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I. INTRODUCTION

The work described in this report represents one phase of an

experimental study 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 cylinders have been compared with

theoretical calculations to check the accuracv of this technique. The

results from the aircraft model find application in the stud; ot

lightning strikes to airplanes. The wires represent, in an appro:Hinate

sense, the ligahtning channel. Our results have been compared with those

obtained from the NASA F-106B during direct lightningq strikes. The .ieod

to interpret the data from the F-!06B is the main motivation for th.o

work reported here.

Section II of the report describes the laboratorv :echniuu

employed to investigate the resonances. Short pulses of current wer-

aoplied to the body under test through one of the attached wires. ancd

f r e- field el-ect romaqnet ic sensors or probes were used to measure tVje

1B-dor 1*)B/)-, and D-dot iD! )t ) fields -is a funcriin or imze n Lec (

surf A-ce ofA- th. bodv . Two wiros w.~eused, one for current -otr:v and

other for current exit. Thev were cnnefcted a~~~vto the -nds Lo.f'

c'.lndrsand to the noso and tail of the F-lIS), model, wihth- :cr;,:ii

;nrlzr cin the nos,: wire .*

A- i~e-itn leiniiue k~nown as Pron%- inal-sis ktI

AS.'- t 1 tr LI' te:so nu c n 1.10 ?rcrm code o run on

ir ' 1Ad Ind'

:-, It I~ i"!L)ach for brain i; 3i f r a Fln f o ,_; i1i,,s

* n ~'~ rre~'.us 1v -At '-o.on. sensors wePre -ountel Iv --iI'

11In In o tn : ) I' in: L rI in t~ 1 1t 7'ii .; S.



The Prony results for the cylinders are given in Section III. They

show the expected weaker damping of the resonances for the resistive-

wire case, and they 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.



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, Type 109), a 12-ft by 12-ft

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

(Tektronix Type 568 Oscilloscope, Type 3S2 Sampling Unit, Type 3T2

Random Sampling Sweep Plug-ins, and Type S4 Sampling Heads), a monitor

oscilloscope (Tektronix Type 7313), some in-house-built buffer amnli-

fiers, and a computer with floppy disk drive for the dizitizin, ind

recording of wavetorms (DEC PDP 11/04, Plessev PM-XSj1). In the exper:-

ment, the object undergzoing testing is either a cylinder or in F-1O6B

model located 10 ft* above the Rround plane, and attached to the re,,r of

the exoeriment with wires having a resistance of 3.0 Q to the font ond

diameter of 0.01 in.'**

A roughly rectangular ouise with a 1.2-ns-wide base and a rise time

and a fall time of 0.25 ns each, is applied at the ground oline. he

oulse propaqates up the lower wire, over the object under test, on uo

another resistive wire attached to the too of the test obiect, and from

this wire to a low resistance wire attached to the around. The EM fli,

near the test object is measured with free-field sen-ors. Th, <,

required for a oortion of the nuise to be reflected from th 0 nos, , - . -,

test obiect down to tho zround Diane and back up apain is 2(. T-. n

qiVs a data window 20 ns wide in which to sample the wavefor f: i'

:o ',rr'ted by reflections.

')1t's Vc:uisition LSyo tem

The iccoijsit ion ,of oa fru te:n t rioe s

-moji t iu t L lK 1 i-it .. . no . .':I

Ir.,,.~n ad n anaxI 'r 3 -1 L i talI V t I~v-r~ il

a '. ncv:; t r an' tre In- -,t0 r c 1..,_ re 1oIh .C

r o r ,r-r t t- to rietr.;, mut, jul hv , ?A, ,0, .-, .

" , --*rr j,:he:e t, ou:or:;. m, ulttFlv 2. Y i 7 " .2



SAMPLING
SCOPE SIGNAL

RESISTIVE LO LOSS- OUT
WIRE LOW LOSS

CABLE -" SWEEP MNI
OUT

ISENSOR
MODEL I E

RESISTIVE -

SPULSER CLOCK

GR O UND
PLANE "- T GG E R

LOW LOSS COUNTER

CABLE

Figure 1. Diagram of experimental setup.
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available boards which plug into the Q-bus of the PDP 11 serieF com-

puter. The AID 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 AID board needs an external triqgg.er to

mark the start of the waveform to be converted. This sitjnal is siinnlie-d

hv- rhe proaram-mable Clock, a DEC KW11-K.

The external t riqgoc r used on the c-lock hnard! is the "data ino"

sig nal. A "data window" is -enerated bv using, the hcritontal sweenT o

rhe samoling oscilloscope to saturate a sirnol,? sinosle N?2tnsst:

a~lfe. The output of the s at ur atec-d a - rIi fi er i SIS .3ser117i~L -1 r.

as-vmmet r 'c squarewave thit is then used to -iccorrvliLh tred

aSs 7The first is trist eringu the- program-mabl cloc In h crz

hesecond task is "Winld ow i n g" the data that the comnuter- is "e- '

The horizontal sweep Lort thne monitor -icope comes from the samntlin,

~c l I sc~oe* n tha-, the two oscilloscopes ha%.- eo:ac- v the scs:.i

r nd hetrace-s ar. synchronizedi. The thlirdi tsk is '3

= 7 : I,- t u*, th ich t i, it tks for he 7-c~, 1
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(Maetic Field) (Electric Field)
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Figure 5. Modes of resonances for the (:vlifders.
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III. RESULTS FROM THE CYLINDERS

Measurements of the natural frequencies of the cylinders were done

first for comparison to previous cylinder work. By comparing the

present results with those of Turner [Ref. 11, the degree to which the

resistive wire affected the experiment was found, since Turner used the

same cylinders but used the outer shield of O.14 1-in semirigid coaxial

cable for the wires. Comparisons with the theoretical calculations by

Tesche [Ref. 51 and Yang [Ref. 61 were also interesting. The work by

Tesche involved the natural frequencies of isolated cylinders. whil,- th-
work by Yang dealt with the effect that a resistive wire artac,:e;r

would have on the natural frequencies of a cylinder.

Both the magnetic field (B-dot) and the electric field (D-dot) -

measured at the center, lengthwise. of the cvliilders. A, sLnr, in

Fiqure 5, the B-dot probe would "see" onlv the fundamental frecuernv :

its odd harmonics, while the D-dot probe would measure only the e

harmonics. By makinq the measurements in this manner, the two or-0.-.s

would complement each other. The D-dot probe was also moved to a s,:r..l

Io ation on both of the cylinders in order to measure the odd harmon'.

for comparison with the B-dot results. The amount of aqrepmnt ,

odd harmonics was taken as a measure of the ofc'racv cf tn ,, .w -.

This second location was on-qiarter of the len-th of the ,: ,,"'

the end.

A tvoical measured B-dot and D-dot response for the s:mall ,:-

!sho,,n in 6. ur o nd for the Large -l indeL in Fijre 7. 7

,uulse that w.s used is ,-iven in Fi1ure . Pronv in lv is . ,i.

out as described in Reference 1. The only sperial proc -. sin-

Vr 3 11 Ia~ o r-mor.. h - ;i D . K i L;

r r : m . Th s "or " n "L i ,. iii o t ,'' " '-

tel b' the_ samolin, hcads, as posPiibl . The fim,,no r.,i-i .

noth c,'inders ;is around i00 :.fHz. and the bandwidth 1-, of ho t, n. r,- L:,

Ie.;s than 2 ,z. The or:,-r m thit tiltpr-i the wavt- rms , ,

,.,I " "" . .. , . . , ' . . _ i . Y _ ' , , . . - , [ . . - ?.' . 1 ", . ' . ." . 1 . . ' i . . . ... . : .
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by Yang [Ref. 61. 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 cylinder, 2 ft long with a 4-in dia-

meter, and an aluminum cone, I 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. They were mechanically attached to the fuselage with scrpws.

and to assure a good electrical connection, copper tape was alsn us,-.

The overall scale of the model was 18.3:1. A comparison between th-

model and the actual aircraft is shown in FiRure 3, and Figure 4 shows

the model in the experimental setup.

.0 >- - =:

0 ., , 1,. - I.,t - " - "- .. . .. ."' ' - " " " " -" " -" - "



Figure 2. Photograph of the sensors.



craft. On the cylinders, various positions for the probes arec

j 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.

After these preliminaries are completed, type in the command R

DATA. The machine will query back for the necessary information befor-

running. The name of the output file, the- settin's, ccn the Sim~>

b ~oscilloscope. and the current sweep rate of the s i>-mn Wil1~ KP~i

L ion required for the program to proceed. The prur1r: wil IAVP

consecutive sweeps, deleting the first sweep and kiu oina th- Wn~ ron,

and average then to obtain a single waveform. Durin2 the onn:

sampling , the counter should be left on in order to esz h

necessa.ry for the eleven sweeps to be completed. it. due ro a amrn

tion, the actual rate varies from the rate that was insarrolh h

program, the data should be purged from the records. Tho inj a

some small variation. typically 0.10 to 0.25 zpercont. which is tc cit

able.

Sensors

Two different sensors were used to make all the :wasurx.men" st V.

olecrom~noic ield an both the model and the tco vlindor.

were a 0-doc and a 5-dot probe . The B-dot nrnbp is a no~dalj A(;L-Q,7

mii ufacLu rpd U': ECAG. havine a baindwcidth or at~ 1. C.,

Th -dat pr:.ie is 3 model ACD-40iR), Also ~--1:~

i hiiillwilU -f i. 1 a ' C1z [ f ; Clb o

' r t a i i n -r . nor,- r unforrol o i-

in, a iiamr-r of 2 in. Thoscn V ini-. V

hor-iror-a tho lar'e c 1 irier. was .ii Y !n'. lir i 1-

1-ZI !L ;AM- is rh~i "sa.d in z heorpti l ~ or h- S ,



for the computer to digitize. Taking 400 samples in this period of time

yields am actual sampling rate of 206 samples/second.

The outputs from the sampling oscilloscope have an impedance of

10 kR2, which cam cause a problem with the multiplexer. If the cables to

the multiplexer have too much capacitance, there is am undesirable

"charge-up" time. There are two ways 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 way. The second wav is to lower the impedancfe

feeding into the multiplexer by insprtin2. a buffer amplifier in the li:,,

that would have a ve rv higzh input impedaince and i very low o

impedance. The high input impedance of the amplifier would not "a

down" the output from the s;ampling, scope, and thus eliminate ai uosslil--

source of distortion of the waveform. The verv low outnut imo-Ed inc-t_,o

the amplifier would dec rease the t ime necess itv% to ni_ -1.--o

0capacitance of the cables and the assortod stray capacitances in 0 -

Circuit. The second way. is thie method that was chosen.

,::nerimenral Procedure

Before starting the data-taking, prooram, the followin', proce-dUre

used.

1. Turn on all the equipment (e--.ceT t the pulser) and all1ow it -it

30 minutes to "warm up,"~ i.e., to come t~o therma 1 eqiK (I I.4..

chuc thecalibratio-n 1i ',he sxvmwith a 2 ns ctanuar'al

lime Mark Generator), and adiust the horizont-l41en o

osCil loscoues if ntecessar;

T;;r n --nT th'Ie 131s'r V ir I i a oi ct alS 1 -31s 1

4. Aiutthe delay in the L ch-it-I of c -amplino uni-,p -:

* ~ ~ hitt the twro si~noiis ow-rut .. 9

wido"on the Ofi~Ia

F-nal odustmenitc o f t1 2 nosition ot th~e pobe. and the s

Uare made at tLhis t ime. The probe is placed at a o i i

t~ oe ht corr;- ,o 1), ns i-ion )f .1 nrbe ::" 41'r
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searching. for a mninimum in the frequency spectrum in the 2-Gliz to

2.5-GHz band and making that the cutoff frequency.

The Prony poles have been normalized in the following way. The

frequencies (in rad/s) and the damping rates (in Np/s) were multiplied

by the length of the cylinder, L, and divided by the quantity of pi

times the speed of light in vacuum. See, for example, the labels on the

axes in Figure 9. The normalized frequency of the first resonance thus

has a value near 2.0.

The results of the Pron-: analysis on both of the fields measured at

thp i-enteor of the small cvlinder -ire giv.-n in Table I . A Pronv ord;,r

*~with 3 samulinq. cre of ever%, sixth point wis iis.-d )n the- 1-,-13

For: the B-dot data, a Pronv order of 18 was also used, but a sampli'nt,

r i of every ei.,hth point was used. In both cases the pro.raim kvaS t

_C" take ten tieshiftS. Thus the real poles couldl be" dls':ern-'1 ft:

1 t he oseudonoles, created by the Prony proaram. on the basis of their

s-3ollitv. Onl%- the cojes from the reconstructions 'inavin.c a: T1MC-4'>

Less than or equal to 6 percent were used to ootain the meanjrs ndl

Standard deviations in thie table.

TABLE 1. PRONY RLSFOR THE 5ALCYLINDER

Pole N"imbe r -IoLO eu~

1:r st -0. 23-C .O ~ +. oI± .0

- ~~~ 7 ' 7 :

1 s o f !I,; r.- *'i-n in T ibl I, . The B fi 1, d i :' >

r ,*n t 2 o tt ~ r t.V al~ h

01d A iTt t - i% ~



between the B-dot and D-dot poles is generally good with one exception,

the frequency of the first pole.

TABLE 2. A COMPARISON BETWEEN THE B-DOT AND THE D-DOT POLES
OF THE SLL CYLINDER

Pole Number Damping Frequency 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 -dot

-0.2.04+0.005 2.741 +.00 -,t

The different v ilues that th,- two mea,,ur.-ment.; .': , r.

*freqauency %t the :1 rSt o0L- wae aiturh in'. Ther wero t-oo. ,

sources for this difference in the two wav eforms, Ths fi:- ,- '' ,

that the probes interacted with the fields of the cvlind'r A S-,i -S:

either raised the frequencv with the B-dot orobe. or loW.' re: tnt-

frenuencv with the D-dot orobe. The second possible source was th,-t

accumulated round-off error in the Pronv ,r,-sram.

P cii i-2this rb e further -tet,'' 9 vs:-'s:

-1celenT. ra is t u conclusion is d.a that

,first ~1 ",j " 11 0u_ -,1 S'.:; - Uf _3*

72i.?> !. A BET XCLED CC"!iIi_' CCL C" TU.E FP1,27 ?2'!."~~ ~ ",' T : l~,7

"'C, .T 7 .fT.
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the cylinder; then the D-dot probe was moved to the second locatio:i,

near the end of the cylinder, and the D-field was recorded. In the

analysis on the first set of data, the Prony order was set at 36 with ,

sampling rate of every sixth point for the B-dot waveform. For the

D-dot waveform, the Prony order used was 24 and a sampling rate of every

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 4.

TABLE 4. PRONY RESULTS FOR THE LARCE CYLINDER

Pole Number Dampina F rteouencv PV,'

First -0.240+0.000 0.827+0.005 B-dot

Second -0.290+0.000 1.769+0.003 D-dot

Third -0. 330+0.024 2. 722+.081 - "t

Fourth -0.347+0.005 3.480+0.007 D-1t.o

For the analysis of the D-field waveform measured near the enci f

the cylinder, a Pronv nerdr of 30 and a samplinz rate of ever

ooint were used. The? roe ;TI s irfO qien in Tahl. -. the iqr-',!:.'nr

,t n -he odd poles obtainei fr-om the two nrobe_ isv-'i" .

TAL- - 5. A .BET.E-. TH B-.f2T -'T
I.- THE L.RJE CYI.NLL.

* , :si -kI ] ). 2.(- 2 O F:. i_ 7+0).''!; .. -,v .

.' :Jmo. risom b~. " -n :ln, po les .en' rt i bv Lh- !",o .:. KO,':.: i.
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di ftference in the poles is the lower f requen, ies of the lar ,o viil-

der. This is due to the incroased capacitance of the enld p'ates of th '

cvlinder. The lowering of the frequency of resonance is more pronounced

in the higher modes. A second effect of increasing the diameter of th-e

cylinder is a slightly stron~per damping of the- Pole.

A comparison with the results of Turner IRef. 1I for both cvlirn~l[rs,

is given in Table 6 and in Figures 10 and 11. In Figure 10 the small

cvlinder results are compa red, ind in F i vre I1I the large cvlindler

rosulrs are compared. Th- w.i r--s used hv Tmrn~r , the uK

shIeld of 0. 1'1 -in se i ri -i i c .,i7'ia ;tI b I rh., h ,-Ii'i,1

resistance han L huse u -;- in itti- pi--siri . i

diameter.

TAIkLL b. A\(~A'i''\~f .

0 ~~~~Timen.r %h t .: 7-

m a I I I

0 . 14 . . -

r s~ h * i v 11 flU j- *1 11 ) - m - I
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A Small Cylinder
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Figure 9. A comparison between results from the two
cylinders with resistive wires.
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/ Small Cylinder with Resistive Wire

O Small Cylinder with .141 Cable
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jwL
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Figure 10. A comparison between the small cylinder

results.
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0 Large Cylinder with Resistive Wire

Large Cylinder with .141 Cable

4.0

3.0

00 jwL
CT

2.0

-1.0

I I I I

-.4 -. 3 -.2 -. 1

uL
CT

Figure 11. A comparison between the large cylinder
results.
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wires were used have slightlv, though consistently, higher damoing

rate. The effect that the larger, more conductive wires have on the

frequency is negligible.

Theoretical work by Tesche IRef. 5] covers the scattering of an

electromagnetic field by an isolated cylinder having the same dimensions

as the small cylinder used in this experiment. Yang [Ref. 6j has

performed calculations for the scattering bv a cylinder which has a

resistive wire attached. The ratio of the dimensions of the -vlinder

k:vlinder diameter/ cylinder lenzth) and the wir att. hm-nt cv!i..

iamter/wire diamneter) in YAn<.'s work arf, lC1i- to th",, f : .

-. linder used in this e-xueriment.. Yan7 calculated the rvsonanc-s .

the resistivity of the wire was 2.51 Q ft and ,ien it w. s 2:11', .

Yang's model could calculate only the odd harmonics of th i

Iable 7 -ives a coniarsOT b~tween our 0easur~i rV;ujts t ,

ind the results the two computer nodelR predicted•

LABLE 7. A COMPARI 3)'I. WITH S'ME "C RTICAL YN,

Pole Number Source Dampin. Norma i I F

-a. .- 3 '-'-..) -O.29'1 0.""l.

-- - --.- -222--- - - " -' . -t- - . "-- '- - '. . -

.'22-- - -

'le~au -- d 2-'.- ' -. " , ' - .
['"sk I:"

" -'. 3 ] .- 2 1- t . t . .: r , : , [: . . 5 " . ' , " .

-. , .- - - -- - -- ---- - --,
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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 14 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 ± jO.880 and -0.298

± j2.770, listed in Table 7. In 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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Tesche

A Measured (Small Cylinder)

0 Yang
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Figure 12. A comparison between the measured results

and those calculated 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. By matching the impedances, the reflection coefficient is

lowered, resulting in increased damping of the waveform.

As cain be seen in Table 12 and in Figure 22, the dampinP rates of

A- but ritio first polo of the tapered nose- model were substantilliv

Incr~A TL, dIcA:k o F ~in i i ~ntf rhai* n the o o,,r' rt> nf 1-:1

z- s t Po ,-~ nahve bee-n the renl . f tLI ifsrii tr-t t f Hh

r~sst~e wresand the tapered nose.
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~ I- * r *t rjolo, Thet.nf': .



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 considerably higher

frequency than did the model, and a moderately higher damping rate. The

aircraft did not have a pole that corresponded to the fifth pole

cenerated by the model. For the last two poles, the sixth and seventh,

the ooles from the model had a sli;htlv higher damping rate and a lower

frequencv than those from the aircraft. Overall[, t he anro: ,a -

model with the simple wit- rmodel usoel for t.h, Iih1 rtnin, 'h ,-

re asonaiblv well.

TABLE 1 . A COMPARTSON: BETWEEN THE MIODEL A'ND, THE A .RC:tii.>

F-1ObB Modjl Actual .\ir-, r

MHz) I ,

71:- t -0.27 " 5i -0.Q.

.. . h ... I. .+ J : I ;,

-i ,[r.. -,o -' -<

" i l:- -,;. _- .: .. -,:

r i 1 i n i 1, 7- 1 ,-n ..

r,0 +* l.itv a3 wn- , in th present u o w',r the ,mp-nq n-, "

:+,- l.-< ~ ~ ~ ~ ~ ~ ~ l no a : -h; U ni I,+[ i '.s -+i; , ; h ae i • "n -v -, : .',

i ' : +] ' '+ ':; + . ] ,. .,. , :], . : 1 [ . ,1, in on-" 10" ' :, " + ,
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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.

Only 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 displayed in the Q raph

in Figure 20. In Table 10, the differences in the two sets of poles are

Qiven. In this table, the percent difference between correspondin,, ,l,

: irts is calcul.itpd as thp differpnce botwpen them divid,,d n .,- h,:-

avera ?e. The difrerences are seen to be .eneallv quite smai.

T.\'LE 10. A CCMPARISON BETWEEN Tile B-DOT AND THE D-DOT PROY ,ESILTS

Pole Difference in the Difference in the
Number Damping Frequencv

First 0.00 0.400 M-!Hz

0.0 3. 326

Second 0.02 ).010 MHz

3.333 0

Pb217 '2.7 2Hz8

'- " ' .t( -.0 . v;

2 ) 1 . 7_7

X z

,or Conn t-. -. , 70 'lii.:

'L.f . 7l s'ainsr thoace of th, moel , a cnrrIauaion bet.,n the :&.- .

-n be s;tn . The comparison i; ,ivon in both TabLe it 1ni 7 -u- .

.odel nos wore avori-ed from the B-dot nd D-dot o :, . ,

tirst t.;) , . inz.in r te i.cni rho rr1_-, rv ,t
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poles. The program examined the spectrum of the unfiltered waveform ind

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 2-4

with a sampling rate of every sixth point was used on this waveform. The

percent of error (6 percent) on the reconstruction was a bit hi,,her on

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

fourth poles were obtained from the ban h)is&-d 7'.-for rTe I
order used with this waveform was 20, with d samol'in,,3 rit 0

eighth point. The upper error limit for the reconstructioiis u ;ked

obtain the mean and standard deviation on these two poles 71;AS i_.9

oercent. The Pronv results are l2iven in Table? " along ai ~
the '13st Fourier proaram in Fiqgure 19.

TABLE 9. PRCIOXY RESVLTS; FOR THE MODEL 3-pnT WAVEFORM

Pole Number D'Imping Scaled Frequenc%-
(MHz)
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TABLE 8. PRONY RESULTS FOR THE MODEL D-DOT WAVEFOR M

Pole Number Damping Scaled Frequency
( MHz )

First -0.265+0.020 7.308+0.082

Second -0.249+0.005 14.752+0.239

Third -0.179+0.005 18.420+0.045

Fourth -0.206+0.005 25.604+0.039

Fifth -0.3 4q+0.007 30.720+0.032

Sixth -0. 196+0.012 3o.29)3,-0. .o

"," -n -11t h -0. i t(+(). 0 23 A{),70 U. -7,

In F iIre 18. the iravil qives the fr(em cv sIt-ct'uni tj.* i -.i -

i::..z in,- rhe waveform aih a iitai fast F,:,rr -. ln.i -

corre~lr ton between tLhe r-:;lts of the ty.o ir., >i, (Pr: Ar;.: n.

, oht aining [the freouwncieso ,f no, oo in rhe 2-I: t w.v:, .: ,:.

F >i,_c results, five of the poles present in nv L-

distinct. while two are hiidn.

!10 anav11"si ot The Wavet0Cn rcocded by rl t-'" t r,. ..

;.n zho'.I

-o r. SAc r. ":- - ,

- - . .. : .. .:, ; - . .7 i .7 - , , ".



d

I *1 F ~-~'

F

-~

) -

-C
- -J

4- C

.- ' -
1

I F
I- C

'U-

~ C

i
I -

U-.-
I-

- I

WI - - -,
"-4

C--

I

a' -a
- - - Ji

U

I

I

I



I

11- 
'X



.1

6

Em..
U
El -1 -4 '~0 ~ -4

0 ~ ~

2 0
w
2 ~

-4 ~)
~-' ~

- 2. ~-
0

~J 2.
- 2.
z 2

.4 V V
-4
-4 ~-. .4

2 -~

44 -~ V

V V 2 2.
2

VZ
22

.2 2 V

0 -V
2..-Z 0 .4

-~ z
2
2~2 -

02 ~..J2 V

~
V

V 2.
? .4

2-' J

.4

2
V

2~-. 3
- 4-'

-V :3
_ - .~

z0 2
V

V
CJ VV V

-4V 44'-J 4-J

2. r
2 VV V
0 ZJV V

~

0 V 4~J~J .4VV V
- ~~2 _
.4 ~- - -

- 30 2
O -~ "-~

- 2232L~'-4

2~ :3
*

'.-' -1 (.4

0

0



IV. RESULTS FROM THE F-106B AIRCRAFT MODEL

Time domain reflectometrv 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 iunction of the

50-S2 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 ordinary wire that runs back to the vrku:;,u.

Because of the dissipative nature of the resistive wire, th.., fine ' .

of the model was expected to be lost in TDR. As show'n in V-- .

,-ese expectations proved true.

The probes were positioned near the model so th.Ai thv.

correspond to the positions of the equivalent probe on the irrrf

D-,V t orole ,,as olaced at the underside of the model nd us,.

tin of nose. The B-dot probe was located on the t:siJ- *f-

170(1,- i :3 t ahoy-, the seam where the winQ loins the ftOSe Ie.

fi-1d was nonuniform in this reaion, ind ths nsimesi us

p robe were of the same ore r -as the aradient of the field. =czu.;..,,

h t-, out ut of the probe corresnonds to the avorao f :i -

F!-' "vo *:ne or the orobe. T',.icz3l waveforms recorded from th -

[,- - in: 3iurss . : : d 17. r sn.e ti'e ]'%.

,. :'r: r it or e ch oo ? n o rm %iz, .Is n

, ut rh- r:,uenov of esch nole "as scaled SnOro ,-

hi- m-m:e with the results or ti ik .- , -i -

0 11 1 ;1 t : 1t m t In nd ;t Iu" l rl i o l I U 0C 0i 1"; 1

r i A . SS to in - cre n t weci e iz z?..t . r... ho .e 11
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Figure 22. A comparison between the two different
model results.
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they would have a rudder and elevons like the real aircraft.

In both the B-dot and the D-dot waveforms there was a zero-

frequency pole; i.e., the Pronv program extracted a pole which repre-

sented an exponentially decaying term. In the B-dot waveform the

zero-frequency pole was extremely stable, having a mean value of 0.05

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-frequency pole is probably part of the pulse that was us-d to

excite the model. On both of the cylinders, th' Pronv p,-rtm '.,."

extracted zero-frequencv poles in the D-dot and B-dot waveforms. In r:-

cvlinder results there were two zero-frequency poles rather than ofln-.

S7

L
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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. 11 in that a specific

change was made in the model1--dif ferent 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 systems as well.

More specifically, regarding the resonances of the cylinders we can

state the following results and conclusions:

1. 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. 11 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:

1. The comparison between the poles extracted from the B-dot

sensor data and those from the D-dot sensor shows good agreement for

hmost 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

b 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

9 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

j 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.

10,1 1), 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 RNS error between the actual

waveform and the one generated from the Prony poles anL 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 naturil

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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