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ABSTRACT

A method has been developed to estimate both the transient
response of straight wire scatterers and the peak current
induced on a straight wire. Extensions of the method include
the effects of loading and the treatment of more complex
structures. A sample work sheet and the necessary response
curves are pfovided for peak current estimates. Accuracies on
the order of 10% can be obtained, as demonstrated by several

examples.
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INTRODUCTION

The transient behavior of conducting cylinders in free
space can be determined by referring to handbook data,1’2 by
using an approach such as the singularity expansion method
(SEM),4 by using Tumped parameter network (LPN) models of an
antenna,3 or by solving an integral equation using the method
5,6,7 While these techniques are effective, they

do have shortcomings for the engineer who needs a quickly formed,

of moments.

easily obtainable, and reasonably accurate estimate of peak
current. Unambiguous application of handbook data is restricted
to the range of parameters spanned by the data. Often, it is
difficult to estimate the errors arising from extrapolation
beyond the given range of parameters. The SEM and LPN approaches

require a working familiarity with these methods, require know-
ledge of the resonance characteristics of the object, but can

be used to provide estimates of the defai]s of structure
response in addition to peak current at some additional effort
over the present method. The use of moment methods is more con-
venient than the SEM for the analysis of complex geometries,

but it relies on access to a modern, high speed computer (nec-
essitating some expertise in running computer codes). Finally,
all of these solution procedures fail to provide the non-EM
expert with a feeling for the important problem parameters or
the effects of varying these parameters. If detail of transient
characteristics are desired, the inconveniences of these methods
must be tolerated. However, for the engineer who needs an
estimate of the structure response (so that he can then decide
if a detailed analysis is warranted), an alternative procedure
is available: a simple method of calculating peak currents on
various structures (which can be modeled by straight wires) for
arbitrary input waveforms and determining the effects of loading.
This method is not meant to replace the techniques described
‘above, but it is intended to provide easily obtainable estimates
“of peak currents. This note emphdsizes using the method by pro-
viding the needed curves, sample problems, a sample work sheet
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(Appendix A), and directions on how to use the work sheet.
Theoretical development, including references to similar work,
will be the topic of another paper. . Examples of extending this

procedure to structuras more complicated than strafoht wires iy
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provided in Appendix B. A recent note by Taylor develops

another technique for simple current estimates based on the first
term of the singularity expansion (lowest order pole pair of the
conducting cylinder). The results of the present note compare
favorably with Taylor's. Taylor's method is based on late time

properties while ours is based on early time properties.
FORMULATION

For the free-field excitations employed in EMP interaction and coupling studies,
peak currents usually occur during the early time response of a structure., Buildup
of current may be limited by reflections or because of the driving field dying to zero
before the first reflection occurs. For wire structures, the wire diameter influences
the induced current as well as the frequency content and magnitude of the incident field.
Generally, '"fatter" wires develop higher currents. The procedures discussed below
were developed for straight wires and properly account for these characteristics,
Extension of the method to more complex structures hinges upon approkimating the
given structure by wire, cylinder, or set of wires or cylinders, The examples given
in Appendix B show how this may be done.

The peak current estimates can be formed by performing the integral

T
Ipeak = A f elt) dt, (1)
0

where e(t) is the free field tangent to the wire in volts/meter. The current estimation
_procedure is then reduced to finding the values of T and A, For broadside incidence,
the value of T is typically chosen as the time a reflection from the structure is seen

at the center of the structure. The value of A can be determined by the two approaches
discussed below.

IMPULSE RESPONSE METHOD

Background

Using the convolution theorem, the current excited on an infinite wire at time T

is
0
i(T) = f h(T - t) e(t) dt, : (2)
-0

where e(t) is the temporal variation of the incident field tangent to the wire, and h{t)
is the impulse response of the infinne wire.8’9 This h(t) depends on the wire



radius, a. The dependence can be accounted for by plotting h as a function of time

0 - .
1 9] , where ¢ = 3 X 108 m/s 1. Because electro-
magnetic waves travel at the speed of light, this is also the impulse response of the

normalized by a/c as shown in Fig.

current on a finite wire up until the time that the first reflection is seen. Consequently,
the h(t) shown in Fig., 1 is sufficient for calculating the peak current. The value A is
obtained from h(t) by approximating the convolution (Eq. 2), i.e., by using the value

of h(t) at an average time., This average time, 7, is chosen midway between the time
e(t) reaches full strength (rise time, tl) and the time that the integral is terminated
(tz):

et |
t2 ‘
Ipeak = h(-r)f e(t) dt, (3)
0
where
t, -t
1
= _7_2 . (4)

The selection of tl and t2 is illustrated by the examples., Consequently, calculat-

ing Ipeak involves:
e Approximating the actual structure by a straight wire.
e Finding c7/a where ¢ = 3 X 108 m/s and a = wire radius.
Then

t
Loeak =h(c'r/a)f 2 et) at.
0

Example

Let us calculate the peak current on 1.0-m-long wire with a diameter of 0.01347 m.
The wire is illuminated by a unit step plane wave incident broadside on the wire with
an electric field parallel to the wire, The numbered steps below parallel the numbers
on the sample worksheet in Appendix A, and the completed work sheet for this example
is given as Example 1 in Appendix B.
1. The actual geometry is described above — sketch this on the work sheet in
Fig. A.
2. Approximate the geometry of Fig A by a straight wire. In this example,
no approximation is required, but if an approximation is made, sketch it
in Fig. B.
3. Sketch the driving e(t) in Fig. C.
4. Enter a = 0,01347/2 = 0,00674 m.
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Fig. 1. Impulse response of the current on an infinite wire when illuminated from
broadside by a plane wave. Tick marks on the log scale are at the values,
1, 2, 4, 8, 8 10, 20, 40, etc.




5. Enter L = 1,0 m.

L 9

6. Calculate tp = 5= = 1.67 X 10 " s. T
7. Plot this value on Fig., C to aid in deciding how to estimate f e(t) dt
and also to decide the value of t, for step 10b, 0

8. Sketch the approximate e(t). In our example, we will use the unit step

without approximation.

T
9. CalcuTatej e(t) dt = 1.67 X 1072 V- s/m.

0
10. Use the left column for the impulse response method. The right hand
column is discussréti“fater.
a. Entert, =0s (i.e., a step).
b. Enter t2 = 1.67 X 109 5 (see Example 11, there t2 # t .
c. Calculate 7 = 0.833 X 1079 s,
d. Calculate cr/a = 37.1.

11. Read h(37.1) = 1.06 X 10% A/s from Fig. 1.
T
12. Caleulate I__ = h(37.1)[ e(t) dt = 1,77 mA.
0

13. In our case, we have no load, so we need not correct for loading.
14, IL

Note that steps 13 and 14 permit a rough estimation for the effects of

= Isc = 1.77T mA (for comparison, the Sandia handbook yields 1.78 mA),

loading. Application of these two steps is illustrated by Example 5 in
Appendix B.

SURGE ADMITTANCE METHOD

Background

This procedure employs the real part of the input admittance fo an infinite wire
driven as an antennag’ 1 (Fig. 2). The development of this method is not as straight-

forward as the impulse response procedure, butf it-can be shown that

T
I = cG(aF) [ e(t) dt, (5)

0

peak

where ¢ = 3 X 108

The value of T is chosen in the same way as in the impulse response method. To date,

m/s, F is dn "effective' frequency and a is the wire radius, as before.

an expression for F that is valid for a wide set of cases has not been found. Conse-
quently, this method tends to provide less accuracy than the impulse response method.
In spite of this, the surge admittance method is considered here to provide a check on

the other method. Several guides can be given to the choice of F:
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e ' If the incident field is a very short pulse, use the upper frequency where
the spectrum of the input is done ~ 10 db from its peak value (Example 3,
Appendix B).
e If the incident field rises, then returns to zero (or undershoots) at a time on
the order of t. (Step 6 on the work sheet), approximate F by i/2t0 where
tO is the time of the first zero crossing of e(t) (Example 11, Appendix B).
F can also be approximated by 1/2tt if the first zero crossing has not yet been
reached,. _

e For other cases, use step 10 on the work sheet, as illustrated by Example 2,
Appendix B. Here; 2n "average' frequency is chosen. Note that a scheme
has not yet been devised for every rapid rise time function (i.e., step
function). .

Another advantage of the surge admittance method is demonstrated by rewriting

Eq. &:

1 T
Ipeak = 7 f e(t) cdt. (6)
0 .

Choosing T = L/2c and replacing cdt by di,

L/2
1 1
Ipeak A f e(E) dl, (7)
0

which can be approximated if e(t) ® E (a constant):

Ipeak A (8)

Consequently, a quick (but crude) estimate of I can be formed by multiplying the

peak
field strength of the incident wave by half the structure length and dividing by an

impedance. This impedance ranges from 200 Qfor fat cylinders to ~ 1000 € for thin
wires, After making an educated guess of Z, we can make rough estimates of peak

current using Eq. 8 (which is easily memorized).
Example

Consider a typical four-term exponential EMP wave impinging broadside on a
straight wire 180 m long with a radius of 0.1 m. The numbers below parallel the
numbers in Example 2 (Appendix B).

1. Sketch the geometry in Fig. A,

2. We will use the geometry of Fig. A.

3. A rough sketch of the EMP wave is shown in Fig. C.

4, Enter a = 0,1 m.

5. Enter L = 180 m.,



6. Calculate t_ = 3.0 X 1077 &,

7. Plot this value on Fig, C.
8. Approximate e(t) and sketch on Fig. D. Refer to Fig. D, Example 2.

T
i ~2 . ‘ i
9. Calculatef e(t) dt = 1,28 X 10" ° V* s/m, using T = t.
0

10. Use the right hand column for the surge admittance method. The left hand
side of Example 2 has also been completed for comparison.
; = 2.5% 107 He,
b. Enter t, = 3,0 X 1077 and calculaie f3 = 8,33 X 10% Hz
c. Calculate F =g (f, +f,) = 1.26 X 107 Ha,
d. Calculate aF = 1.29 X 106 m-Hz.
11, Find G (1.29 X 108) = 2,5 X 10-3 A-m/V from Fig. 2.

a. Enter tl = 10'8 and calculate f

T
12. Calculate ISC = ¢G(aF) [ e(t) dt
0

H

(3 x 108)(1.29 x 108)(1.28 X 10-2) A,
9600 A.

13, No loading.

14, IL = ISc = 9600 A. For comparison, solution by an integral equation
approach yielded 8800 A.

EXTENSIONS

In this section, several simple extensions are considered which allow the method
to be used on a wider class of structures, Examples of these extensions are provided
in Appendix B, Simple extensions follow.

e When E is not parallel to the wire axis, use e(t) cosf, where 6 is the angle

between E and the wire axis.

e For structures containing wires that meet at a junction, one of two procedures

can be used:

e Approximate the structure by a single, fat cylinder.

e Simply add the single wire currents together, This gives an overestimate
because reflections from the junction are not considered. Care must be
taken, however, because from an electromagnetic standpoint, the structure
may appear to look like a solid surface; using the first method may give
better results. o

e To account for loading, an approximate formula can be used (’éhis formula

holds in the frequency domain, but it is only approximate here).
G

L
I = I
peak GL + E;eff sc




In this formula, ISC is the total current found if GE = o {i.e., short circuit conditions)
T
and G_gp = Isc/c j e(t) dt. For a single wire, G g = G(aF) (Fig. 2, step 11), but
0

Geff will be larger if the second procedure has been used for structures containing

several wires.

EXAMPLES

wenevg
In addition to the two previous examples, the examples in Appendix B illustrate

the type of structures that can be analyzed and the approaches that give good results.

Table 1. Summary of examples.

Calculated h{t) est. Error G{f) est, Error
Example (A) (A) (%) (A) (%)
1 1.78 X 1073 1.77 % 1073 -0.6 - -
2 8800 9400 6.8 9600 9.1
3 20.6 X 10”2 18.7 X 1073 -9.2 18.3%x 10°% -11.2
4 2500 1470 -2.0 1050 -30.0
5 2200 2440 13.0 2840 29.1
6 2200 2130 -3.0 1560 -29.1
71, 3670 3800 3.5 4630 26.2
I 1150 1020 -11.0 1000 -13.0
B I, 3670 6500 77.0 4210 14.7
I 1150 1070 -7.0 980 -14.8
9 1500 1480 -1.0 1020 -32.0
10 5700 5670 0.5 6320 10.9
11 27 000 34 200 27.0 24 700 -8.5
Average error  +7.2% . -4.,0%

The error in estimating a peak current induced on a real-life structure (using the
procedure outlined here) consists of two parts:

e Errors in approximating the structure by a wire.

e Errors arising from estimating the response of this wire.

The errors in the first category, which tend to be the largest, are not included
in Table 1., Using the h(ct/a) method, if a ''reasonable' problem is under consideration,
the second category error appears to be on the order of 8%. Il.arger errors may be

encountered when considering complex geometries., In any event, the First-cut

10



calculations should be accurate enough to determine if a more complete coupling

analysis of the structure is required.
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APPENDIX A, SAMPLE WORKSHEET
Date Problem Engineer
Fig. A, Actual Geometry Fig. B. Wire Approximation
1. Sketch actual geometry
in Fig. A.
2. Sketch the wire approx-
imation in Fig. B.
3. Sketch the driving ef(t)
in Fig. C,
4. Wire radius a = Fig. C. Incident Field e(t)
5. Wire length L =
6., Time of reflectiont = -
) r 2c
(c =3x 10 m/s)
7. Plot tr on Fig. C,
Sketch the approximate
e(t) in Fig. D.
T
9, Esti t t) dt =
stimate ’[O e(t Fig. D. Approximate e(t)
h (gal) approach G(aF) approach
10, Find &L 10. Find aF
. . _ I S
a. Rise time tl = a fl —71? =
. - _ 1
b. Decay time t2 = b. f2 = Zf? =
t, -t f, +f
C' r = —2—T-]:. = c. F - ]. 2 2 =
cT .
d - = —_— d. aFF =
11, PFrom Fig.1 h(%r->= 11. From graph G(al) =
o fer) (T _ i W [T i
12, Isc = h<——a—)]0 e(t) dt = 12, I.= cGam fo e(t) dt =
. N . _ 1
13, lL.oading Gy - Z—I—— 13. Il.oading GT. il
Lse Isc
G = = G = =
eff ¢ fT (t) dt eff = /T e(t) dt
0 0
G ' G
M. I =G_ﬁ— Ise © 4. Iy = C_-TL_G—— Ise =
L eff R L eff
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APPENDIX B, EXAMPLES

Date Problem  Exampie 1 Engineer
For comparison, I =1.78 mA from Sandia H.B,
T
C ¢
A
cf f
e (1) 0.01347 m
Fig. A. Actual Geometry Fig. B. Wire Approximation
1. Sketch actual geometry =~ e (V/m) |
in Fig. A.
2. Sketch the wire approx- !
imation in Fig. B.
3. Sketch the driving e(t) 4 ™
in Fig. C. 1,67 x 1077 :
4. Wire radius a = 0. 00674 Fig. C. Incident Field e(t)
5. Wire length L = /0 :
6. Time of reflectiont = L=
8 r 2c -9
(c =3x10°m/s) _Le7xD
7. Plot tr on Fig. C.
8. Sketch the approximate
e(t) in Fig. D.
T -7
. 51 t = .67 x /O
8. Estimate fo eft) dt LET T Fig. D. Approximate e(t)
h (% approach G(aF) approach
10. Find % 10, Find aF
. . _ _ L
a. Rise time ‘cI = o, a. fl —Zt—i— =
b, Decay time t_ = /.67 x/o"’ b, £ =t =
) 2 _— T2 41:2
t, - t f, +f
C.T=%-—1= : 0.333x/07 c. F = 122=
d. ‘c"az = —ﬂ——L—— d. al® =
) o CTN | 6 ) N MNo-
11, From Fig. 1 h(-g— = /.06 %0 11, IFrom graph G{at) -
L fcT\ (T ) o [T )
12, ISC = h(—;)fo e(t) dt 477 m4 12, [sc = cG{al?) jo e(t) dt =
: _ 1 . o
13. Loading GL = Zf = 13. Il.oading GL = q =
Tec Isc:
G - = G . =
e [Tew ar oo [Tewat
0 Q
;GL GL
14, I, = I = 177 mA 14, I, = I =
L E;L + Geff sc — L GL + Geff sc

13




APPENDIX B. EXAMPLES

Date

Problem

Example 2 Engineer

For comparison, Isc = 8800 A calculated.

|

| 180 m ——————»1
I |

k T——»E(t)

?

0.2m

Fig. A. Actual Geometry

Fig, B. Wire Approximation

1. Sketch actual geometry e (V/m)
in Fig. A. » 4
2.  Sketch the wire approx- 5x 10 .
imation in Fig. B. r
3., Sketch the driving e(t) I ﬁ‘ .
in Fig, C, ! 10 ns ]ps\ f
4. Wire radius a = 2./ Fig., C. Incident Field e(t)
5. Wire length L = - /80,
6. Time of reflection tr’ = 2—]‘&- = 7
(c = 3% 10°m/s) J.0 x0
7. Plot tr on Fig. C.
8. Sketch the approximate | | -
e(t) in Fig. D. "0 300 ()
T -z
9. [Estimate J(; e(t) dt = —LZEx0 Fig. D, Approximate e(t)
h <957— approach G(aF) approach
10. Find I7 10. Find aF
. . ' -8 1 7
a, Rise time tl = V4 a f1 =g T 2.5 x/0
- 1 L Re
. _ ) -7 1 5
b. Decay time t_ = F.0 %0 b, f =50 = &.23 x/0
2 2 4t2 g e
to -t _ £+
C, T = —7‘—2 ! = / 45&/& 7 C F = _7____1’ 2 = /2¢ k/07
d. =X - 735 d. aF = _ 272 x0°
11, From Fig.1 h(%1>= 0,73:(/06 11, PFrom graph G(aF) = Z.S'x/a—'?
- cr\ (T _ . T _
12. 1, = h<-—a—)jo e(t) dt = 7400 A | 12. 1, =cGlaF) fo e(ty dt= P6004
13. Loading GL = lez 13. Loading GL = Z_l__ =
L
I
G .. = sc - G = sc -
eff ¢ [T e(t) dt eff ¢ fT e(t) dt
0 0
s 4 s 600
14, IL =GL+Geff ISC= 4004 14. IL m—ISC = 70 4

14



APPENDIX B. EXAMPLES

Date

Problem

Example 3 Engineer

For comparison, an experiment yielded~1500 A

rr>
o}

}«--u.zm-———i_}-

C>1.02m
!

Fig. A. Actual Geometry

e 11.2m — R
@ )f‘%’“

Fig. B. Wire Approximation

1. Sketch actual geometry e (V/m)
in Fig. A. 5% 107
2. Sketch the wire approx-
imation in Fig, B. b
. T | | -
3. Sketch t(ije driving ef(t) - ~ -
in Fig. C. 10 ns 1us
4. Wire radius a = 9.5/ Fig. C. Incident Field e(t)
5. Wire length L = /12
6. Time of reflectiont, = o2 = p .
' (c = 3% 10°m/s) /.87 %0 Sx 10
7. Plott_ on Fig. C.
8. Sketch the approximate - -
e(t) in Fig. D. 10 19 ns
T -4
8, [Estimate j;) e(t) dt = 70 x/0 Fig. D. Approximate e(t
h (C—al) approach G(aF) approach
10. Find T* 10, Find aF
a. Rise time t, = /0-8 f, = 1. 2.5 <07
: g "N T £ PO
b, Decay time t_ = L9 xlo-g . £, = L. 432 x10”
2 —_ 2 4t2 -—
t, - ¢t f, + ¢
c. T= 221= 0. 45 x 10 -F=122= LY x00”
d. ,Eaz - 265- . aF - 27 X/ﬁé
11, From Fig.1 h(%—)= 2/ x/aé 11. From graph G(aF) = —J'xfoa
i fecT - _ ~ T ~
12, I h(—é-)]:e(t) dt= _ s970 4 |12. I =cGlaF) fo elt) dt= /050 A
. 1 . 1
13. Loading G; = ZZ: 13, Loading Gy = 7; =
Ise Ise
G = G ——
e [P ew at oo [Tewat
0 0
S L 050 A
Mo I sgva s Gsem LER4 | Gt gwg s et L
L " Ceff WL T et
15




APPENDIX B. EXAMPLES
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Date Problem Example 4 Engineer
For comparison, 20,6 mA calculated,
0.2m
ft——————— 180 m —————v‘ ,L
T
Fig. A, Actual Geometry Fig. B. Wire Approximation
1. Sketch actual geometry e (V/m) eft) = exp (_c?_fZ)
in Fig., A. 1 5 }07
. a= X
2. $ketc;h the wire approx- 10 db cutoff at
imation in Fig., B. 7
3. Sketch the driving ef(t) 3.4 x 10" Hz
in Flg. C. 5 % ]0'8 t (S)
4. Wire radius a = ./ Fig. C. Incident Field e(t)
8, Wire length L = /80
6. Time of reflectiont_ = L.
3 r 2c -7
{(c = 3x10°m/s) Fxro
7. Plot tr on Fig. C.
8. Sketch the approximate
e(t) in Fig. D.
. _ ¥, -8
9. Estimate [0 eft) dt = A A - Fig. D. Approximate e(t)
h (%) approach G(aF) approach
10, Find T* 10, Find aF
. . B -8 1
a. Rise time tl = S xr0 a. fl -a—l-— =
b. Decay time t, = -7 P
- Decay time t, = /0 . anﬁg_
t, -t £, +f
2 1 -5 1 2 7
2 — KoY 5 2 o a6 ____"__Z_
d. &L - 78 d. al = 3.4 x0
a
11. TFrom Fig.1 h(?—)'—- a,%‘x/oé 11. From graph G(aF) = 7./ x/0-3
= cry T _ ~ T ~
l2. 1. = h<—§>fo e(t) dt = /8.7 mA | 12. I . = cG(aF) fo e(t) dt= /8.3 m/
. 1 . _ 1
13. Loading GL —,,ZI = 13, Loading GL = —Z——L— =
Gl - Isc - G - Isc -
eff o /Te(t) dt off ¢ /T e(t) dt
0 0
L 8.7 mA ‘L
14, IL = W ISC = /8.7 14, IL GL 7 G’eff ISC = /g,j /)”4



APPENDIX B. EXAMPLES

Date Problem Example 5 Engineer ‘
t<——-—— 22.6m —-——-»*
3* - '4——-—— 22.6m -—-———-{ *
I WVI m
A ' 3m
T 2o ! Q )
Wire rod = A f
0.0254m k - (I, =2200 A
e R
calculated)
Fig. A. Actual Geometry Fig. B. Wire Approximation
1, Sketch actual geometry . - e (V/m)
in Fig. A, 5 % m«i
2. Sketch the wire approx-
imation in Fig. B. . ir
3. Sketch the driving e(t) T ‘ ——
in Fig. C. ' 10 ns e f
4. Wire radius a = /5 Fig. C. Incident Field e(t)
5, Wire length L = 22.6
6. Time of reflectiont, = 2% =
8 ¢ smxw’t 4
(c = 3x 10 m/s) 76 x 10 5x 10
7. Plot tr on Fig. C,
8. Sketch the approximate + J ' -
e(t) in Fig. D. 10 37.6 t (ns)
T
. B -3
9. Estimate fo eft) dt = A E L - Fig. D. Approximate e(t)
h (%:5- approach G(aF) approach
10, Find 3L 10. Find aF
-4 7
a. Rise time t, = - - /0 a, fl =71T1; = 2.5 x/0
. -8 1 é
b. Decay time t, = 3.76 /0 b, fy T e = 6.65 X/0
2 —_— 2 4t2 L AL i
t, -t ) £+
c, ‘T=—'g—2""—1'= /,33:4/0‘ Q.F:_i_?__z.: —/‘55)(/07
a L - 2% | q aF - _z24xp
11, From Fig.1l h -C-af—)= 2.0 x/oé 11, From graph G(aF) = g2 K/OJ
_ cry (T - - T -
12, I - h(—g)fo e(t) dt = 5260 A | 12. I__ = cGlaF) fo olt) dt= o0 4
13. Loading G, = m=—- 200 |13, Loading G, =t = 20 x00”
’ ing Gy Z'Z —_——e : g4 Z1 —_—
- -3
G . = Isc - 6.7 xio? G - Isc - B2 X0
eff o /T e(t) dt eff c j’T elt) dt
G 0 a 0
L L
14, I, = I = 2440 4 |14, I, = m———1__ = 2843 4
L ﬁL + z;eff sc —_— L GL + Geff sc —_—
1‘7

;




APPENDIX B.

ENAMPL.ES

Date Problem Example 6 lngineer
—— 22.6m——| | 0.0254 m rad
Jw_l 3m - 22.6m -——-»—’ _L
‘ e [0} ")
50 &2 f
(2200 A QL* Wire rad , ;
calculated) e =0.0254 m Twice the current on this wire,

Fig. A. Actual Geometry

Fig. B. Wire Approximation

1. Sketch actual geomeiry - e (V/m)
in Fig. A. 4
2.  Sketch the wire approx- 5x 10
imation in Fig. B. fr
i LA -
3. Ske};ch t(lge driving e(t) | — — -
1 tg. ‘ — 10 ns 1 LS
4. Wire radius a = 9.025% Fig. C. Incident Field e(t)
5. Wire length L = 22.6
6. Time of reflectiont = =
g r 2c £ 4
(c =3x 10 m/s) _E7% x| 5%10
Plot t.on Fig. C.
8. Sketch the approximate i 1 - —t (ns)
e(t) in Fig. D. 10 37.6
T -3
9. Esti te t) dt = 63 x/0
stimate ‘[0 e(t) dt —LET O Fig. D. Approximate e(t)
h (%) approach G(aF) approach
10, Find 3~ 10, Find aF
. . -8 1 7
a. Rise time t. = /0 a, f, =——— = Z.5 x/0
1 1 4t1 —_—
, . -8 1 é
b. Decay time t_ = 3.76 %r0 by, fg, = w— = 6.65 x/0
2 2 4t2 - ger v
t, -t f, +f
c, T = Lz—-l— = 1,38 xi0”* c. F =L 5 2 - /.58 107
d. E.aI = 63 d. aF = x0f
é -
11, From Fig.1 h(;—’r>= Zx 0.85x%/0 11, From graph G(aF) = = 2x/9x/0 ’
_ cty (T _ _ T .
12, I = h(?)jo ey dt = _ 2770 4 |12, 1__ = cG(aF) jo elt) dt= /858 4
13. Loading G, = 5= , w02 |13, Loading G, =—— = 20 x0”
. SIS S Zoxmo |re. YL Tz
G _ Lse - .5767X/0'3 G . Isc L 2.8 xo=
e [T et at oo [Teq at
0 0
GL y GL
Moo JptarTagy ket E2A G L gma et L 4

18



APPENDIX B. EXAMPLES

Date

Problem Example 7 Engineer
Calculated |« 33,4 —]
I =3670A " - | 38.6m N
IL = 1150 A 12.2m O j'l 84 m

6(309 —L

Wire rad =0.001 m

QL»E (t)

This wire has the same surface area
as the wires in Fig. A.

Fig. A, Actual Geometry

Fig. B. Wire Approximation

1., Sketch actual geometry e (V/m)
in Fig. A, 5y 104
2.  Sketch the wire approx-
imation in Fig. B. t
r
3. Sketch the driving eft) s A l oy
m' Fig. C.. 10 ns 1 s
4. Wire radius a = 2.97 Fig. C. Incident Field e(t)
5. Wire length L = F3.6
6. Time of reflectiont_ = -~ =
7 8 r 2c -8 5% ]04
(c =3x10 m/s) 56 %0
7. Plot tr on Fig. C.
8. Sketch the approximate | . _
. . T T T
eft) in Pig. ]% { 10 56 e
-7
. i = 285 %0 A
o Estimate j;) e(t) dt . Fig. D. Approximate e(t)
h (%1) approach G(aF) approach
10. Find =T 10. Find aF
a
- 7
a. Rise time t, = /0 i a. f =L - 2.5 x/0
1 1 4t1 —_—
. - 1 4
b, Decay time t_ = £6 %0 b, f, = = 45 xpo
2 2 4t2 _—
t, -t f, +f
. 2 1 _ 7 - _ 1 2 _ 7
C. T= Sy = 2.5 x/0 c. F = 5 = 148 xs0
d. -C—; = 7/ d. al = /44 %07
: . . CT 6 -3
11, From Fig. 1 h(a—)= /. ¥9 %0 11. From graph G(aF) = 6.05 x/0
- cT - _ T _
12. I_=h (?)forem dt = 58004 | 12. 1 = cGlaF) fO elt) dt= 4630 4
: o1 . . o1 -2
13.  Loading G| = z " /.67 x/0 13. Loading G, = zZ " 167 X0
G . = Isc . 4.53 x5 G . - Lsc . éo05 x0%
eff c [Te(t) dt eff c /T e(t) dt
0 0
el corTa; e 222 e Il T o Ea, et 4222 4

19
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APPENDIX B. EXAMPLES

Date Problem fyapple 8 Engineer
le—— 33.6m ——{  Wire rad 0.002 m
=0,001m )
7 3.6 m ————= l
A
k 12.1m b -
e(t) 600 Q l Five times the current on this wire.T
Fig., A. Actual Geometry Fig. B. Wire Approximation
1, Sketch actual geometry
in Fig. A.
2. Sketch the wire approx-
imation in Fig. B. See page 18
3. Sketch the driving e(t)
in Fig. C.
4. Wire radius a = 9.90/ Fig. C. Incident Field e(t)
5. Wire length L = F3.6
6. Time of reflectiont = -21‘—;: = 2
(c = 3X 108m/s) 5.6 x/0
Plot t.on Fig. C, See page 18
Sketch the approximate
e(t) in Fig. D. _ '
T -3
9. Estimate J;) e(t) dt = _R.55 x0 " Fig. D. Approximate e(t)
h (C?T) approach G(aF) approach
10. Find Z* 10, Find aF
. ) ~ -8 1 7
a. Rise time t, = SO . £y —-4—{—1- = 2.5 xrp0
. _ -8 _ 1 6
b. Decay time t_ = 56 x/0 b, £, = 54— = 4.5 x/0
2 — 2 41:2 —_—T Y
t, -t f, +f
c.'r=—2—§—1= 2.3)«03 . F = 122= /. 48 xs0”
a. & - _ ¢900 . aF - /.48 x0%
. CcT 6 -3
11, From Fig.1 h(E_>: EX .5/ x0 11, From graph G(aF) = Sx L/x /0
12, I = h(EI)fT e(t) dt = és500 4 |12. 1 =cGEr) fTe(t) dt= 207 A
sc a/ly e sc 0 —
13. Loading G, = 5= 167 %07 | 13. Loading G, = o = 167 x0”
. L~z __Lerxo | io 8L Tz, —Le
G . = Lsc . #sxpo” G = Tse ___ &5 x0”
off ¢ fT e(t) dt e [Tew at
0 0
Gy, 67 L 50
4, Iy = Gy + G Ioe © __(067 4 |14 Iy = G +E§eff Ie * __ 960 4
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APPENDIX B. EXAMPLES

Date Problem Example 9 Engineer
Wire rad | 36m =]
36 m
=(0,00317 ,
N m } |- 19.6 m =] ¥__L a —
k | ] 1'm Sum of these
—_ currents
40 2 A Wire rad ~ 19 6 m ol
e (IL = 1500 A calculated) =0.00317 m f ' ‘
Fig. A. Actual Geometry Fig. B. Wire Approximation
1. Sketch actual geometry e (V/m)
in Fig. A, 5 x 104
2. Sketch the wire approx-
imation in Fig. B. Fe
3. Sketch the driving e(t) ; A -
. . I i
in Flg.C. l 10 ns ]p.s\ t
4. Wire radius a = 0.003/7 Fig. C. Incident Field e(t)
5. Wire length L = 36 , /9.8
. . Lo
6. Time of reﬂ%ctlon tr =5 y 4
(c = 3% 10 m/s) é6xo , 3.3%p 5y 104
7. Plot t.on Fig. C.
8 Sketch the approximate | ! — (ns)
e(t) in Fig. D. "0 3 60
9. Estimat IT ) dt = 275 x50 1axo™
: st © 0 © T ARRe , 1TNO Fig. D. Approximate ef(t)
h (C—;;) approach G{aTF) approach
10. Find %—r 10. Find a¥F (bor Jong arm ondy )
-8
a. Rise time t, = /0 a, I, = = Z.5 x07
1 1 4t1 —
b. Decay time t_ = 6x/o"£ 3.3 xo® b, f. =1 = L1417 xr0®
2 2 4t2 —_—
t, -t .8 f, +f
C. T = 2 5 LI ":'Z.Sxm’g 1£65%/0 c. F = 1 5 2 - 1% <0’
a5 - 7365, /562 i aF . %6 x 0%
11. From Fig. 1 h(%l)= 0.58x0° 0463x0% || 11. From graph G(aF) = 3k
T T
12, I = h(C_;)jO elt) dt = /595 + 882 || 12. I__ = cG(aF) jo et at=  ,072 4
. 1 .3 . 1 -3
13. f.oading G, = 5—= Z5 xs0 13. Loading G; = =— = 25 xro0
L ZL L ZL B
G = Loc . 198 xi0™> G - 7 e - zi k/aﬂg
eff o /‘T e(t) dt eff c /T e(t) dt
0 0
S 7295 A L A
14, I, = = [ = 14, I, = 1. = /020
L GL t Egeff s5C L GL + Geff sc

Cor [480A wsing long arm)
21




APPENDIX B. EXAMPLES

Date Problem Example 10 Engineer
. Stick model of fuselage and wings: From experience of Example 9, use
k 44 m—=124 m 0
, !20 m [ -~ 48 m __*' .? m
e [N, S
(I =5700 A ¢ \ — Wire rad = -
calculated / 0.4m )
Pig. A. Actual Geometry Fig. B. Wire Approximation
1, Sketch actual geometry '
in Fig. A. e <V/m)4
2. Sketch the wire approx- 5% 10
imation in Fig. B.
3. Sketch the driving e(t)
in Fig. €, 10 ns 1 s f
4. Wire radius a = 2.4 Fig. C. Incident Field e(t)
5. Wire length L = &8
6., Time of reflectiont = L -
8 2 -7 5% 10%
(c = 3x 10 m/s) /13 % p0
7. Plot tr on Fig. C.
8. Sketch the approximate 1 } > ns
e(t) in Fig. D. I 10 113
T —
9. Esti t t) dt = 3.
stmate [0 et 2 - Fig. D. Approximate e(t)
h CET- approach G(a¥) approach
10. Find &5 10, Find aF
-8
a. Rise time t, = /0 a. f. = E. Zs xi0’
1 1 4t1
b. Decay time t_ = /03 x0” b, £, =i = 2.2 x0°
. v 9 (/3 /0 -y 7 .
t, -t f. +f
c, T = 22 L 505 xi0~f c. F = 12 2 - /.36 %107
a. & - 57 d. aF = _ 5 %0t
. cT 6 " \ -3
11, From Fig. 1 h(—é——)z 08 X0 11, From graph G(al’) = 7.9 x/0
- cry {T - . . o [T -
12, 1, - h(—a—)fo ey dt = sB 4 |12 1 - cGlam ]O et dt= 638 4
- 1 . 1
13. l.oading GL = Zz = 13. Loading GT, : —_ZI =
Lec Lse
G = = G = — - =
eff e /T e(t) dt eff c /T el(t) dt
0 0
G 5670 4 ! g 4
14, 1, == I = 14, I, = I = &3/
+
L GL + Z;eff sc L GL Geff sc

22
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APPENDIX B. EXAMPLES
Date Problem Example 11 Engineer
N
k 433 m  Wire rad
- b = 0,839 m ’<—1037m——l
a(t) i Wire rad =
4082 . ) 0.839 m
60° b
171
, , me Twice the current on this wire.
(1=27,000 A calculated)
Fig. A. Actual Geometry Fig. B. Wire Approximation
1. Sketch actual geometry e (V/m)
in Fig. A. 5y }04
2. Sketch the wire approx- N
imation in Fig. B. ‘r
; -
3. Sketch the driving e(t) i | ye
in Fig. C. & | 10 ns ]]y.s\ t(s)
4. Wire radius a = 0.437 Fig, C. Incident Field eft)
5, Wirelength L = 1037
: . L.
6. Time of reﬂesctlon t = S P 5% 10‘1»
(c =3%X 10 m/s) 172 %10
Plot tr on Fig. C,
Sketch the approximate ' i =
eft) in Fig. D. 1 ps t(s)
. T ,z
9. [Estimate j;) eft) dt = _2Ixo Fig. D. Approximate e(t)
h (g-af- approach G(aF) approach
10. Find 3T 10. TFind aF (est pervod as 224y )
Rise time t, = -¢ f,o= i =
a. Rise time t, = y) a. f, "éft'; =
b, Decay time t_ = 1078 b, £, = =
¢ 2 —_— t T2 4’1:2
t, - t f, +f
- 5
Cc. T=‘g7_1 = 5“/07 C. :E‘:Lr2 = a)‘ .5-”0
d. c—aT = 178 d, aF = #zwo?
11, From Fig.1l h(%l)= 2 x0.83 x08 | 11. From graph G(aF) = Zx/.?wa";
12. 1 = h(ﬁ)fTe(t) dt= 500 A |12 1 =cCeP) [Tew di=_ 28500 4
. 'se all, o s¢ 0 -
13 Loading G, = kj% 25 <0 |13 Loading G, = m— = zfxto"g
. g L4 %Z EXo e 5L Tz — 2L
G .. = Ise. = 5.3 x0” G . = fsc - 28%0”
eff c fT e(t) dt eff c jT e(t) dt
0
S w04 i
14. IL =W ISC = 3’,/,2 0 14, IL = W ISC = 2%74(04
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