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Abstract

Linear lightning diffusion into a Faraday cage is studied. An early-time integral valid for large
ratios of enclosure size to enclosure thickness and small relative permeability (u/pg < 10)
complemented by an exact residue expansion is used for this study. Existing solutions for
nearby lightning impulse responses of electrically thick-wall enclosures are refined and
extended to calculate the nearby lightning magnetic field (H) and time-derivative magnetic field
(HDOT) inside enclosures of varying thickness caused by a decaying exponential excitation. For
a direct strike scenario, the early-time integral for a worst-case line source outside the
enclosure caused by an impulse is simplified and numerically integrated to give the interior H
and HDOT at the location closest to the source as well as a function of distance from the source.
H and HDOT enclosure response functions for decaying exponentials are considered for an
enclosure wall of any thickness. Simple formulas are derived to provide a description of
enclosure interior H and HDOT as well. Direct strike voltage and current bounds for a single-
turn optimally-coupled loop for all three waveforms are also given.
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Linear Diffusion into a Faraday Cage

Executive Summary

An impulse is used as an idealized waveform for approximating a high altitude electromagnetic
pulse (HEMP) when treating the magnetic diffusion into a metallic enclosure [1]. A unit step on
the other hand is used to calculate the maximum voltage induced on an optimal coupling loop
inside a metallic enclosure and on the opposite side of the enclosure wall by lightning [2]. The
rationale of these treatments is clear. A thick enclosure wall allows the use of an impulse; a
thin wall needs to use a unit step. The questions that arise in deciding which approach to take
are, "What is the quantitative criterion for determining which one is more accurate? What is
the relevant parameter? What errors are incurred if the criterion is violated?”

The parameter most relevant to the diffusion penetration is the diffusion time (t; = A%uo) of
the enclosure wall where p, ¢ and A are the permeability, conductivity and thickness of the wall
material. Table 1 lists various at,; where a is the decay constant of the lightning waveform. All
of these thicknesses are used in various aerospace applications. The table shows that the
diffusion time is both large and small compared to the fall time of the lightning waveform,
depending on the thickness, so that neither the impulse approximation, nor the step-function
approximation is universally valid.

In the frequency domain, the skin depth 6 is a familiar quantity for shielding. When the skin
depth for an incident magnetic field with w as the angular frequency is small compared to the
enclosure wall thickness, i.e., § = /2/wuo < A, the magnetic field is attenuated as it
penetrates the wall. The higher the frequency the greater the attenuation. Letting w = 2/t,
leadsto t < t4. Fort < 74, the magnetic field is greatly attenuated. The smaller the time the
greater the attenuation.

Table 1. at, values for different enclosure wall thicknesses and for different lightning decay
constants.

A (wall 14 (= A%uo) at

thickness in for 6061 a = 3466 a = 13864

inches) Aluminum (1% lightning) (50% lightning)
Alloy

1/2 5.27 ms 18.27 73

1/4 1.32ms 4.567 18.27

1/8 329 us 1.142 4.567

1/16 82 us 0.2855 1.142

1/32 21 us 0.0714 0.2855
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The decaying exponential waveform characterizes the principal energy contribution of naturally
occurring physical phenomena, e.g., lightning. The decaying exponential response closely
describes the transient behavior and is the response of interest in many physical problems. The
decay constant a is inversely proportional to the fall time of the waveform. Therefore, at, is
proportional to the ratio of diffusion time to the fall time and is the transition parameter.
Limiting cases are simple and easier to calculate and serve as useful models. Whena — 0 and
the fall time goes to infinity, the decaying exponential becomes a unit step that contains low
frequencies. This is considered a thin limit because low frequencies penetrate the enclosure
wall. When a — o and the fall time goes to zero, the decaying exponential becomes an
impulse that contains high frequencies. In the thick limit, we consider how high frequencies
penetrate the wall.

This report varies at,; through the transition range from thin to thick. Figure 1 is peak interior
HDOT for nearby lightning enclosure interior fields. Strictly speaking, the unit step response is
only valid for at; = 0 and the impulse response is only valid for at; — o0; however, either
model can be used to approximate the problem under study. The peak HDOT determines the
peak induced voltage and therefore we will emphasize our discussion on HDOT. For voltage
calculations in an externally uniform field drive like HEMP and nearby lightning, the spatial
variation of the nearby lightning H and HDOT inside the enclosure is assumed to be constant.
For direct strikes, the spatial variation of the HDOT waveform is, in general, unknown and
therefore the direct calculation of a voltage bound is also included. The current bound is also
used to illustrate the importance of avoiding multi-point grounds.

We compared unit step, impulse, and decaying exponential responses and found that
approximate HDOT peaks for decaying exponentials can be obtained by combining the unit step
coupling and the impulse coupling (treating them as independent, for the former is dominated
by low frequencies and the latter is dominated by high frequencies). A parallel “combination”
of the unit step coupling and the impulse coupling yields an approximate formula for peak
HDOT:

11 1
HDOTE,  HDOTS, = HDOT},

(1)

where superscript “e” is for decaying exponential, superscript “s” is for unit step and
superscript “i” is for impulse and subscript “in” is for interior field. Figure 1 shows the peak
decaying exponential response compared to the peak unit step and the peak impulse responses

for nearby lightning. Note that 0.8876 is the peak response of coupling from the unit step,
5.7118 is the slope of the peak response of the coupling from the unit impulse and % is the
d

impulse moment. These numerical values obtained by solving limiting cases are fully discussed
in the section on numerical results.

The approximation in Figure 1 makes use of (1) in combining the unit step contribution with the
impulse contribution.
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1
Peak HDOTS,(&t4/Hex) = _tT__atg

0.8876 5.7118

(2)

100 4 > . .
~ decaying exponential
N meme—— unit step (0.8876)
______ impulse (5.7118/(owd))
Ié 10 4 —e—ee—e approximation
>
S
5,_
a) 11
I
X
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Figure 1. This figure shows the peak decaying exponential response compared to the peak
unit step and the peak impulse response. Note the unit step and impulse intersects at
at,; = 6.4351 where either waveform overestimates the peak derivative compared to the
decaying exponential.* & = 6. 088 is used for obtaining peak responses.

The scale factor &t is the product of enclosure geometric factor and diffusion time. The

. . 4 . .
geometric factoris & = %ﬁ where Vis the volume and S is the surface of the enclosure. As an

example a cylindrical enclosure with diameter of 2a = 2 ft, length of b = 6 ft and A=

20 mils, £ = 257.3. Note that Figure 1 is calculated with £ = 6.088. Scaled peak responses are
not very sensitive to the ¢ value. In the section on numerical results, small variations for
different &’'s will be discussed. The peak unit step and impulse responses intersect at

aty; = 6.4351. At this value of atg, the error is approximately a factor of 2 in either the
impulse or step responses. Large errors can incur if the unit step is applied to the thick wall

(aty is large) or if the impulse response is applied to thin wall (at, is small). HEMP has a decay
constant @ = 4 X 10° [3]. The intersection point corresponds to t; = 1.61 us, or
approximately 9 mil aluminum foil. For the impulse response to be accurate, the enclosure wall
has to be at least 20 mils in thickness.

Consider now a HEMP (Electric Field Peak =50 kV/m and Magnetic Field Peak =133 A/m) is
incident on a cylindrical enclosure discussed before (2a = 0.61 m and b = 1.83 m). We

* The corresponding intersection for peak H response (Figure 24) is aty = 0.1458. An adequate model for
describing HDOT may not be adequate for describing H and vice versa.
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assume a wall thickness A= 20 mils, a magnetic field perpendicular to the axis of the cylinder,
and an optimum coupling loop oriented to capture a maximum penetrant magnetic flux. The
induced voltage is the time derivative of the magnetic flux through the loop. Let us use an
impulse model as shown in Figure 1. 20 mil-aluminum alloy wall has 7, = 8.4 us, at; = 33.6
and the geometric factor § = 257.3,

V= yOZ—IZZab = u,HDOT;,2ab = "g%ﬂ 2ab ~ 14.5 millivolts.
d Qatqg

Equation (2) for calculating the voltage of a decaying exponential waveform gives 12.2
millivolts.

Similarly, the nearby peak magnetic field is 320 A/m. Using the same cylindrical enclosure for
the HEMP problem, the induced voltage for the maximum coupling loop as defined before is 35
millivolts for the impulse model and 29.3 millivolts for the more accurate decaying exponential.

The direct lightning model assumed in this report is one for which the lightning current is
adjacent to the enclosure but electrically insulated from the enclosure (Figure 2). The lightning
channel may have high potential and the assumed lightning line source is not easily realizable
for a small separation between the lightning carrying cable and the enclosure. However, the
worst-case coupling can be approached when lightning strikes a well-insulated cable that is
isolated from the enclosure but their separation is sufficient to withstand the high potential.
The relevancy of the model should be based on the potential physical configuration that might
be susceptible to this particular threat.

Interio
AN T
+ i Exterio
b V% :
| p 1
- | I
1 I
: .
Y e e - = v
M
o
> A

Figure 2. Direct lightning strike to an insulated cable parallel to the enclosure wall and a
maximum coupling loop.
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Peak HDOT for a direct strike next to the enclosure is given in Figure 3. The unit step coupling
peak is 0.2516 and the slope of the unit impulse coupling peak is 4.1608. The approximation in
Figure 3 makes use of (1) forp = A, u = u, and I =the direct strike peak current

as

1

Peak HDOTiil(Td A/I) = m (3)

0.2516 4.1608

100
q decaying exponential
S~ 000000 mme= unit step (0.2516)
10 - D impulse (4.1608/(at,))
= \\ —_—————— 1 I
fp ~ approximation
I—E
8 19
T
X
@
(]
o
0.1 1
0.01 T T T
0.1 1 10 100

aTy

Figure 3. HDOT peak (p = A) for the decaying exponential and an approximation are
compared to the unit step and impulse responses. This value determines the maximum
voltage induced on an optimally coupled loop. The enclosure wall has u = p,.

Note that the intersection of the unit step and the impulse peaks occurs at at; = 16.5374
(Figure 3). For 1-percentile lightning, the decay constant is determined to be a = 3466. A Y-
inch aluminum wall thickness has at; = 18.27 (Table 1). At this value of at; and b as defined
in Figure 2 is 1.83m,

Uo2X105
0.00527

o A?bd
V < Jy HoHDOTy|pon =5 = toHDOTy | b A=

0.2516 x 1.83 =~ 21.95 volts
(4)

for the unit step case. Equation (3) gives 10.4 volts for the decaying exponential.

HDOT values in the enclosure indicate what induced voltage on a given loop might be.
However, because the spatial dependence of the HDOT waveform is unknown the induced loop
voltage waveform that is the integration of the HDOT waveform on the loop area cannot be
accurately calculated. The voltage bound on an optimally coupled loop is a useful alternative
for describing the enclosure interior direct strike lightning coupling (Figure 4). Note the close
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agreement between the unit step response of 0.2516 for HDOT (Figure 3) and the unit step
response Of 0.2552 for the voltage bound (Figure 4). This is because the HDOT for the unit step

has an approximate spatial variation of (= p—lz).

AN ——— decaying exponential
\\\ ——————— unit step (0.2552)

10 - \\\ ______ impluse (2.916/(at,))
. NG —r—e—e approximation
S
S 11
>
4
©
5]
o

0.1 -

0.01 T
0.1

aty

Figure 4. Peak voltage bound for direct strikes. The intersection of the peak unit step voltage
and the peak impulse voltage occurs at at; = 11.4263.

The unit step voltage bound for the direct strike problem (Figure 2) just discussed can be
calculated by (Figure 4)

V = 0.2552H01p ~ 22352XH0 5 o 105 x 1.83 ~ 22.27 volts.
T4 0.00527

The peak impulse voltage bound (Figure 4) is somewhat smaller than the voltage obtained from
peak HDOT (Figure 3) because HDOT from the impulse drops off much faster than %. The

approximation in Figure 4 is a formula similar to (3):

1

Vea /uylb ~ ———g G)
02552 2916 b
The more accurate decaying exponential voltage bound (5) is thus ¥V = 0.0982 MTO— =
d
8.57 volts.

HDOT for p = A that gives the maximum induced voltage of an optimally coupled loop is a
universal response and can be scaled for any enclosure wall thickness A by noticing the impulse
solution is scaled by (t4)?A and thus is inversely proportional to AS. Similarly, the unit step
HDOT solution is inversely proportional to A3. The corresponding induced voltage is scaled by
A~* for the impulse and A~2 for the unit step, which agrees with voltage bounds (5). As an
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example, the induced voltage (5) for a 1/8-inch aluminum enclosure (at; = 1.142) with same

geometry and 1/8-in wall thicknessis V = 0.232 ”T“Ib ~ 324 volts.
d

We must emphasize at this point that there is no reliable way to know which one of the two
models (unit step or impulse) to use because the intersection point in Figure 1, Figure 3 and
Figure 4 cannot be determined a priori. For example, how do we know at,; of 1.142 is too
small for using the impulse model? If the impulse model is used for calculating the peak
voltage bound, the resulting estimated voltage is approximately a factor of 11 too high.

On the other hand, although either the unit step or the impulse model may overestimate the
peak response, the peak obtained from the model is always conservative; the resulting design
based on either model will have adequate shielding.

The procedure for deriving the approximate expression (1) for the enclosure interior peak
HDOT as a function of a7, can be used to address the situation. When both the unit step and
impulse HDOT are known, an accurate fit function is available for use. Furthermore, the
technique of using a fit function is applicable to other diffusion problems. For instance, the
insulated conductor that is struck by lightning can be only a small distance away from the
enclosure. In this case, solving for the unit step and impulse responses is considerably simpler
than the decaying exponential response. The fit function for decaying exponentials can thus be
constructed with the simpler unit step and impulse responses.

Equation 4 can be integrated to describe the short-circuit current (/) on the optimally coupled
loop shown in Figure 2. Note that the induced voltage V on the left hand side of (4) is the same

as % (Li) and HDOT;y| 5= on the right hand side is the same as %HinlpzA the current on the
short-circuit coupling loop can therefore be expressed as

2ml 02516
cosh—1P™8) 1827
To

~ 2.7 kA

. |
1< TOHin|p=AbAz

where the loop inductance L is assumed to arise from images on enclosure walls that dominate
the impedance of the loop, a is the outer radius of the enclosure and 1, is the wire radius®.
The reduction for the loop current from the impulse to decaying exponential is determined
later and found to be approximately 10% lower. A typical current bound for a perfectly
conducting loop is thus high and hence multi-point grounds must be avoided [4]. If thereis a
series capacitance in the loop (e.g., an incidental open switch or other openings in the circuit),
the loop current will be small because the impedance for the capacitance is very large at this
frequency range.

* 0.2516 is from Figure 4 and 2 ~ 1 is used. This is an order-of-magnitude estimate. The actual
C

Osh_lw
T

inductance can be considerably lower than the value obtained from the assumption.
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Other useful approximations are the application of averaging to a convolution integral (28) and
an ad hoc use of averaging to a two-parameter integral (57).

Finally, the double exponential waveform does not provide a good description of HDOT for the
lightning waveform. The time derivative of a double exponential waveform that starts from a

. L 1 . .
maximum value and decays in time on the order of L where [ is the rate-of-rise constant,

does not resemble the time derivative of the lightning current. Therefore, the transparency
limit (A — 0) for solutions given in this report is not realistic and should not be taken.
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Introduction

A Faraday cage is an enclosure composed of a continuous system of conductors, such that the
potential difference between any two points on the cage is zero, when exposed to an
electrostatic field. Although the definition is limited to electrostatic fields, Faraday cages are
also effective in transient applications. In such cases, although potential differences and
average fields are not identically zero, they are reduced dramatically from what they would
have been in the absence of the shield. As a result, they are used in virtually all high-
consequence or mission-critical applications to mitigate the effects of electrical and
electromagnetic environments.

Faraday cages constructed as metallic enclosures must be evaluated for their attributes of
shielding effectiveness against external electrical stresses. Enclosures of interest here are
metallic cases. The external electrical stresses are nearby and direct lightning threats. Nearby
solutions are useful for situations where the distance from the lightning current to the
enclosure is much greater than the enclosure linear dimension. Direct strike solutions give a
worst-case coupling to the enclosure interior.

Nearby lightning can couple to the critical circuits inside the enclosure only through magnetic
fluxes. However, direct lightning strikes can penetrate the imperfect Faraday cage through
insults on specific enclosure physical features. First, the metallic enclosure wall must be thick
enough to provide attenuation for lightning, not only for reducing the magnetic flux coupling,
but also for stopping the lightning continuing current from burning through the wall. Second,
the bolts used for connecting the enclosure must be evaluated for their contact impedances
and the bolt spacing must be small so that no excessive voltage will appear on the joint. Lastly
and most important of all is that any line penetration must be stopped. Use of lightning surge
arrestors, inductors, fuses and robust switches are recommended to stop lightning that might
be attached to the line penetrations from reaching protected circuits. These circuits must be
evaluated for all three different threats.

This report first considers only the linear diffusion by extending the existing nearby solution of
impulse magnetic field coupling into a thick-wall enclosure [1] to enclosures of arbitrary
thickness using an early-time integral and a residue expansion for a decaying exponential
excitation. The limiting cases of the impulse and the unit step excitation are used to illustrate
the magnetic coupling to an enclosure. Decaying exponential response functions, uniformly
valid for all thicknesses, are introduced for constructing the solution. The wide transition for H
and HDOT from very thick to the thin limit is covered by numerical curves as well as
approximate analytical formulas.

The worst-case magnetic coupling to an enclosure from a direct lightning strike is then treated.
The situation when the lightning current flows in a conductor in close proximity to the
enclosure, but is insulated from the metallic enclosure case such that the magnetic flux from
lightning can optimally couple to the enclosure interior, is the worst case. If lightning attaches
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to the enclosure metal case the lightning current will be distributed on the enclosure case so
that the magnetic coupling to the enclosure interior will be reduced.

For a direct strike, a previous paper [2] treats the maximum penetration of a step function
enclosure response that applies to a situation with 7; < 77 (Where 74 is the diffusion time of
the enclosure wall and 7 is the fall time of the incident waveform). This report applies the
basic formulation given in [2] to arbitrary wall thicknesses and the lightning waveform is
treated as a decaying exponential waveform. The solution is also numerically studied for
distant fields. Approximate formulas are derived to facilitate the understanding of the relevant
physics. Again, decaying exponential response functions, uniformly valid for all thicknesses, are
introduced for constructing the solution. Voltage and current bounds for all three waveforms
are also given.

The organization of the report: (A) executive summary provides a description of major
accomplishments of the report, (B) subsections in the introduction present the parameters of
lightning, the distinction between the nearby and direct lightning, and relevant works on linear
diffusion, (C) sections on numerical results give complete waveforms for all limiting cases and
all peak enclosure interior parameters are summarized in tables, (D) sections on technical
details are given in the order of general solutions, nearby lightning, direct lightning for impulses
and for decaying exponentials, and voltage and current bounds for direct strikes, (E) all
supporting figures are gathered in one section, followed by conclusions.

Parameters of Lightning

The parameters of lightning (such as peak amplitude, peak rise rate, pulse width, and total
action) are statistical in nature. Statistical study of the frequency of the various lightning
parameters [5, 6] indicated that they are reasonably well described by lognormal distributions,
which are straight lines on logarithmic probability paper. Consequently, the full distributions
are described by two points, which are the 50-percentile and 1-percentile worst-case levels (or
the 50-percentile and 1-percentile occurrence levels). The most important parameters are
shown below in Table 2.

We therefore assume that the return stroke can be represented by an exponential pulse of the
form

i) =1(e~ — e Pu(t) = If(t) ~ le % u(t) (6)
which is a two-parameter waveform in current amplitude / and a. In terms of the time to half
maximum tsg or action G, the decay constant a is given by

a =In_2 (7)
1:50
or
I 2
“T’ (8)
where
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G = |i%(t)dt. (9)

O sy 8

Table 2. Lightning Environment: return stroke and flash parameters.

RETURN STROKE PARAMETERS 1% 50%
Peak Current (kA) 200 30.
Time to Peak (us) 0.1-15. 3.
Maximum Rate of Rise (kA/us) 400. 150.
Time to Decay to Half Maximum (us) 10.-500.* 50.
Amplitude of Continuing Current (A) 30.-700. 150.
Duration of Continuing Current (ms) 500. 150.

FLASH PARAMETERS

Number of Strokes >20. 4.

Interstroke Interval (ms) 10.-500. 60.

Total Flash Duration (ms) 30.-1000. 180.

Total Charge Transfer (C) 350. 15.

Action [[I°dt] (A%-s) 3.x10° 5.x10°
Notes: * The decay time has been revised downward in recent years; however,

according to the best available data, the action, which is a measure of the total
impulse strength, is still 3 x10° A’-s at the one-percentile occurrence level. 200 s was
discussed by Ciano and Pierce [5].

If we fix | = 200 kA and assume a decay time of 500 us (see Table 2), the corresponding action is
14.4 x 10° A%s, which is almost a factor of five larger than the one-percentile action for the
entire flash. On the other hand, if we choose the decay constant to satisfy the one-percentile
action, the time to half maximum is a little over 100 us, which is not necessarily a value that
would give rise to a maximum interior field. If we choose the decay constant to maximize the
total impulse charge,

Q=Ti(t)dt=l, (10)
0 (24

such a choice also maximizes the interior field. Therefore, if we assume the impulse charge Q is
equal to its one-percentile value of 40 C (see Appendix A) and add a 50-percent safety margin,
the time to half maximum tso = 200 us, and the total action G = 5.8 x 10° A%-s. Under these
assumptions, the decay constant is

o =1In(2)/(200 1s) = 3466 5™ (11)
Parameter B in (6) is determined by maximum rate of rise in Table 2:
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dl
B =~ % ~ 2 X 10° sec™! (1-percentile severity levels) or 0.75 X 10° sec™! (50-percentile

severity levels). A I-percentile peak current is used for all calculations.

Nearby vs. Direct-Strike Lightning

Nearby lightning is a normal environment, which is an expected logistical and operational
environment that the system is required to survive without degradation in operational
reliability. Based on practical considerations, the nearby lightning environment is defined as the
magnetic field due to a 20-kA return stroke at 10 m or a 200-kA return stroke at 100 m, where,
for a vertical lightning channel, the magnetic field H at a distance p is given by

H (t):ﬂ. (12)

27p

The peak value of this magnetic field is

H* ~320 A/m.

Lightning strikes closer than 10 m or those that produce larger fields than the above are
considered direct strikes. Direct-strike lightning is an abnormal environment for aeronautical
systems.

Relevant Works on Linear Diffusion

Kaden investigated diffusion for canonical geometries in the frequency domain in [7];
Bedrosian and Lee [1], [8] summarized Kaden’s enclosure diffusion from a plane wave incident
magnetic field for EMP applications as

Hin LI (13)
Hey cosh,/sTtq+n./sT4Sinh,/stq

wheren = % for parallel plates and 2a is the plate separation; n = %for a cylindrical shell

and a is the radius of the cylinder; n = gﬁ for a spherical shell and a is the radius of the

sphere. Bedrosian and Lee generalized the definition of geometric factor 7 to (19) to be given
later.

A plane wave incident on a single plate does not simulate how the magnetic flux leaves the
enclosure and cannot be used to model the enclosure diffusion for a nearby lightning field.
However, for a line source next to the enclosure wall the magnetic flux can cross the enclosure
wall on one side and leave the enclosure on the other side and therefore a single plate is used
to treat a direct strike to an insulated cable adjacent to the enclosure.

There is evidence that the single plate model for direct strike is quite adequate for describing
an arbitrary enclosure. Merewether [9] calculated the maximum HDOT inside a }-in-thick- 2-D
cylindrical shell with a one-percentile lightning return stroke striking an adjacent insulated
conductor using a current waveform of
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e Tz (14)

where parameters m, T, t; and t, were adjusted to match a given peak amplitude, peak rate
and fall time (m = 10 seems to give the best fit to measured data). Frequency-domain
solutions were transformed using 65,536-, or 131,072-point Fast Fourier Transforms (FFTs) and
the HDOT so obtained agrees with the single plate model calculation to approximately 2%.
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Numerical Results

This section summarizes all useful parameters calculated by (A) providing complete waveforms
for limiting cases (at; = 0; at,; = ), (B) describing simple fit functions for peaks for these
parameters that were discussed in the executive summary in tables and (C) summarizing peak
responses of all identified parameters for representative values of 7. The enclosure interior
parameters are:

e Hand HDOT for nearby lightning,

e Hand HDOT at p = A and p = 10A for direct strike lightning (u = o and u = 10u,),

e Voltage and current bounds for direct strike lightning.

Waveforms for Fundamental Solutions

Figure 5 gives the nearby lightning H inside the enclosure for an impulse that corresponds
to aT,; = oo, or can be used as HDOT for a unit step that corresponds to at,; = 0.

1.0

0.8 1

0.6 1

0.4 -

0.2 1

EatyH; /He,

residue expansion (49)
-0.2 1 ——— early and late-time approximations
(17) and (18), switch-over at t = 0.061y

0.4 -

0.01 0.1 1 10 100
th, (L/(4T))

Figure 5. Normalized H for an impulse is shown with normalized time. This can be used for
HDOT for a unit step. The pulse width of the interior field determines the procedure for
obtaining the actual penetrating field. Relevant parameters are t, = 0.471q, t50 = 0.1314 and
4.64714. (17) is compared to (49) and found to be 2.72% too high. £ = 6. 088 is used.

Figure 5 shows the pulse width of the impulse response H as approximately 4.5t;. Figure 6 on
the other hand shows the pulse width of the HDOT for an impulse (@#T; = o) as approximately

0.137,4. HDOT for a unit step has a wide pulse and thus is dominated by low frequencies, while

HDOT for an impulse has a narrow pulse width and is thus dominated by high frequencies. Most
figures are computed with £ = 6.088. Figure 7 compares H for two different values of €. Figure
8 compares HDOT for three different values of .
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The unit step responses for two values of ¢ (Figure 9) obtained by integrating H shown in Figure
5 approaches the static limit. Figure 10 shows a corresponding case for direct strikes.

residue expansion (50)

—-—- early and late-time approximations
(24) and (25) switch-over at t = 0.131q

&(at,)t,HDOT, /Hex

0.01 0.1 1
tht, (1/(4T))
Figure 6. Normalized HDOT for an impulse is shown with normalized time. The pulse width of
the interior field determines the procedure for obtaining the actual penetrating field.

Relevant parameters are t, = 0.0921y, tso = 0.0491t4 and 0.1874. (24) is compared to (50) and
found to give 3.68% too high in peak. { = 6.088 is used.

EatyH, /H,,

-0.2 T T T
0.01 0.1 1 10 100

t/r, (1/(4T))

Figure 7. Normalized H for an impulse with two different §’s. The peak for §=10.4 is 0.926
occurring at 0.5392; the peak for §=6.088 is 0.8876 occurring at 0.49.
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Figure 8. HDOT Comparisons for different §: HDOT peak 5.7118 at 0.09 for § = 6.088, 5.7973
at 0.0912 for §{ = 10.41 and 5.9179 at 0.092 for § = 257.3.
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Figure 9. Normalized H for a unit step is shown with normalized time. The enclosure for large
§ appears to rise slower to the steady state in the normalized time, but because § is inversely
proportional to A and 14 is inversely proportional to the square of A it actually rises a lot
faster.

Direct strike pulse widths for impulse responses H and HDOT at p = 10 A shown in Figure 11
and Figure 12 appear to be approximately the same as those for the nearby fields shown in
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Figure 5 and Figure 6 and thus they approach a plane field limit. Note that for p = A, the
pulse width of H is approximately 0.327; and the pulse width of HDOT is approximately
0.067,.
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Figure 10. Normalized Unit Step H Responses for Direct Lightning Strikes (1 = ).
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Figure 11. Normalized Impulse H Responses for Direct Lightning Strikes(u = py). Forp = A,
relevant parameters are t, = 0.1471y, tso = 0.065t4 and 0.3914. For p = 10A, relevant
parameters are t, = 0.3671y, tso = 0.1274 and 1.87,.
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Figure 12. Normalized Impulse HDOT Responses for Direct Lightning Strikes (u = p,). For
p = A, relevant parameters are t, = 0.0674, tso = 0.037t4 and 0.0971t4. For p = 10A4, relevant
parameters are t, = 0.097y, tso = 0.0574 and 0.187q.

Since the magnetic permeability of the enclosure wall enters into the nearby enclosure
solutions through diffusion time 14 only, the nearby result is applicable to moderate values
of v = u/u, . The solution for direct strikes given later is a function the magnetic

permeability. We present direct lightning fundamental solutions for p = 10u,. Figure 13
gives the comparison of the static limit derived in [2] as ﬁzﬁi(lv)

different distances obtained by the early-time integral . H and HDOT as a function of p for
1 = 10y, somewhat differ from those for u = p,. For u = u,, they vary as %; for u = 10w,

and magnetic fields at

they are shown in Figure 14 and Figure 15. Again, these responses are the limiting cases of H
or HDOT responses in the thin and thick limits.

For direct strikes, the spatial dependence of the HDOT waveform inside the enclosure is
unknown and the induced voltage cannot be obtained accurately. Fortunately, the voltage
bounds for an impulse and a unit step on a one-turn optimally coupled loop shown in Figure 2
can be calculated. Their waveforms are shown in Figure 16 and Figure 17. Figure 17 can also be
used for the current bound on a short-circuit one-turn optimally coupled loop for an impulse.
The voltage bound peak for an impulse (Figure 16) occurs at a time closer to the peak HDOT
arrival time at p = A than that at p = 10A (Figure 12). The voltage bound peak for a unit step
(Figure 17) occurs at a time closer to the peak HDOT arrival time at p = A than thatat p = 10A
(Figure 11).
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Figure 13. Unit step responses for p = A and p = 10A are compared to the static limit
obtained previously in [2] (1 = 10u,). The deviation from static limit is caused by the
inaccuracy of the early-time integral.
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Figure 14. Normalized Impulse H Responses for Direct Lightning Strikes(u = 10u,). It
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Figure 16. Voltage bound for an optimally coupled loop under impulse excitations (p = o).
The peak value is 2.918 occurring at 0.069.
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Figure 17. Voltage bound for an optimally coupled loop under unit step excitations (i = Ho).
Alternatively, this can be used for current bounds for an impulse excitation. The peak value is
0.2552 occurring at 0.215.
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Figure 18. Current bound for an optimally coupled loop under a unit step excitation (i = Ho).
As t/t,~> oo, the vertical value approaches 2.862.
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Figure 18 for current bounds for a unit step (4 = p,) that is based on the total flux path
through the loop as the upper limit extends to infinity reflects the limitation of the model.

Since the static magnetic field varies as %, the flux should diverge. In practice, a truncation of

the upper limit to the actual enclosure dimension should give a more realistic number. Thus, H
given in Figure 10 (1 = p,) and Figure 13 (u = 10 p,) should be used for calculating the total
magnetic flux linking, and the current bound for, the loop.

Figure 19 and Figure 20 give corresponding voltage bounds for u = 10 y, ; the comments given
for Figure 16 and Figure 17 (u = pg) are applicable to this case. Figure 21 is also limited by
similar reasoning to that given for Figure 18.

We have completed discussions for the relevant waveforms for the limiting cases and will
continue by discussing simple fit functions of decaying exponential peaks as discussed in the
executive summary.

V1, (aty)/pylb

0.01 0.1 1 10
tir, (1/(4T))

Figure 19. Voltage bound for an optimally coupled loop under an impulse excitation (pn = 10
Ho). The peak value is 6.946 occurring at 0.0625.
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Figure 20. Voltage bound for an optimally coupled loop under a unit step excitation (p =
10p,). Alternatively, this can be used for current bounds for an impulse excitation. The peak
value is 0.5167 occurring at 0.1764.
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Figure 21. Current bound for an optimally coupled loop under a unit step excitation (p =
10p). As t/t4~><0, the vertical value approaches 1.458.
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Fit Functions for Peak Responses
Let us summarize the fit functions (2), (3) and (5) as

au_n
S

where the subscript “e” for the decaying exponential, “i” for impulse and for unit step
and its parameter given in Table 3. “b” is the length of the loop in the direction of the lightning
current as defined in Figure 2.

Table 3. Parameters for Approximate Formula (15) for Peak HDOT and Voltage Bounds.

Environment | Physical Field point Permeability | Approximation Parameters
Quantity g l m

Nearby HDOT Everywhere U <10y, HDOT;, &ty | 5.7118 | 0.8876

Lightning inside H—ex (6=6.088) | (£=6.088)

enclosure

Direct HDOT p=A U= Uo HDOT,,tzA | 41608 | 0.2516

Lightning -

Direct HDOT p = 10A U= U HDOT,p?t, | 2.0997 | 0.2938

Lightning A

Direct HDOT p=A u = 10u, HDOT,t4A | 4.7065 0.2281

Lightning I

Direct HDOT p =10A u=10y, | HDOTyp?t, | 11.8978 | 1.1272

Lightning A

Direct Voltage Single-Turn U= Uy Vg 2.916 0.2552

Lightning Bound Loop Uolb

Direct Voltage Single-Turn u =10y, Vty 6.949 0.5167

Lightning Bound Loop Uolb

The 1%, 2" and 6" row of data in Table 3 correspond to fit functions (2), (3) and (5),
respectively. In Table 3, the numerical values for [ are obtained from peaks of Figure 5, Figure
11, Figure 14, Figure 17 and Figure 20, and for m are from peaks of Figure 6, Figure 12, Figure
15, Figure 16 and Figure 19, respectively.

Figure 22 as summarized in the 3" row of data (p = 10A) in Table 3 is relevant to the coupling
loop located away from the enclosure wall. The intersection of the unit step and the impulse
peaks occurs at at; = 7.15, which is not very different from the nearby lightning value shown
in Figure 1 but very different from the direct strike value for p = A (Figure 3). The closeness of
these values in these two cases is closely related to the pulse widths of their fundamental
solutions (Figure 6 and Figure 12). Figure 23 and Figure 24 or Row 4 and 5 of data in Table 3
give the corresponding comparison for u = 10y, and are applicable to magnetic steel with low
permeability. Figure 25 gives the peak voltage bounds for u = 10u,.
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Figure 22. HDOT peak at p = 10A for decaying exponential and an approximation are
compared to those of the unit step and the impulse excitations. The intersection for the unit
step and impulse peaks occurs at at; = 7.1467, which is 11% greater than that for the
nearby lightning case shown in Figure 1. The enclosure wall has u = u,.
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Figure 23. HDOT peak (p = A) for the decaying exponential and an approximation are
compared to the unit step and the impulse responses. This value determines the maximum
voltage induced on an optimally coupled loop. The intersection of unit step and impulse peak
occurs at aty = 20.6335. The enclosure wall has u = 10p,.
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Figure 24. HDOT peak at p = 10A for decaying exponential and an approximation are
compared to those of the unit step and the impulse excitations. The intersection of unit step
and impulse peak occurs at at; = 10.5552. The enclosure wall has u = 10u,.
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Figure 25. Peak voltage bounds for direct strikes. The intersection of unit step and impulse
peak occurs at at; = 13.4488. (u = 10 uy).
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The fit function for peak H is

1

e — i —
W =gz, K=

m n

where parameters are defined in Table 4. Parameters in the table are:

m

atq

hS=n

(16)

is the current, “L” is

the inductance of a single-turn loop and “b” is the length of loop along the lightning current
(Figure 2). Here we assume the inductance is dominating when calculating current bounds,
however, the resistance can be dominating and voltage bounds are more relevant in practical

situations.

Table 4. Parameters for Approximate Formula (16) for Peak H and Current Bounds. “i” is the
short-circuit current for the optimum coupled loop with length b along the lightning current.

Environment | Physical Field point Permeability | Approximation Parameters
Quantity h m n

Nearby H Everywhere u < 10y, Hi, & 0.8876 | 6.088

Lightning inside H,, (é=6.088) | (£=6.088)

enclosure

Direct H p=A U= Uo H;,A 0.2516 | 0.1592

Lightning I

Direct H p = 10A U= U H;,p? 0.2938 | 1.592

Lightning IA

Direct H p=A u = 10u, H;,A 0.2281 | 0.0666

Lightning I

Direct H p =10A © = 10u, H;,p? 1.1272 | 1.0288

Lightning IA

Direct Current Single-Turn U= U Li 0.2552 NA

Lightning Bound Loop Uolb

Direct Current Single-Turn u=10u, Li 0.5167 NA

Lightning Bound Loop Uolb

The fit function for current bounds is not given because the total magnetic flux linking the
short-circuit loop is large for the unit step compared to that for the impulse.

Comparisons of enclosure interior peak H for decaying exponential numerical value, unit step,
impulse and approximation given in Table 4 are given in Figure 26 (nearby), Figure 27 (direct

strike p = A u = u,), Figure 28 (direct strike p = 10A u = ), Figure 29 (direct strike p = A
1 = 10u,),Figure 30 (direct strike p = 10A p = 10u,).

There is an important difference between the accuracy of the fit function presented in Table 3
for HDOT and that presented in Table 4 for H: Both HDOT for the unit step and HDOT for the
impulse are pulses and the resulting approximation has relatively small errors. The unit step H
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is not a pulse, and thus the governing parameter a7, has to be extremely small before
approaching the unit step response and the fit function incurs a large error in that limit.
Nevertheless, we include a description of the fit function.

As discussed before, because the unit step current bounds can be obtained by other
consideration, only impulse model and numerical decaying exponential peaks are given for
current bounds in Figure 31 and Figure 32.

100
decaying exponential
——————— unit step (6.088)
. = === impulse (0.8876/(az,))
104 O~ ————— approximation

ot

Figure 26. Peak H for nearby lightning (& = pg). The unit step and impulse intersection is at
at,; = 0.1458. The unit step peak shown is 6. 088 (the value of §).
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Figure 27. Peak H for direct strikes at p = A. The intersection of unit step and impulse peak
occurs at aty; = 1.5804. (u = py).
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Figure 28. Peak H for direct strikes at p = 10A. The intersection of unit step and impulse peak
occurs at aty; = 0.1845.(u = py).
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Figure 29. Peak H for direct strikes at p = A. The intersection of unit step and impulse peak
occurs at at; = 3.4249. (u = 10uy,).
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Figure 30. Peak H for direct strikes at p = 10A. The intersection of unit step and impulse
peak occurs at at; = 1.0956. (u = 10 uy).
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Figure 31. Current bound for a short-circuit loop shown in Figure 2 ( u = u,). The unit step
current bound is not given because more accurate limit can be obtained from the actual loop
geometry.
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Figure 32. Current bound for a short-circuit loop shown in Figure 2 ( u = 10u,). The unit
step current bound is not given because more accurate limit can be obtained from the actual
loop geometry.

Comparison of Decaying Exponential Peaks with the Fit Function

In order to gain accuracy when using the peak response given in this report, we include a
comparison of the numerical result and fit function for representative value of the governing
parameter. Table 5 provides the actual numerical value followed by the value from the fit
function for various HDOT and voltage bounds.

The loop voltage of the EMP example given in the executive summary was estimated to be 12.2
millivolts using the fit function (2). Notice the discrepancy between the actual numerical value
and the approximation for at; = 30 is 2% higher for the actual numerical value. This gives the
more accurate loop voltage as 12.4 millivolts. Using numbers given in caption of Figure 8
accounting for ¢ of 257.3 the loop voltage is 12.8 millivolts.

The loop voltage of the lightning problem for %-in enclosure is estimated from (5) to be 8.57
volts. The discrepancy between the numerical value and the approximation for a voltage bound
with at; = 20is 1.6% higher for the numerical value, resulting in a loop voltage of 8.69 volts.

Table 6 compares actual numerical evaluation of H with the approximate fit functions and gives

the actual current bounds for representative governing parameters. As discussed before, the
errors incurred by the H fit functions are greater than those for HDOT.
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Table 5. Comparison of HDOT and Voltage Actual Peaks with Approximate Formula (15). The
Actual Peak is followed by the Approximation indicated by (A) in Each data Entry.

aty Nearby Direct Direct Direct Direct Direct Direct
value HDOT HDOT HDOT Peak | HDOT Peak | HDOT Peak Voltage Voltage
Peak Peak p = 104, p =A, p = 104, Bound Bound
(6=6.088) | p =4, KL= HUo p=10py | p= 10y | p= py | p= 10y,
U= Ho
0.05 | 0.8730 0.2507 0.2904 0.2275 1.1208 0.2537 0.5142
0.8808 (A) | 0.2508 (A) | 0.2918 (A) 0.2275(A) | 1.1219 (A) | 0.2541 (A) | 0.5148 (A)
0.066 | 0.8688 0.2504 0.2894 0.2273 1.1182 0.2532 0.5134
0.8786 (A) | 0.2506 (A) | 0.2911 (A) 0.2274 (A) | 1.1202 (A) | 0.2537 (A) | 0.5142 (A)
0.1 | 0.8602 0.2498 0.2871 0.2269 1.1138 0.2522 0.5117
0.874 (A) | 0.2501 (A) | 0.2897 (A) 0.2270 (A) | 1.1166 (A) | 0.253 (A) | 0.5129 (A)
0.2 |0.8371 0.2480 0.2811 0.2257 1.1005 0.2492 0.5069
0.8608 (A) | 0.2486 (A) | 0.2858 (A) 0.2259 (A) | 1.1062 (A) | 0.2508 (A) | 0.5091 (A)
0.33 | 0.8103 0.2458 0.2739 0.2242 1.0839 0.2455 0.5009
0.8443 (A) | 0.2467 (A) | 0.2808 (A) 0.2245 (A) | 1.0930 (A) | 0.248 (A) | 0.5053 (A)
0.5 | 0.7805 0.2430 0.2654 0.2221 1.0636 0.2410 0.4933
0.8236 (A) | 0.2442 (A) | 0.2746 (A) 0.2227 (A) | 1.0762 (A) | 0.2445 (A) | 0.4982 (A)
0.66 | 0.7562 0.2403 0.2581 0.2203 1.0458 0.2371 0.4865
0.805 (A) | 0.2419 (A) | 0.269 (A) 0.2210 (A) | 1.0609 (A) | 0.2413 (A) | 0.4925 (A)
1 0.7111 0.2351 0.2446 0.2166 1.0097 0.2292 0.4730
0.7682 (A) | 0.2373 (A) | 0.2577 (A) 0.2176 (A) | 1.0297 (A) | 0.2347 (A) | 0.4809 (A)
2 0.6155 0.2214 0.2144 0.2066 0.9220 0.2099 0.4389
0.6771 (A) | 0.2245 (A) | 0.2296 (A) 0.2079 (A) | 0.9476 (A) | 0.2172 (A) | 0.4498 (A)
3.3 |0.5325 0.2064 0.1871 0.1951 0.8338 0.1905 0.4033
0.5867 (A) | 0.2097 (A) | 0.201 (A) 0.1966 (A) | 0.8587 (A) | 0.198 (A) | 0.4149 (A)
5 0.4575 0.1902 0.1620 0.1824 0.7448 0.1710 0.3664
0.4995 (A) | 0.1932 (A) | 0.1729 (A) 0.1836 (A) | 0.7649 (A) | 0.1775(A) | 0.3767 (A)
6.6 | 0.4061 0.1776 0.1444 0.1722 0.6794 0.1565 0.3382
0.4382 (A) | 0.1798 (A) | 0.1527 (A) 0.1728 (A) | 0.6935 (A) | 0.1618 (A) | 0.3466 (A)
10 0.3304 0.1563 0.1183 0.1542 0.5751 0.1334 0.2922
0.3475 (A) | 0.1568 (A) | 0.1225 (A) 0.1536 (A) | 0.5788 (A) | 0.1361 (A) | 0.2963 (A)
20 0.2157 0.1167 0.0780 0.1190 0.4001 0.0941 0.2112
0.2161 (A) | 0.1139 (A) | 0.0773 (A) 0.1158 (A) | 0.3894 (A) | 0.0928 (A) | 0.2078 (A)
30 0.1603 0.0934 0.0583 0.0972 0.3073 0.0729 0.1660
0.1568 (A) | 0.0894 (A) | 0.0565 (A) 0.0930 (A) | 0.2934 (A) | 0.0704 (A) | 0.1599 (A)
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Table 6. Comparison of H and Current Actual Peaks with Approximate Formula (16). The
Actual Peak is followed by the Approximation indicated by (A) in Each data Entry.

aty Nearby Direct Direct Direct Direct Direct Direct
value H Peak H Peak H Peak H Peak H Peak Current Current
(¢=6.088) p =A, p = 104, p =A, p = 104, Bound Bound
K= o B = U p=10uy | p=10uy | u= py | u= 10y
0.05 | 3.5566 0.1191 0.6210 0.0626 0.8642 0.2879 0.3977
45333 (A) | 0.1543 (A) | 1.2526 (A) 0.0728 (A) 0.9839 (A)
0.066 | 3.2370 0.1153 0.5710 0.0617 0.8344 0.2684 0.3776
4.1908 (A) | 0.1528 (A) | 1.1726 (A) 0.0724 (A) 0.9703 (A)
0.1 | 2.7487 0.1088 0.4970 0.0600 0.7829 0.2396 0.3466
3.6111 (A) | 0.1497 (A) | 1.0325 (A) 0.0717 (A) 0.9428 (A)
0.2 | 1.9653 0.0967 0.3740 0.0561 0.6820 0.1934 0.2929
2.5668 (A) | 0.1413 (A) | 0.764 (A) 0.0695 (A) 0.87 (A)
0.33 | 1.4678 0.0869 0.3030 0.0525 0.5997 0.1619 0.2534
1.8655 0.1317 (A) | 0.571 (A) 0.0668 (A) 0.7907 (A)
0.5 |1.1178 0.0782 0.2464 0.0489 0.5275 0.1373 0.2209
1.3744 (A) | 0.1209 (A) | 0.4292 (A) 0.0637 (A) 0.7064 (A)
0.66 | 0.9186 0.0723 0.2120 0.0463 0.4783 0.1219 0.1996
1.1015 (A) | 0.1123 (A) | 0.3479 (A) 0.0609 (A) 0.642 (A)
1 0.6721 0.0631 0.1661 0.0419 0.4053 0.1003 0.1687
0.7747 (A) | 0.0975 (A) | 0.248 (A) 0.0559 (A) 0.5379 (A)
2 0.3813 0.0481 0.1051 0.0339 0.2903 0.0692 0.1215
0.4136 (A) | 0.0703 (A) | 0.1345 (A) 0.0449 (A) 0.3641 (A)
3.3 | 0.2460 0.0378 0.0725 0.0278 0.2174 0.0508 0.0919
0.2576 (A) | 0.0516 (A) | 0.0843 (A) 0.0357 (A) 0.2564 (A)
5 0.1685 0.0300 0.0518 0.0229 0.1654 0.0382 0.0707
0.1725 (A) | 0.0382 (A) | 0.0567 (A) 0.0282 (A) 0.1849 (A)
6.6 | 0.1300 0.0253 0.0408 0.0198 0.1355 0.0311 0.0584
0.1316 (A) | 0.0308 (A) | 0.0433 (A) 0.0236 (A) 0.1465 (A)
10 | 0.0874 0.0191 0.0281 0.0155 0.0980 0.0224 0.0429
0.0875 (A) | 0.0217 (A) | 0.0288 (A) 0.0174 (A) 0.1016 (A)
20 | 0.0442 0.0120 0.0145 9.5e-3 0.0538 0.0122 0.0241
0.0441 (A) | 0.0117 (A) | 0.0146 (A) 9.882e-3 (A) 0.0534 (A)
30 | 0.0295 7.89%e-3 9.8e-3 6.847e-3 0.0368 8.336e-3 | 0.0166
0.0294 (A) | 7.97e-3 (A) | 9.734e-3 (A) | 6.895e-3 (A) 0.0362 (A)
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General Diffusion Solutions for Enclosure

The diffusion time for the enclosure wall is discussed in Table 1. The diffusion time gives us an
indication of the shielding effectiveness of the enclosure wall, however the peak and he
waveform of actual penetrating responses are determined by the penetration parameter at,
as discussed in the executive summary. This section discusses the enclosure interior H and
HDOT from the unit step and impulse excitations for nearby as well as direct lightning. The
nearby enclosure solution is more well-known and is used as an example for our discussion.

Nearby lightning responses for H and HDOT to an impulse existing in the literature are shown in
Figure 5 and Figure 6.

In this case, for parallel planes, infinite cylinders, and spheres, the impulse magnetic field within
the enclosure is independent of position and is given by [1]

1) 2Hp, 1 _d

HY ~ 2lex 1 073 t/4,<0.06° 17
in \/Eéjafd t/Td ’ /Td 6 ( )

5 o _t 2t am?t
H.( ) o Hex e dc—2e @ +2e W4 | t/7y>0.06 (18)
where ¢ is the previously discussed geometrical parameter for the enclosure given by
—tV
g=tec (19)

That (17) and (18) agrees within 1% at t = 0.06 t,; does not mean the peak is accurate to less
than 1%. An exact residue expansion is given in (49) and (17) and (18) give a peak of 2.72% too
high. At the peak, the quantity in brackets in (18) is approximately equal to one*, so that

peak __ Hex
Hin ~ faty (20)
or, noting that the surface resistance of the wall and cavity inductance are given by
R=—andL =% (21)
gl S
respectively, the parameter £ can be written in the form
L
&= e (22)
and therefore
peak _ Hex _ RHex
Hin - Eaty aL (23)

The early-time HDOT formula is found to be

(€]
AHpy  _2Hex |1 1 |,
dt Vréa(rg)? NE: 3/2 a4t 5/2
) )

The corresponding late-time HDOT formula is given in [8]

~3t,t/7; < 0.13 (24)

* [1] uses 0.1 for the boundary between the early-time formula and the late-time formula. The difference
between the two formulas at 0.1 is 5.47%. At 0.06, the difference is only 0.45%.
* Numbers for two different £s are shown in Figure 7.
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t w2t am?t

an® L it ot
L _ga*(’jx)z %e @t —2n2e @ +8me w@ |,t/z; > 0.13 (25)
d

At t/z; = 0.13, the percentage difference is 0.56%. Similarly, the peak derivative of the internal

magnetic field is given by [1]
peak
dHin

6RHeyx 6Hey

at Latg :gfaré
The numerical coefficient 6¥ comes from the essential singularity of (17) and thus (24) (Figure
6). (24) gives the peak 3.68% too high when compared to (50) for £ = 6.008.

(26)

Figure 5 can be used for the HDOT unit step response. Figure 6 provides HDOT for the impulse
response, which is much narrower in pulse width than the HDOT unit step response. The H unit
step response is obtained by integrating (17) and (18) and shown in Figure 9.

If we assume b = 72 inches and 2a = 24 inches, the geometric factor of (19) is &~ 10.4. If
b remains the same and 2a = 12 inches, £ = 5.6. £= 6.088 is used to obtained nearby
lightning figures. The geometric factor is not included in the direct strike model because only
the planar structure is treated. The corresponding direct lightning responses for H and HDOT
unit step and impulse responses are shown in Figure 10, Figure 11 and Figure 12

Given f(t) as defined in (6) and an impulse response of the enclosure H}, (t), the enclosure
|nter|or HDOT can be expressed as

—=— [f af (tHL, (t —t) dt'] (27)
The superscript “e” has been introduced to H;,to represent a decaying exponential. Two
limiting cases where solutions are simplified considerably are the thick limit and thin limit:

If i is much less than the pulse width of the H or HDOT response function shown in Figure 5 or
Figure 6, the thick limit applies. Figure 5 and Figure 6 approximate that limit as:

—f af(t)H (t—t)dt i(t—(t)) (28)

7 l
Here
tl[exp( at')—exp(- ﬁf')]dt’ [1-exp(—at)]-atexp(-at)
(&) == — (30)
Jylexp(~atn)—exp(-Btn]der a[1-exp(-at)]

ll n

and superscript “i” represents the impulse response. Therefore, the thick approximation is only
a time delay of the H or HDOT impulse response function.

Two comments are in order: First, (28) is derived by expanding Hiin t —t') asafunction of t’in
the integral in terms of Taylor series around (t) and select (t) such that the first order

contribution vanishes [10]: fotf(t’) (t' = (t))dt’ = 0. Second, Microsoft® Excel® can be used

¥ Numerical coefficients for three different £’s from (50) are shown in Figure 8.
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for quick numerical evaluation. To see how well (28) and (30) works, we refer to Figure 40 and
Figure 41.

On the other hand, if i is somewhat greater than the pulse width of the H or HDOT response

function shown in Figure 5 and Figure 6, then the enclosure wall can be considered as thin and
the thin approximation applies:

HE, = [T HL(O)af (6 — t) dt' ~ f(Oa [}’ ™ azy Hiy(t/7)d(t/ 1) = FOHSE) ~
Hi()exp(—at) (31)
Pin [P g (¢ — )t ~ FOHL () = Hiy (D). (32)

“u_n

superscript “s” represents the unit step response. The time-delay formulas are not derived

dHt, () nd

here because calculating time delay requires evaluating the moment for Hiin(t) and pramk

the resulting formula is too cumbersome to apply.

Equations (28) and (31) are for H, while (29) and (32) are for HDOT. Approximations (28), (29),
(31) and (32) can be explained by their Laplace transforms. Transforming time to its normalized

time Ti, the Laplace transform of the decaying exponential is In a thick limit (at; — ),
d

atg+sr

. . 1 . 1 .
the decaying exponential transform becomes — and its response response becomes — Hj,.
d d

In a thin limit (at; — 0), the decaying exponential transform becomes % and its response
becomes Hj,.

A word of caution. Equation (32) does not apply to the rise portion of the incident field

—exp(—pt), i.e., the condition for using (32): B has to be somewhat greater than Ti Otherwise
d

the interior HDOT will rise faster than the incident HDOT. The double exponential waveform
does not describe the HDOT of the incident field very well and the resulting transparent limit is

not valid.
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Nearby Lightning Responses for Decaying Exponential and for Unit
Step Waveforms

This section starts with utilizing existing nearby lightning formulas for constructing the solution
for decaying exponential and unit step excitations and ends with accurate numerical solutions
based on residue expansion of known solutions.

Consider an exterior nearby lightning magnetic field, Hex, with a decaying exponential
waveform. The early-time integral for the interior cavity field of an enclosure is the
approximation below [1]

H c+ico est
ex
o= ds
" 2mi J;—ioo (s + a)[cosh[sT4 + & /574 sinh [s74]
2H,, fc+ioo e~ VSTdgst ZHex cHico o= \[sTg st
21l Jo_i (s + a)(l + §,/srd) " 2mi c—io (s +@)&\/sT4

(33)
The Laplace transform can be inverted when a partial fraction is applied to the first
multiplicative factor in the denominator of the integrand. The remaining expressions are
tabulated in [11]. Note the left hand side of (33) is valid for all time, while the right hand side is
for the early time only and ¢ is large. The time-domain response for the right hand side integral
can be written as

Hy = e exp(—a t)[exp(iyfazy ) erfe(iVat +VT) - exp(-iaty ) erfe(—ivat +VT)]

&fata
(34)
where erfc(x e Ut (35)
- £l
or
1 2Hey « ”
HY = g\/_exp( a t)Im|exp(i\/aty ) erfc(ivat +VT)]. Note superscript “(1)” represents

early time and superscript “(2)” will represent late time.
Identities w(iz)= ezzerfc(z) and  W(— x+iy))=w(x +iy) are used to show

Hi (G vata) = s e Timlw(Vat + 7)) (36)

The thin-wall limit of a unit step response can be verified by letting @ — 0. The result is

s(l) 2Hex[ \fexp( T)—\/_erfc(\/_) (37)
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Although (36) and (37) give reasonable bounds for the time-domain responses, the use of
impulse responses is restricted to Ti < 0.06. For t/ty; = 0.06, the following equation are
d

derived:
2 _H 1 2 2 1 : 2 it 2 s
. ~ _t _mt _art
Hp" =22 |- |- —mt—=|e % +—xe “a——73e "« +—5e 2| (38
g | ot Lm2 ' ,an? S T gt
&g a ) étq 4 4

for the decaying exponential. However, because using the late-time expression (9) for the
early time causes a large error, (38) cannot be used directly. The correction in the early-time
error can be accounted for t > 0.067, by adding

AHE (1) = f"-"“d[yi(;) (t’)—H(z)(t')] et dt' et (39)

0 in
D) fpr (2) rpr :
where H;,’(t") and H;”(t") are given by (17) and (18).

in

For t/t4 = 0.06, the interior field is thus given by

10 () =22 | (P ) e e e | s
(40)

By letting @ = 0 the unit step response can be shown to be:

t 2t 472t
e (G R @
Again, for% = 0.06, a correction term must be added to (41):
AHS, (D) = [, 0°'°6Td[Hi(;) (t’)—Hl.(j)(t’)] dt’ (42)
Thus,

t n?t 472t
@ =H—2"[(§—%+f?) T LeTw e |+ AHA (D) (43)

Finally, the double exponential response can also be written as
de _ pye (t _pge (Lt
Hin - Hin (Td'aTd) Hln (Td'ﬁfd) (4’4‘)
Here (36) is used for Ti < 0.06 and (40) is used forri = 0.06. Superscript “de” represents the
d d

double exponential response.

The HDOT for exponential decaying responses can be obtained by observing an identity

S (£ ) = Hi (£) - arahty (£ ata) (a5)

)
Ta
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The first term on the right is the impulse response (17) and (18) and the only dependent
variable in the second term is the decaying exponential response. (45) is obtained by writing
the impulse response as the sum of the decaying exponential and its time derivative from the
corresponding functions in the transformed domain.

The left hand side of (33) can be evaluated exactly by the residue expansion. First, the integral
on the left hand side of (33) is transformed from s-plane to z-plane with the transformation
z = ,/S14 . The resulting integral is

22t

__ 2Hey ze 'd
Hin " 2mi ‘T (z2+atg)[coshz+¢z sinh z] (46)
where the contour I' is shown in Figure 33.
Im (Z)
Q2
1/2 ,
P (ota) -
qa x
Jo B~
Re(Z)

Contour I

Figure 33. The contour in the z-plane.
Equation (43) has only poles. They are located at z = i,/at,; and z, = iq, where g, satisfy

F(q) = cosq — &gsing = 0. An iterative equation can be used to determine the root location:
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F(qn)
n+1 = qn — Fl(qn)

roots for (n = 0,1,2,...) are qu—, (0) = %ﬁ and ¢,— (m) = mm, m=1,2,3.

where F'(q) = —(&+ 1)sing — £qcosq.  The initial guess for the m™

The residue expansion can be written as

2 t
—q%— -
Hin — Zoo 2qme ‘d + e (47)
Hex  “M=0(arq-q3 )[Eqmcosqm+(E+1)singm] ~ cosarg—E&/fazgsinatq
g2, L
HDOTinTq _ Zoo 2q,3ne Mg (XTde_at (48)
Hox m=0 (atqg—aq% )[éqmeosqm+(E+1)singnm]  cosJatg—Efatgsinaty

One can derive an expression for a double pole caused formed by overlapping ./at, by one of
the g,’s. However, it is not needed here. In a similar manner, Impulse H and HDOT responses
are given

2 t
—q2, b
Hin@Td _ vioo 2qme " 'd
Hex N Zm:O &qmeosqm+(&+1)singm (49)
_g2 b
HDOTin(ata)ta _ _ g 2q3,e a (50)
Hex m=0 Eqmeosqm+(&+1)singm,
The unit step response is a simple integration of (49)
—g2 L
Hf 2(1_6 qud)
Zin — yYoo 51
Hex Zm—O Aml&amcosqm+(&+1)singm] ( )

The accuracy of peak responses is determined by the location of dominating poles rather than
the number of poles included in the calculation. Because the residue expansion is extremely
accurate and convenient for numerical calculations, (47) through (51) are used to obtain all
nearby lightning responses.
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Direct-Strike Response for Impulse

For the direct-strike case, the maximum internal fields and pin-level voltages are induced when
the lightning channel is inclined at an acute angle with respect to the enclosure wall or for a
direct strike to an insulated conductor that is parallel and very close to the outer surface of the
wall (Figure 2). Direct attachment with the lightning channel oriented perpendicular to the
shield wall results in smaller voltages [12,13]. The impulse response is examined in great detail
to exhibit the general features of the enclosure interior field from a direct strike.

Derivation of Transverse Magnetic Fields inside the Enclosure from a
Longitudinal Current Filament

Consider the problem of calculating the transverse magnetic fields on the opposite side of an
electrically thick wall (of thickness A) due to a parallel current filament with time dependence
i(t) =1 e‘“tu(t) According to Reference 2, the early-time approximation for replacing

cosh(£A) ~ sinh(&éA) ~ %eﬁA in the magnetic vector potential gives

. 2 ico oSt=F(B)/stq
Aot~ 2ol El Ll Cdsdp (52)
o Y1 (\/ﬁ*‘ﬁ/lf) B2—1 2mi Yr—1ioo s+a

where v = p/y, and

FB)=p+(5-1)Jp2 -1 (53)

Note that A is the wall thickness and p the transverse radial distance from the filament center.
The integration over £ represents a superposition of solutions that satisfy Laplace’s equation.
The validity of (52) for enclosure applications is that p < 2a, where 2a is the enclosure
dimension.

The magnetic field expression can be simplified by recognizing that for t4 >> ts, the lightning
source behaves as an impulse a — co. Under this approximation, the inverse Laplace Transform

becomes
oo r+ioco

Aot Z#OIJ' ([32/1/)2 1. J‘ eStF(B5Td dsd B
Ta / (/ﬁz_l_l_ﬁ/v) ,32—12mr_ioo

The magnetic vector potential can be simplified as [11]

o]

_ 2ld
yeot. 2ol [ BMF@)t PN

) (JFE -1+ pp) -1 2T

The magnetic field is given by

10 2 [ @ e O
= ppot 1 - 2T[F £ T4
e ”A“lf( AR
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s (2 o (B2) T
Hx altg (TL’) fl (\/m+ﬁ/v)2 {1 ZT[F(ﬁ)] }e dﬁ (54)

where T = 14/4t.

Forv=1, thisis simplified to

He =~ (0" [ g2(p — JBZ— 1)1 — 2T @)Y " iap (55)
For%— 1=0,

3
Hom =2 (D) 7 52 (8 — BT = 1) (1 - 2720 "1 dp (56)

Note that (54) can be used to evaluate the magnetic field away from the wall.
Let A= % —1and u = B2-1, (54) can also be expressed as

3
aA{rd (E) & fooo(\/aiﬁl—\/;:;v){l - ZT[\/l +u+ /1\/_] } \/HML\/_] du (57)
For v =1,
Hy~ = (n) 7200+ w7 = 1+ w2 = 2vu( +w| {~2T VT Fu + a]J e Tl gy

(58)
Equations (53) through (58) can be used for the numerical evaluation of magnetic field and its
derivative inside the enclosure.

Averaging and Truncation Approximations for Maximum Magnetic Fields

Equation (56) or (58) with A =0 gives the maximum magnetic field inside the enclosure and can
be expressible in terms of a finite number of simple functions:

3/ Y Y
_ —41 Z 2 —T _ 8 _E l 27t 2 57r 2 12w /2
Hx - alty (n’) { 2 + (2 T) [T o e BTfC\/_ 3/2 + 2T5/2}
(59)
However, averaging and truncation approximations [2], [14] are expressed in terms of

elementary functions.

An averaging technique gives

He~ (D)o 2(1 s (142) 7 a2 (14 |[t-2r(+2)2 o
Averaging for v #1 is

/1+—
4aT'’?
o:Ardn3/2 (

o fort)

= [2T + 1] (61)

x ~
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Alternatively, the truncation method gives

7 5
sz4—13e‘T{—£—§——+ 81 [(1 +7) /2—1l—§T5/z I(1+%) /2—1l -

abtgm /2 3 15 35T
(1 +%)5/2—1 +27%2 l(1+ )/2 1]} (62)

Averaging for Magnetic Fields Away from the Source Wall

Critical circuitry may be located far away from the enclosure wall and are not subjected to the
large field near the line source. This discussion provides simple averaging formulas for
describing magnetic field away from the wall.

473/,

Averaging is defined as

[00]

j e YT dy = ?
1
or
f(vu—“w—)(v_ ) el Tau =
Note that
L LI =

oo dy
—y(WT ZL
J, e 7 u
Rather than using averaging alone, we also impose consistency in mapping and define

0 d
-yt &Y
<u) = fO e du du = i
[ e=yar Wy T
0 du

So that

1+ = (JT+ /T, + 2/yT5)° (63)

The averaging result is thus given by

- 3/2 1/2
Ho = [ (1+2) T - (142) " =& (1+7)) — (64)
(g )

and forv #1

55



4IT1/2¢-T V\/1+Ti1 2T+1
m3/2ahty 1 T\ 2 (65)
(V‘/T:lJr‘JHT_l) (Jl’TlliJ%)(J — ’A\/T—1>

1+T—1

~
X

Numerical Examples for Impulse Responses

Maximum Magnetic Field in the Enclosure

Approximate formulas only involve elementary functions. Equations (56), (58) with A = 0, and
(59) were evaluated numerically for / = 200 kA, a = In(2)/(200 us), 4 = W, o= 2.6 x 10’ S/m,
and A = 0.5 inches. The maximum magnetic field inside an enclosure is 2.2 x10° A/m at
approximately 0.76 ms. The results are compared in Figure 34, which shows that the truncation
result gives a more accurate peak and the averaging formula gives a somewhat lower peak
value. Figure 35 shows the numerical derivatives of the magnetic field given by (56), (58) with
A =0, and (59). The peak time derivative of the magnetic field derived is 6.8x10% A/m/s at 0.3
ms. Truncation gives slightly higher HDOT in Figure 35.

Maximum H Inside Enclosure
from Lightning Line Source

250

200 - Exact In.tegration
—--=— Averaging
——= Truncation

150 -

100 -

H (kA/m)

50 1

-50 T T
0.0001 0.001 0.01 0.1

Time (s)
Figure 34. Comparison of the maximum magnetic field inside an enclosure by various
methods: exact integration, averaging, and truncation method.
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Maximum H Dot Inside an Enclosure
from Lightning Line Source

1000
800 1 ————  Exact Integration
Averaging
@ 600 A Truncation
£
<
S 400 -
E
g
T 200 A
0 .
-200 T T
0.0001 0.001 0.01 0.1

Time (s)
Figure 35. Comparison of the maximum magnetic field derivative inside an enclosure by
various methods: exact integration, averaging, and truncation method.

Magnetic Field Away from the Wall

The magnetic field from the line source falls off spatially away from the wall. Figure 36 shows
the comparison of the exact integration and the averaging results at a distance p = A and

p = 2A The peak time derivative of the magnetic field decreases approximately a factor of four
when the distance away from the wall double. Figure 37 shows the peak time derivative
magnetic field decreases approximately 25 times and 100 times when the distance increases to

p = 5Aand p = 10A respectfully.

Figure 38 and Figure 39 illustrate the peak magnetic field and the peak time derivative of

2
magnetic field are approximately proportion to the factor(—} .
o,

For A=0.5inches, b = 72 inches and p = A, the worst case induced voltage in a single-turn
loop in air occupying the full cross section of the enclosure from an impulse is

00 A*bdp _ Ho2x10% 4.1608 -
V<, MOHDOTm|p=AT ~ UoHDOTy | p=pbA= T s 1.83 ~ 19.8 volts.
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H Inside Enclosure
from Lightning Line Source

250
p = A (exact)
p = 2A (exact)
200 1 p = A (averaging)
p = 2A (averaging)
150 -
£
i 100 A
T
50
O .
0.0001 0.001 0.01 0.1 1

Time (s)
Figure 36. Comparison of the maximum magnetic field derivative inside an enclosure by
exact integration and averaging method for p = Aand p = 2A.

Hdot Inside Enclosure as Distance Varies
from Lightning Line Source

20

15 p = 5A (exact)
—————— p = 10A (exact)
————  p=5A(averaging)

10 p = 10A (averaging)

HDOT (meg-A/m-s)

0.0001 0.001 0.01 0.1
Time (s)
Figure 37. Comparison of the maximum magnetic field derivative inside an enclosure by
exact integration and averaging method for p = 5A and p= 10A.
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Peak Magnetic Field as Distance Varies

100 - Exact Integration
Averaging

€
<< 10 -
=
T

1 4

N

Distance (p/A)
Figure 38. Peak magnetic field as distance varies away from the wall.

Peak Hdot as Distance Varies

1000
Exact Integration
. — — — - Averaging
N ————— 2

100 - NN 1/p
£
<
(@)
[}
E
= _
a)
I

1 .

Distance (p/A)
Figure 39. Peak time derivative of magnetic field as distance varies away from the wall.
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Direct-Strike Response for Decaying Exponential Waveforms

The inverse Laplace transformation arising from propagating an exponential decaying function
is

1 pctioco e~kVs
e o e¥ds; k=F(B)[ta (66)
where F(f) is given by (53).

The inverse transform is not given in Standard Transform Table [11]; however, if a partial
fraction is applied to the denominator, the resulting function is:

t __1 —kvs
2a [ Vs+iva \/E—wa]e (67)

The time-domain function is then
given by

E [e"k‘/ae‘“terfc (ix/ﬁ + ZL\/E) + e iVag-aterfe (—ix/ﬁ + zL\/E)]’ (68)

2
which is reduced to

—K2

e+t Re [W (\/ﬂ + ;—5{)] (69)
Note that w(iz) = ezzerfc(z) and w(—x+iy) =w(x +1y)orw(z;) = e‘Z%erfc(—izl)_

Equation (52) can be expressed as

—_1.2
At0t~ 2uol o .BZ/V _k R / + ik d 70
) " fl (‘/32—1+B/V)2\/l32—1 e e [ ( )] p (70)

To take the derivative of (70) with respect to p we use the function in (68) as

a1r . k . k
— —|eikVag-atyy c(i at+—>+e‘”“/&e‘“ter c(—i at+—)]
ok 2 fe|iat 24/t f Vat 2Vt
WVal e, a ( k) _ikE —at ( . k )]
= erfclivat+ —) —e e %erfc|—ivat + —
5l fe(iat+ 57 fe (-t + 5
1 ) k \?
lk\/_ —at, (l\/_+ \/—) +e—ikﬁe—ate_(_lM+2_ﬁ)
=
iva k k 1 K?
L (v ) (e )] -
2 [ <\/_ 24t Vat 2Vt Jrt
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—Kk2 k
= Jae " # Im|w (\/ﬁ + lz—ﬁ)] et

and = =
ap dp 0k

8 _0kad _ 8 p*-1
%p opok ok a V'

The magnetic field is given by
1 gAtt -2 I [® 2 —K? k 1 -k2
H,=—— zZ_ - td f B/v Z{ﬁeTlm[w(\/E+i—)]——eT}dﬁ
' ( V)

ko Op mA JEE—1+8/ vt/ nt
or
t\ —Jargd ([ NI+u/v @ty 2NT TR
H, (ard,a) ~— J:) (\/ﬂ+ ) +u/v)2 {Im [W( ﬁ-l_ L[Vl +u+ ﬂ\/ﬂ]\ﬁ)] - T[m_d}e du
(71)
where u=42-1
Forv =1, thisis simplified to
Hy~— :Ardlfowxh Fu(Vitu-a) {Im [w( /% +i[VI+u+ /NH]x/T)] —%}e—IM+AMZT du
(72)
For 2=1
A
Hy~ _‘/:ATdI e [CVT+u(Vitu-— \/ﬂ)z {Im [W (\/% +iV1+ uﬁ) - \/:i__:d} e T du (73)

Equations (70), (71), (72) can be numerically evaluated to be compared to (56), (57) and (55),
respectively, for different fall-times (or values of at,).

The double exponential response can be written as

Hie = H, (ard, —) —H, (gfd, —) (74)

d

where each term in (74) is given by (71).

Note that when a — 0 (unit step limit), (66), (67) and (68) reduce to corresponding
equations for the unit step discussed next.

Unit Step Responses
The unit step magnetic field response can be obtained from (52)
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RN ET i GOV
0

wop| m 2
(v /ﬁ2—1+/3> p*-1

The differentiation in p can be carried out to yield

dp|,

_ 2INT foo J14+u/v e‘[\/”_“ﬂﬁ]szu
x w324 J0 (\/Tu/w\/ﬂ)z

Forv=1,
hY) [ee] 2
2T fo [2(1 + )32 -1+ -2vu(1 + u)]e_[VH“HV“] Tdu

X7 p3/2p

As t — oo the unit step response approaches the static limit.
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Voltage and Current Bounds for Direct Strikes

The distant time-derivative magnetic field deviates from % and therefore the maximum

voltage cannot be calculated from HDOT (extrapolated in p). A separate derivation for the
maximum induced voltage is needed.

Referring to [2], the magnetic flux passing through the loop in the ¢-direction (that is

normal to the loop) shown in Figure 2 is calculated below using B=VxAina cylindrical
coordinate:

DALt
-

B,

@ g ALot
6> —b f T dp = b oy
A

We can define Vas the voltage bound (Figure 2) for decaying exponential as

o 2 ico cpSt—B/ST
V=@=,u0blf B /‘”2 L.f”.‘ udsdlg (77)
ot 1 ( IBZ_1+B/V) 32_1 2mi YTr—Llo S+a

The s-integration can be carried out to yield

Vtg R (B3/v) e—B?Tq/(4t) o ey B2/ g1y [ <
_— - d - e 4t Re w \/a +
vt "{ b (VBT ) YR D g (VBT=1+8/v) VB?—1
ip
2 t/Td)] dﬂ} (78)
or
00 2ugbl d [ 2/, g ;
S f—f” 2 eu%+%ﬁh ﬁ)kﬁ
t T tl ( ﬁ2_1+ﬁ/1/) /ﬁZ_l th/_‘[d
(79)
For at; — 0 (the unit step limit),
Vta _ 2 (% (B3/v) eBPa/4t) 0

= d
Holb  m-1 (Jmﬂf/V)z\/m 2y/n(t/7q)3 g
For at; — o (the impulse limit)

63



Va — 2 (oo Bz/vz L_fﬂ-.ioo SeSt_ﬁmde,B,
[Lolb vl (\/m_}_ﬁ/v) B2_12T[l r—ioo

which can be reduced to

ﬁ3

Vrg(atq) _ 2 (o — td i{e‘ﬁzfd/(‘*t)} @1)
Uolb mY1 (\/m"'ﬁ/") pz—19t (2 (t/tq)3

where
d (e—B?*ta/(d) 2 B2 3
L3 = {— p-B%ta/(4t) —

ta dtiz n(t/rdﬁ} ¢ {an(t/rdV wn(t/rd)s} (82)

In order to take at; — o of (79) we use

P14
atze 4t Reyw

Ta
1 . ,81/ Td . B,/ Td
= at, = |eVee=torfe| ivat + =2 | + e~ tkVag=atorfc <—i\/at +——
dZI f( zﬁ) 4 2t
2 2
1 _B‘1a 1 1 B e_ﬁ4:d

N [l\/_+\/_ = ‘/_J 2/n(t/t)?

Therefore, as at; — oo, (79) becomes (81).

As aty = 0, (79) becomes (80) because

- erfc (B*/?) and Tay; erfc (Bz\/«/j) \/%.

_B*a
e 4t Relw \/ozt-i-i

2 | L
Td

Current bounds for an inductance dominating closed loop can be obtained by integrating (77)
in time to obtain (We neglect the sign for the flux knowing that the flux change is compensated
by induced voltage)

B%/v 1 r+ico eSt7BYSTa
(VFTep ) yprma 2l i sta

Li=@=pebl [

which is

dsdp,
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ot = by (x/ﬁ_ﬁﬁ//)\/ﬁ_ e [w (vt + )| as ©)

The corresponding bounds for the unit step and impulse are

Li 2o (B3/v)
holp 7k (Vb ) fC( )dﬁ’ (84)

and

Li 2 (oo (B3/v) e—B?Tq/(at)

polb  wl1 (m+ﬁ/v)2 p7_1 2/n(t/7a)’

(85)

Some comments are in order: Our investigation is based on the early-time integral as discussed
in (52). The parameters such as HDOT and voltage bounds that occur early in time are
accurately determined by (52). However, in calculating H, the current bound, or the total flux
for unit step excitations, the result may not be correct. The enclosure interior magnetic field

due to the unit step falls off as % from the line source (Figure 10 and Figure 13). If the upper
integration of the loop area extends to infinity as done in this section, the total flux diverges
and a realistic bound cannot be obtained. As discussed before, if a unit step current or flux

bound is sought, it is more reasonable to limit the integration to the physical dimension of the
enclosure so that a realistic bound can be obtained.
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Collection of Figures

Decaying exponential waveforms with all physical parameters discussed for representative aty
for nearby as well as direct strikes are given in this section. These parameters for nearby
lightning are H and HDOT and for direct strike lightning are H and HDOT for two field points

p = A and p = 104, voltage and current bounds for both u = pgand u = 10u,.

H for Transition Range (Figure 40 through Figure 46)

An alternative explanation to the Laplace transform discussion in the section on general
diffusion solutions for the transition is (45). ¢ = 6.088 is used for Figure 40 through Figure 46.
Hiy

As aty; — oo, (45) becomes HE =~ =2 and, as at; — 0, (45) becomes HDOTE = H%n or
d in ar, d in

HE, =~ H},. Note also the pulse width widens as at, decreases. Figure 40 compares the
numerical result for at; = 30 with the approximate formula (28) with (30). The
approximation is quite adequate for at; > 30. Figure 41 indicates that a slight error in peaks if
the approximation is used for at; = 6.6. Large errors in peaks can occur for at; < 5. Figure
40 through Figure 42 are shown with H normalized to be compared to the impulse response.
Figure 43 shows the transition from large to small at; when the peak varies approximately
1/@. The transition implies the decaying exponential response makes the transition from
an approximate unit step response to an impulse response as at, increases (Figure 26)

1.0

exact (at, = 30)

0.8 - — — — approximation
0.6 4

0.4 1

Hinga‘cd/Hex

0.2 1

0.0 1

0.01 0.1 1 10 100 1000
t/t, (1/(4T))

Figure 40. Comparison of exact numerical result with approximate formula (28) with (30).
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1.0

—— impulse
0.8 1 ——at,; =30
—— aty,= 20
0.6 1 ——-oar,= 10
—— a1y = 6.6

0.4 1

Hingatd/Hex

0.2 1

0.0 1

_0.2 L) L) L) L)
0.1 1 10 100

t/t, (1/(4T))
Figure 41. Numerical results for several values of at,; are shown. If approximate formula (28)

is used, slight errors in peak H result, because (28) preserves the peak from the impulse
result.

1.0

Hingatd/Hex

th, (L/(4T))

Figure 42. At these art, values, peak value decreases as at; decreases.

Figure 43 through Figure 46 are shown with H normalized to the unit step limit. Figure 44
shows that at at; = 0.01, the peak of H almost approaches the unit step steady state limit.
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Figure 45 and Figure 46 show how the approximate formula (31) compares to the numerical
results for at; = 0.01 and 0.001.

1.0
a'td =05 N
A2
081 — — ar,=0.33 28~ \\
C— ag,=02 VD
E‘” 061 __. at, =0.1 \\ \1\
i —— ar, =0.066
e 0.4
3
i3
T 02
0.0 A1

0.1 1 10 100
tir, (1/(4T))

Figure 43. At these values of at,, peak values vary approximately as 1/,/at; which has
been scaled out. The intersection unit step peak and impulse peak in Figure 26 (at; =
0.1458) corresponds to the occurrence of the peak response, which would have occurred
between at; = 0.1 and at; = 0. 2.

61 ——— unitstep
— ——- a1, =0.001

Hin‘s;/Hex

w
!
!
i

-

e

7

0.01 0.1 1 10 100
ti, (1/(4T))

Figure 44. Peak value approaches the unit step late-time value as at; decreases. The unit
step response approach §, which is 6.088.
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HinE.l/Hex

residue expansion at, = 0.01

-1 - — — approximation

0.1 1 10 100
th, (L/(4T))

Figure 45. At at,; = 0.01, approximate formula (31) has a small error in the peak.

residue expansion
at, = 0.001

— — approximation

Hin&/Hex

0.1 1 10 100
tit, (L/(4T))
Figure 46. At at; = 0.001, the error in approximate formula (31) is negligible.

HDOT for Transition Range (Figure 47 through Figure 51)

Figure 47 shows the transition to HDOT for the unit impulse. £ = 6.088 is used for Figure 47
through Figure 51. It is obvious that time delay formula (29) is a good approximation to all at,

responses shown. Again, (45) describes the transition. As at; — o, (45) becomes HDOT{, =

i .
% and, as at; — 0, (45) becomes HDOTE, ~ Hi,. Note also the pulse width widens as at,
d

decreases.
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8
—— impulse HDOT
— — a1, =300
6 -
—-— a1y =100
T ——- o1, =66
G at, = 50
3
wz
= J
o 2
a)
I
O -
'2 L) L)
0.01 0.1 1 10

th, (1/(4T))

Figure 47. For large at,, the approximate time delay formula given by (29) has small
numerical discrepancy.
From at; = 30 to aty = 0.33, peak HDOT is reduced by approximately a factor of 4.5 (Figure
48 and Figure 49). A large transition range is described as the coefficient of (34), i.e., the peak
varies approximately by 1/\/a_rd. Figure 50 and Figure 51 illustrate, for at; < 0.2, the peak
HDOT and its waveform is approximately given by the peak impulse H response and its
waveform (Figure 5).

12

HDOT, &t (aty)*H,,

-0.2 L] L]
0.01 0.1 1 10

i, (1/(T))

Figure 48. Peak HDOT is approximately inversely proportional to ,/az, , which has been
scaled out. Peak occurs near the curve at; = 6.6, because of the intersection of the unit
step and impulse peaks at 6.4351 shown in Figure 1.
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1.0

—— a1, =0.33

HDOT, &t /H,,

'0.2 ) ) )
0.1 1 10

th, (1/(4T))

Figure 49. In this at; range, peak HDOT has a large decrease as at,; decreases.

HDOT, &t,/H,,

0.001 0.01 0.1 1 10 100
t/it, (1/(4T))
Figure 50. In this at, range, peak HDOT approaches the impulse H response (32).
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1.0

impulse H
0.8 1 ———- or,=0.001
——————— at, =0.01
i Y A N —— ar, = 0.02
& 0.033
e 4 N —m————— ort, = 0.
“L 04 - ¢
l_
(@)
a)
T 0.2
0.0 1 N
-0.2 L) L) L) L)
0.1 1 10 100 1000

thr, (L/(4T))

Figure 51. The waveform approaches the impulse response (32) at these at, values.

H Transition for p = A, u = u,, (Figure 52 through Figure 55)

All figures for direct strikes to be presented are labeled as H;,, rather than H,. They are derived
from a planar wall. However, the solution is valid for most enclosures because other walls can
be assumed to be distant from the source. The difference between the nearby planar
excitation and the direct strike attachment to the insulated cable in proximity (that results in a

line source) is the geometric parameter € (19).
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0.30

0.25 A . — impluse
0.20 -

0.15 A1

H, ot All

0.10 A

0.01 0.1 1 10
th, (1/(4T))

Figure 52. For all values of at,;, approximation 28 with (30) works well. Exponential
decaying responses are time-delay of impulse H.

0.25

0.20 1

0.15 1

0.10 A1

H,,at,A/l

0.05 -1

0.01 0.1 1 10 100
th, (L/(4T))

Figure 53. The peak and waveform deviate noticeably from those of Impulse H at az; = 30.
For corresponding nearby responses, see Figure 41.
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0.08

0.06 A

0.04 A

0.02 A

H, () *A/l

0.01 0.1 1 10 100
t/r, (L/(4T))

Figure 54. Vertical quantity has been scaled to ./ at, resulting in comparable peaks. The
intersection of unit step and impulse peaks shown in Figure 27 occurs at at; = 1.5804,
which would corresponding to peak in the scaled quantity shown.

14

unit step
121 at, = 0.05

104 —=—=———— at, = 0.066

0.8 1

06 —— —— ——

H. 2rA/T

0.4 1

0.2

0.0 -1

0.001 0.01 0.1 1 10
tir, (1/(4T))

Figure 55. The unit step response is the same as shown in Figure 9. For small values of at,,
(31) is a good approximation.
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HDOT Transition for p = A, u = u, (Figure 56 through Figure 59)

—— impulse HDOT
4 4 —_ ardZSOO

HDOT, a(t,)’A/l

0.1
tht, (L/(4T))

Figure 56. For at,; = 300, the response the same as impulse HDOT.

0.6

HDOT, 1 (at,) A/l

tir, (1/(4T))

Figure 57. Vertical quantity has been scaled to ./ at, resulting in comparable peaks. The
intersection of unit step and impulse peak occurs at at; = 16.5374.
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0.30
impulse H
0.25 ———- o1,= 033
——————— aty = 0.5
0.20 A
YN - at, = 0.66
3 _
P: 0.15 o — — e — . a’[d fut 1
I
0.05 -
0.00 - D
N e
-0.05 T T T

0.1 1 10
th, (1/(4T))

Figure 58. These HDOT responses for these values of at; are well approximated by the
impulse H.

0.30

impulse H

0.25 4

0.20 A

0.15 -1

0.10 A

HDOT, A/l

0.05 4

0.1 1 10
t/ty (1/(4T))
Figure 59. Impulse H (32) is a very good approximation to these HDOT.
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H Transition for p = 10 A, u = uo (Figure 60 through Figure 64)

0.35
—— impulse H
0-30 1 — — a1,=300
0.25 - —— at,=100
———- a1t =66
0.20 1

at, =50
0.15 A

HinardpzllA

0.10 A

0.05 A

0.01 0.1 1 10 100
th, (L/(4T))

Figure 60. Impulse H (28) with (30) is an excellent approximation to these values of azt,.

0.35

0.30 - —— impulse H
—— at,=30

0.25 1 —— at,=20

0.20 - -——-at;=10
—— a1, =6.6

0.15 1

-aty=5

H. atp*/IA

0.10 A

0.05 A

0.1 1 10 100
tir, (1/(4T))

Figure 61. Transition values for p = 10A is close to that for the nearby response (Figure 41).
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0.30

0.25 A

0.20 A1

0.15 A1

0.10 4

H, at,p /1A

0.05 4

0.1 1 10 100
tir, (1/(4T))

Figure 62. Peak H decreases quite a bit from the impulse H given in Figure 61.

0.5

—— o1, =0.05

H, 2np/1

0.1 1 10 100
th,, (L/(4T))

Figure 63. These curves should be compared to unit step response shown in Figure 64. The
intersection of peak unit step and impulse responses occurs at at; = 0.1845; however, the

transition peak in the scaled vertical axis (,/ at ) is not shown.
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1.0
unit step
081 ———. ar,=0001
el T
B e
L 0.4 1
=
0.2 1
0.0
0.01 0.1 1 10 100
t/t(1/(4T))
Figure 64. Transition to unit step response is shown. (31) is a good approximation to these
curves.

HDOT Transition for p = 10A, u = uy (Figure 65 and Figure 68)

25

impulse HDOT

HDOT,, a(t,)’p*/IA

-0.5 T
0.1 1

ti, (1/(4T))

Figure 65. For at; = 300, the response is well approximated by impulse HDOT.
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HDOT, t (at,) *p*/IA

_O.l T T L)
0.01 0.1 1 10

ti, (1/(4T))

Figure 66. Vertical quantity has been scaled to ,/at,; resulting in closer peak values. The
intersection of peak unit step and impulse responses occurs at at; = 7.1467.

0.35

0.30 - — impulseH

0.25 -
0.20 -
0.15 -

0.10 -

HDOT, t p/Al

0.05 -

th, (1/(4T))

Figure 67. At these values of at,; the impulse H is a fair approximation for peaks.
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HDOT, t,p/Al

0.35

0.30 -1

0.25 A

0.20 -1

0.15 -1

0.10 A1

0.05 -1

impulse H
at, = 0.05

0.1
th, (1/(4T))

100

Figure 68. Impulse H or (32) is a good approximation to these value of az,.

H Transition for p = A, u = 10y, (Figure 69 through Figure 72)

H, at,All

0.25
impulse H
0-20 1 o, = 300
——————— at, =100
0.15 -
—————— at, = 66
........ ot. = 50
0.10 T
0.05 A1
0.00 -
-0.05 r r
0.01 0.1 1 10

th, (1/(4T))

Figure 69. These responses are well approximated by (28) with (30). Some errors in peak for

aty; < 66.
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0.25

impulse H
0.20 - atg = 30
atg = 20
0.15 1 atg = 10
iﬁ atg = 6.6
S 0104 atg= 5
=
0.05 4
0.00 A
0.05 T T T
0.1 1 10 100

th, (1/(4T))

Figure 70. The peak decreases by almost a factor of 2 as at,; reduces from 30 to 5.

0.35
= 05
0.30 -
= 0.66
0.25 - -1
_ 0.20 A = 2
3 = 33
& 0.5 4
b
0.10 -
0.05 -
0.00 -
0.05 r r r
0.1 1 10 100

th, (L/(4T))

Figure 71. This should be compared to the unit step response shown in Figure 72. (31)is a

good approximation for these curves. The intersection of the unit step and impulse peaks

occurs at at,; = 3.4249, which is between the value shown in Figure 70 and the current
figure.
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H,,2rA/1

0.5

unit step
044 —— ary,=0.05
—-—- oty =0.066
034 ——-o0r; =01 \ \
—— at, =02 \\'-\ \\\\
021 ——. or, =0.33 VLA
d . \\.\
AR
\ \ '\\
0.1 1 VLN .\\
\ N
NN
NS NLONY
_0.1 ) ) ) )
0.01 0.1 1 10 100

tir, (1/(4T))

Figure 72. For these values of at,, responses can be approximated by (31).

HDOT Transition for p = A, u = 10y, (Figure 73 through Figure 76)

5
4 impulse HDOT

2
5
5:
=
@]
o
T

-2 T !

0.01 0.1 1

t/t, (1/(4T))
Figure 73. For at; = 300, the response is well approximated by impulse HDOT.
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HDOT, 7 (at,) "’ Al

0.01 0.1 1 10
tir, (1/(4T))

Figure 74. Vertical quantity has been scaled to ./at; resulting in closer peak values. Figure
23 indicates the intersection of the unit step and impulse peaks occurs at at; = 20.63.
Notice the near peak for curve shown for at; = 20.

0.25
impulse H
0.20 - - —_— - ary = 0.33
_______ =05
_ 0154 [ W m———— = 0.66
< : -
l-’z ........ 1
— 0.10 A =
5 2
(@]
I
0.05 1
0.00 A N
N2
-0.05 T T T
0.01 0.1 1 10 100

t/t (L/(4T))

Figure 75. Impulse H or (32) is a good approximation to responses for these values of at,.
aty = 1is when the transition starts.
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0.25

0.20 - — impulseH

0.15 A

0.10 A

HDOT, 7 A/l

0.01 0.1 1 10 100

t/t (1/(47))
Figure 76. Impulse H or (32) is an excellent approximation to the responses for these values
of at,.

H Transition for p = 10A, u = 10y, (Figure 77 and Figure 80)

1.2
1.0 - impulse H
— ——- a1, = 300
o84 K\ e at, = 100
= | M A ———— at, = 66
T o06- d
« | g\ . 50
3
c 04 4
T
0.2 -
0.0 1
'02 T T T
0.01 0.1 1 10 100

tht, (1/(4T))

Figure 77. (28) with (30) is an excellent approximation to responses for these values of at,.
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1.2

impulse H

1.0 - at, = 30
_______ oty = 20
0.8 4
—————— at, = 10
Ns 0.6 1 oy \\ ........ atd = 6.6
e oT, =
d
§E 0.4 -
T
0.2 4
0.0 4
_0.2 ) ) )

0.1 1 10 100
t/x, (1/(4T))
Figure 78. The peak H decreases considerably in the range 5 < at,; < 30.

Hin (atd)llzpzlAI

'0.1 T T T
0.1 1 10 100

t/r, (1/(4T))

Figure 79. Vertical quantity has been scaled to ,/at; resulting in closer peak values. Note
the intersection of unit step peak and impulse occurs at at; = 1.0956, which corresponds
to the peak value shown.
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0.7

oed — unit step
——= —— o1, = 0.05
0594 ... _ aty = 0.066
04 ——=——~ oty = 0.1
g_ — e —— (x‘[d = 02
N 03 1
L ———- ot = 033
T
0.2 -
0.1 -
0.0
-0.1 T ; '
0.01 0.1 1 10

th, (1/4T)

Figure 80. For these values of at,, responses can be approximated by (31).

HDOT Transition for p = 10 A, u = 10u, (Figure 81 and Figure 84)

14
12 - impulse HDOT
— ——- at, =300
10 -
< I Y 7/ N at, =100
:;_ —————— 66
E: 64 1 %W —e—. 50
5: 4 -
L
o
@] 2 A
T
0 -
-2 1
-4 T T
0.01 0.1 1 10

t/t, (1/(4T))
Figure 81. HDOT for at,; = 100 can be approximated by (29) with (30).
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2.0

HDOT, t,(at,) " p/Al

tir, (1/(4T))

Figure 82. Vertical quantity has been scaled to ./ at,; resulting in closer peak values.
Intersection of the unit step and impulse responses occurs at at; = 10.5552, as shown in
Figure 24 the near peak for the curve at; = 10.

impulse H
aty, = 0.33
aty, = 0.5
Nﬂ at, = 0.66
S
S at, = 1
= aty, = 2
©)
Qa
T
-
'0.4 ) ) )
0.1 1 10 100

thr, (1/(4T))

Figure 83. Impulse H or (32) is a good approximation to responses for these values of az,.
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impulse H

———- at, = 0.05
——————— at, = 0.066
—————— aty, = 0.1
———— at, = 0.2

HDOT, at,p’/Al

'0.2 T T )
0.01 0.1 1 10 100

tir, (1/(4T))

Figure 84. Impulse H or (32) is an excellent approximation to responses for these values of
at, .

Voltage Bounds u = po (Figure 85 through Figure 88)

3
—— impulse voltage
— — atg =300
2 1 T 100
o \i ——- atg= 66
=2
& W —— otd= 50
5 14
>
0 -
0.01 0.1 1 10

tht, (1/(4T))
Figure 85. Voltage bounds for direct strikes (i = po).
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0.5

V(owd)llzrd/ bl

0.01 0.1 1 10
th, (1/(4T))

Figure 86. Voltage bounds for direct strikes. The intersection of unit step and impulse peak
occurs at aty = 11.4263 (u = po).

0.30
— unit step voltage
0.25 A ——atg= 05
——- atg = 0.66
0.20 -
——-oatg= 1
S 0151 —— arg = 2
3. —
= -atg= 3.3
<  0.10 1
0.05 -
0.00 4 NN
\\‘ \>:.-"/,//‘
0.05 ) ) )
0.01 0.1 1 10 100

t/t, (1/(4T))
Figure 87. Voltage bounds for direct strikes (i = Lo).
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V(aty)ty/pobl

0.3

0.2 1

0.0 1

unit step voltage

— — atg = 0.05
—— atg = 0.066
——-atg= 0.1
—-— atg = 0.2

- oatg = 0.33

0.01 0.1 1 10 100
t/t, (1/(4T))
Figure 88. Voltage bounds for direct strikes (i = po).
Voltage Bounds p = 10uo (Figure 89 and Figure 92)
8
—— impulse voltage
6 — — atg =300
—— atg =100
44 ——-oatg= 66
—-— atg = 50
2 -
O -
-2 L] L]
0.01 0.1 1 10

tir, (1/(4T))

Figure 89. Voltage bounds for direct strikes (1 = 10 po).

91



1.2

atg = 30
1.0 1
— — atg = 20
0.8 - — = arg = 10
:;c: 0.6 - ——-atg= 6.6
8 041
5
S 021
>
0.0 1
-0.2 1
-0.4 T T
0.01 0.1 1 10

t/r, (1/(4T))

Figure 90. Voltage bounds for direct strikes. The intersection of unit step and impulse peak
occurs at aty = 13.4488 (u =10 po).

0.6

unit step voltage

0.5 - . ——atg= 05
- atg = 0.66

V,/p,bl

0.01 0.1 1 10 100
tht, (1/(4T))
Figure 91. Voltage bounds for direct strikes (i = 10 po).
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0.6

unit step voltage

0.5 A — — atg = 0.05
—— atg = 0.066
0.4 1
——-atg= 0.1
a 0.3 —-— atg= 0.2
< - atg = 0.33
S 0.2
0.1 -1
0.0 =S
'0.1 ! ! !
0.01 0.1 1 10

tir, (1/(4T))

Figure 92. Voltage bounds for direct strikes (i = 10 pyo).

Current Bounds u = uo (Figure 93 and Figure 96)

Li(aty)ty/ugbl

100

0.30
— impulse current
0.25 - — — art, =300
—-—- a1, =100
0.20 -
——- a1, = 66
0.15 A —— oty = 30
0.10 -
0.05 -
0.00 -
0.01 0.1 1 10

tit, (1/(4T))
Figure 93. Current bounds for direct strikes (p = po).
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Figure 94. Current bounds for direct strikes (1 = po).
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Figure 95. Current bounds for direct strikes (i = 1o). The peak on the scaled
occur near aty ~ 1.

“uu

i“ appears to
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unit step current

—— at,= 0.05
061 —— or,= 0.066
——-ar,= 01
e 044 —..— ard = 02
= —— - o1, = 0.33
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0.1 1 10 100
t/it, (1/(4T))
Figure 96. Current bounds for direct strikes (i = po).

Current Bounds u = 10y (Figure 97 and Figure 100)

0.6
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— — oty = 300
- at, = 100

o
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Li(oty)ty/pobl

0.0 A1

0.01 0.1 1 10 100
t/t, (1/(4T))
Figure 97. Current bounds for direct strikes (i = 10 po).
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0.01 0.1 1 10 100
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Figure 98. Current bounds for direct strikes (i = 10 po).

1/2

Li(oty)™ “t4/pobl

t/r, (1/(4T))

Figure 99. Current bounds for direct strikes (n = 10 po). The peak on the scaled “i“ appears to
occur near aty =~ 2.
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Figure 100. Current bounds for direct strikes (i = 10 o).

Conclusions

Linear magnetic diffusion into a metallic enclosure has been studied with a more realistic
decaying exponential incident waveform. Lightning parameters are used to illustrate a field
excitation by nearby lightning and a line source excitation by a direct strike to a metallic cable
insulated from the enclosure.

For a transient magnetic field incident on a metallic enclosure, the existing simple formulas for
the impulse response on the enclosure interior are compared to the exact residue expansion.
This expansion is also used to numerically calculate enclosure interior responses for decaying
exponentials. For a line source excitation of a metallic enclosure, the existing enclosure interior
response for a unit step excitation is extended to the impulse excitation as well as to the case of
a decaying exponential. The physical parameters studied include H and HDOT at the wallp = A
as well as p = 10A, voltage and current bounds for any single—turn coupling loops.

The governing parameter at, is identified and numerically investigated to determine the peak
response and waveform transition of a decaying exponential response from the unit step
response to the impulse response.

The enclosure interior responses as a function of the product of metallic enclosure parameter
constant and lightning decaying constant at; have been extensively tabulated. The enclosure
interior responses for any enclosure wall with linear material properties can be determined
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from the curves presented. The only exception to the use of data is the transparency limit
A— 0 due to the use of the double exponential lightning waveform.

Those who read and understand the executive summary will develop a feel for how to estimate
the induced voltage on any loop inside the enclosure from a transient magnetic field such as
the nearby lightning magnetic field. They can also determine the maximum voltage on a single
loop inside an enclosure from a worst-case direct strike lightning coupling to the enclosure. But
before embarking on such tasks, they should study the whole report together with the relevant
references to fully appreciate the limitations of such a treatment. We believe that this report is
a useful addition to the current literature on the linear magnetic diffusion through a metallic
wall.

Appendix A. Impulse Charge Statistics

Impulse Charge Statistics
(Excluding Continuing Current)
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Figure 101. Impulse charge statistics (excluding continuing current).
Adapted from Berger et al. (1975).
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