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ABSTRACT

The lightning threat to airborne vehicles and electrical
equipments has become an increasing concern, particularly in
view of the trend toward using composite materials and exbremely

sensitive inbegrated circuits.

This report presents a generalized approach to designing
lightning protection for large modern rockets. Theoretical
analyses and state-of-the-art protection techniques are discussed.
Data published previously in relation to ongoing rocket test programs

is presented.

o elassified information or proprietary data has been used.
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INTRODUCTION

Background

Lightning is simply a long spark that discharges reglons of excess
electrical charge developed in clouds. Iittle research has been done in
the area of lightning effects as they félate to rocket design; the waveform
of lightning current that could strike a rocket in vertical flight has
been defined a number of times in different ways. A waveform is developed
as an example in this document so future designers will have a model when
developing their own threat waveforms. No standard methodology for
analyzing the effects of lightning on airborne rocket electronics has been
developed. The majority of available research and experience deals with
aircraft interaction, resulting in design techniques that are not_always
applicable to.rockefs. Several lérge rockets have been designed over the
past 35 years, but only subsequent to their design have the equipment and
techniques become available to properly examine natural lightning parameters.
The U. §. Minuteman program represents the most recent experience in designing
a rocket to prevent failures due to static charging or lightning mishaps.
Lightning technology was not well understood at the time of design and it
was believed the use of an all metal outer skin.and heavy, conductive,
internal parts would provide sufficient protection from all possible lightning

threats.

Apollo 12 was the first important rocket launch affected by lightning.
Thirty-six and one-half seconds after launch, at an altitude of 2 km, the
Saturn V vehicle was struck by lightning. At the same time, four cameras

photographed a stroke to the ground that hit near the launch pad. Quoting

I-1




from Brook, Holmes, and Moore,
"The fuel cells were disconnected from- the main power bus, an
undervoltage condition prevailed, aﬁd numerous alarms and warning
lights were activated in the command module. Signal conditioning
equipment dropped out for a period of about 60 seconds. About

nine temperature and pressure sensors were permanently damaged.

At 52 seconds after launch a second major disturbance occurred.

The spacecraft was now at an altitude of 4.2 km, 651 m above

the freezing level. This time no visible evidence of lightning

was photographed, but a spherics receiver at the ground was

saturated. Equipment malfunctions were again noted (battery

power was in use at this time), most noteworthy of which was

the computer—-directed tgmbling of the inertial measurement unit

in the spacecraft. Fortunately,- the inertial unit was not

providing guidance at this time."
Based on an analysis prepared for the Office of Naval Research,2 it
was concluded that the rocket triggered the lightning flash. The
astronauts on board were able to reset the guidance computers so a maior
disaster was averted., If one considers that the combined time of all the
Apolle launches below . the maximum altitude where lightning strikes occur
was only 12 minutes, two strikes during a 12-minute period 1s important

from a probability viewpoint.

Modern rockets, weather manned or unmanned, that encounter guidance

problems create a hazard to population centers, and must be totally
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controlled under any conditions. The use of stromng, lightweight, non-
conductive materials and extreémely sensitive integrated cirucits has
made lightning effects a hazard that must be understood and regulated in
any modern system. Some lightning protection design experience from the
aircraft industry is useful iIn rocket design; however, the mechanilcs

of an actual strike are only sligﬁtly similar. Aireraft strikes involve
attachments to an insulated metallie object in near horizontal £light
while rocket strikes involve.attachment to an object in vertical flight
having a metallic tip and trailing a long, conductive plume. Adrcraft
are physically configured Witﬁ many attachment points while a rocket

has tﬁo major points, the nose and exhaust port. Enough information is
now available that the natural‘lightning threat to large modern rockets
can be characterized,and a methodology to solve lightning-related design

problems can be defined.

The approach presented examined the unique characteristics of a large
rocket in flight, then applied the most recent information available concerning
lightning phenomena and protection technmiques to achieve a cost effective means
to evaluate and design any rocket. Theoretical information on lightning
phenomena was available from,maﬁy sources, as was electromagnetic theory
and related analysis information. Protection design techniques were

extrapolated from aircraft information where applicable,

All major compoents of any standard rocket were examined in detail,
The shroud that protects the nose of the rocket was analyzed to determine
its influence on cutrent distribution and magnetic fleld pemetration.
Tnformation gathered allowed examinatiop of electronics contained therein.
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Cuidance and control electronics, including plated wire and core memories
inside computers, and telemetry systems received a thorough analysis.
Downstage electronics and the protection provided by standard downstdge
cable designs were also examined. An examlnation of the rocket skin was
performed tﬁ determine its response or any damage modes that could result
from a direct strike attachment. The results of this study can be used
to design a lightning survivable rocket by providing both theory and
exampie. Further, information concerning the probability of rocket
induced strikes, the use of transfer impedance in lightning analysis,
thunderstorm dgy distribution information and strike characterization
has been developed and is presented in this report. Only natural lightning

strikes are addressed.

Approach

First, the nature of the threat is determined. The author has
developed cumulative distribution functions for the probability of
receiving a strike while explaining the properties of the waveform such
as rise time, peak current, fall time, dwell time, and energy in the
strokef In eachrcase, a consensus was sought based on a number of
studies. Wﬁen-a consensus could nof be established, a model was
developed and fhe arguments for it are presented. Also identified

are areas of relative susceptibility to the threat.

Second, a methodology for identifying the hardware elements
affected and for evaluating the impact of the threat on the deslign 1is
developed. The lightning threat poses complex dynamic field problems.
A number of simplified solutions are presented that are adequate for

these assessments.
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Chapter 1

EFFECTS OF LIGHTNING ENCOUNTER

Nearby Lightning Effects

There are two aspects of the lightning threat that are significant:
voltages produced by direct strikes and voltages induced by nearby strikes.
The effects of a nearby strike can be determined by first caleulating the
magnetic field egisting at the rocket a distance r from the stroke.
Treating the lightning stroke as a line current of amplitude T, and
assuming a perpendicular orientation, the worst case flux density, B,

derived from Ampere's law, is

B =Ho 5% (Tesla)
where
I = 1lightning current, amps
Wy = perméability-of free space AT x 10_7 Henries/meter
r = distance in meters from the lightning current

In free space, magﬁeticdfield strength H is related to flux density by

B = pyH(Tesla)

s0
H =7 for a line current.
2nr :
i
For a current coil
- N
H="

where
N is the number of turns,

% is the length of a turn = 271
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For a specific ecircuit to be analyzed, using a one turm loop of

arca A in the same orientation as above; radian frequency of w.

The total flux, F, for a single turn in free space 1is:

S G V¥
F = BA Gy {webers)

where

o= uo“r B is relative permeability

The total voltage V, induced into a one turn loop is:

V- dF _ _-ulAw
dat T T Zmr
When needed, shielding is used to control magnetic field strength
inside the rocket. The incident wave impedance must be taken into account
when determining the shielding effectiveness. The penetration of the:
field through structural apertures must also be considered in determining
the field strength inside the structure. Field penetration through

apertures has been addressed extensively.3’4’5.

Effects of Lightning Strikes on Rockets

Once the waveform of lightning striking the rocket has been characterized,
the most obviocus question to ask is, "What will the effects be?" Since
1ittle information is available on rocket strike. effects, related aircraft
information is used to provide basic guidélines. Two types of lightning
effects are discussed: direct and indiféctu Direct effects are physical
damage,and usually include high voltage and current related damage to

metallic or composite structures and other hardware. Indirect effects




are malfunctions, either temporary or permanent, that affect avionics
and electrical systems. These effects arise from voltages and/or

currents induced in the avionics equipment.

Direct Effects on Electrical Systems

Direct effects of lightning are the burning, eroding, blasting, and
astructural deformation caused by lightning arc attachment, as well as the
damage produced by the high-pressure shock waves caused by the high
currents. Structural damage effects are typilcally localized in the
immediate area of the arc attachment point siﬁce the current density is
highest there. As the current enters a conductive structure it rapidly
spreads so the current density is quickly - reduced to ﬂarmless levels.
This localization effect is ﬁafticularly true for the lower level

continuing current phases of a strike.

Damage may be far reaching if current dispersion is prevented, or
if there is limited current—carrying capacity in the path taken by the
lightning currents._ Rockets are often made with a substantial amount of
composite nonconductive material for weight reduction. To provide
communication between the stages, a cable is sometimes attached along
the outside of tﬁe skin for accessibility. The cable is housed in a
conductive conduit known as a raceway running from the aft skirt to some
point near the nose. When lightning attaches to the mose its current is
restricted to traveling down the raceway until it reaches the plume. The
energy involved could cause harmful or improper siénals on wires within

the cable if the raceway does not protect it.
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Examples of points in the design that might limit the current-
carrying capacity include bonding straps, adhesively bonded structures,
or high resistance coatings of the type designed for prevention'of static
charge buildup. Ignoring resistance changes due to temperature, the

Joule heating developed can be represented mathematically as:

.
T-= f RIZ(t)dt
(o]

Where:
J = heat developed in test part (Joules)
t = time {seconds)
R = electrical resistance (ohms)
I(t) = electfical current (amps) as a function of time

When the electric current is introduced into the conducting materdial
by means of an electric arc, heat is generated in the material due to
normal Joule heating and to heating at the arc/metal interface. If the
current has a fast rise time, the initial current will essentially re—
main on the surface of the metal (skin effect). As the time periced
increases, the current and the heat will diffuse and spread into the
matierial. This can be compared to an arc weld except that electrical
currents are several orders of magnitude greater for lightning, and the

time can be several orders of magnitude shorter.

The nature of localized structural damage to electrical hardware
is dependent upon the construction and geometry of the part, as well as

on the type of lightning current flowing. The high peak current surge
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exerts shock and mechanical bending forces because of the intense magnetic
fields and the explosiveness of the channel., However, on large conductors
guch as thick aluminum, very little effect is noted; typically just small
pits or etch marks on the surface. Conversely, the continuing current

is capable of melting sizable holes through relatively thick, metal parts

if allowed to deposit its energy at one point for a few tenths of a second.

The shock and blast effects of the high peak current phase may shatter
coverings, allowing the current direct access to fhe electrical system,
The high peak currents tend to flow in straight lines so conductors with
sharp bends will either be magnetically distorted,or the lightning may
flash across the corner or find an alternate path. Magnetic forces are
proportional to the square of the current producing them, and the damage
produced is related to both the magnetic forces and to the response time

of the affected system.

In areas where the current density is high, such as at the attachment
of protective bonding jumpers or at an arc root, the magnetic forces can
become large. This ﬁroblem has been addressed by James and Phillpott7 who
determined that an arc rising in a few microseconds to a peak current of
200 kA will have a diameter of about 2 mm; hence, its maximum magnetic
field will be about 40 Tesla. This will produce a magnetic préssure

approaching 6.3 x 108n/m2(150,000 lbs/inz).

Indirect Effects on Electrical Systems
Tndirect effects are caused by liphtning induced electromagnetic
fields coupling currents into internal electrical equipment. The effects

may cause problems even if the lightning flash does not directly strike the
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rocket. Direct and indirect effects often cccur simultaneously.

The mechanism whereby lightning currents induce voltages in electrical
circults is illustrated in Figure 1-1. As lightning current flows through
the chassis, strong, rapidly changing magnetic fields surround the con-
ducting path. Some of the magnetic flux will penetrate the structure
and joints. Other fields may arise inside the rocket when lightning
current diffuses to the inside surfaces of skins. These internal fields
interact with rocket electrical circuits and induce voltages in them
proportional to the rate of change of the ﬁagnetic field. These magnetically
induced voltages may appear between both wires of a two-wire circuit or
between either wire and the raceway of other conductors. The former ére

referred to as line-to-line or differential-mode voltages and the latter

as common—mode voltages.

In additién, resistive voltage drops occur along the raceway as
lightning current flows through it. 1If any part of a circuit is connected
anywhére to the raceway these voltage drops may appear between circuit
wires and the raceway. For rockets .made of highly conductive aluminum
these voltages are seldom significant except when the lightning current
must flow through resistive joints or hinges. Hoﬁever, the resistance
of titanium is ten times that of aluminum and the resistance of composite

materials may result in resistive voltages significantly higher.

Rocket Physical Characteristics

Figure 1-2 shows magnetic flux lines for typical rocket profiles.
When the rocket is built in stages with a raceway design, current is

constrained causing maximum flux density.
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MAGNETIC EFFECTS
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Figure 1-1. Electrical and Magnetic Field Coupling
to Electrical Circuits®
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Guidance electronics are usually located in the upper stages,
since guidance is needed throughout powered flight. Rocket motors or
other propulsion mechanisms comprise most of the lower stages. Electronics
in the lower stages often consist of ordnance firing devices and flight

test dnstrumentation circultry.
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Chapter 2

THE LIGHTNING THREAT

Lightning Strike Probability

It is difficult, if not impossible, to establish a probability
for lightning strikes that one can have high confidence in. The
literature and tests performed to establish probability are primarily
.oriented to a special case, rather than the generalized case that is
required. Further, the probabilities will depend on factors such as
location, time of year, surrounding terrain and structures, and

orientation of the rocket to the charge center.

The primary reason fér wanting to do a probability analysis is to
determine‘whether there is a reasonable chance that lightning will hit
the rocket, and if there are major costs associated with accommodating
the rocket to lightning strikes. Since the incréased cost of accommodating
lightning strikes varies with the type of rocket designed, the importance

of a probability analysis is dependent on the individual prbject.

If it is necessary to establish such a probability, the data supplied
in the subsequent paragraphs of this chapter is provided to assist the
reader., The numbers are nominal values only included as examples. A
specific analysis would involve selecting values within the ranges

specified.

Thunderstorm Days

The parameter commonly used throughout the world for lightning

information is the thunderstorm-day data tabulated by the World
2-1
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Meteorological Association. A thunderstorm—day is defined as a calendar

day on which thunder is heard.

There are problems related to using thunderstorm-day data because
it is possibly inaccurate for lightning predictions. Thunder is rarely

9,10,11
2 a

heard at distances exceéding 25 km from the lightning channel nd

the average practical limit of audibility seems to be about 15 km. One
of the reasons for this limit is acoustic refraction. Fleagle12 has
estimated that according to the various atmospheric refractive circum-
stances normally encountered, the range of audibility of thunder lies
between 5 and 25 km. The problem, therefore, is that except for
heavily populated atreas, not many people have been around to hear the

thunder.

A second problem with thunderstorm-day data is that it contains
no information on the intensity or duration of a stor¥m or if one or
several flashes occurred. A. S. Dennis13 suggests that the average
rate of flashing in a thunderstorm cell is about three per minute
regardless of storm location. A typical storm can be made up of
several cells, and according to Cianos and Piercel4 the average flashing
rate may not change with more cells, only the duration of the storm.
Typically, an active single cell storm lasts about one hour,15 and the
average tropical thunderstorm lasts about three hours. A rough
approximation of‘the flash incidence can be made if A is the storm area
(fadius estimated between 300 km and 500 km on the averagel6), D is the
storm duration, and F is the average flashing rate. The flash density

per unit area in a thunderstorm-day is DF/A.
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Appendix A summarizes atmospheric information in a sparsely
populated area of the U.S. These data show that the number of
cloud-to-ground lightning stokes occurring in a given area will be
substantially greater than current thunderstorm-day data predicts.
Listed below are typical thunderstorm activity values for selocted
locations. |

Thunderstorm days per year — Ty

West Coast (5) : Southeast U.S. (93)
Kwajalein Island (2) Asia (20)
Southwest U.S. (40) Eastern Eurcpe (20)
Northwest U.S. (40) Europe (3)

Midwest U.S. (60)

Flash Density

Intercloud discharges and flashes to earth ground are primarily
controlled by altitude and by the separation of the individual charge
centers. Charge-center distributions are at least partially attributable

to local topography and latitude.17

Piercels.has represented the latitudinal variation by:

p=0.1 [1 + (A/BO)Z}

where p is the proportion of discharges that go to ground, and A is the
geographical latitude in degreés. Muhleisenl9 states that in middle
latitudes, about the same number of discharges occur between clouds as

there are flashes to ground. Figure 2-1 shows the strike relationship.
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Ratio of cloud- and ground-flashes 1975

‘ Gr

single ground 2%

| 1%
multiple ground 9 %
ground + cloud 4 % 51%
cloud + ground 10 %
complex 26 % 89%
single cloud 29 %

49 %
multiple cloud 20 %
Ci

ground flash = cloud to ground
cloud flash = intra cloud or cloud to cloud or cloud to air

Figure 2-1
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Combining the equation for the average density of lightning to ground

for any location:

ogy = 0.1 DF/A [1 +(A/302] Ty

where oggy is the flash density, A is the geoé}aphical latitude and Ty
is the number of thunderstorm days per year. Ty is taken as 50 for the
following examples. It is important to note that the Pierce equation is
for the discharges to ground and the above figures only approximatély

reflect all lightning flashes that may affect rocket electronics.

Exposure Time

Exposure time is the period during which a rocket is vulnerable to
the effects of a direct or nearby lightning strike. Figure 2-2 shows
a vehicle altitude versus time profile for the rocket used in this
example. Since lightning can occur to 20 km (63,000 ft), we can use
50 sec for the upward exposure time of the rocket. The probability of

a nearby strike (Pn) affecting the rocket, based on thunderstorm days

only can now be estimated using the equation:

Pn = flash density x vulnerability area x exposure time

Direct Lightning Strike Probability

Direct strike probabilities are difficult to determine. The surrounding
terrain and the physical orientation of the vehicle during a thunderstorm
are key considerations. To make the.problem manageable, an assumption 1is
made that the rocket will always be hit by a strike when the opportunity

exists. To further simplify the calculations, we assume the probability
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is then equal to the probability of a flash to ground over any surface
area of approximately the same size as the largest cross sectional area

of the rocket when vertically oriented.

According to Uman, various studies determined that the number of
flashes to ground per square mile per year falls between 0.05 and 0.8
times the number of thunderstorm days per year for various geographic
locations.20 For this example we assume a value of 0.05. However, a
more exact number is necessary For a specific launch location. There-
fore, if a surface area of one hundredth (1/100) square mile is used
for the rocket afea, the minimum value of 0.05 flashes to ground is
used, and 50 thunderstorm days is used, a probability can be calculated

for the case in question.

_ 50 x 0.05

4> 160 = 0.025

P

Rocket Triggered Lightning

Tt would appear from the probability analysis that the likelihood
of a strike to ground affecting a rocket is not large. However, the
rocket does not stay on the ground and cloud-to-cloud discharges also
affect vehicle performance. Therefore, a closer Look at the triggering
process and how the probability calculation might be modified is
necessary. This is especially important if one considers that a triggered
strike will actually involve the rocket and circuit upset is more likely
to occur with the fields involved in a direct strike than from a nearby

strike.




There is considerable evidence that a rapidly moving aircraft
charged to high potentials by triboelectric processes can trigger
lightning discharges by passage through freezing precipitatiomn. If
we examine this rationalé and then compare the aircraft to a rocket
in flight, several conclusions become significant. The following
sections postulate a case for rocket triggered lightning similar to the

case proposed by Clifford21 for aircraft.

. 22, . ; .
Fitzgerald, in his Rough Rider Program experiments, developed
evidence that the presence of an aircraft in an electrified environment

23,24 have been

initiated lightning strikes. Also, other researchers
able to trigger lightning strikes to ground by firing rockets into charged
clouds. Grounded wires were attached to each rocket, resulting in a

slightly different electrostatic situation than a considerably larger

rocket in free flight.

To determine if a rocket will trigger a lightning strike with or
without the presence of clouds, we will first examine the atmospheric
conditions leading to the production of a lightning flash in the presence
of an aircraft. Then, we will relate these to the rocket case. Commercial
and military pilots agree. that there are two distinct classes of lightning
observed in flight.25 The most common type usually occurs while flying
in precipitation at temperatures near freezing. This type is preceded
by a buildup of static noise in the commqnication gear and the presence
of corona (St. Elmo's fire). The buildup may continue for several seconds

until a violent discharge takes place. Once the discharge occurs, the
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static and corona disappear. The discharge may repeat itself if the
aircraft continues to fly through precipation. This precipitation does
not have to be associated with a thunderstorm. Reports of these low
buildup strikes typically indicate mno visible lightning in the vicinity

and no radar indication of thunderstorms in the regilon.

The second type is usually described as more violent, and occurs
without any warning. Tt is almost always encountered in or near thunder—
storms. Both types create a brilliant flash, but the abrupt type usually

produces more damage.

To postulate a triggering process and determine if lightning 1s
indeed a likely threat to an in-flight rocket, a review of lightning
ctrike weather statistics 1is of value. Statistics show weather
rendencies favor the slow buildup type of discharge. Figure 2-3 shows
the temperature distribution for lightning strikes to aircraft,

Figure 2-4 shows the environmental conditions related to clouds, precipi-
tation, and turbulence at the time of 214 strikes reported by Fisher and

Pluner.

In ovef 807 of strikes reported, alrcraft were .within a. cloud and ]
were experiencing precipitation and some turbulence; the vast majority
occurred at temperatures near the freezing level. Evaluation of the
synoptic conditions and localized weather circumstances by Harrison,
in the case of the United Air Lines.strikes, and Trunov30 in a summary
of USSR incidents, confirms that thunderstorm activity is usually not
present at the time of a discharge.
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Triboelectric Charging

Triboelectric charging is the exchange of charge produced by friction
from precipitation or dust particles impacting a moving vehicle. This
type of charging appears to either generate or increase the possibility of
a lightning flash. However, the physical mechanisms and processes
involved are not well understood at present.

According to Nanevicz,32 charging rates are & function of precipitation
particle concentration, precipitation type, effective frontal area of the
vehicle, and velocity of the aircraft. The precipitation charging current
to a vehicle is given by:

i= qp c Vv Aeff

where
qp = charge per particle
¢ = particle concentraﬁion
v = aircraft velocity
Aeff = effective intercepting area of aircraft

Typical values of particle parameters for in-flight vehicles at subsonic

speeds are given in Table 2-1.

Table 2-1. Precipitation Particle Parameter533

dp C

Cloud Type pice Coulomb m3
Citrus 1-10 2 x 104
Thunderstorm Anvil 1-35 5x 10%
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Tn practical charging calculations Nanevicz suggests the use of
the experimental results shown in Table 2-2. These values lead to total
aircraft charging currents of a few hundred microamps, but values as

high as 3 milliamps have been measured in flight.34

Table 2-2. Peak Charging Rates Encountered
With KC-135 Prototype35

Peak Charging Rate
Cloud Type (uwamp/sq ft)
Cirrus . ) . 5t0 10
Strato Cumulus {0 to 20
Frontal Snow 30

The triboelectrié charging rates quoted by Nanevicz for ice
particles and water droplets are values measured at temperatures away
from the freezing level. Maximum charging rates quoted are for ice
crystals and corona. However, novviolent or abrupt discharges have been
reported in cold ice crystals, contrasted to the case of precipitation

at the freezing level.

Tf we assume that the conditions at some altitude, temperature,
and humidity cause the electrical breakdown strength of air to be con-
siderably less than the strength at sea level, and if we assume that
the vehicle has some small but finite éapacitance, it follows that a
small charging rate can raise any vehicle to a significant potential.
Potentials of over two miilion volts have been measured on research

aircraft in the USSR.36
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Aircraft Towing Lomg Conductors

According to Clifford,37 at least-ten events involving electrical
discharges from the end of long steel cables being towed by aircraft
have been reported. Some incidences were reported. as static electrical
discharge from the aircraft through the towed conductor, with no observable
lightning strike to the aireraft and the possibility of lightning unlikely.
Cclifford concluded that although there may be an intemnse charge exchange
activity going on in apparently stable cloud systems, there is no vigible
electrical activity because there is mno effective mechanism for large-—

scale charge separation.

Ionized Gases

Even though the exact compasition of a particular rocket exhaust”’
is unknown, Shaeffer38 has invéstigated engine exhausts as a posgible
lightning triggering mechanism. He concluded that the ion concentrations
in the exhaust are too low by themselves to trigger lightning. It should
be pointed out that the case of a gas containing conductive metallic
particles was not examined by Shaeffer, and most solid propelient fuels
contain some conductive material. Table 2-3 lists the lightning streamer
head.

Table 2-3. Comparison of Electron Concentration Values

Electron Concentration In  Quantity (e/cm 3)
Free Atmosphere ' 10-103

Jet Exhaust 103-10°
Rocket Exhaust 1012
Lightning Streamer Head 1012




in Shaeffer‘s study, exhaust ions were supplemented by the ionized
corona streaming from protruding points on the charged alreraft., The
presence of a corona tends to decrease the amount of chafge the vehicle
can hold. A rocket will have virtually no protruding points over most
of its length, allowing very few corona locatlons, and creating a uniform
potential gradientlalong'the entire rocket length. Also, since the rocket
ig moving in a fast, nearly vertical direction, the slow corond buildup

mentioned previously {g unlikely to occur.

éig_ggnductivigz

High charge densities can be postulated in an exhaust plume, but the
wake itself will not act as & conductor unless the charges are mobile
enough to move freely. Charges are essentially frozen in a dielectric
medium. Alr conductivity ig lower in clouds gince moisture droplets
capture free vapor ions and prevent them from moving i the presence of
an external field.  We assume these same conditions exist in a rocket
wake, and charges will attach to nearly immobile ice particles, dust,
contaminants, or water droplets.r golid dielectric material will greétly
reduce the materials's insulating capability. Griffith539 demonstrated
a 20% reduction-in the external field required to produce corona from

jce crystals if they were initially charged to nominal values.

Electric Fileld:
It is difficult to determine if the strong electric fields associated
with thunderclouds are the result of precipitation or down-drafts. Regardless
of their source, according to Muhleisen,ao field strength as high as 2.5 kV/meter
exlsts at distances up to about 10 km from a gingle thupdercloud cell. Natural

lightning occurs inside a cloud when the field strength exceeds about 10 xV/meter.
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The natural electric field surrounding any charge center in the
atmosphere is distorted by the presence of a rocket or aircraft. The
distortion 1s mostly relafedrto the gebmetfic form of the aircraft body.
For an ellipsoid the outer electric field near the airvcraft is enlarged
by a factor k depending on the ratio a/b; a is the length of the longer
axis, and b is the length of the transverse axis of the ellipsoid.

Table 2-4 lists various values for k. These values suggest field dis-
tortions will be greatest in the vertical axis for rockets, decreasing

the potential required for triggering.

Table 2-4. Flectric Field Tntensification Factor

Ellipsold-Axes a and b

a/b 2 3 10 20 50
k 5.8 16 49 143 694

Rocket Interaction

We can postulate the effects of a relatively large, possibly
highly charged, mass of metal passing almost vertically through a
field of charged ice crystals and supercooled water droplets, leaving
in its wake a. turbulent exhaust of hot ionized gases and conductive,

partially charged contaminants.

To generate a spark discharge, streamers must be generated from an
electrode into the surrounding atmosphere, OT toward a nearby concentra-
tion of charge. Cliffordal pointed out that streamers, once initiated,
will propagate in low field regions, and free charge in the exhaust

added to the external field gradient might allow streamer propagation
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through the exhaust in low ambient fields. As noted by Shaefferéz, this

streamer is nearly identical in order of magnitude to the electron con—
centration of rocket exhaust. The rocket itself acts as an electrode of

increasing potential as it increases in velocity and altitude.

When the charge density-reaches a critical level, photoionization
of the adjacent air in the direction of the applied field allows the
charge volume to grow in that direction. The requirement for propagation
is related to the ratio of-field strength to pressure, E/P. This indicates
that as the rocket clilmbs the field strength vequired for triggering
decreases. We can postulate that the rocket will eventually charge to
a potential sufficient to create a streamer and its exhaust will decrease
- the breakdown potential necessary for triggering to occur.? The streamer
would then provide a sufficient concentration of free eléctrons to act
as a conductor and compress the external field. Figure 2-5 gives the

field strength at which air breakdown occurs.

, 4
gince triggering can occur In the presence of nonstormy clouds 3,
we will further postulate that triggering of some magnitude will nearly
always occur in cloudy or overcast conditions, or when the rocket is

launched within a few kilometers of such conditions.

For rocket induced lightning in charge concentrations where the
charge is insufficient to produce natural lightning, we can assume the
discharge would probably contain less energy. However, based on the
previous analysis, one must conclude that the possibility exists of a
lightning flash hitting an in-flight rocket, even with no thunderclouds

present. 2-17




Corrected Nearby Strike Threat Estimate

Having examined the characteristics necessary for a rocket to trigger
a lightning flash to ground, the earlier probability evaluation can be
modified for a more realistic aSSessmenf of the threat. The analysis
presented suggests a triggered strike (cloud-to-cloud or cloud—to;grpund)
will probably involve the rocket whenever the conditions exist for an
intercloud discharge within 10 km of . the éraft. Noting the previous
statement that .the number of intercloud and cloud-to—ground strikes are
about equal, and using the data in Appendix A to modify the thunderstorm

day number, the following analysis is postulated.

To correct the thunderstorm day data and take into account inter-

cloud effects, the value of the average flashing rate can be corrected:

il

Ty
F

IO-X'Ty
(3 per min) (60 min per hr) (2) = 360

The correction still does not totally compensate for the triggering effect,
but using intercloud discharges does help correct the deficiency. If

an additional 5% of the total value is added to account for ‘discharges
which can be triggered on nonstormy days, the recalculated value of
probability of the rocket of this example encountering a nearby strike
during flight is Pn = Q.01575. The total maximum probability for this

case is therefore P + P, =P = (.03075.
nl d
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Chapter 3

LTGHTNING STROKE MODEL

(¢lassic Lightning Strike Phenomena

To understand the lightning discharge phenomena, SOmME discussion
of what -actually occurs is required. The total lightning discharge,
called a flash, is initiated by a downward (or - upward) traveling spark
known as a stepped leader. Stepped leaders move from cloud to ground
in rapild steps, each about 50 vards long. The visible flash occurs when
the stepped leader contacts the ground o an oppositely charged body of

equal proportions.

Rach flash between cloud and ground is composed of a number of
independent current pulses called strokes. Three or four strokes per
flash are common and a much larger number of strokes can occur. 1f there
is a sufficiently long time period between strokes, the lightning will

appear to flicker.

Once a leader gets close to the ground, a return stroke is initiated

at the ground surface that propagates back up the ionized channel left

by the passage of the downward going leader. Return strokes have higher
amplitude since they grow. by collecting charge left by the downward traveling
leader. Return strokes propagate at a velocity related to the amount of
charge transfer, usually 0.1 to 0.3 times the speed of light. The re-
lationship is shown in Figure 3-1. VYelocitiés slower than the speed of

1ight result from longitudinal resistance of the return stroke channel

and the inductance agsociated with the gmall diameter highly conductive
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VELOCITY AS A FRACTION

central core of the return stroke channel.

Lightning may be initiated by either upwarg or downward moving
stepped leaders. Since a rocket often exhausts a conductive plume, it
can be thought of as an upward traveling lightning rod capabe 0% initiat—

ing either a ground-to-air or air-to-ground stepped leader.

There are LW principal types of lightning discharges: flgshes that
occur between the thundercloud and the earth (cloud—to—ground) and flaéhes
within the thundercloud (intracloud) discharges. Oéher types of discharges
such as cloud-to-cloud and cloud-to—air occur +nfrequently. Lightning
also occurs in SnowsLOoTmS, gandstorms, nonthunderstorm rain and ice, in
the ejected material above erupting volcanoes, near the firballs created

&4
by nuclear explosions, and even out of a clear sky. b
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Figure 3-1. Relation Between Stroke Current and
Velocity of Return Stroke 5
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To produce lightning, some portion of the atmesphere must charge
gufficiently to overcome the resistivity of the air between oppositely
charged regions. Static charging occurs to some degree whenever strong

wind acts on dust or sand.

Inside a normal thundercloud a furmoil of wind, water, and ice
exists in the presence of a temperature decreasing with hedght. Small
particles are carried upward by the wind; large_particles move downward
under the‘influence of gravity. The various ascending and descending
particles exhibit different velocities depending on their size; the

particles collide with one another, causing friction-and gtatic charging.

The light, positively charged particles move upward, while the
heavier, negatively charged particles move dowvnward. In a typlcal
thundercloud, the upper positively charged region is called the P-region,.
the negatively charged N-region extends vertically below this, with a
smaller positivel§ charged region, known as the p-region located at the

bottom of the cloud. This probable distribution is shown in Figure 3-2.

Cloud—to—ground. lightning usually occurs between the lower part of
the N-region and the ground in a string of discrete strokes. Intracloud
discharges are typically composed of a single, slowly moving leader between

the N- and P-regions.

The first stroke of a lightning flash contains more current than
subsequent strokes. Continuing current occurs in about half of all
lightning flashes and is normally referred to as hot lightning. It is

thig hot lightning that causes severe damage to aircraft and rockets.
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Tnitial Attachments and Swept Stroke -Phenomena

Lightning will atrike the rocket at one or more attach points, and
leave at one or more points. Attachment point testing on a rocket shaped
. . 47 48
object at McDonnell Aireraft and research performed at Bell-Northern
indicate the most probable strike attachment points are on the nose and

exhaust port.

During the charge transfer the rocket becomes a part of the stationary
lightning -discharge channel. Since the plume is conductive it alsc becomes
a part of this channel. As the rocket moves, the length of stroke and
continuing currents are long enough that the vehicle may travel a con-~
siderable distance while in the channel. Voltagé potential differences
between the cloud and earth are large enough to insure that there is no
possibility that the rocket with its long conductive plume can fly out

of a channel during the life of the flash.
3-4




As the rocket moves, the channel will appear to sweep across its
surface, reattaching at other points for different time periods. This
is called swept stroke phenomena. After the rocket has flown a distance
equal to its own length, any subsequent attachment will be on 1ts

plume, thus causing no damage Lo the rocket itself, other than field

induced currents.

Figure 3-3 shows a rocket in a lightning channel with one re-

attachment point.

N

Figure 3-3. Inflight Strike With One Reattachment

A reattachment to the surface at point B is possible 1f the voltage
across the gap BC is sufficient to break down the alr gap and any insulating
coating on the surface. The dwell time at any one point 1is therefore a
complex function of the local geometry, mnature of the surface, the

current waveform, and the speed of the rocket. The extent of physical
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damage 1s directly related to dwell time. The attachment point may
dwell at various surface locations for differing periods of time, thus
resuiting in a skipping action across the rocket surface. The other
initial attachment point often occurs on a trailing edge, and therefore

carries the full current associated with the flash.

Both high peak current restrikes with intermediate current com-—
ponents and continuing currents may be experienced. Restrikes typically
produce reattachment of the arc at a new location because the magnitude
of the voltage across gap BC is large due to the large inductive voltage—
developed by the restrike current buildup, and if the flash is discon-
tinuoué for a brief peridd,-a new leader will travel along the previous
channel since it will stiil be hot. Consequently, a high electric stress
can be produced at the rocket surface. The resulting voltage could be
higher than the inductive voltage produced by the changing current, and
a puncture of nonmetallic surfaces or dielectric coating is likely to

occur.

Significant Parameters

Significant parameters can be delineated that are used to define
a lightning waveform applicable to the requirements dictated by any

design program.

A summary and analysis of measured lightning parameters was
published in 1972 by Cianos and Pierce.49 Their report presents
statistical summaries of all the major return stroke parameters such

as peak current, charge transfer, rate of rise, and restrike values.

3-6



Table 3-1 from Cianos and Pierce lists the atatistical distribution of

several lightning parameters.

Cianos and Pierce proposed the severe negative lightning flash
current waveform shown in Figure 3-4. Their report summarized published
measurements of cloud-to-ground return stroke current pulses that have
been assumed to be the principal threat to aerospace system operation.
Table 3-2 lists the parameters of the Ciasnos and Pierce severe current
waveform. It should be noted that a significant amount of information

has been published since this report in 1972.

Table 3-1. Properties of Statistical Distribution
for Lightning Parameters 52

Percentage of Occurrence

Parameter® 2% 10% 50% 90% | 98%
Number of return strokes 10toll] 5toé 2to3 | — —
Duration of flash (ms) 850 430 180 68 36
Time between strokes (ms) 320 170 60 20 11
Return stroke current** (kA) 140 65 20 6.2 | 3.1
Charge transfer per flash (C) 200 75 15 2.7 | 1
Time to peak current (us) 12 5.3 1.8 0.661 0.25
Rates of current rise (kA/us) | 100 58 22 9.5 | 5.5
Current half-value time (us) 170 100 | 85 | 17 | 105
Duration of continuing current {ms) | 400 260 160 34 58
Continuing current (A) 520 310 140 60 33
Charge in continuing current (C) 110 64 26 12 7

_*Note that not all of the parameters are independent. Some judgment must
be made in using the values for consistency.
*%Values for first strokes.
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Table 3-2. Severe Lightning Model Parameters5%
- (Basic Model) -

Return Strokes ' ' Intermediate
Time Current Model | Continuing
Stroke| Peak | Charge | Between | Model Current
Order | Current (o)) Strokes | Current, o I; { Charge
kA) (ms} | (kA) kA (C)
1 140 ~8 ' 144 4 4
2 70 ~4 10 _ 72 4 4
3 30 ~2 60 31 0 0
4 30 ~2 60 31 4 il-
5 30 ~2 60 31 0 0
6 30 ~2 300 31 0 0 Continuing
, ‘ Current*
30 ~2 60 31 4 4
30 =2 60 31 4 4
30 ~2 60 .31 0 0
10 30 ~2 60 ' 31 0 0
| Final
Stage** .

Tests: Charge transferred = 200 C
Duration = 0.9s
Action integral = 106 AZ s

*Continuing current = 400 Aj duration = 300 ms; charge transfer = 120 C
**Final stage continuing current = 200 Aj duration = 160 ms; charge
transfer = 32 C.



Lightning parameters are also addressed in Uman's book, ﬂLightning”,SO
and Golde's recent work by the same name.Sl Table 3-3 summarizes many
of these important parameters and thelr range of values. Here again

it should be noted that the data reflects values at the time of publication.

Nine existing lightning studies were used to determine typical
realistic values for each significant lightning parameter evaluated in
this example. These parameters are discussed below. However, it is
important to note that valueé for each parameter can be manipulated,

depending on the equipment used when the study took place.

Lightning strike -Characteristics

In studying the characteristics of a 1ightning flash as it affects

a rocket in vertical flight, distinct phases can be identified.

Prestrike Phase. As a lightning stepped leader approaches the nose

of a rocket, high electrical filelds are produced at the surface of the
vehicle. These electric fields produce electrical streamers that pro-
pagate away from the nose until one of them contacts the approaching
lightning stepped leader, Propagation of the stepped leader will con-
tinue from other vehicle extremities until one of the branches of the
astepped leader reaches the ground or another charge center. The average

veloeity of propagation of the stepped leader is about 1 m/usec.

High Peak Current Phase. The high peak current asscciated with

lightning occurs after the stepped leader reaches the ground and forms
what is called the return stroke of the lightning f£lash. This return

stroke occurs when the charge in the leader channel is suddenly able
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Table 3-3. Data for a Normal Cloud-to-Ground Lightning

M Discharge Bringing Negative Charge to Earth?3
Minimum! | Representative | Maximuml
Stepped Leader S
Length of Step, m 3 50 200
Time Interval Between Steps, us 30 50 125
Average Velocity of Propagation
of Stepped Leader, m/s2 1.0 x 105 1.5x 105 2.6 x 108
Charge Deposited on Stepped : :
Leader Channel, Coul 3 5 20
Dart Leader
Velocity of Propagation, m/s2 1.0 x 106 2.0 x 106 2.1 x 107
Charge Deposited on Dart-Leader
Channel, Coul 0.2 1 6
Return Stroke
Velocity of Propagation, m/s2 2.0 x 107 5.0 x 107 1.4 x 108
Current Rate of Increase, kA/us? | <1 10 >80
Time to Peak Current, us <1 2 30
Peak Current, kA3 10-20 110
Time to Half of Peak Current, us | 10 40 . 250
Charge Transferred Excluding
Continuing Current, Coul - 0.2 2.5 20
Channel Length, km 2 5 14
Lightning Flash
Number of Strokes per Flash 1 3-4 26
Time Interval Between Strokes in
Absence of Continuing Current,
ms 3 50 100
- Time Duration of Flash, sec 10-2 0.2 24
Charge Transferred Including
Continuing Current, Coul 3 25 90

AN

" IThe words maximum and minimum are used in the sense that most measured

values fall between these limits.

2yelocities of propagation are generally deter
and thus represent "two-dimentional" velocities.

mined from photographic data
Since many lightning flashes

are not vertical, values stated are probably slight underestimates of actual

values.

3Current measurements are made at the ground.

4A lightning flash lasting 15 to 20 sec has been reported by Godlonton (1896).
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to flow into the low impedance ground and neutralize the charge attracted

into the region prior to the stepped leader reaching ground.

Intermediate and Continuing Current Phases. ‘Most of the energy

associated with a lightning flash is transferred in two phases following
the first return stroke. The intermediate phaée occurs when decay of
the initial return stroke starts to level off over some longer time
period than the initial return stroke. The continuing current phase
oceurs when the current flow levels off and before a restrike can hit.

Maximum charge 1s usually transferred during this contining current phase.

Restrike Phase. Restrikes occur when differently charged portions

of the atmosphere diécharge during the flash. They are usually one—half
the amplitude of normal strikes, and occur during the contiﬁuing current

phase.

A generic lightning Wavéform,originated by NASA for the Space
Shuttle program is shown in Figure 3-5. Some parameters of the lightning
waveform are interdependént. For example, the rate of current rise
in the wavefront is dependent on the rise time (time to peak current)
and the peak current amplitude. It 1s desirable to base the proposed.
waveform on parameters that will have the most significant effect on

the vehicle being designed.

If the lightning strike -characteristics. are coupled with the
information on worst case lightning flash phenomena, five significant

parameters can be identified as having the most effect on a rocket.
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Action Integral

The total flash energy transferred by a lightning discharge is the
critical parameter for direct strikes. The action integral given below

is a measure of this energy transfer.

T _
(T = [ i24t  (Joules)
Q

Using the Bruce and GoldeS6 model for the current surge of the return
i(t) = I(j(ce"“"f'c -—e- ﬁt)
stroke and integrating the action integral with respect to time, the

action integral can be approximated for the for the first strike as:
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2 (i _a2aTy ;
o R(T) = Lo (éae ) \B>>a |

Subsequent strokes can be found by replacing Ig with Ig/@ . Again,
according to Cianos and Pierce,s7 the action integral for intermediate

current can be approximated as:

2 (5.7 x 104 [1 - L4 e2¥T| for T >1 ms

e (T = k
-112 (3.7 x 1074 [l - L4 e2YT 105~ 11YT 0. e=20 T|for T<i ms

Continuing current is constant, and is given as:

12T for T<T.
Ba (T) = '

I(Z:TC for T2T¢

Charge transfer is determined by integrating the current model with

respect to time, and yields the following results:

1o ( B(;g) First stroke )
Qr = ,

--(23- (—*%%) Subsequent stroke
Qr = L "?TS:‘)Y_ Intermediate current
Qc = IcTe _ Continuing current

Continuing Current

The continuing current phase »f a lightning flash is important for
direct effects because the lightning channel tends to dwell at one point

on the vehicle and the energy 1s thus applied to a single point for a




longer time period. Figures 3-6 and 3-7 show statistical information
from several researchers on the duration and amplitude of continuing

currents.

Rise Time and Peak Amplitude

Rocket structural resonances due to changes in impedance at each
interface occur in the low megahertz frequency range. Also, the cable
transfer impedancg increases as frequeqcy increases, resulting in more
efficient coupling at higher frequencies. The high frequency spectral
content of a transient is a function of transient rise time and peak
amplitude. Therefore, rise time and peak amplitude are significant
waveform parameters that relate to electromagnetic coupling character-

igtics at high frequencies.

Fisher and Uman observed60 that there is virtually no difference in
the measured rise-times for the first and subsequent strokes of the
electric field radiated by a nearby fiash. Taking this point one step
further, Cianos and Pierce6l defined rise time as the total rise time
between the first detectable onset of the current surge and the time of
peak current. They translated the relationship between electric field
rise times and current rise times, agsuming there are no ground propagation

losses.

If it is the current at any instant t, Lt is the length of the channel
being energized by it,_and d is the distance, then the radiated fleld Et

at time t is given approximately by:
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= 1 t Medt M+ (dM¢/dt)e
= +
t = kweg ,4 3 7 cd? c2d

where Mt = 2itLt, and €, is the permittivity of free space.

The above equation indicates electric field rise times are slower
(longer) than rise times for current (solid conductors have more €
and L per unit length). Figure 3-8 shows statistics on the rate of
current rise and Figure 3-9 gilves statistics on time to peak current.

62 .
Clanos and Plerce deduced from these figures that peak currents

and time of current rise are independent parameters. Table 3-4 lists rise
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Table 3-4. Summary of Rise Time Data

Time to peak current

Investigator(s) Severity* How Measured- Rise Time
AFSC DH [-4 95% Time to peak current, 220 ns
negative following strokes
Cianos and Pierce 95% - Time to peak current 390 ns
Moore Typical On first return stroke 200-300 ns
Llewellyn 85% Based on normal distribu- 200 ns
tion with mean =.1.09 us
and standard deviation
of 670 ns on over 2000
return strokes
Severe Storm Lab | 75% Unknown 200 ns (all less
(Oklahoma) than 1 ps)
Krider Most 10-90% amplitude 200 ns (all less
than #00 ns)
Berger 95% Interval between 2 kA 200 ns
point and first peak :
. Fieux 30% 10-90% ampiitude I'ps
Menko Most 2 us

*Severity is defined here as the percentage of strokes where the rise time is
greater than or equal to the value listed in this table. .

times from nine different sources; Figure 3-10 presents a summary of

peak amplitudes determined by various investigators.

6
Dr. Krider recently determined 3

instrumentation limited.

with some as fast as 50 ns.

available, there should be data obtained suggesting much faster rise

Restrikes

He believes the correct wvalue 1s closer to

that his original 200 ns value

was

As more sophisticated equipment becomes

The lightning flash for a representative model should contain at

least cne return stroke.
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contain at least one restrike. If the three previous assumptions are
considered, the lightning channel remains stationary as the rocket moves
through the channel, the first stroke has attachment peints at nose and
plume, and after the rocket has flown a distance equal to its length, any
subsequent strokes attach only to the conductive plume, it is possible

to assess the possiblility of a restrike occuring.

Figure 3-11 shows a nominal large rocket velocity profile for this
example. Small rockets are normally much faster. Figure 3-12 shows
the distribution of time interval between return strokes in a flash.
Figures 3-11 and 3j12_were combined into. Figure 3-13, which shows the
distribution of flashes where the time interval between return strokes
is short enough for a restrike to occur somewhere along the structure
for this gxample. Figure 3-13 indicates tﬁat at one secoﬁd after
launch, the restrike component occurs fast enough to restrike this
rocket in 99.9% of flashes containing restrikes., This figure also
shows that restrikes cam occur in times short enough to attach to any

stage of a rocket.,

gince restrikes.occur in most lightning flashes, and since each
restrike adds more energy into the flash, the possibility of at least
one restrike hitting any size rocket while 1t is in the lightning channel
must be assumed. The generic waveform diagram (Figure 3-5) shows a
restrike occurring in a worst case situati&ﬁ, after a period of con-
tinuing current. Current data suggééts that for pbsitive flashes, re-—

strikes do not occur..
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Tn summary, the critical waveform parameters are the action integral,

continuing current, rise time, peak amplitude, and restrike.

Severity

We wish to establish the requirement to be used in the design. The
requirement used will be a compilation of parameters observed from the
various studies presented at levels based on severity. Severity is defined
as the percentage of strokes having the gpecified parameters less than or

equal (in stress) to the stated levels.

For example, a lightning stroke is saild to have a peak current of 95%
severity when 95% of observed strokes have peak currents less than or equal
to that value. On the other hand, a stroke 1s said to have a rise time of
95% severity when 95% of the observed strokes have rise times greater than
or equal to that rise time. A lightning stroke can be hypothesized which
has some number, n, of its critical waveform parameters at the 95% severity
level. However, it should be emphasized that the probability of observing
such a stroke is more like (0.05)n than it is 1ike 0.05, If n is 4, taking
the four critical waveform parameters (omit restrikes) to be statistically

independent, the probability of observing such a waveform is about 10—5.

The 957 level of severity appears to be the proper level to use for
most applications. First, this permits the direct use of most of the data
from known lightning studies because investigators have used this percentage
in reporting results. Second, a rocket designed to these severity levels
will have a high probability of success. Third, 1f an engineer considers

the design consequences of using 99% severity levels, the expense would
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be prohibitive. Consequently, 95% severity level is generally acceptable

for most applications.

Waveform Recommendaticn

The Air Force Electromagnetic Handbook, AFSC DH 1—4,69

provides

basic lightning design guidelines that include a tabulation of lightning
strike information for various severity levels which is shown in Table 3-5.
Using the 95% severity level as our baseline, the preceding studies are
compared in the significant lightning parameters. The waveform shown in

Figure 3-14 represents the average of the 95% severity level for all studies

‘examined.
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Figure 3-14. Lightning Model for Flight (Not to Scale)
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Table 3-5. Review of Cloud-to-Ground Strokes
From AFSC DH -4

Percent of Lightning Strikes

Parameter Exceeding Listed Value
95% 50% 5%

Peak Lightning Current (kA) (minimum 2 KA)

Negative first strokes and flashes Ia 30 150

Negative following strokes hoe 12 30

Positive flashes (no following strokes) 4.6 35 250
Charge - Coulombs (C)

Negative first strokes 1.1 5.2 24

Negative following strokes 0.2 i.% 11

Negative flashes : 1.3 7.5 40

Positive flashes 20 80 350

Impulse Charge (C)
Negative first strokes 1.1 4.5 20
Negative following strokes 0.22 0.95 4.0
" Positive flashes (only one stroke) 2.0 16 150

Time to Peak Current {us)

Negative first strokes 1.8 5.5 18

Negative following strokes ‘ 0.22 1.1 4,5

Positive flashes 3.5 22 200
Maximum di/dt (kA/us) :

Negative first strokes 3.3 12 . 32

Negative following strokes and flashes 12 40 120

Positive flashes 0.20 2.4 32
Time to Half-Value on Wavetail (us)

Negative first strokes 30 75 200

Negative following strokes 6.5 32 140

Positive flashes 25 230 2000
Integral (i%dt) (ampere? second) (AZs)

Negative first stroke and flashes 50x 103 | 5.5x 104 |5.5% 105

Negative following strokes 55x 102 | 6.0x103 |5.2x 104

Positive flashes 2.5x 104 | 65x 105 |L15x 107
Time Intervals Between Negative Strokes (ms) 7 33 150
Duration of Flashes (ms)

Negative (including single stroke flashes) 0.15 13 1100

Negative (including single stroke flashes) 31 180 900

Positive flashes 14 85 500
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Time Domain to Frequency Domain Transform

Once the time domain current waveform has been established for the
particular rocket being designed, the frequency domain characteristies

must be determined. This section presents a direct transform anslysis.

Many computer programs are available to perform fast Fourier transforms
of regular shaped straight line segments, or entire waveforms. GSome
programs require extensive hand manipulation in order to transform a wave-

form of this type to a usable form for rocket analysis.

Linear Equations

The lightning model is first expressed as a series of Ampere-time
domain functions. Each function is labeled with an appropriate Romamn
numeral relating to the portion of the curve it represents. Straight

line functions use the standard form Mx+b.

The Fourier transform actually expresses a function f(t) in terms of
a continuous sum of exponential functioms of the form ejmt. The derivative
of f(t) is, therefore, equal to the continuous sum of the derivatives of

Jwt

Jot g jwe , each

each exponential component. Since the derivative of e
differentiation of f(t) is the same as multiplying each exponential com-—

ponent by.-jw . This rationale leads to the time differentiation theorem

in transform analysis.
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It (L) -——eF(w)

then df

ff(t) dt = 0
gy

The time differentiastion theorem is useful for the lightning waveform,
but in itself it is not sufficient. Observing that shifting a function in
the time domain has no effect on its frequency domain magnitude components,
a shift of time to for sdme component of frequency w is the same as & phasé
shift of ~mto. In other words, shifting to in the time domsin is equiv-
alent to multiplying by e-jmto in the frequency domain. The Time Shift
Theorem is shown below.

e £(t) > F(w)

wto

then (bt - to) <F(w) e
With these two theorems, the problem of transforming the lightning waveform

can be addressed,

The time domain functions are differentiated twice to obtain a
sequence of impulses. The transform of a unit impulise is 1. so using the

time differentiation theorem on the series of impulses gives us (jm)z Flw).

Applying the time shift theorem, and reorganizing using the identity
P
+ 46 (t + tn) =+ e— n

jx -jx . . .
e?* + e = 2 cos X, glves an equation that can be resolved into a

computable form,
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Tn reality, the time waveform of the lightning current will
smooth out due to diffusion time as it flows through the rocket
structure. This approach will give worst case conditions since it
assumes no smoothing of the waveform. The nose shroud lightning
current penetration analysis performed later gives the equations
necessary to modify the frequency content of the discontinuous wave-

form proposed due to diffusion time.

Energy Content

In order to use the frequency domain transform, and also as a
check on the above transformation, the energy contained in the wave-
form can be calculated in the time and frequency domain. By Parseval's
theorem, the energy in the frequency domain relates to the energy in . the

time domain by the following:

o 2 19 A 2
10 [E(r)/7dr = 5 - j /F(w)/ dw
- ' bl )
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Chapter 4

METHODOLOGY

Electronics Protection

Current flowing in the nose will cause current distribution at various
locations on the hardware underneath. The magnitude of these currents
needs to be calculated. All metal surfaces cause uniform current flow,
creating the easiest problem for the engineer. Nonuniform current dis-
tribution on rockets containing composite material will cause the current
to pinch at raceway or other structure attachment points, requiring unique
magnetic field calculations. Once the waveform and amplitude of the
coupled pulse at the pin level have been determined using transfer impedance
techniques, interface protection circuitry can be applied. Shielding
effectiveness evaluation for boxes is assessed sco a determination can be

made of the susceptibility of interior electronics to radiated fields.

Mechanical Protection and Shielding

Generally, there are two areas of concern relating to lightning in
all rocket designs: the prevention of physical damage that could result
in aerodynamic instability, structural failure, or excessive drag, and
the protection of internal electronics from the effecté of harmful lightning

generated fields,

Depending on the rocket type, protection required, and threat

involved, several techniques are available.
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Shielding Insulators

The invention of lightweight, high-strength, and inexpensive thermo-
plastics and nonconductive composites provides a number of design options
in addition to all metal construction, There are a number of alternatives
available that can produce a continuous conductive surface on nonconductive

parts:

e Silver reduction - a wet, multiple-step, silver-plating process in
which a silver nitrate solution is sprayed onto the plastic sub-
strate. The silver is reduced to pure elemental silver, which
precipitates onte the part, while the nitrate is formed dinto a
salt., The silver that does ncot make contact with the part can
be reused.

e (onductive paints - dncluding silver, copper, nickel, graphite,
and copper graphite. Conventional spray equipment or paddie guns
apply the paints to the molded parts.

e Vacuum metallizing — pure metal, usually aluminum, coats the
plastic part, which generally has been primed with a base coat.
The metal is beiled in a vacuum chamber and the condensing metal
is deposited onto the surface of the parts in the chamber.

e Cathode sputtering — gas plasma discharge set up between a cathode,
made of the material to be sputtered, and an anode, which serves
as both an electrode and the support for the plastic substrates.
Pogitively charged gas ions accelerate into the cathode, dislodging
metal atoms that condense on the substrates forming a metal f£ilm.

e Tlame and/or arc spray — molten metal, usually zinc, is deposited
onto the substrate. With the arc spray pistol, two metal wires
are melted in an electric arc and sprayed onto the part through a
hand-held pistol. The flame spray gun atomizes a metal onto the
part after the metal has been melted by contact with super-heated
inert gas.

e Pressure-sensitive foils - applied with adhesive backing to the
interior of an injection—molded part.

e FElectroplating — numerous etching steps, including the application
of a conductive surface before the actual plating process begins.

Shielding Material Selection

Choosing the correct shielding material requires a precise analysis

of the problem. Once the degree of required shielding has been determined
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alternatives can be considered in terms of cost, weight reliability,
and conductivity. Only coatings used for shielding or increased ability

to conduct current are addressed.

Unless a large number of parts, or the entire vehicle is to be
coated, weight differences between various coatings are iﬁsignificant.
If the outside surface, as is usually the case for lightning protection,
of the rocket is to be coated, envirommental effects for each material
are a factor. Since significant-vibration is encountered during lauach,
only materials that give a very good adhesive bond should be comsidered.

Further, since the rocket encounters severe aerodynamic heating of the

outside shell, and is effected by erosion due to atmospheric dust particles,
only materials with high melting temperatures should be considered for

this application. Less severe temperature and environmental problems

are encountered on interior.coatings, but in addition to the exterior
damage caused by a strike attachment, vibration is still a major problem.
Generally, coating costs are calculated on a per-square-foot baéis.

Many coatings are deposited with conventional spray equipment, thus
overspray and the cost of masking materials may affect the cost of the

coating.

Vacuum metallizing, electroplating, and cathode sputtering methods
of shielding require large capital investments for equipment and highly
trained employees. Spread over a relatively small number of units, these

costs become a concern.

Compatibility of the coating with the substrate is very important.
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Adhesion, abrasion resistance, impact properties, flexibility,
environment and chemical resistance, and thermal coefficient of
expansion must all be considered as they relate to the material

being coated.

The part shape or contour and size effects the choice of a coating.
For example, metallic foils are difficult to apply to contoured surfaces

and large parts may be too bulky for vacuum metallizing.

The choice of a coating to provide effective radioc frequency inter-
ference shielding and conductivity should be one that is relatively
inexpensive, easy to apply, capable of an acceptable level of attenuation
or conduction, compatible with the substrate material, and meet all
applicable requirements. Table 4-1 is a comparison of the various coating

type materials available.

Magnetic Shielding

Magnetic shielding reduces fields within a region by flux diversiom.
A low reluctance path is provided to divert the flux around the region
requiring the reduced field strength. The amcunt of flux flowing into
the shield is proportional to the intensity of the magnetic field, the
cross section available to conduct the flux, and the flux capturing area.
In the case of a rectangular box, the largest flux capturing area is the
broadside of the enclosure. Where possible, arranging to have this side
perpendicular to the H field will cause maximum flux to be intercepted
by therlargest area, and thus will minimize the induced field. Flux
density in the shield material is dependent on the avallable paths and

the total cross sectional area of the flux paths. For example, consider

b



Table 4-1. Comparisons of Shielding Materials

Advantages
1. Silver reduction
* (ood conductivity
* Low capltal investment

2. Conductive paints . .

Silver » Good conductivity

* Conventional aquip-
ment

« Resistant to flaking

* Conductive oxide

* Ease of application

* Conventional equip-
ment

« Good conductivity

* Good resistance to
oxidation

* Conventional equip-
ment

+ Ease of applicalion

* Conventional equip-
ment

* Ease of application

Nickal

Graphite

Copper/graphite

Copper

3. Vacuum metallizing
= Can be put on any
plastic
* Good conductivity
= Not limited to™
simple designs
» Familiar technology

4. Cathode spullering -
+ Good conductivily .
« Good adheslon

5, Flame andfor arc spray
* Good conductivily
" @ Hard, dense coating
* Eftective over wide
frequency range

6. Pressure-sensitive foils
= De-cut 1o part
shape
* Good for experimen-
. tal work
VT « Good condustlvity

.
7. Electroplating
* Decoratlve
* Excellent etectri.
cal paramaters
« Good conductivity
* Resistantto
chipping

Comparisans of shie[ﬁlng materials

« Not vary ef!éclive -_

Disadvantagaes

* Tendancy to oxidiza
* Masking difficult
» Multiple-step process

+ Expensive

electrostatic discharge anly
» Pits with exposure
* Two-step appiication
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a.box oriented perpendicular to the flux lines. The flux paths available
to the entering flux are the four side panels as shown in Figure 4-1. If
the shape of the enclosure is fixed, the flux density of the material is
primarily controlled by material thickness and oriemtation. An approp-
riate material thickness and shield material must be selected to prevent
material saturation and provide the shielding attenuation required at the

lowest significant field frequency.

The residual field in the interior of the shield enclosure will be
at a level that is required to satisfy the boundary conditions for a
given flux demsity in the shield (Magnetic Ohm's Law). This level of
field residual is primarily dependent on the magnetization characteristics
of the material at the operating flux density. To achieve low residual

field (high attenuatiom), the material must have high permeability.

Since magnetic flux lines are continuous, and the total flux inter-
cepted by the shielded box must equal the flux through the four sgide
panels of the enclosure, in the worst case orientation the flux density
"ﬁ” in the material is given by the equation of Figure 4-1. The factor
of 2 in the effective flux capture area is introduced to approximate
the probable field distortién due to the presence of other physical
bodies near and within the enclosure. It is assumed the distorted field
will increase the flux concentration, but the actual distortion is nearly
impossible to predict. The 2 factor makes the equation nearly exact for

this application.
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where

S o o D

"’

Figure 4-1. Flux Paths Available

HoHohe 4 oHer

B = ar TGYY)

permeability of air (4 w10-7)

H field exterior of enclosure (oersted)

effective flux capture area (Ag = 2A)

total cross-sectional area of four panels

material thickness

enclosure height

enclosure length

flux density (gauss)

physical flux intercept cross-section area of enclosure perpendicular
to magnetic flux lines (four side panels) -
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External Shielding

Since lightning will strike the nose first, where the primary control

equipmeﬁt is normally located, this portion must be shielded. Further,

to insure that internal cabling and wires do not become the primary con-
ducfive path for lightning current, some large conductive surface must
extend the entire rocket length. Since all metal surface construction is
simple to protect, the case of modern lightweight nonconductive surface
designs will be addressed. When using mostly graphite construction, a
raceway, or conductive cylinder protecting all downstage cables must be
designed with interface pfovisions to insure separation as each stage

disconnects.

A standard design allows a discharge path for lightning and provides
flexibility to severe weight limitations. Since the nose is the primary
attachment point, the nose itself must be of sufficient strength to with-
stand the entire lightning strike. Should a reattachment occur, it will
be of lesser amplitude (% amplitude for a restrike), and Qill attach at
some lower position., A strike scenario would be current attachment to the
nose, nonuniform conduction to the raceway, uniform conduction down the
raceway, and finally reattachment to the conductive plume at the exhaust

port.

As an option, should a more uniform current distribution be required
to reduce the value of the diffusing magnetic field everywhere in the
upper stage, conductive strips can be placed along the rocket skin at
intervals between the upper and lower stages. Since magnetic field
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gtrength falls off reciprocally with distance, another option is to

locate memories or other sensitive devices as far horizontally from the

raceway as possible.

Memory Shielding

The major area of concern at the box level from magnetic fields 1s the
threat to susceptible computer memories. A plated wire memory for example,
will be altered or erased after exposure to a transient magnetic field of
just over 3 ocersteds, ‘If this level is exceeded during a strike, electronics
would continue to function normally, but preprogrammed information would be
altered drastically. High frequency lightning energy usually will not
hamper memories located inside a completely sealed conductor, but diffusion
penetration of low frequency components poses a threat. Searing7l has con—
cluded the low frequency range of concern for plated wire memories is between
3,000 Hz and direct current from a 100 kA strike. General Electric72 has
determined that core memories can withstand a transient magnetic field pulse
of up to 23 cersteds without significant degredation. To protect memories,
the level of field strength capable of being tolerated by thé memory must
be determined and shielding must be provided by the proposed design. Since
shield attenuation 1s difficult to predict at corners and since the stray
magnetic filelds inside a shield near edges could greatly exceed memory limits,
it is recommended as a safety factor that the maximum tolerable interior

field used for calculations contain at least-1l gauss safety margin.

Rough Estimates Of Flux Density Due To Current Ilow

The field strength at any location on a particular design depends on
the rockets structural design and the orientation of the susceptible circuits.
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If current is constrained to a relatively small area, or if an estimate of
the current can be predicted, Ampere's circuital law can be used as a rough
estimate to find the magnetic induction at a distance r from an assumed

infinitely long current wire (Biot-Savart Formula).

n o
955 . df =’u,oI B(Zﬂl"):[_},ol B:-—z-w— ZI/T
closed vector
icop sum

For current flowing over a larger area, and for fields within the
shroud itself, an estimate can be made éither by using the results of
Goulette and Felske73, or by using the techniques presented in the following

sections of this document.

Shielding Configuration

—Determining the shield configuration is important in memory design.
The edges aﬁd corners of a square box create fringing effects due to non-
uniform current flow on the surface of the box. The preferred shape,
space permitting, is a hollow sphere. If this is impractical the nex£
best shield is a smooth, gently curving, hollow spheriod. A few mils of
gold leaf could be wrapped around a permeable spheroid producing a double

layer shield that further guarantees high frequency protection.

Interior Memory H-Field Determination

To evaluate the actual field environment that impinges on a memory,
two analysis techniques are necessary. First, the convolution method is

used to predict the maximum field level (H) and.the field buildup rate
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within the enclosure. The method is a time domain input/cutput response
analysis. Second, a frequency domain response analysis, based on a transfer
function is used to predict the frequency content of the field within the

enclosure.

H-field interior to the memory enclosure results from two components,
the diffused field due to the current flow on the outside of the enclosure.
and the diffused field due to curvent flow on the exterior of the vehicle

skin.

The diffusion process of the exterior magnetic field through cavity
walls into an enclosure, and the filtering effects of the enclosure cavity
on the exterior field is discussed extensively in other sources. 4,73 The
impulse and frequency response of enclosures are derived by these same
sources. They are functions of the enclosure geometry § = V@;-K , and
the conductivity (o) of the enclosure material. The parameter K =(uo/u)(a[ﬁ)
in terms of ¢, is given by ¢ :(“Q/M)(V/S)(lﬁﬁ) . Where [ = permeability
of the material, 40= permeability of free space, A = material thickness,
a = half widthror radius of enclosure, g = shape factor, V = enclosure volume,
and S = enclosure surface area. From antenna theory, the effective radius of

any object is the square root of the quantity found by dividing the surface

area by 1.

Since there is a fast decay of the higher order terms in this application,
the approximate impulse response is given below. High frequency components

associated with the fast rise time are filtered by the outer rocket skin,
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H.
= = ( 1) e
Ho Etd

where
H; = interior H field of enclosure
H, = exterior H field impinged on enclosure
ty = uQélz (diffusion time of enclosure wall)

The enclosure holding the memory has a geometry factor of 12 based
on a parallel plate cavity model at u/uo =1, (K =a/A ). This £ factor
is for an H field environment where the magnetic flux lines flow in the
direction perpendicular to, and through the broadside dimension of the
enclosure. Thus it is a worst case for maximum coupling. The enclosure
time comstraint is £ty, and the first corner frequency of the enclosure

filtering bandwidth response can be found by setting witg=L.

Tf the current split between the outer stage shell and the inner °
enclosure wall can be determined, the following convolution calculation

will yield the interior enclosure H-field.
.
Hj(t) = F1 * F2 = jo- Fi(m) « Falt-71)dT
F| = Hext (t), exterior H field

F2 =(E—t—;—) e‘t/ &td

d

S 8 S
Hl = Fl * FZ 5 = pguter shell
g S™M_ (. x5 )% «p M M = Memory Enclosure

i 1 2 2

M M

= %

Hi Fl F2




interior H field of enclosure

() =
Fl = Hext(t)’ exterior H field
FZ = impulse response of enclosure

Superscript = enclosure involved or origin of Hext
Once the interior field strength has been calculated, the amount of

shielding necessary to protect the memory can be determined.

Shielding Effectiveness

Shielding is measured in terms of an attenuation level known as
shielding effectiveness. When an electromagnetic wave impinges on a
shield (see Figure 4-2) some of its energy is reflected at the first
surface of the shield, some is absorbed by the shield, and some i1s
transmitted through the shield. Energy may also be reflected at the

second surface of the shield.

Denoting the incident intensities and power by El’ Hl’ and Pl and
b

the transmitted intenaities and power by Ez, HZ’ and PZ’ the attenuation

or shielding effectiveness, §, may be expressed (in dB) as any one of

the following three ratios:

a) Electric field shielding effectiveness, Sp = 20 log E1/Ep dB,
where Ei and Ep are measured in the same units of electric
field strength, such as volts/meter.

b) Magnetic field shielding effectiveness, Sy = 20 log Hy/Hyp dB,
where Hy and Hy are measured in the same units of magnetic

field strength, such as amperes/meter,

c) Total electromagnetic shielding effectiveness, S = 10 log P1/Py dB,
where Pq an% P, are measured in the same units of power, such as
watts/meter”.



SHIELD

ABSORBED
ENERGY

SECONDARY
REFLECTIONS

Figure 4-2. Attenuation of EMI By a Shield

If the electromagnetic wave is planar and impinges at right angles to
the surface of a single-~layer shield, and if the area of the -shield is
infinite, the total single-layer shielding effectiveness, S, may be
expressed as the sum:

S=(A+ R+ B), dB

Where A 1is the absorption (or penetration) attenuation (or loss) in
dB, R is the reflection attenuation in dB, and B represents additional
attenuation caused by successive internal reflections. B is only con-
sidered when the absorption is low enough that the losses due te such

internal reflections are significant.
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The term B, common to all fields, is given by:

- 7 : :
B = 20 log l - 2 X L 7.68 x 107% G
10 z——s 7 ﬁ_IOA 5 |cos 7.68 X t yiu

-y sin 7.68 x 107* t \fiG

where: ZS ig the intrinsic impedance of the shield in vector form, and

ZW is the incident wave impedance in vector form.

B can be neglected when A >10. If not, then B must be computed. The

terms in the previous equation can be defined by the equations,

zZ, = (1+) ,u‘% x 3.69 x 10~/ ohms (vector form)

and ZW for each of the three wave types is

12
_ 071 x 10 .
Ze =" ————frl ohms (electric)
‘ 4. -6 »
Zom = 0.2x 107" fr, ohms (magnetic)

and
pr = 377 ohms
Therefore, depending on the magnetic absorption characteristics of

the shielding material, the value of B may or may not be necessary to

determine shielding effectiveness.

The absorption attenuation, A, is defined as:

A = 3.3t4/ufG  dB
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where
t = shield thickness in mils (thousandths of an inch)
p = shield relative permeability
f = frequency in MHz
¢ = shield conductivity in mhos/meter
it can been seen by the above equation that doubling the shield thickness

will double the absorption to 6dB, but doubling either the shield permeability
or conductivity will increase 4B absorption by only 3 dB..

The reflection attenuatién, R, is:
2
_ (k + 1)
R_2010g ——EE—
where k is the ratio ZW/ZS of the wave impedance (ZW) at the first surface
of the shield, to the intrinsic impedance (Zs) of the shield. As is
normally the case, the above equation can be simplified if.Zw/ZS >>1,

then k + 1 = k and the equation becomes:

Z
R =20 log(qzw> , dB
' 5

where

Z

. wave impedance at -the shield in ohms

[

Z
S

intrinsic impedance of the shield in ohms

The shield intrinsic impedance is given by:

where Zg = VZTFuf/G ohms

g = relative permeability of shield
f = frequency in Hz
¢ = conductivity of shield in mhos/meter
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Substituting back into the reflection attenuation gives:

R = 20 log | —¢— Trptl ?

These equations show that the reflection loss R is dependent on
the wave impedance of the incident wave as well as on the properties
of the shield. This fact is useful in determining near fields, where
ZW varies rapidly with distance from the source; high impedance fields
(E/H > 377) decreasing to 377, and low impedance fields (E/H < 377)
increasing to 377. In genefal, the intrinsic shield impedance is ZS << ZW,
so that shields used in high impedance fields should be placed as close
as possible to the source, for greatest mismatch (ZW/ZS); while shields
used in low impedance fields should be placed as far -as possible from

the source, for greatest mismatch.

Plots of reflection and absorption losses for iron and copper are
shown in Figure 4-3. This illustration gives a physical representation
of the behavior of the component parts of an electromagnetic wave, and
i{llustrates the difference between magnetic field and electric field

shielding, and why it is more difficult to shield magnetic fields.

Magnetic Coupling

A usual problem generated by allowing currents to flow in a grounding
device or ground plane is the undesirable effect this current may have on
conductors running adjacent to it. Inductive coupling can introduce a
voltage in the adjacent conductors, weather inside a cable or on a

circuit card inside a box. This voltage can be very difficult to remove,
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particularly when induced in low impedance circuits.

The electromagnetically coupled voltage between two parallel
lines under closed circuit conditions will increase linearly with an
increase in current, and will decrease with an increase in the spacing

between the conductors by decreasing the mutal inductance.

As previously discussed, magnetic fields can be reduced external
to the box or shielded cable. Once the rocket skin internal field or
box level internal field has been detgrmined, the internal induced
voltage must be evaluated. The internal induced voltage on a circuit
is the combination of the diffused field and the field produced by

current flow on the external surface of the box or cable,

The reduction of magnetically induced voltages can be accomplished
in several ways. Basically, the induced voltage is produced by a change
in flux linkages within a loop of finite area. The amount of voltage
appearing on a wire due to a magnetic field can be found precisely from:

_ ¢= [Beds

@ is know as the flux of B over the surface S. Voltage, V, is then found

by: do

Box Level Protection

When evaluating coupled noise on internal circuit cards, any change
in circuit configuratibn or parameters, which will change the flux 1ink-

ages, will change the induced voltage. The separation of thé circuits
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will reduce the induced voltage by reducing the flux density in the
pickup loop. The voltage can also be reduced if the area of the pickup
loop is reduced, since this is a method of reducing.flux linkages. Imn
addition, circuits can be made less sinsitive to magnetic fields by

providing single point circuit grounds when possible.

In general, the power traﬁsferred through magnetic coupling Will
be decreased as the signal circuit impedance is increased. However,
susceptibility to electrostatie couﬁling will be increased. The optimum
value of impedance will be the lowest value for which the magnetically
coupled power is made small. Since the optimum value is a function
of the circuit wiring, and it is not always possible to calculate or
to measure the effective pickup loop internal impedance, the commonly
used values of 300 - 600 ohms for low impedance signals represents a
good average circuit impedance level for general use, and will result

in minimum magnetic and electrostatic coupling.

Since it is difficult to determine induced circuit voltage based
on the particular configuration and layout of a circuit mounted inside
an electronics box, the usual approximation is to assume all transmitted
energy through the shield from the largest side can couple to an
individual worse case wire loop.. This approximation also assumes a
worse case orientation, and simplifies the mathematics involved when
complex electronic modules are being examined. The induced voltage
(at the diffused lightning waveform frequencies) can then be applied
directly against threshold levels of individual circuits. It should

be pointed out that this analysis considers only the case of energy
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from an external field coupled inside individual boxes, not the case of

induced voltages on interconnect cables damaging interface ports.

Shielded Cable Protection

A few methods are available which will reduce magnetic induced
voltages in éable wires. It is sometimes possible to design circuit
configurations in which equal ana opposite self cancelling voltages
are induced in the circuit. This is the principle by which magnetic
coupling is reduced using twisted-pair wiring. At frequencies below
5 KHz, a twisted-pair will provide over 20 dB of magnétic coupling
reduction, while copper braid shielding will provide pracitcally none.
The effectiveness of_conventional copper braid shielding for magnetic
field reduction will increase as the frequency is increased above 5 KHz.
Ferrous shielding is required for reduction below 5 KHz. Tor optimum
effective magnetic decoupling throughouf.the lightning spectrum, twisted

pair conductors enclosed by conventional copper braid shield is usually

employed.

In practice, several conditions may occure which can cause incomplete
cancellation of voltages. TFor instance, if the magnetic field is distorted,
such as would be caused by placing magnetic material near the wire, the
flux density in one loop would be different from that in the adjacent
loop and an imbalance current would flow in the closed circuit. Another
condition contributing to incomplete cancellation would be nonuniformity
in the twist which can result in adjacent loops of different areas, so
cancellation from loop to loop would not ocecur. If a twisted-palr does

not cross a current carrying wire, the effects of the pair being immersed
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in a nonuniform field producing a net induced voltage are decreased.

The effectiveness of twisted-pair wires depends to a large extent
on the uniformmness and tightness of the twist employed. A shielded twisted-
pair with the shield terminated at one end is usually used to protect
agianst low frequency interference. However, open shields are susceptible
to a;cing from the high current levels associated with lightning.
Therefore,'in this application, a twisted-pair with the shield grounded

at each end is the preferred wiring for reduction of magnetic and

electrostatic coupling.

The optimum circuit configuration from the standpoint of reducing
magnetic coupling for a single conductor shielded wire is that in whiéh
the signal return is through the shield as in coaxial cable, and ther
shield is grounded to the ground plane at one point. The principle
involved is to have the shield ldop area less than or equal'to the
circult loop area in order to minimize shield flux 1inkages. This
circuit offers somewhat better magnetic protection than does an unshielded
twisted—pair of 6 turns/foot grounded at one point. The approach is
valid only when considering double-ended or ungrounded circuits. Tf
gsingle-ended or grounded circuits are being used, the shield would

be effectively grounded at each end and a complete loop would exist.

Shielding Effectiveness of Double Overbraid Cables

The magnetic shielding effectiveness of the double overbraid cable

can be determined if the assumption is made that cables are gimilar to

4-22



a double cylinder enclosure. Shielding effectiveness is defined below.

For a double overbraid shield of Ni-clad copper wire, the shielding
configuration is similar to concentric cylinders in the topological order of
Ni-Cu-Ni-Ni-Cu~Ni from outer shell to inmer shell. In general, nesting
of shields produces more attenuation than the sum of the individual shields.
Therefore, all the nickel can be combined into the inner cylinder and the
copper into the outer cylinder such that a double cylinder is formed.

Now we have two infinitely long coaxial cylinder shields with the properties

as defined in Table 4-2.
Table 4-2. Properties of the Double Cylinder Enclosure

Material  _Thickness (M)  Effective Conductivity Permeability (H/M)

Inner Nickel  d=9.334x10-3  o=1.086x107 mho/m p=1.257x10-4%

Outer  Copper  d{=2.739x10-%  ©0223.23x107 mho/m n2=1.257x10-6

Lee and Bedrosian” have shown cylindrical shells provide less
shielding for the axial external field than the transverse external field.
Rizk78 has shown that for the case where the sum of the internal radius (a)
and shield thickness (d) equals the internal radius of the outer shield (b),

the outer to immer ratio of the field strength is given as:

Ho ' jwpg @@ ,
= cosh '}’ldl + —2—.),1——- sinh 'Yldl cosh ‘}’2d2
jop, 08

+ | sinh ‘chil + -—271—~— cosh ‘)’ldl sinh dez

where ¥ =4/jwp o
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Therefore, a worst case shielding effectiveness to low frequency

axial magnetic fields for a double cylinder enclosure can be calculated.

Analysis Using Transfer Impedance

Transfer impedance is a method used to determine voltages appearing
on internal wires as a result of external shield currents. The concept
was proposed by Schelkunoff in 1934 and has gained support through the work
of Fdward Vance and others. Transfer impedance is now accepted and used
in electromagnetic pulse engineering but it ﬁas little support in some
other electronics disciplines because of its.departure from classical
transmission line theotry when dealing with real life applications. The
following discussion provides an understanding of the method used for
transfer impedance calcﬁlations. Some key areas of disagreement with
the technique are pointed out. .This technique is used to determine

expected pin voltage levels in subsequent sections of this document.

For curtrent to appear on a cable shield, it can be induced by an
incident wave,or result from some distribution along a path between point
sources. When a lightning stepped leader attaches to the missile nosecap
and a subsequent channel is formed with an opposite charge potential on
the ground, current flows between the. two charge centetrs. If the rocket
is an integral part of the lightning chapnel, current will flow via
some distributive mechanism through the conductive structure of the rocket.79
Since there is also an electromagnetic field associated with the lightning
strike, only a thorough analysis of the combination of the distributive

current effects and the incident field coupling effects can provide an

80 .
accurate number for shield currents. According to Vance, shield current
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propagating with velocity ¢, regardless of how the current is induced,
can stl1ll be analyzed using transfer impedance techniques. A structural
ground return path is not apparent In the case of iightning current
distribution, but is a key element of the coaxial cable model proposed

by Vance.

Coupling Through Cable Shields

When lightning current flows in a cable shield via any mechanism, a
voltage V and current I will appear on the internal conductors. This is
due to external electric and magnetic fields which penetrate the cavity.
This internal voltage and current can be calculated with the equations
for a transmission line with a distributed source current. If the shield
contains apertures (braided wire holes, etc.), the transmission line
will contain a distributed shunt—current source, as well as a distributed
series—voltage source. The distributed-source voltage 1s a function of
the properties of the shield and the shield current. The distributed-source
current is determined from the shiéld properties and the voltage between
the shield and the structure that serves as the shield curreant return path.
Since the current source depends on the charge density on the outside
surface of the shield, for shields that can be represented as transmission
lines, the charge dénsity and shield voltage are related through the ex-
ternal capacitance per unit length of the shield. Figure 4-4 illustrates
the shield/voltage current relationship. The shield current I is flowing
from end 1 toward end 2, and the voltage V is measured with respect to the

shield-current return path.
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Figure 4-4. Voltages and Currents Associated With
Shielded Cable Analysis3 !
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Figure 4-5. Two Port Network
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Transfer Impedance

Consider the two port network as it is shown in Figure 4-5. The
voltage and current at the input terminals are V1 and Il. V2 and 12
are specified at the output port. The directions of I1 and 12 are both
customarily selected as into the network at the upper conductors (and

out at the lower conductors). For a network which is linear and contains

no independent sources within,

Vi=Z1111 +21212
Vo=2Z21 11 + 22212

or in the matrix form:
Vi

i

Z11Zyz2 |1 1

V2 Z21 Z22 || 12

The 7 parameters, called open circult impedances, may now be described
as voltage—current ratios with either I1 = 0 (the input terminals open-

circuited) or Iz = { (the output terminals open-circuited).

v
1
le = f?
Iz=0
A
Z. = &
12 12
I1 =0
A
Zy = 1_2
1
Iz:o
A
Zoy = 2
L
Ii =0



The specific name of le is the open-circuit input impedance, 222 is the
open—circuit output impedance, and 212 and Z21 are the open-circuit
transfer impedances. Usually Y = 1/Z for a particular element. Here,

Yij is the (i,j)th entry of the admittance matrix, and can not be related
to the reciproecal of the (i,j)th entry of the impedance matrix. Therefore,

the following equation for transfer admittance must be noted.

Yij == Z}_} where i = 1,2
j=1,2

Transfer Impedance Definition

Using the previous relationships for the lumped parameter case,
the transfer impedance of a shield can be defined in the general form

below.

- _ L dv.
T=T &

I=0
where IO is the total current flowing in the cable, and dV/dz is the

voltage between the conductors and the shield per unit length (dz)

generated by this current.

According to Vance,82 the transfer impedance always contains a
diffusion component that relates the shield current to the longitudinal
electrical field inside the shield. This is because the electric field
inside a current-carrying shield is never zero. In addition, for leaky
shiel&s such as tapé—wnund or braided-wire shields, the transfer impedance

will contain a mutual inductance term that accounts for coupling through
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apertures in the shield.

The transfer admittance of a shield is dependent on the external
surroundings of the cable, as well as the properties of the shield. The
general definition of the transfer admittance is:

1 dl
Yr=-"7 &
v=0

where Vo is the voltage between the internal conductors and the external
“structure, and dI/dz is the current per unit length flowing into the
internal conductor from the external structure. The transfer admittance
gives the short-circuit current induced in the internal conductor.

The transfer admittance of metal tubuiar shields with no apertures is
negligible, but for shields containing apertures, the transfer admittance
contains a mutual-capacitance term that accounts for capacitive coupling
between the internmal conductors and the external structure that serves

as the shield current return path.

Tt should be noted that for the case of lightning currents, the
return path is not in the structure, and it is not readily apparent that
the condition IOZT'G:VOYTzlz is necessarily satisfied. In his book,
Vance83 claims the transfer admittance term can be neglected if shield
voltage VO is negligible (low impedance external circuit), or if the load
impedances Zl and 22 are small (low impedance internal ecircuit). With
no structural return path, and high impedance line receivers, the just-

ification for neglecting the admittance term in this application appears

invalid.
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Transfer Impedance Transmission Line Model

An element of ‘transmission line of differential length dz that contains
a distributed wvoltage source Ez(z} = ZTIO(z), where Io(z) is the current
in the shield, and a distributed current source J(z) = YTVO(Z), where Vo(z)
is the external voltage of the shield, is shown in Figure 4-6. An input

impedance Z, and an output impedance Z2 are assumed and must be used to

1

calculate reflection coefficients. The properties of the shield are incor-—

porated in the transfer impedance Z_, and those of the shield and external

T

structure {of questionable applicability for lightning) are incorporated

in the transfer admittance Y, ..

T
ZT'o dz 7 B
1 dz | +em—dz
I '
‘ \_/ \Y; .;---—--5’V dz
oz

Figure 4-6. Equivalent Circuit for Internal Circuit When Both
Transfer Impedance and Transfer Admittance are Included

The differential equations for the internal voltage V and current I are:

dv _
o + Z1 = Ez(z)
dI _
e + YV = J(=z)
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where 7 is the series impedance per unit length, Y is the shunt admittance
per unit length of the transmission line formed by the internal conductors,
the shield, Ez(z) is the source voltage per unit length, and J(z) is the
source current per unit length produced by the external current and voltage
of the shield. The characteristic impedance of the transmission line model,
ZO, is obtained from the impedance per unit length, Z, and the admittance
per unit length, Y. _

Zo = \Z/Y
The above equation is in reality the square root of the ratio of jwlL/jwC,

gince inductance and capacitance are the dominant terms.

Reflection Coefficients and SWR

The-reflection coefficient, p, is an important parameter in the under-
standing of power transfer. That 1s, the reflection coefficient governs
the transfer‘of voltage and current from the sending end to the receiving
end of a transmission line. This concept is best understood by examining
the standing wave. As the name implies, the standing wave is the interference
between a forward traveling wave and the wave reflected at the terminating

interface.

The forward traveling wave, whether on a two wire line, coaxial line,
or waveguide, can be represented at its input as:

_ - jot
VD(a.t D = 0) Ve e
where f represents the forward direction, and D represents location. The

corresponding forward traveling wave at a later time and position can be

represented as: . v, eJw(t - @O/VO)) (1)

4-31



where z, is the line impedance, v, is the velocity of light, and w = 27#.
Similarly, a backward (b) traveling or reflected wave at position D can be

represented as:
- jw(tt(z_/v ))
V=V, e o "o (2)

Combining (1) and (2) gives an expression for a conductor with two traveling

waves moving in opposite directions.

VD = ejmt [Vf e‘j(wzo/vo) + Vb ej(wzolvo)] {3)

Calculating the corresponding current at position D gives the following

expression.

_ jwt
I =
D e

Vf e_j(wzo/vo) - Vbej(wzo/vo) (4)

A
o]

The negative sign is due to a backward propagating wave, while current, by
convention, always flows in the forward direction. A phase constant can be
defined as B = @ = 21 . Using this relationship, (3) and (4) can be

v A
simplified as follows.

- -jBz ipz
Vp = Vg e o+ V, e ™o (5)

5= L v e % v, IF% (6)
Z
o

I

Refering back to figure 4-6, and letting dz equal to some finite length 2,
the reflection coefficients can now be determined for the input and output.

In this case Z2 = z .
o 0

. -2 Z, - Z
o o

_ _ %
P17 7+ 2 P2 "7 +z 2
i o 2 0

It can be seen that if the cables are infinitely long, or if the cables

are terminated in their characteristic impedances, then Z1 = Z2 = ZO, and
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pl and p2 go to zero. Vance recognized these relationships in his SRI
report on buried shielded cables.s4 Reflection coefficients represent
the primary weakness of using transfer impedance methods on commonly used

cables. Most noncoaxial shielded cables are not terminated in their

characteristic impedance, making the problem considerably more complex.

The input impedance can be derived in terms of its reflection co-’
efficient from (5) and (6) if the input boundary is defined at -%&, or
2 = —£.

+ pz e—jB,Q, i

(8)

Using (8) and writing the input impedance in terms. of the reflected
wave from the load end (Zz) gives the following useful expression in

transmission line theory.

2 -7, 7, CosBL + 3Z smez] (9
Z_ Cospl + jZ, SinL !

If the two traveling waves in (5) are exaﬁined, it appears that the
first term becomes more negative while the second term becomes more positive
in phase as ZO increases. At some value ZO, the two terms will be in phase
and the voltages will add, giving a maximum voltage.

vmax = ]Vf! + [Vbl (10)

- At a distance of one quarter wavelength, the voltages will be out of phase

and will subtract, giving a minimum voltage (Vmin)'
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The voltage standing wave ratio is defined in terms of the maximum

and minimum voltage wvalues.

v vl Y

v o max d
SWR = or——— = 11
Vmin IVfI - !Vbl an

The reflection coefficient is defined as p = EE_, and is always less then 1.
v
Therefore, the voltage standing wave ratio can be written in terms of the
reflection coefficient in the following important equation.
Vour = —%—f—% (12)

An example of reflection calculations is given in Appendix B.

For the case of a cable with matched terminations at its ends, the
reflected voltage will have the same magnitude and shape at both ends, but
the polarity is opposite. Also, if one end of the shield is shorted to the
core, the open—circuit voltage at the opposite shield end will double,

but retain the same waveform.

For an electrically short cable (length L short compared to a wavelength)
terminated in impedance Z1 at one end and Z2 at the opposite end, the induced
currents through the voltages across the terminations are, according to
Vance85, as follows:

L2

= 1 .
= L2l 7z ¢ VoV 7wy ¢ B

V= -LZ,

L
= L ZL i - _—
) ocT 'ZF_'Z'; VoYl Z3 2, {L <<a)

Vz = 1 22
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For the frequency range of interest in this lightning analysis (below 10 MHz),
transfer impedance calculations are useful in approximating the lightning
induced pin voltages. However, as has been pointed out, more precise pre-

dictions for pin voltages can not be determined with this technique.

Shielding Effectiveness and Shielding Attenuation

There is a tendency to improperly relate classical shielding effec-
tiveness (SEDB) with the shielding attenuation term used in transfer
impedance calculations. The relationship between the two terms will be

addressed here. Shielding effectiveness is defined by IEEE and elsewhere
in terms of a power ratio.

p
SEpg = 10 Log [p(_s:]

where: PS = power incident on the cable shielding from lightning, and PC =
power transmitted to the cable conductor. Assuming the contribution of f;

by 5;‘15 very small, the follewing equations can be written:

Ps = Vg I Cos 05 = Ig2 Zgs Cos Bgg -

P": = VC IC Cos GCC = Ic2 ch Cos Gcc
where:
Zss = Zss LQSS
Zee= Zec Aecc
Therefore, expressing the classical shielding effectiveness term in an

expanded form yields the following equation.

2

IS

z ss Cos 955

Ic ch Cos ecc
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, _
z Cos © ss

I

SE ;] 55
DB = 10{Log|—= | + Log |5—| + LOB [Gas B
Ii ch Cos ecc

The above equation is the key to relating shielding effectiveness and
shielding attenuation. For transfer impedance analysis to be exactly
valid, Z1 = Z2

For a reactive network, if Rss + Xss is the cable shield reactance, and

= ZO and the reflection coefficients are equal to zero.

Rcc + ch is the cable conductor reactance, the following assumptions can

be made: Zss
Zes = Zoei Log 2’; =0
and
Cos ess
Os ® 8cci MO8 |Tasg_ | O

The shielding effectiveness term will then equal the shielding attenuation

term:

Is
SE = 20 Log I—E

This relationship is for the case of coaxial cables terminated in their

characteristic impedance.

Cable and Nose Skin Analysis

Since lightning attaches to the nose portion of a rocket first, the

magnitude and phase values of the lightning current determined earlier

are directly applicable to all cable runs within the rocket. The objective

is to determine the possibility of malfunction due to a lightning strike
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on the mnose shroud. Frequency domain values are preferred since many
of the responses of coupling the lightning energy to conductors are fre-
quency dependent. The magnitude and phase provide the driver fumction

for a series of transfer functions as outlined in Figure 4-7.

The transfer impedance for a braided wire shield times the current
flowing on the shield or conductoxr characterize the frequency dependent

voltage shouce in the transmission Iine model.

F(s) of Figure 4-7, represents the filter on a wire. The inverse
Laplace transform of ZT(S) It(s) F(sj will give the. voltage transient
due to lightning at a circuit level. ZT(S),iS dependent on shield par-
ameters. The curren; flowing on a,shiéid, It(s), is composedwof'both
direct current and current due to coupling from the magnetic field.
Current can be represented by I{s) D(s),rwhere D(s) is the current divisiocn
transfer function. Straight current division between various conductors

under the nose skin is used to calculate current down to the cable shield

level.

A common cable assembly will consist of a number of twisted shielded
pairs (TSPs) in a cable bundle. The bundle is often wrapped with tape,
a double overbraid is woven on, and a jacket put over that. The pertinent
feature is that it is then a multiconductor cable assembly with two levels
of shielding, a double overbraid and an inmer cable braid. It is also
important in the analysis to factor in the twisted pair response for

differential balanced loads.
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The current source on the overbraid will produce a current on the
inner shield. The open circuit voltage between the outer shield and inner
ghield is given by the outer shield transfer impedance multiplied by the
shield current. The impedance this voltage is driving is the resistance
of the inner shield with the coaxial inductance in series. A 360 degree
termination of the cable or conductor shield will provide low cable ter-
mination resistance and negligable inductance, and also eliminates the
differential coupling to the éonductors caused by inherent unequal magnetic
field distribution resulting from pigtails. Inductance 1is caleculated

assuming a coaxial geometry as:

L =tko/27 In(b/a) H/m

where b = outer shield radius and a = inner shield radius.

The transfer impedance of a typlcal Raychem TSP has been measured.
For tin flashed braid, the transfer impedance is approximately 20 milliohms/m
+ jw0.6 nH/m. A total transfer function between the current flowing on

the outer shield and the open circuit common mode voltage inside the shield

can be obtained from:

Vem  lis Zis  _ ZTos ZTis
I I is-os
where
ZTOS = transfer impedance outer shield
ZTis = transfer impedance inner shield
Zis—os = impedance between inner shield and outer shield

Depending on the safety margin fo be used and the shield invelved, a
transfer impedance/shielding attenuation curve can be drawn and used with

a common mode voltage equivalent circuit as shown in Figure 4-8.
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Inner Surface Energy

The percent of current on the inner surface of the rocket nose is

calculated from:

percent on imner surface = o-t N7fpuc

where

t is the thickness in millimeters
¢ is the permeability

¢ is the conductivity

It is easy to see that at best, a rocket nose would adequately
attenuate only the high frequency compcnents of lightning. The low

frequency components will flow on the inner nose surface.

Using the percent of current on the inmer nose surface plus the
attenuation due to skin effects, a determination can be made of the amount
of energy on the inner nose surface. Energy is determined by first de-
termining the current on the inner skin. The nose can be modeled as a
low pass filter. The percent of attenuation as a function of frequenéy

due to skin effect is shown in Figure 4-9 for typical skin material.

f
| |
TER= : : TER-
MINA=- , I —_ == | MINA -
TION N | | TION
- | |

V2 = ZTIS

Figure 4-3. Common Mode Voltage Circuit
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Figure 4-9. Attenuation Due to Skin Effect
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The peak current calculated using current division can now be used
as a cable current driver. Transfer impedance values for cables are deter-
mined using the methods of the previous section. By multiplying the transfer
impedance of the cable shield times the shield current, a-Thevenin voltage
source (the pin driver) can be determined. This voltage, and the in-band
frequency range of the receiving device, specify the protection circultry

or filtering required at the pin livel.

Tnterface Protection From Lightning Pulses

Several devices are on the market which provide fast enough response
times and are powerful enough to suppress the induced lightning current
pulse on an input pin. The curves shown in Figure 4-10 are typical char-
acteristics for a PN siiicon transient voltage suppressor. Diodes designed
for transient suppression are normally much faster than standard zener
diodes used for voltage regulatioms, and also have higher power capabilities.
Since rockets are susceptible to multiple strikes, gas discharge devices

should be avoided since they can ionize after one strike.

General Semiconductor of Tempe, Arizona manufactures such a device
which they call a transorb. The term has gained widespread usage by
interface designers to signify any solid state surge suppression diode of

this type.

Since lightning current can be either positive or negative in a
particular strike, two bipolar diodes are required to suppress a pulse

of either polarity.
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The larger the diode, the greater its capacitance, and the slower
its turn on time. Therefore, particularly on low impedance ordnance
and power lines, some high frequency filtering is required. The in-band
sensitivity levels are compared against the high frequency components of
the lightning waveform for each driver or receiver device to determine
the particular filter required. If the impedance of a monmitor or signal
line is sufficiently high that it is not susceptible to high coupled
current pulses, only a filter may be required for protection. Figure

4-11 shows typical interface protection circuits.

Filter Configurations

Power lines are usually considered low impedance; therefore, the line
side of the filter should present high impedance. Filter configurations
are shown in Figures 4-12 through 4-15. TLoad equipment can be any impedance;
if high, the load side of the filters should show low impedance, which means
inductance in series with the line, and a capacitor from the load side to

ground ("L" circuit).

The "C" is a low impedance filter used where both source and load
impedance are high. Volumetrically, it is very efficient in low voltage
circuits requiring medium range attenuation (20-40 dB) at medium range

RF (150 kHz).

o, T O
Figure 4-12 . "C" Feed Through Capacitor
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Figure 4-11. Interface Lightning Protection Devices
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The "Pi" section low impedance filter is used where both source
and load impedances are high. Volumetrically, it is the most efficient

filter for any value voltage circuit and any value insertion loss re-

quirement, It is used on oscillatory voltages and random noise volt~
ages. The "Pi", being a tank circuit, will ring at the natural resonant
frequency of the filter more under shock excitation than "L" or "I

circuits, reducing its usefulness for lightning. protection.

O iis Y™ ii; O

Figure 4-13. "Pi" Section
In general, the "L' section is used on high impedance noise sources
and low impedance lines. This configuration will resonate when shocked

with transients at selected frequencies, producing dips in the resonance

curve. ' Therefore, it is not useful in lightning protection applications,

(:) f"Y’\f‘\________<:)

-
Figure 4-14 . "L" Section

The "T" section is used in circuits where both source and load impedances
are low. It is especially recommended for circuit interrupting devices such
as relays, in that it eliminates "ringing" since current impulses are reduced
by the low shunt capécitance and high series inductance. It is very effective
in reducing transient type interference such as lightning pulses.

O__rYY\___'_—.___/Yh_O
T

Figure 4=13. "T" Section

4-46




Figure 4-16 shows the interface protection design for a typical
differential driver/receiver circuit. Note that the surge suppressors are

located before the feedthrough capacitors.

INTERFACE a5y
! ' :
I
]
; .
|

VW =
|

o

| -

M =
| TTL
: OUTPUT
i
| =
[ -~
|

Figure & -16- Interface Circuit Model

Integrated Circuit Susceptibility

McDonnell Douglas published a report for the Navy in August 1978
titled "Integrated Circuit Electromagnetic Susceptibility Hanbook."86
Figures 4-17 and 4-18 are from this report. It can be determined how
much protection is needed for a particular IC based on the information

from these graphs, and the expected threat determined by the previous

methods discussed.
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Squlb Protection

Ordnance devices are generally used at various locations inside a
rocket. These electroexplosive devices (EEDs) may be either the hot

bridgewire (HBW) or the exploding bridgewire (EBW) type.

Two failure modes due to lightning are possible for EEDs: pin—-to-pin
supplied energy (where energy is provided directly to the bridgewire
by the current flowing through it); or pin-to-case arcing (in this case
a high voltage measured in the thousands of wvolts applied between a
pin and case causes an arc which initiates ordnance). According to
MIL-STD-1512, HBWs are coﬁsiderably more susceptible than EBWs to both
effects. Early EED designs, according to Franklin Institute,87 had
post-burn and nonuniform wire terminations which could, through pin-to-
case ﬁoltages, cause arcing when subjected to potentials near 8,000 volts.
Modern squib designs attempt to eliminate this problem by imposing proper

quality control standards.

We can dispense with the pin-to-case concern by noting that only
low voltages will be seen between the case and a grounded input pin
prior to arming since MIL-STD-1512 requires an A/D device be located in

gseries with the line.

FTor the pin—to-pin case threat, further analysis is required, The
bfidgewire itgelf is surrounded by a nonconductive explosive compound,
and is completely enclosed in a stainless steel case similar to a BNC
connector jack. The case is usually buried inside a gecond case containing
the ordnance. Transfer impedance for the small diameter céble can be used
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to determine the induced pin voltage. Since the pin-to-pin induced
voltage is about the same for both EBWs and HBWs, the threat to the

more susceptible HBWs will be examined.

To understand how HBWs can inadvertently be initiated, the minimum
fire level must first be determined. Specifications usually list all
fire and no fire levels required. The susceptibility threat from the
lightning induced energy must be compared to the no fire level if a
safety margin is the design objective. To establish the minimum energy

level required to fire an HBW, its internal parameters must be examined.

Rosenthal developed the classical lumped parameter model used to

analyze a modern bridgewire device. The model is given below.

__.‘__CP“V'—F'Y_H =P,
where:
Cp = heat capacity of the bridgewire
v = combination of all possible heat losses
8. = temperature rise
Pt = power to the wire as a function of time

The thermal time constant T = CP/Y gives the time 1t takes for a
wire to reach two-thirds of the bridgewire's stable temperature no matter
what current is input‘to the device. The}NASA standard initiator uses a
mix of Zr/KCLoa, and has a 7 = 0.1 ms. The mix reaches the fire tempera-

ture of 700°C in 0.1 ms, with about 0.029 joules applied. This value is
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compared against the lightning induced energy applied over an equal
time period to determine if the bridgewire is susceptible. Less energy
over the same period of time, or more emergy over a longer period may
not fire the device. Over longer time periods, the Y coefficient takes

over and the temperature cannot be reached.

Assﬁming a NASA standard initiator, it it a simple matter to esti-
mate 1f enough energy is coupled due to a lightning strike to fire the
device. Calculate the transfer impedance for the ordmance cable used
and determine an equivalent circuit similar to that shown in Figure 4—197
Use the action integral equation to determine the delivered lightning
energy in joules appearing at the HBW for a time period equal to the

duration of the lightning induced pulse at the pin level,

To compare the lightning induced energy level with the energy level
required to fire the HBW, the lightning energy must be normalized to an
equivalent time period. This means, assume the lightning energy is
applied in a pulse of even magnitude, and compare this energy ﬁo the
energy required over the T period necessary to fire the dnitiator being

used.

Transmission System Protection

The previous sections examined interface driver/receiver éircuits
and.ordnance squibs. Two other devices requiring examination are the
antennas and sensitive receiver inputs. Since most sensitive receivers
employ JFET inpﬁts, the following analysis will concentrate on this
type of antenna recelver interface;

4-51



uRjqold qmbg azAeuy o1 (spoy NNOAT) - - g4 2InB1g

Hr7ee

/|
H

| 1
L

]
1

I

_

| |

3 . _
sz M |
| _

_

_

_

_

TTTVAANS
H 7 ge
(1v11¥vd) adl

UAAS AVIVY)
TIAOW dSL

4-52 -



Patch antennas consist of a radome, radiating element, substrate, and
an aluminum backing plate, usually secured to the rockets surface by a
rectangular mounting plate. Pointed screw heads are normally used. This
design assures lightning will not penetrate the small space between the
screws because the dielectric strength of the antenna window is much
greater than the voltage drops between the screw heads. The geometric
center of the radiation element is normally connected to the rocket by
a low inductance stub. The antenna delivers power to the transmission
liné by another stub located a.short distance off center. Normally, the

long axis of the rocket lies din the plane formed by the two gtubs.

Signals from the antenna are provided and fed to a recelver by an
RF coupler. RF couplers are normally constructed from two rectangular
wlres separated by about 0.38 mm and running parallel for one quarter-—
wavelength. The voltage from one wire to gfound that can be handled
by a coupler is estimated to be in excess of 1000 volts. RG 393/U

coaxial cable can withstand 1900 volts de.

The first stage of a JFET input recelver front end is shown
gchematically in Figure 4-20. This example uses a JFET (2N5397) in a
grounded gate configuration. The breakdown voltage of this JFET is
25 volts. Fallure modes of JFETs do not always follow the Kt—B thermal
médel, therefore, it is assumed that any pulse exceéding 25 volts will
damage the device.. A Tow inductance (2 nH) connection from the input

to ground effectively shunts low frequency currents.
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Figure 4-20.Receiver RF Input and Circuit Used to Model Input

Antenna Susceptibility to Lightning

When the stepped leader attaches to the rocket, large changes occur
in the surface electric E field. The antenna is susceptible and responds
to dJS/dt, where JS is the surface current, To obtain an approximation
to the effects, we assume that either:

a). Attachments occur on the nose and plume and current distributes
fairly wniformly over the diameter of the rocket, or

b) A first return stroke attaches near the antenna, as shown in

Figure 4-21, and current flows down the raceway for a composite
design and out the plume.
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Figure 4-21.(a) Lightning Attachment
(b) Time Dependence of Lightning Fields
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Receiver Susceptibility to Lighﬁning

The major threat to the receiver comes from magnetic field coupling
to the antenna that produces an induced voltage proportional to the time
derivative of the lightning current. For the lightning waveform of
Figure 3-14, the time derivative is a sequence of square wave pulse
functions, the first being the most significant threat to the receiver.
To simplify the analysis, the current waveform of Figure 4-22 is used.
This waveform is scaled sc that the effect on the circuit will be

approximately the same as the first segment of the lightning waveform.

As the rocket climbs, a lightning arc channel may be swept over
the antenna, as shown in Figure 4-23. The radome must be able to ﬁith—
stand a pbtential difference, AV, equal to L di/dt. L is the effective
inductance of the channel, about 1 uH per meter. For the lightning wave-
form of this example, di/dt is 4 x 1011 amps/sec. For an antenna distance
D of about 0.10 m, a voltage AV as large as 40 kV can develop across the

radome.

Tields generated by near-miss flashes are not considered, since they

will be less than fields induced by an attached stroke.

Direct Strike Antenna Effects

If a strike attaches directly to the antenna, the radiating element
will be damaged. Using the values of J“iz dt=(5x106 amp 2—sec) for the
waveform of this example, it can be shown that a direct attachment to the

copper radiating element of a standard antenna would melt the plating over
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Figure 4-22..(a) Induced Voltage of Functional Form Sine
Squared, (b) Waveform From Which it is Derived
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a significant radius for both the exit and entrance points rendering

the antenmna inoperable. However, an attachment to the antenna can occur
only if the radome punctures. Radomes are manufactured usually from
teflon and fiberglass which has a dielectric strength on the order of
104 Vde/mm. Impulsive withstand voltages has been found to be twice

the minimum88, so a radome can actually withstand twice the impulse
caleculated. This is adequate for the estimated 40 kV threat, so direct
attachment is not usually a problem with side mounted antennas. Impul-
sive loading on antenna cavaties due to the shockwave associated with

a strike is addressed later in this document.

Antenna Coupling of Indirect Effects

Either changing electric fields (dE/dt) or changing magnetic
fields (dB/dt) at the surface of the rocket can couple energy into the
antenna. The changing electric fields cause displacement currents, and
changing magnetic fields induce voltages. The displacement current
depends on the capacitance of the antenna, its height, and on dE/dt.
Figure 4-24 shows an equivalent circuit of the antemna for a dEfdt threat,

The source current, IS5(t), it given by:

I(t) =h x C x dE/dt

where h is the height of the antenna element from the ground plane, and
C is the capacitance of the radiating element. C can be approximated

by the following equation:
€ oA
C=K._h°_
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K is the dielectric constant eof the substrate, and A 1s the area of the

antenna element. The inductance L represents the shorting stub in this

example that connects the radiating element to ground. Its value can be
; R ) 8

estimated from calculations using formulae developed by Sandia. ?

To determine the induced voltage in the antenna, the effective height

of the antenna, heff’ has been calculated from the effective area, Aeff’

as follows:

- 1/2
heff = (Aeff 50/377)

A survey of various kinds of antennas showed that effective areas are

on the order of 0.32 or less.

1)

100 emp

Ht)

{1
| 8]
9]
-

200 ns

() )
Figure 4-24. (a) Equivalent Circuit for Antenna,
(b) Given a dE/dt Threat :
A changing magnetic field (dB/dt) induces am EMF in the shaded area,
ABCD, which represents an antenna loop, shown in Figure 4-25(a). The EMF,

V, is found from the equation below:

do -dJ
B s
Vi= & = KD wl
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Figure 4-25. (a) Loop Area for dB/dt Threat,
(b) and (c) Equivalent Circuits for Antenna Given a dB/dt Threat
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¢B is the flux of B, A is the area of the loop ABCD, and dJS/dt is the
‘rate of change of the component of surface current parallel to ABCD. By

calculating a loop area of a proposed design, V can be calculated for the

cases of rocket design considered.

Positioning antennas opposite raceways or as far removed as possible,
and orienting the loop areas ABCD (Figure 4-25(a)) to minimize the inter—
cepted flux reduces the induced voltage when using a composite designed
vehicle., ABCD should be oriented perpendicﬁlar to the rockets long ékis,
which is generally the direction of current flow. However, for positions

O . . . s .
90" from a raceway the optimal orientation is not significant.

The parameters of the worst case source voltage are taken to be a
sine-squared voltage pulse of 350 volts with a rise time from zero to

maximum of 125 ns. (see Figure 4-22.)

Two models of source impedance shown in Figure 4-25 can be used in
the calculations. A simple model (Figure 4-25(b)), used for dB/dt inputs,
includeslonly the inductance of the loop ABCD. The model in Figure 4-25(c),
used for dE/dt inputs, includes some of the distributed capacitance of
a real antenna. Although responses by an antemnna are not exactly represented
by these simple circuit models, use of 350 volts amplitude ensures worse

case answers,

RF Coupler, Transmission Lines, and Receiver Analysis

Figure 4-26 and 4-27 show the complete models which can be used to
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determine the dE/dt and dB/dt induced transients for a standard receiver
system. Two methods of reducing lightning effects are‘shown. The blocking
capacitors, CBC, are shown in both casses, A quarter—waveléngth stub is
shown fbr the dB/dt threat. VCP is calculated transient voltage across

the input of the coupler, and VIR is the voltage calculated across the

source gate junction of the JFET.

Both the low frequency (below 30_MHz) transient levels appearing
at the JFET and cowpler, and the in-band power delivered to the receiver
can be determined. This frequency range includes resonant frequencies
of the transmission lines, as well as the major part of the lightning
current spectrum. The part of the spectrum denoted as in-band is the
band centered on the receiver operating frequency. Figure 4-28 shows

the spectral density of a lightning strike.

Raceway  Analysis For Composite Designed Rockets

¥or a mostly composite rocket to survive a direct lightning strike,
a recaway of conductive material must be incorporated along the length
of the structure to safely shunt lightning current into the exhaust plume.
This lightning rod provides electromagnetic shielding and mechanical
protectioﬁ for the major electrical cables running the.length of the

vehicle.

Of fundamentsal concern is how the current will distribute between
the raceway and the cable shields underneath. Since isolation between the

inner control wires and the current floating in the shields varies with
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frequency, it is necessary to determine the actual frequency distribution
before any affects on control signals can be analyzed. At very low fre-
quencies, the metal resistance and contact resistance between metal parts

are the important parameters affecting current division. At high frequencies

the raceway inductance will be the major factor in current distribution.

Current Analysis

The raceway is designed to incorporate sections, both for ease in
installation and handling, and to allow staging if required. The raceway
must also allow for elongation and expansion of each stage as they are
pressurized. A major problem occures in designing joints necessary to
maintain good conductivity during the flight mode so arcing will not
occur. Cover plates can be made electrically continuous by welding
flexiblerﬁus straps across the bend joints. Base plates are often désigned
as a single sheet of metal, and preformed to provide a metal conduit around
the ipner cables. The seam between the base plate and cover plate can

be closed by screws spaced evenly apart along each seam.

Another concern is the design of a low inductance current path from
the raceway into the exhaust plume to provide a smooth transition for
the cables and raceway currents through the aft skirt into the engine
compartment. To do this, the cables and raceway should both be grounded
through a low inductance, high current flexible aluminum strap to the
aft polar boss. The lightning current will jump from the polar boss
through the nozzle into the exhaust plume. This design philosophy makes
the strap the only path lightning current will follow after flowing down

the raceway.
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The low frequency equivalent circuit for the entire assembly can
be found by calculating the electrical resisténce of each current path.
When current flow is uniform, the resistances are found from the cross
sectional areas of the various conducting members.- At the bend joints
and at aft transistions, the current flow is highly nonunifofm. To
estimate the resistance at tramsitions, the current flow can be modeled
with ?esistance paper (teledeldos paper): The change in resistance of
-a uniform flow caused-by the transition to a strap or bolt can then be

estimated.

After the resistances of all tramnsitions, joints, and contacts are
estimated, they can be used to determine the current distribution in the
major branches of the cable and raceway or other structural network.

The currents and voltages can be determined using the SPICE-B general
purpose circuit simulation computer pfogram oY an eqqivalent. The program
can be eventually expanded to include the high frequencj information

(by adding inductances and capacitances), and information on each stage

for multistage rockets until the entire rocket has been modeled.

To determine the short circuit currents or open circult veltages
induced into the control wires, it is necessary that the transfer impedance
of the cables be specified as a function of frequency. The expanded SPICE
model, which inciudes reactive values, supplies mot only transfer impedance

information, but can be used to examine the vehicles oscillatory response.
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Ogeillatory Response to The Lightning Waveform

When a lightning flash strikes the rocket structure, an oscillatory
current proportional to the physical dimensions and mechanical character-
istics of the vehicle occurs. The rocket will ring as.a shock excited
dipole rediator, heavily excited by the rapidly changing electromagnetic

fields.

According to Fisher,91 when an aircraft is struck by a lightning
flash, the superimposed oscillation will be less intense because of two
factors, the damping presented by the lightning channel, and the finite
front time of the lightning current. This seﬁtion will explain lightning
induced oscillations in rockets, and a method whereby these oscillations
may be determined. The exact values afe nof important here, but the
analysis does point out one gignificant fact:  many substantial high
frequency harmonics can exist on. the rocket over and above'those resulting

directly from the initial lightning waveform.

Surge Propagation

Consider the conductor of some finite length shown above -a ground
plane in Figure 4-29. The conductor has an inductance, L, per unit length,
and a capacitance, C. If the conductor is sufficiently high (h) above

the ground plane, L and C will have little frequency or waveshape dependence.

Surge impedance, Z, is daefined as.-the ratio of the voltape amplitude
to the current amplitude. The magnitude of the surge impedance is found

from the magnitudes of the inductance and capacitance per unit length.
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For most conductors, Surge impedance is between 300 and 500 ohms.
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Figure 4-29. Conductor Voltage and Current Propagation o

Propagation velocity along the conductor is determined from the

inductance and capacitance. For a conductor in the air, the velocity

of propagation along its surface is the speed of light, about 1 foot

per ns; diffused current is somewhat slower.

Consider a lightning wave that strikes a conductor similar to the

nose of the rocket.

(the nose) until it meets a conductor of a different diameter (a uniform

cylinder),

Figure 4-30 outlines the condition described. Figure 4-30(a) shows a

single transition point in which an incident voltage Ei travels down a

conductor of surge impedance Z1 until it meets a conductor of surge
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The wave will travel down a conductor of one diameter

where there will be a reflection at the point of discontinuity.
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impedance ZZ' At that point of diséontinuity, a voltage wave is reflected,
Er’ which travels back along the originél path. A transmitted voltage,

Et’ penetrates onto the conductor of surge impedance 22 and continues
onward. Associated with each of these voltage waves is a corresponding

current wave.

Each reflected or transmitted wave will have a magnitude proportional
to the surge impedance magnitude of the other two conductors. Assume that
the rocket receway on each stage is the same ouler dimension, with only
some type of a stage commector forming any discontinuities along the
individual stage lengths. a, B, Y, and & will be the transmissilon or

reflection operators.

Figure 4-30(b) shows the condition where there is a surge impedance

7. coupled to a length of impedance ZZ,-and then coupled to still another

1
impedance 23. If there is a wave incident on this conductor system from
left to right, there will be a reflection at the junction on conductors
1 and 2 with a surge transmitted onto conductor 2. This surge propagates
from left to right until it meets the transition of conductors 2 and 3,
where a second reflection-occurs. The reflected wave travels right to

. left along conductor 2 until it meets the transition of conducfors 1 and
2 again, where étill another reflection occurs. -The resulting system
involves a wave oscillating back and forth along conductor 2 suffering
new reflectiogs at each end. This oscillatory wave decreases in amplitude
with each new transmission and reflection, depending on the conductor surge

impedance. Each additional conductor in the chain will add a new set

of oscillations to each other conductor. The technique used to solve
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lattice diagrams is detailed in Appendix B.

The previous descriplidion is for the case of step function voltages.
We can assume the percentage of overshoot will be slightly less for the
proposed lightning waveform since it is in reality a reversed sawtooth

with a 240 ns time to peak pulse, and then a long fall time.

Impedance of the Lightning Channel

Knowing the surge iImpedances of each rocket stage is not sufficient
to completely explain the oscillation phenomena. BRoth Fisher94 and
Wagner95 concur.that surge impedance of a lightning flash is in the order
of 3,000 ohms for a return siroke of 100 kA. This value is large compared
to a simple cenductor in air, but reésonable considering that a lightning
return stroke has a high inducténce and capacitance., Solid conductors

have high capacitance but low inductance per unit length.
96 . : .

Golde determined analytically that channel surge impedance should

be between 390 and 450 ohms. It can be assumed, therefore, that channel

surge impedance is not a critical factor in a rocket coupling analysis.

Vehicle Transmission Line Model

Having examined the raceway current distribution and the fundamentals
of oscillatory responses, a rocket can now be modeled to represent the
raceway, stage rings, intetrstage conductive references, and nose assembly.
The rocket motor plasma exhaust is modeled as a conductive rod coupled

inductively and capacitively to the raceway. The analysis model of the
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previous section is to be expanded to include all stages and the shroud,

along with all reactive values.

As with the dc amnalysis, the values of the reactive components are
determined by geometry. The burning rocket plasma is modeled as a con—
ductive rod, but the exterior plume is not considered. The plume is
conductive, but plume conductivity is imsignificant compared to other
values in this model. Self-inductances, L, and capacitances,.c, for the

burning plasma are determined assuming a surge impedance ZO:

=

‘ 24 !
Z., = A - -
5 60 1n ( " ) l; ohms

'

Propagation velocity, v, 1s approximately 3 x 108 m/sec. % is the
length, and a is the equivalent radius of the objeét of interest. The

values of L and C are then:

1, = ZO/V = H/m C = l/ZOV = F/m

For the stand-alone geometry, the inductance of each individual

section of a rocket can be estimated by the rough straight-wire formula:

' 4d | -
= 0.00508% | 1n ( ) H'Zj uH,

wire
where % is the length of the section in inches and d is the diameter in

inches. The inductance of a raceway section is obtained by averaging

the inductance for a straight rectangular bar:

LH,

/ 28 ' jb+c
Lyay = 0-00508% Ing {E-FE] + 0.5 + 0.2235 {T]

where % is the length of the section in inches, b is the width in inches,

and ¢ is the thickness in inches. Upon finding the inductance, the
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capacitance of each section can be determined from:

'
- 2
C = [z/u] /L
where L is the inductance, ¢ is the length of the section, and y is the

speed of light,

For the coaxial geometry, the capacitance and inductance per unit

length are given by:

27e
c = -9
[ In(b/a)
and
I _ pin(b/a)
2%

Where b is the radius of the outer return path conductor and a isg the
radius of the rocket,. Thé inductance and capacitance of the raceway
are obtained by computing the inductance and capacitance of a round

wire offset in a circular cylinder., The center of the wire is offset

the radius of the rocket.

The affect of impedance discontinuities at the attachment points
causes reflections resulting in a translient resonant response at times
greater than or equal to 1.5 s, following the lightning current waveform,
The magnitude of the transient response is dependent on the zero-to-peak
rise time. For rise times greater than 500 ns,‘the transient response
becomes unimportant, and the rocket regponse could be specified as follow-

ing the lightning current waveform.
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Physical Damage From Shockwaves

There are two primary modes whereby physical damage to the rocket
structure will occur, shockwaves or dielectric breakdown. The shockwave
associated with a strike will occur after the current channel is in
close proximity.to, but not attached to the vehicle surface. The worst
case condition could take place if a strike did not attach to the nose,
but bounced and attached further down. The shockwave would hit when the
portion of the channel parallel to the rocket éurface collapsed. The
overpressure conditlon is similar, except it occurs when the chanmel

is formed.

The area of concern is the effect of the shockwave or overpressure
condition on external covers or sensors, and on the nosecone structure
“itself. Since the maximum pressure condition occurs during the transient
associafed with the first stroke surge, the problem is to reduce the
amperage versus time (100 microseconds} plot to a value of energy per

unit length of the parallel portion of the channel.

Energy per meter in the lightning chamnel is based in this case on
the first stroke surge, and the breakdown strength of air. Figure 2-5
shows the field at which the breakdown of air occurs as a function of
alritude. Since the field strength reduces significantly with altitude,

the example will consider the case below 10,000 meters altitude. Troutman97

has shown the energy per meter of channel length can be calculated as:

100 us
W=V j; Idt = 3 x 106 (5.15) = 15.45 x 106 joules/meter
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Assuming a 30 to 60 millimeter channel diameter, the value of the
impulse and overpressure response can be calculated in Figure 4-31 and
4—-32 as a function of distance from the rocket surface. As discussed
previously, under swept stroke phenomena, the distance is a complex
function of local geometry, nature of the surface, speed of the rocket,
and lightning waveform at the time of occurrence. The relationship of

Figures 4-31 and 4-32 can be expressed by the following equation.

I = 155854 1-341

where I is the Impulse (Taps) and d is the distance Erom the lightning

channel center.

A schematic of impulsive lbading on a tybical cross section of a
nosecone due to lightning is shown in Figﬁre 4-33. The impulse level
generated‘increases as the channel distance decreases, but only to a
limiting.distance of about 6 em. Closer then this distance éttachment
will usually occur. Impulsive leading is also limited to the surface
area between tangent points since shock. front overpressure decreases
rapidly beyond this area. The average tangent point angle for a nose

section can be found from the following equation.

_1 —
Q(TP) = Cos J R }
R +¢C

where R is the average radius of the nosecone section and C is the

perpendicular distance to the surface,
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By noting the distance from the lightning channel center to any

point on the nosecone surface between tangent points:

- C+ R{(l - Cos 8)
Cos 8

the equation for impulse level as a function of @ can be written as

follows for this example.

— 1.
C+R (1l - Cos G)J 1.341

T = 15585 [

L

(95 Cos ©

Since impulsive loading due to lightning acts on a small portion
of the nosecone, overall structural response is usually not a problem.
However, the ability of covers or sensors located near the shockwave
must still be considered., The local ahility of a shell to withstand

impuleive loading can be determined by the following Martin equation.

Tory = 2+0 VE/6 ok (t/B)°

where I(CR) = Critical Impulse
E = Modulus of Elasticity
p = Material density
R = Average shell radius
t = Wall thickness

Bonding

The high current levels associated with a 1ightning discharge require
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structure bonds to maintain very low impedance values. Since environ-
mental degredation is common shen the rocket structure is exposed, some

effort is required to imsure good long term bonding.

The most common types of corrosion which can effect electrical bonds
are the oxidation of metal surfaces, galvanic corrosion at the contact
of two dissimilar metals, and the degredation by the materials used for

ghielding, such as acid in the adhesive.

For good long term shielding, several variables should be considered.
First, it is important to use the most suitablé corrosion resistant form
of the metal required. The preferred electrical bond is-bare metal to
metal contact in most applications, If wieght is a dominant factdr, such
as ig the case for rockets, a light metal l;ke,aluminum is required.

Since metals are available in various grades, the type used should be
the one most registant ﬁe deterioration by oxidization or other probable

environments in the particular applicatiomn.

It is important to provide corrosion protection for the metal chosen.
A large selection of surface finishes are available for most metals.
If the bond surface requires contact with a Monei metal or tin-coated steel
r—f gasket, tin or cadmium plated surfaces offer the best finishes. If
the resistance path is critical, chromate type film treatment is often
specified. Most modern films, if thin, have low resistance values immed-

iately after application, but some increase their resistance after standing.
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Dissimilar metals should not contact each other. When dissimilar
metals are in contact and exposed to a corrosive atmospﬁere, galvanic
action destroys the electromagnetic shielding and bonding characteristics.
Access doors, bolt holes, and joints should be sealed by conductive gaskets
or other materials of closer galvanic properties.. Since an atmosphere
with moistﬁre is usually neceésary for galvanic action to cccure, gaskets
often combine environmental and conductive characteristics., A sealant

will prevent moisture from transporting the ions of the corrosion mechanism.

Tt is important to realize that graphite acts like a metal in pro-
moting galvanic corrosion. Graphite is nearly as active as goid,.and
should definitely not be used in contact with aluminum or magnesium.

The need to direct lightning current into a graphite structure via a

bolt connected into the fiberIS'cqnductive orientation is often necessary.
Care should be taken to seléct an.appropriate bolt material. Also,
graphite often encloses a conducting metal added to greatly incieaSe its
conductivity. Adding powdered métal to the graphite itself greatly
decreases its strength. A treated metal braid is the best approach when

the need for increased conductivity exists.

Lightning Effects on Conposites

In rocket design, strength, weight, and costs are major design drivers,
and this has led to increased compdsite usage. Several candidate materials
can be evaluated based on their electrical characteristics as well as
other properties. The following discussion stressed the lightning related

characteristics of such materials. Tt should be noted, however, that
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electrical characteristics are often not considered.a driver in graphite

selection.

Nominal lightning strikes at the 95% level can contain currents as
high as 100,000 amps. Streamers.can have values of 100 amps, while stafic
discharges range from 10_3 to,lo._6 amps. The 100,000 amp current will
penetrate a 10fply graphité/epoxy‘panel, producing severe damage between
the composite material and any interior conductors. A high modulué graphite/
epoxy 10-ply panel can withstand this same current with no appreciablé
damage and can easily dissipate the static charges produced by ice, sand,
or any other particles striking the rocket skin ﬁhile causing no p-static
interference effects. Therefore, all other reqﬁirements being equal,
Vhigh modﬁlus paqels-are considered prime candidates for. rocket applications

where the ability to conduct current is important.

Dielectric Strength For COmposites and Insulating Materials

Data on dielectric strength for several nonconductive composites
were compared, as was the resistivity of several conductive matexrlals.
Vélues ranging from 580 to 15,400 micro-ohms per centimeter were found
for several fabric materials containing carbon and graphite phenolic

composites.

Typical dielectric strengths for composites and insulating materials

are as follows:
a) Kevlar/epoxy style 120 fabric, 48% fiber, 30 mils thick

Frequency = 106 Hz, dielectric.constant = 4.12
Dielectric strength = 957 V/mil
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Dielectric strength = 634 V/mil for 40% fiber and 125 mils thick

Dielectric constant 3.25 perpendicular and 3.67 parallel to E
at 77°F and 4.05 parallel to E at 315°F

b) Fiberglass/epoxy filament wound cylinder, 30 to 80% fiber, 1.7
to 2.2 specific gravity, and 350 to 400°F heat distortion -
temperature

Dielectric strength = 130 to 400 V/mil

¢} Molded glass phenolic composite with a 1.7 to 1.9 specific
gravity range

Dielectric strength = 130 to 300 V/mil

d) Typical dielectric strength for insulating materials:

Nylon : Sp.Gr. = 1.14, D.S. = 300-400 V/mil
Polypropylen $Sp.Gr. = 0.9, D.S. = 500-600 V/mil
Nomex Aramid Paper Type 412  Sp.Gr. = 1.0, D.S. = 560 V/mil

Electrical Resistance of Panels

High moduluskgraphité/epoxy paﬁels, 6-ply, 33;mil thick layups with
2-inch wide by 6—inch-long gage sections‘were examined. Resisfivity
values for the basic fiber ranged from OLS tows.S X 10_3 ohm c¢m. For
the high modulus graphitérfibers, various industrial sources indicate
values of 1.0 x 10~3 ohm cm for HMX and 0.7 x 10_-3 for GY70. Values
for the threshold. current carrying capability of graphite/epoxy composites
ranged between 37 and 64 KA/cmz. It was also found that for antenné
raéiation effects above 100 MHz, graphite/epoxy performs like a metal.
Table 4-3 givesrtho orientation effects of graphite/epoxy panels 2"x6"x6-ply

thick.

Joints and Interfaces

=Rivets and metal screw fasteners will have little effect on the

overall resistance of graphite/epoxy panels. Plasma spray Ni over the
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Table #%-3. Orientation Effect of Graphite/Epoxy Panels

Resistance Range Current
Layup ohm kA Range
(#45, 90)25 0.4 to 0.35 1t05
(+90, O)2s 0.35 to 0.32 lto5
(90+45)25 0.37 to 0.31 1 to 10
(0#45)25 0.21 to 0.18 11013
(*45, 0)25 0.25to 0.19 lto7
(0, 0, 90)25 0.25 to 0.2 lto 3

panel ends at interfaces will reduce or eliminate any arcing activity at
jioning locations. A 2-mil Kapton film should be adequate for electrically
isolating graphite/epoxy joint igterfaces. Co-cured graphite/epoxy-to-
graphite/epoxy joints have been able to transfer normal lightning currents
without damage. However, lightning currents will arc around or through
nonconducting adhesive joints. The addition of Ag or Al powder to the
joint material will insure conductivity, but the adhesive bond strength

is reduced, and possible corrosive action may result.

Conductivity of Composites at High Frequencies

The conductivity of graphite/epoxy composites in the fiber axis
direction ié ten times greater that conductivity perpendicular to the.
axis. Over the range ﬁroﬁ 12.5 GHz to 18 GHz, conductivity values are
estimated as between 3 and 4 x 105 mho/m parallel, and between 0.3 and

0.4 x 105 mho/m perpendicular to the fiber axis. Shielding effectiveness
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for graphite/epoxy cross-ply symmetric laminates were measured with

the following results:

dB Loss at
Thickness, mils 1 GHz 13 GHz
40 110 200
80 190 380

Electrical Resistance for Carbon Yarns, Fabrics, and Composites

Fabrics are woven from yarns, and composites are made by either
laying up fabric layers for 2D materials, or they are assembled from
yarns as in 3D materials. Flectrical resistance data 1s presented in
Tables 4~4 through 4-8 for carbon and graphite yarns and fabrics, and

the composites made from these yarns and fabrics.

Tables 4-7 and 4-8 list the resistance for rayon precursor graphite

fabrics, and the resistance for Pitch and Pan based fabrics.

Dielectric Punch~Thru

Assuming a composite material is used in the forward portion of
a rocket, the charge flow must be examined to determine if dielectric
breakdown will occur. The E-field on the charged surface can be determined
from the followlng equation.

L _Ps_o/A V/m
2e 2e

where 2
'Ps = charge density in coul/m
Q = charge (coul max on surface before corona)
A = area in mz' R
e. = dielectric constant (e = 4 for Kevlar)
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Table +4-4. Carbon and Graphite Information

Resistivity, Modulus,
Yarn Precursor ohm-cm Million psi
VYB - Rayon - 7700 6
T-300 PAN 1700 4
AS PAN 2000 31
HMS PAN 1000 55
GY70 PAN 700 38

Table 4.5. Electrical Resistance for Carbonor
Graphite Materials

] Resistance
Yarn Precursor Carbon or Graphite ohm/cm

GY70 PAN Graphite 640-1700

- AU&AS PAN Carbon 3950-4500
HMS PAN Carbon - 1700-2500
VYB105 Rayon Carbon 10740-14700

GY2-1 ' Rayon Graphite 7690
HM PAN Graphite 1490
HT PAN Carbon 1570-2150

- PITCH PITCH Graphite 54-150

Table 4-6. Electrical Resistance for
PAN Filament Tow

Tow Resistance, ohms/ft
HS 12
HTS 8
HMS 6
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Table 4-7. Resistance for Rayon Precursor
Graphite Fabrics

Resistance in ohms per square

Grade : Warp _Fill
CCA-1 0.64 0.72
CCA-2 | 0.53 0.62
CCA-3 0.63 ——
CCA-3 (HP) 0.53 —_—
WCA 0.39 0.53
Pluton Bl (HP) 1.7 1.7
$52228 (Staples) 0.54 0.65

Table 4-8. Resistance for PITCH and PAN Based Fabrics

Resistance in ohms per square

Grade . Warp  _Fill
PITCH (Continuous) 0.18 0.20
SWB-8 (PAN) 0.19 . - 0.17
552271 (PAN) 0.42 0.53
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Thermomechanical Effects of Lightning on Nosecone

If the 100 KAmp waveform previously proposed is evaluated for total
charge transfer, it can be seen thaf the predicted in~flight lightning
environment is about 100 coulombs. Comparing rocket attachment zones
to attachment zones for aircraft, dnitial attachment on the nosecap
(zone 1A) has a low probability of flash hang-on, as does the nose forward
and mid-cone (zone 2A). Cone joints and rocket exhaust .covers (zone 2B)

have a high probability of flash hang-on.

The melt damage produced in zones 1A and 2A is a function of total
charge transfer and dwell time. Dwell times on typical aircraft surfaces
in zone 2A have been measured between 1 ms and 4 ms for unpainted aluminum

99,100 Using

and titanium structures at velocltles of 35 to 240 mph.
the longest‘sﬁggested dwell time of.4 ms, a maximum curreﬁt charge transfer
on the rocket nose for a single attachﬁent ig 15 coulombs. From the

work of Oh and Schneider;lOl the existing hot spot data for titanium

skins (a common nosecone material) indicates that a .05 inch thick .
structure could be heated to a temperature as high as 2400°F in zone 2A.

The melting temperature of titanium is 31400F, and that of steel is

2580°F.

Melt damage on the rocket exhaust port covers is a. greater possibility
because of increased dwell time, Assuming that the dwell. time could
embrace the full lightning étrike with a total charge transfér of 100
coulombs, a small hole might be produced in the trailing edge of the

cover, The work of Plumer102 indicates that a hole produced in titanium
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at an aircraft trailing edge would have a total area much less than
1 cm2 for. titanium thicknesses of .04 and greater. The most Llikely
attachment point démage on steel or titanium exhaust port covers is
estimated to be some degree of pitting around the door perimeter with

no significant melt through. ‘
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Chapter 5

OFFICIAL LITERATURE

Lightning Requirement

Although rockets have been designed and used for many years, most
current military documents and specifications for airborne vehicles
address lightning as it relates to aircraft requirements. All major
military branches and NASA are very involved 1in either missile or rocket
programs, but little emphasis has been placed thus far on lightning
documentation in the rocket field, The aim of this chapter will be to
examine current military specifications in an effort to provide additiomnal
information for the majority of circuit designers who are faced with

meeting military requirements 1n their design programs.

Current Regulations

Military specifications usually address a design requirement, and
then define a test program to verify if the requirement has been satisfied.
Until recently, MIL-B-5087B was the basic U.S5, military specification
which addressed general lightning protection and test requirements. The
specification is orriented towards alrecraft, but covers other military

systems in general,

MIL-B-5087B also covers electrical bonding, and lightning protection
for aerospace systems. Paragraph 3.3.4 titled "Class L bonding (lightning
protection) (except for antenna systems)" addresses lightning protection

and testing requirements. It is quoted in its entirety below.




"ightning protection shall be provided at all possible points of

entry into the aireraft, and shall be proven by test.

(a) Navigation lights (£ Antennas (see 6.3.1)

(b) Fuel filler caps (g) Radomes

(c) Fuel gauge covers (h) Canopiles

(a) Refueling booms (i) Pitot—stafic booms

(e}  Fuel vents (3) Wiring not protected by metal

or body structure

"The following bonding requirements are designed to achieve protec-—
tion against lightning discharge current carried between the extremities
of an airborne vehicle without risk of damaging flight centrols or pro-
ducing sparking or voltages within the vehicle in excess of 500 volts.
These requirements are based upon a lightning current waveform of 200,000
amperes peak,-a width of 5Ito 10 microseconds at the 90-percent point,
not less than 20 microseconds width at the 50 percent. point, and a rate
of rise of at least 100,000 amperes per microsecond. When flight safety
is not a factor, 100,000 amperes peak with a rate-of-rise of 50,000 -

amperes per microsecond may be used at the discretion of the procuring

activity."

Other sections of MIL-B-5087B cover lightning protection design
considerations, but the paragraph quoted above was considered the standard

for general lightning testing of aerospace systeﬁs according to Clifford.103

MIL-B-5087; dated 30 July, 1954, specified a basic peak current of

100,000 ampetres, but the value was raised to 200,000 when the "B" version




was released in 1964. The 200,000 ampere value has been used in recent
documents and is now considered to be at the 99 percentile level (one

percent of all strikes are higher than 200,000 amps).lo4

MIT-STD 1541 (USAF) is the military standard which addresses elec-
tromagnetic compatibility (EMC) requirements for space systems. This
document references 50878 in paragraph 4.6.3.2 quoted below.

"4.6.3.2 Lightning and arc—discharge protection. To prevent damage

to vehicle and grouﬁd equipment from the effects of lightning strokes

or arc—discharges, protection by bonding shall be provided for the
complete vehicle and -all external electrically conducting objects.
Typical lightning stroke characteristics are defined in MIL-B-5087.
Typical arc-discharges induced by space-plasma charging effects on space
vehicles can have a rise time of 15 nanosecond (ns), a duration of 40
ns, and produce peak field intensities up to 1,200 volts/meter (V/m)

at a distance of 30 centimeters (cm) from the discharge."

Other sections of the document include design information for the pre-

vention of electrostatic charging, case shielding, and surface finishes.

Technical Report ET-77-9, published by the US Army Missile Research
and Deﬁelopment Command, titled "High Level Electromagnetic (EM) Environ-
mental Criteria for US Army Missile Systems," presents the design and test
requirements needed to deﬁelop an electromagnetic‘hard missile system for
the Army. Both direct strike and indirect (close) lightning are addressed.
The document defines indirect effects as lightning electromagnetic pulse

(LEMP) criteria. Testing is covered in chapter V.

5-3



There are several documents which address bonding, shielding, or
grounding designs in general terms, and others which identify general
EMC or Electromagnetic Pulse (EMP) design and test requirements.
Unfortunately, much EMP related information is contained in classified
documentation, and many organizations tend to incorporate both lightning
and EMP theory in the samé literature. MIL-STD 1857 is an Army EMC
design practices document, and MIL-STD 461B and MIL-STD 462 are general
service EMC documents. There are also a few documents which cover
special equipment tests: FAA Advisory Circular AC20-53, Militaxy
Specification MII-F-3836B, and Military Specification MIL-C-38373
concern the protection and testing of aircraft fuel systems against
1ightning. MIL-A-9094D specifies strenuous simulation tests of lightning
_arrestors which are to be used with radio receiving and transmitting
antenna systems, The arrestor is used by both the Air Force and by the

Naval Air Systems Command.

MIL-STD 1757 was released in June 1980. This document, titled
"Lightning Qualification Test Techniques for Aerospace Vehicles and
Hardware" is the result of a major effort by industry and military
leaders to standardize the lightning qualification procedure. It is

currently used by all Department of Defense agencies.

MIL-STD 1757 is a test document only, and does not address design
criteria. It presents a set of standard test waveforms and techniques,
at both vehicle and hardware box levels, to examine the direct effects

of lightning. Indirect effects are not covered at present. The document

5-4




is written so tailoring can be provided for specific programs.

Other Related Documents

The Air Force's DH 1-4, although not considered a requirements
document, contains a significant amount of lightning information in
Chapter 7. The document primarily deals with aircraft protection tech-
niques. However, some information is directly applicable to rocket

design.

Chapter 7 is organized into six sections. General information on
strike phenomena, preventive design, and damage experience is extreemly
useful to all designers. Radome protection is discussed in 7A6 for
aircraft applications. The remainder of the document deals with electro-
magnetic compatibility. . Figure_S—l,féhown:dnﬁthe next page;.iégéideSign

checklist from DH 1-4,

It is suggested that the reader contact "The Lightning Flash", pub-
lished by Lightning Technologies, Inc., 5360 Hubbard Avenue, Pittsfield,
MA 01201, if additional information on current publications is required.
Lightning is a fast moving field, and a considerable volume cf new
information is published or contributed each year, This magazine is

a good continuing source of new ideas in the lightning field.




SUB-NOTE 20(1)  Guidance for Airhorne System Protection

1. Do radomes have adeguately tested diverter strips?

2. Does radome have conductive coating on cutside surfaces?

3. Has attachment hardware for radome been tested?

4, Have electrical bonding provisions for radome been tested, and have quality
controls been established?

5. Have protective devices and shielding been effectively used on wiring under
radome?

6. Has a pressure relief been designed into radome in event wiring or compon=
ents are vaporized?

7. Have metallic oprotection strips been installed on canopies to protect crew?

8, Have protection strips been tested for lightning current gapacility and to ensure
the sjection is not degraded?

9. Has electrical bonding of canopy protection been adequately tested?

10, Does canopy have an adeguafely high puncture voltage?

11. Have applied corrosion control technigues been tested to be lightning-compatible?

12, Have lightning-protected fuel tank caps been used?

13, When ‘“‘wet wing'® fuel tanks are used, Is metallic skin thickness adequate for
lightning currents?

14, Have bonding jumpers been used to obtain elecirical continuity around sealed
fuei tank joints?

15, Have external fuel tanks been designed with adequate and properly tested protec-
tion?

16, Have MS25083 (or equivaleat) bonding jumpers been used where required for
lightning protection?

17. Have bonding jumpers been installed so that they cannot be exposed to a direct
arc?

18, Have MIL-A-9094 (or equivalent) arrestors been used for each antenma (including
UHF)?

19. Has secondary proteciion been installed fo eliminate the inherent 10,000-volt
spike from MIL-A-9094 or equivalent arrestors?

20. Has all electrical wiring that extends outside of the skin been protected with
spark gaps or other protective devices?

21, Has all wiring going into fuel tanks been adequately electriozily isolated, shielded,
and physically separated from wiring which might earry induced emergy from
lightning strike?

22, Have fuel vents and ejection mechanisms (dumps) been tested for electrical
conductivity and installed at safe locations.?

23. Have zll control surfaces and hinges had bonding jumpers installed or tests run
to prove jurnpers are not needed?

24, Have diverter rods or other protection been provided for external stores?

25. Has the air intake for jet engines been tested against the blast effect of lightning
strikes?

26, Have sll crew stations been tested to verify that the crew caanot be subjected to
hazardous induced energies?

27. Have rotor blades and associated controls been tested to demonstrate safety?

28, Have all nonmetailic structures been tested to demonstrate flight safety? (No
{lights should be accomplished until this testinghas been satisfactorily completed,)

5 JAN 76

DH 1-4 Design Checklist

Figure 5-1
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Appendix A

The BLM Lightning Monitoring System

This information is a summary of an interview of Mr. Duane Herman,
the lightning operations program manager for fhe BLM office at the
Interagency Fire Center in Boise, Idaho, during May 1980. The interview
reviewed the BIM lightning monitoring and measuring system reported in
"An Automatic Locating System for Cloud-to—Ground Lightning," by E. Philip
Krider, A. E. Pifer, and Martin A. Uman. This system, covering most
western states, detects and leocates liphtning within about a 300 mile
range with an accuracy capability within a mile or two, and is used for

fire detection.

The direction finding (DF) equipment used has incorporated electronics
that differentiate local interference and the field waveshapes that are
characteristic of lightning return strokes. The lightning field charac-
teristics that must be satisfied are rise time, width, and subsidiary
peak structure. The amplitude and direction data from each DF site are
used in the triangulation process as the information is fed from 2, 3,
or 4 DF stations to a position analyzer. The position snalyzer is a
oreprogrammed microcomputer that computes maps and records lightning
strikes. Unfortunately, the BLM does not use the amplitude data in thelr

program.

The output of this program enables a more accurate assessment of
the real lightning threat than previocusly anticipated by thunderstorm
day information. A typical lightning flash map was presented by Dr.

Krider and is shown in Figure A-1. TFigure A-2 was recorded as part of
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the checkout of the Grand Junction position analyzer on May 9, 1980.

Figure A~3 is a sequential real time recording of 300 lightning
flashes basically in remote parts of Colorade, The significance of this
data is that the flash activity recorded as a cloud to ground discharge
occurred during a. snow storm. This would not have been recorded as a

thunderstorm day.

Rockets are affected by cloud-to-ground, intra- and intercloud, and
triggered lightning flashes. Only cloud-to-ground flashes are recorded
by the BLM system. However, 1t appears that the natural cloud-to-ground
thunderstorm day data base can be greatly improved by using the data that

would be available via the fielded BIM system.

The following is a summary of the BLM system and its possibilities:
1) The BLM does not have an adequate archiving system.

2) BIM works in "real-time" and presently dees not accumulate the
scientific data.

3) BIM operates only 4 to.6 months per year. They normally have
1 one-shift operation (8-hour day) even though the equipment
is capable of 24~hour per day operation with high reliability
and high MTBF experience = one electronic. failure at a DF in
the 1979 season.

4) BLM personnel familiar with the software and hardware feel
that with only minor software modifications the amplitude of
each stroke could be determined and recorded.

5) The position analyzers that provide information are located at
Grand Junction, Colorado; Elko, Nevada; Las Vegas, Nevada; and
Suanville, California. Figure A-4 shows the area of coverage
for the lLas Vegas net.




6)

7)

8)

The thunderstorm day information is based on twe types of data:
a) Thunder is heard by an observer;
b) The observer reports it.

These are fairly reliable criteria for inhabited areas. However,
the results in desert and mountain areas are reported infrequently
as the hearing range 1s approximately 15 miles and the observers
are limited in number. The number of lightning flashes measured
in desert areas is estimated by the BIM project manager to be

10 to 100 times greater than that anticipated by the thunderstorm
day criteria.

Lightning strokes occur in many desert and mountain areas that
lack trees and brush. Because there is little or no flammable
material, the BLM firefighters have no interest in such areas.

Current BML equipment would need to be modified to assess inter-
and intracloud flashes as an ancillary function. (The equipment
is presently designed to reject all but cloud-to-ground flashes.)
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APPENDIX B

Oscillations at Transmission Line Interfaces

The following examplé is taken from General Electric Aircraft Lightning

Protection Note 75-1.

Figure B-1 is a. transmission line of 1000 ohms surge impedance mating
with a short length of line of surge impedance of 200 ohms. This in turn
is mated with a continuation of the 1000 ohm transmission line. The time
required for a wave to travel the length of the 200 ohm line is AT. Coming
into the junction from the left is a current wave of amplitude 1.0. At
this junction the transmission coefficient is v = 1.667 and the reflection
coefficient is § = 0.667. Accordingly, a transmitted wave of 1.667 amp-
litude enters the 200 ohm line and a reflected wave is launched from-right
to left of amplitude 0.667. On either side of the vertical separation
liﬁes, the voltage must be equal. The incident voltage (to the left of
the separation line) is equal to the sum of the incident and reflected
components for 1.667 amplitude. The wave that is transmitted into the
200 ohm section of line then propagates to the right to the nextrtransition
point where a reflection of amplitude -1.111 occurs, and a transmitted

wave of amplitude 0,556 is propagated to the right and out of the paper.

The first reflection travelling right to left, then meets the first
transition point at a time 2At after the incident wave hit the first
junction. At that time, therelis generated a second reflection travelling
right to left of amplitude 0.74) and a transmitted wave going right to

left of 0.370. At any time, the magnitude of the wave at the tirst tran-
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Figure B-1. Amplitude of Reflections




gition is the sum of all of the wave compdpents on either side of the
first vertical demarcation line. Accordingly, at time 2At the ampiitude
at the first transition point is 1.0 + 0.667 — 0.370 or 0.1297. The
amplitude at any other ﬁoint and at any other time is likewise the sum

of all the transmitted and reflected ﬁave components. above that point at
that time. For instance, at the midpoint of the 200 ohm line, the cﬁfrent
is gero until a time 1At. This time, the amplitude jumps to 1.667 and
remains there until a time 3At, when the amplitude becomes 1.667 - 1.111
or 0.556. This bookkeeping process of keeping track of the transmitted

and reflected wave components may be continued as long as necessary.

The total pattern of development of these waves for the conditions
of Figure B-1 (and assuming At equals 0.1 microseconds) 1s shown on Figure
B-2. The voltage at the input of the 200 ohm line is seen to rise to
an amplitude of 0.167 and decay in a series of steps reaching essentially
itg final amplitude after about 1 microsecond. Current does not begin
to come out of the line until 0.l microsecond, at which time it begins
to jump to its final value in a series of steps. The current at the
midpoint of the 200 ohm line oscillates back and forth with a period

2At = 0.2 microseconds, or a frequency of 5 MHz.
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