.141-in semirvricoid coaxial cabie: rhev have 3 mueh tower
resistdance than thouse used In the present stady a0 webe o0 a4 L -
diameter.
1 TABLE 6. A JOMDPALTON wllg TVRNETT s
O Tarner with Resistive wir: .y .
’
b e e — e e e e e e e e m =
r
t Smail [arres S| :
—0. 4450, 950 SO T L e TR R VORI SS i et
-0, L0731, e A R A SRR TI RE AU T
D AN - e PRI S B - -
B TR I R IR DRI -t T - - - . - .- .
T ibie shiow ot riia woabere i Do oy
IO 1 aonresiobive bt ael end a0 N
- Fae resistlvir Tothe Attt achrend 1ao4 it — A
REDY T TR SN ETS tsor . 1003 e ! el ‘
- i ) iy v ¥
EIRREE Do T Y B o EP
Lo s T b wore ten N T ottt i gt e
ies were hishor, and «ven aore so in the hivner s b0 00 07
vlinder 40 Fioare 11, the differences bherween the oalos ‘ ,
SdAL et Thee roles obrained from the oxveriment in Wb b he v
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Figure 9.

/\ Smalil Cylinder
O Large Cylinder

-4.0
A
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- 3.0
A
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@ - 1.0

A comparison between results from the two
cvlinders with resistive wires.




/\ Small Cylinder with Resistive Wire
O Small Cylinder with .141 Cable
- 4.0
a
A
~ 3.0
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Figure 10.
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A comparison between the small cvlinder
results.
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QO Large Cylinder with Resistive Wire
O Large Cylinder with .141 Cable
~-4.0
-3.0
©0
- 2.0
®©O
- 1.0
S0

Figure 11.

A comparison between the large cyvlinder
results.
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wires were used have . slightlv, though consistentlv, higher damping
rate. The effect that the larger, more conductive wires have un the
frequencv is negligible.

Theoretical work bv Tesche |Ref. 5] covers the scatterine of an
electromagnetic field bv an isolated cvlinder having the same dimensions
as the small cvlinder used in this experiment. Yang |[Ref. 6] has
performed calculations for the scattering bv a cvlinder which has a
resistive wire attached. The ratio of the dimensions of the cvliader
i2vlinder diameter/cvlinder leneth) and the wire attachment ccovliader

liancter/wire diameter) in Yan:'s work are close to those of la so0l]
cvlinder used in this experiment. Yan? calculated the resaonances whon
the resistivity of the wire was 2.51 %/ft and rhen it was 2503 Srtr,
Yane's model could calculate onlv the odd harmonics ot the ~vlini-r,

Table 7 2ives a comparison bertween our measured resulits for tlhe oL

ind the results the two computer models predicred.

TABLE 7. A COMPARISON WITH SOME THLORETICAL WORK

Bole Number Source Dampine Normalized Trea.
Jane (2030 QMoo -0.291 N2
- Heasured U5 e -C.202a . !

JLI0sK

- LU e B T
WA [ S .Lh\ = JRNE .
- : i N N E
Tosone Tlaciarod case =i L0 ! B
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! 2 - DR S ) . Y v ==
. {+asurad Wt T - - -
D
e 3t . voa N -
Vane {2 M =, 2na P
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Ll Lenvaeen mh= dazuine 2l alored by Ving tor fne two dirg oo '
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This section on the resonances of cylinders could not be concluded
without a comparison of the results of the Prony analysis with the
results obtained from doing a fast Fourier transform on the waveforms.
Figures 13 and l4 give the magnitudes of the Fourier spectra of the
B-dot and the D-dot waveforms, respectively. The resonances are revealed
as prominent peaks in the spectra. The locations of the peaks should,
and do, agree approximately with the frequencies of the poles in the
tables. For example, consider the poles, -0.234 * j0.880 and -0.298
+ j2.770, listed in Table 7. 1In Figure 13(a), the peaks corresponding
to these poles lie at about 0.158 GHz and 0.452 HGz; when normalized,
these values become 0.963 and 2.755, demonstrating the approximate
agreement. Keep in mind that the basic frequency resolution of the

. . . -1 . . ,
Fourier transform is (20 ns) , or 0.05 GHz, which is not too precise.
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Figure 12.

A comparison between the measured results
and those cailculated by different computer

models.
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craft. The earlier model had a blunt nose, while the model used in this
experiment utilized a tapered one to achieve a more exact representation
of the aircraft. One result expected from tapering the nose was a
slight rise in the damping rates, because the taper of the nose would
act as a transformer, matching the impedance of the rest of the model to
the wire. Bv matching the impedances, the reflection coefficient is
lowered, resulting in increased damping of the waveform.

Az can be

seen in Table 12 and in Figure 22, the damping rates of

all bur the first pole of the tapered nose model were substantiallvy
Voawarsd, The lack of sienificant chanoe in the damepine rate of rho
tirst pule mav nfave been rhe result of the affserting effzcts ot the
reesistive wires and the tapered nose.
r L2 A CCOMPARTOGN OF THE RUSUVITS TROM DACST AND PRISONT Monvl
Previous Model Present Model
Pole Number Samping scaled freaq. Damping Scaled TFren.
(MHz) "MHz)
Tiras -1 20 7.0l ~0.27 Do
Loy R N
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the model were higher than those from the airplane. This trend was
reversed on the next pole. With the third pole, the damping rate and
the frequency of the pole of the aircraft was higher than that of the
model. The fourth pole of the aircraft had a considerablv hicher
frequencv than did the model, and a moderatelv higher damping rate. The
aircraft did not have a pole that corresponded to the fifth pole
cenerated bv the model. For the last two poles, the sixth and seventh,

the poles from the model had a slightlv hicher damping rate and a lower

re,

requency than those from the aivcraft. Overall, the aoproximat. =173

wodel with the simnle witre model used tor the lichtnine oh

TR 0 WS e

reasanabliv well,

TABLE 1. A COMPARISON BETWCEEN THE MOREL AND THE AIRCRAFDT 20000000

hnd AY 3 - . T g~ “ -
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Figure 21. A comparison between the model and the
aircraft results.
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Figure 20.

A comparison between the B-dot and the D-dot
results.
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calculating the damping of a weak pole in the presence of a strong pole.
Onlv the frequencies of the seventh pole will be compared, and the
damping rate of the pole from the D-dot waveform will be taken as the
true one. The fourth pole in both the B-dot and the D-dot waveforms is
strong. The difference in the poles in this case is a difference of
both the frequencies and damping rate.

The two sets of poles, B-dot and D-dot, are displaved in the oraph
in Figure 20. In Table 10, the differences in the two sets of poles are
¢iven. In this table, the percent difference between correspondine nole
parts 1Is caleculated as the difference between them divided by their

average. The ditfrferences are seen to be senerallv guite small.

TABLE 10. A CCMPARISON BETWEEN THL B-DOT AND THE D-DOT PRGNY REZULTS

Pole Difterence in the Cifference in the
Number Damping Frequencv
First 0.00 0.400 MHz
0.0 ) 5.326
Second Q.02 9.030 MHz
3.333 ° 0.6HuUS8
Third .00 D270 Mz
S -ol): ) L -ASE
Jougta I 2L Mz
21,277 0 12,0038
Zinth L0 Solnd iz
oot) O, eal
Seventh Not Compared VLAT0 MH:
Taocomnarias rhe Pronv rosults trem D00 ina=rliohto oy e,

Chef. 7] arainst those of the model, a correlation between the ool g0
san be seen.  The comparison is =iven in both Table 1l ind [i-uc=
i

fhe madel poles wore averared from the B-dot and D-dot noles. Tor he

tirst two poles, ths damoins rate and rhe freauency of rae a0l ss o
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poles. The program examined the spectrum of the unfiltered waveform and

passed only the frequencies between the first minimum after the second
pole and the first minimum before the sixth pole.

For the waveform that contained all of the poles, the first,

second, sixth, and seventh poles were obtained along with a combined

/,

third-fourth pole. The combined pole was not used. A Pronv order of 24

with a sampling rate of everv sixth point was used on this waveform. The
percent of error (6 percent) on the reconstruction was a bit hisher on

the Pronv of this waveform. but the poles were stable. The third and

~

fourth poles were obtained from the bandpassed waveform., Th: Prop-

order used with this waveform was 20, with a sampling rate ol wuocw

eighth point. The upper error limit for the reconstructions used o

obtain the mean ind standard deviation on these two noles was 1.3
sercent. The Pronv results are 2iven in Table 9 along with a o Yo
the fast Fourier proeram in Figure 19.
TABLE 9. PRONY RESULTS FOR THE MCDEL B-DOT WAVEFORM
Pole Number Damping Scaled Frequencv
(MHz)
Tirst S PREDESE TN SV ERR ALV R
Coand 0L 22340007 T4 Hedt0. 00
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Fourth -0 2020010 22059700070
{ifsh At Tresent i the D-dot Wavetorm
itk SRR RIS LISV JullA0+0.000
Sesentih =0 0T ) o3I+ 050
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sevantia. that have 13 siznificaat Broblon with
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TABLE 8. PRONY RESULTS FOR THL MODLL D-DOT WAVLFORM

Pole Number Damping Scaled Frequencv
(MHz)

First -0.265+0.020 7.308+0.032
Second -0.249+40.005 14.752+40.239
Third -0.179+0.005 18.420+40.045
Fourth -0.206+0.005 25.604+0.039
ifth -0.249+40.007 30.720+0.032
Sixth ~0.196+0.012 36.295+0. 100
Seventh -0.156+0,023 LOLT0 0T

In Fivure 13, the srapn gives the fregquency speciprum ohrt

avalvzine the wavetorm with 3 dirital fasr Fourier routlas.  ho7= T .
caorr=latrion between the results of the two merhods (Prooy and 7o

a7 abraining the freauencizs of ¢

noles in the D-dot waverlorno. o

Tauriecr results, five of the poles present in the Prony resulis ao-
distinct., while two are hidden.

e analwvsis of the wavztorm recorded bv the D-dor nraobes is 1 aov»
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IV. RESULTS FROM THE F-1063 AIRCRAFT MODEL

Time domain reflectometrvy was used to test the experimental setup
with the aircraft model in place. The output of the TDR was expected to
show the large-scale structure of the experiment: the junction of the
50-R cable to the ground plane/resistive wire, the junction of the model
to the resistive wire at both ends of the model, and the junction of the
resistive wire to the ordinarv wire that runs back to the eoronnd.
Because of the dissipative nature of the resistive wire, the fine Je« i
nt the model was expected to be last in TDR. As shown in Finra-a [ 3,
these expecrations proved true.

The probes were positioned near the model so rthat thev wa:.
correspond to the positions of the equivalent probe on the sircrcifr.
J-idot nrobe was nlaced at the underside of the model and insw ows o
tio of *ha pnose. The B-dot probe was located cn the tepsids of ro=
model iast above the seam where the wing ioins the fuselave. [
manetic fiold was nonuniform in this reeion, and the Jdizmensions i |
probe were of the same ovder as the gradient of the field. Bscaus-~ o:
rhis. the outout of the probe corresvonds to the averace fiold n:i

e voiume of the probe. Tvpical waveforms recorded from th: D-gt

J-iot rushes are diven in Fleures 1o oand 17. reapectivel,
Tloe damrine rate of each oole was normrlized as iporhe oo g

“hante T, vat the Yreauency of each nole was scaled dowaward so ovoon

Foa e o e - - - P 1 N - ey P — LT pos Tain o ey . -
direst osmngrison conld be made with the results of the ac-ual i :
T Treene Lhotnis oeane was davided by o 208705 ) !
Siaians secsond to Hertz. o and rhen in was divided by Lels ot i
Tae Dhal-liTe 1T ift.
- 3T e T 3 N 3 ! -
; ST S I SN 4 i I
- -~ - - -
f v 11 LT > P PO i
R RS R e A N D T A0t I e T I 15 i B - .
Croenw oorder o of J4 any o camelins vace ol every o o :

aroohtaininn the men and standard deviation. only rceconst racr g wo

o crvor ravt2 Less than 4 Sercent were used.  The results sre st 1n
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Figure 22. A comparison between the two different
model results.
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thev would have a rudder and elevons like the real aircraft.

In both the B-dot and the D-dot waveforms there was a zero-
frequencv pole; 1.e., the Pronv program extracted a pole which reore-
sented an exponentially decaving term. In the B-dot waveform the
zero-frequencv pole was extremelv stable, having a mean value of 0.053
and a variance of zero. In the D-dot waveform, however, the zero-
frequency pole was rather unstable. The mean of its damping was 0.060,
but it varied from 0.03 to 0.09 and had a standard deviation of 0.022.
This zero-frequencv pole is probablyv part of the pulse that was used to
excite the model. On both of the c¢vlinders. the Pranv prosram 1l.c
extracted zero-frequencv poles in the D-dot and B-dot wavetforms. In rih-

cvlinder results there were two zero-frequencv poles rather than one.
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V. CONCLUSIONS

In simplest terms, the experiments described here consisted of
producing an electrical transient disturbance on an object and using
frequency-spectrum analysis to study the details of the disturbance. The
object was an airplane model with attached wires in the laboratory,
which allowed us to examine some aspects of the real-life problem of the
F-106B aircraft in a lightning strike. Our main spectrum analysis
technique (Prony analysis) gave a few numbers with which to “character-
ize” the object under test, and we have looked in particular at those
numbers which tell how quickly the disturbance must damp out. The
present work differs from that done earlier [Ref. 1] in that a specific
change was made in the model--different wires. This change resulted in
improved agreement in damping between the model and a particular set of
lightning data for the real F-106B; so that, roughly speaking, we may
conclude that the lightning channel was more like the wires used here
than like the previous wires. Our basic technique of excitation of an
electrical system with a transient input and the characterization of its
damping properties through Prony analysis could, of course, be applied
to other, nonelectrical svstems as well.

More specifically, regarding the resonances of the cylinders we can
state the tollowing results and conclusions:

l. The comparison between the large-diameter and small-diameter
cylinders shows slightly stronger damping and lower frequencies for the
large one (Fig. 9). Isolated cylinders would produce the same result.

2. The comparison between the present poles and those of Turner
[Ref. 1] shows less damping in the present case (Fig. 10,11). This is
expected since the smaller, more resistive wires in the present case
result in less current conducted away from the cylinder.

3. The comparison with the poles of Yang [Ref. 6] shows reasonable
agreement, and the comparison with Tesche [Ref. 5] shows the sort of
difference expected: less damping in Tesche's case since his cylinders
were isolated instead of wire-connected (Fig. 12). These comparisons

give confidence in the basic correctness of our technique for determin-
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ing poles.

From the F-106B model we have the following results and conclu-
sions:

l. The comparison between the poles extracted from the B-dot
sensor data and those from the D-dot sensor shows good agreement for
most of the poles. More specifically, the agreement is good, within 10
percent, for poles 1, 2, 3, and 6; it is fair, 21 percent, for pole 4;
but the data are insufficient for a good comparison on 5 and 7 (Fig. 20,
Table 10). Ideally, the poles should agree exactly, so the discrepancies
that are observed (which are usually less than 10%) give an idea of the
accuracy of the poles of the model.

2. The comparison between the poles of the model and those of the
actual airplane shows rough agreement, the damping of the first pole
being responsible for the largest discrepancy (Fig. 21). Poles from
only one lightning event on the airplane were used for this comparison
[Ref. 7]. Other poles have been obtained from airplane data and may be
seen plotted in Reference 1, but these poles are less reliable because
of larger quantization errors and the lack of simultaneous B-dot and
D-dot waveforms for corroboration of the values.

One would like to have pole sets for both the model and the
in-flight data in a situation where the attachment points were known to
be the same. Then, differences in the pole sets could be interpreted as
resulting from the lightning channel having an impedance either higher
or lower than the wires. Thus, something would be learned about the
channel and its effect on the resonances. Because the attachment points
for the in-flight lightning event used here are not known, current
conclusions cannot be too specific regarding the channel. However,
rough agreement is being obtained with the use of the present wires, and
some of the existing discrepancy may be due to attachment point location
variations between the model and the in-flight situations.

One other possible source of discrepancies between the poles of the
model and the airplane is the shape of the model: it is not an exact
scale model of the airplane. Future work should perhaps be aimed at

making the required detail improvements to the shape.
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3. The comparison between the poles of the present model and those
of Turner shows the effect of the change to resistive wires and a
tapered nose. The damping of all the poles but the first has been
reduced (Fig. 22). This is as expected and is the same effect seen in
the case of the cylinders. On the model, this reduced damping improves
the agreement with the in-flight results.

4. The distribution of the poles in the complex plane is different
for the F-106B model than for the cylinders. Whereas the poles of each
cylinder lie evenly along a line which slopes gently to the left (Fig.
10,11), the poles of the model are rather scattered and show a tendency
to lie farther to the right at the higher frequencies (Fig. 21). This
is also true of the in-flight poles (Fig. 21).

Some comments are in order regarding our experiences using Prony
analysis on laboratory data, in-flight data, and computer generated
data. For computer generated waveforms which consist of several damped
sinusoids without noise or distortion, the Prony code works very well,
extracting the correct values of all the poles, both damping and fre-
quency, even when some of the residues are very weak compared to others.
In some cases, the frequencies of the poles can also be picked out by
inspection of the Fourier spectrum of the waveform. However, in many
cases the spectrum simply does not reveal the weak poles.

In the Prony analysis of waveforms which are measured rather than
computer generated, there are two problems. First, the Prony code often
will not fit the waveform. That is, the RMS error between the actual
waveform and the one generated from the Prony poles and residues is
larger than, e.g., 50 percent. This is a common occurrence in the
analysis of in-flight waveforms. When it happens, the poles are not
used. Second, in the case where there is a good fit (RMS error < 5%), a
question exists as to whether the poles are really the true natural
frequencies of the object under test, or whether they differ from these
because of noise or distortion in the measured waveform. One example of
distortion is the quantization error discussed in Reference 7, which was
found to lead to incorrect damping rates for the poles.

To gain a degree of confidence in the natural frequencies, the
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practice has been to analyze simultaneous B-dot and D-dot waveforms and
make a comparison of the resulting poles. If they agree closely, which
often happens for the laboratory data, they are accepted as giving the
true natural frequencies (including those of the input waveform).

One method tried on the model data when B-dot and D-dot poles
differ, was to filter out some of the poles and then re-run the Prony
code on the filtered waveform. This gives the code a simpler waveform
to work with and, as described in Section IV, can lead to better agree-
ment between B-dot and D-dot poles.

The Prony code appears better suited to measured waveforms, which
have their pole frequencies well separated, than to those with closely
spaced poles. For example, the pole extraction was less troublesome for
the cylinder, where the sensor was located at the center so as to pick
up only every other pole, than for the F-106B model with its many poles.

For some measurements, the correctness of the natural frequencies
can be checked in another way—-by comparison with theoretical calcula-

tions. This has been done in the case of the cylinders.
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