Department of Energy
Washington, DC 20585
May 11, 1999

I'he Honorable John T. Conway
Chairman

Defense Nuclear Facilities Safety Board
625 Indiana Avenue, N'W.

Suite 700

Washington, D.C. 20004-2901

Dear Mr, Chairman:

The Department has devoted considerable attention and resources to better understand the
lightning phenomena and its effects on nuclear weapons operations. The Board’s assistance in
this effort has been instrumental in the achievement of enhanced safety margin and improved
facility capabilities through bonding and surge suppression upgrades.

In response to your letter of March 25, 1999, enclosed please find the Lightning Protection
Project Team Report on the risk from lightning in Pantex nuclear explosive areas. The report
includes the current status of the lightning protection enhancement effort at Pantex. It is
anticipated that the report will be periodically updated to reflect any significant changes (e.g.,
National Laboratories’ retest of 12-96 catenary system). Updates to the report will be made
available to the Defense Nuclear Facilities Safety Board (DNFSB) Pantex Site Representative.

The Lightning Project Plan is a deliverable under the DNFSB Recommendation 98-2
Implementation Plan, Commitment 5.1.4 (due June 1999), and will constitute the Department’s
detailed path forward regarding this issue.

If you have any questions, please contact Steve Goodrum, at (806) 477-3180, or have your staff
contact Dave Chaney, at (301) 903-8308.

Sincerely,

ene Ives
Deputy Assistant Secretary
for Military Application and
Stockpile Management
Defense Programs

Enclosure

cc w/enclosure:
M. Whitaker, S-3.1

@ Printed with soy ink on recycled paper






Executive Summary

The lightning protection systems protecting nuclear explosive facilities at the Department
of Energy’s (DOE) Pantex Plant, operated by Mason & Hanger Corporation (MHC),
consist of either integral air terminals or catenary ground wires. New analysis indicates
that these systems, by themselves, may not provide an adequate level of protection for the
high explosives and nuclear material located in these reinforced concrete facilities.
Rocket-triggered lightning tests performed by Sandia National Laboratories (SNL), for the
Department of Defense (DoD), demonstrated conclusively that, even when a lightning
return stroke attaches directly to an air terminal, almost all of the lightning current will
flow on the steel reinforcement of the facility. While the risk to nuclear explosive safety is
difficult to quantify, lightning current is capable of producing voltages within the facility
that are potentially hazardous to weapon systems and components during the
assembly/disassembly process. The lightning protection upgrade effort is managed and
tracked through the Lightning Protection Project and Program Plan, which is part of the
Integrated Weapons Activity Plan.

Catenary ground wire systems, if properly implemented, may offer some improvement in
protection compared to a direct strike to the facility. However, the strike may miss the
wire and attach to the facility, or arc from the wire to the facility. In addition, lightning
current flowing on the catenary wire will induce image currents on the steel reinforcement
of the facility and, thus, produce voltages in the interior of the facility that are of the same
order of magnitude as those produced by direct strikes. Enhancing the existing catenary
wire protection systems, through the addition of more wires, can reduce the probability of
a strike to the protected facilities, however, some risk of a direct strike will still remain.
Although enhancing these systems may reduce the electrical environment within the
nuclear explosive areas (NEAs), the induced voltages would continue to be sufficient to
pose a hazard.

Lightning can be expected to strike within the Zone 12 region of the Pantex Plant
approximately 2.2 times per year, based on historical meteorological data. Depending
upon its size, or footprint, an individual bay or cell located within Zone 12 is expected to
be struck by lightning approximately once every 70 years. It should be noted that the once
per 70-year probability is for any lightning strike, not the less frequent 99th percentile
strike that the analysis in this report is based on.

Since the effects of lightning within an NEA cannot be eliminated, the lightning protection
philosophy adopted by the Lightning Protection Project Team (LPPT) is to prevent
lightning current from flowing onto a weapon. It is assumed that the current will find a
path off of the weapon. In no case is spurious or fortuitous arcing relied upon to achieve
nuclear safety. Rather a control must be established to prevent each postulated scenario
whereby lightning current could flow on the weapon. The cornerstone of this philosophy
is the Faraday cage/isolation lightning protection methodology, the essential elements of
which are: (1) the reinforcing steel in the roof, walls, and floor provide a basic, but
imperfect Faraday cage, (2) all metallic penetrations into the interior are bonded to the
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reinforcing steel as close as possible to their points of entry, (3) transient voltage surge
suppression must be installed to prevent differential-mode over voltages from entering the
controlled environment, and (4) clear-air isolation or dielectric insulation adequate for the
worst case voltage environment must be provided for the weapon at all times.

Given the heavily steel-reinforced concrete construction of the Pantex NEAs, the
implementation of the Faraday cage/isolation protection methodology appears to be the
most effective means for providing protection from the effects of lightning. Utilizing the
steel reinforcement of the NEAs as a Faraday cage does not result in a completely safe
condition in the NEA. This approach ultimately relies on facility personnel to maintain
electrical isolation, through dielectric insulation or standoff, sufficient for the maximum
potential interior voltage. To provide increased reliability, additional controls may be
necessary. These controls may include one or more of the following: 1) protective covers
for critical components; 2) maintaining additional standoff distance; 3) suspending
operations during lightning warnings; 4) providing dielectric insulation that is adequate for
the voltage produced by an unbonded penetration; 5) the installation of multiple bonds;
surge suppression on AC and communication circuits.

A lightning warning capability is necessary to allow sensitive operations conducted in
unprotected facilities, or in facilities for which adequate isolation cannot be provided, to
be suspended when lightning is present in the vicinity of the Pantex Plant. Suspension of
an operation involves maintaining the sensitive component at a distance, from any walls or
penetrations, which is sufficient for the voltage produced by unbonded penetrations, or
placing it in a container that provides equivalent protection. Hoisting operations and other
operations for which sufficient protection cannot be provided are prohibited in most
facilities during lightning warnings because adequate dielectric insulation cannot yet be
provided. The LPPT is currently evaluating the lightning detection capabilities at Pantex
to determine if facility management has adequate warning to suspend operations before
lightning is present in the area.

Low power testing is ongoing to further refine the analysis of the voltage/current
environments produced in the Pantex NEAs as a result of a lightning strike. Dielectric
insulation is installed and/or standoff distances are currently being enforced based on the
maximum voltage potentially present in a particular facility if all penetrations are bonded.

Faraday cage boundaries have been defined for all of the NEAs. The determination that
the rebar is electrically continuous was made based on construction drawings and
photographs, as well as knowledge of construction techniques. Low power testing by
SNL and Lawrence Livermore National Laboratory (LLNL) has confirmed the integrity of
the Faraday cage formed by the rebar in several facilities. With the exception of Building
12-60, Bay 1, and 12-104, bay 16, the bonding of metallic penetrations has been
completed. Surge suppression has been evaluated and, where necessary, upgraded for the
120V power circuits entering any of the bays and cells in Zone 12. The LPPT has
developed a recommendation to address surge suppression for communication circuits.
MHC is currently reviewing this recommendation. In the interim, the lack of adequate
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surge suppression for communication circuits is being addressed by providing the
necessary standoff distance.

Because of the risk of arcing from unbonded penetrations in the ramp areas, unrestricted
transportation through the ramps is currently being allowed only for those
systems/components in containers that have been demonstrated, through analysis, to be
able to provide protection from the effects of a direct lightning strike. The movement of
all other sensitive systems/components is suspended during lightning warnings.

This report assumes that the weapon systems and components, particularly detonators,
offer no intrinsic protection from the effects of lightning. This assumption was made
because adequate data for the multitude of components used the weapon systems that are
or may be assembled/dismantled in the Pantex NEAs could not be readily obtained during
the LPPT’s initial efforts.

The risk from lightning is both real and manageable. However, it should be noted that
there 1s no readily realizable, single engineered control that will provide complete
protection from the effects of lightning in the Pantex NEAs. Given the design and
construction of the Pantex NEAs, based on the testing/analyses performed to date, and the
current knowledge of lightning protection systems, implementing the Faraday
cage/isolation protection scheme is the most effective approach for providing protection
from the effects of lightning.

The LPPT is continuing to work toward completing the implementation of the Faraday
cage/isolation protection methodology at Pantex. The LPPT is also investigating
improved controls, including transportation carts and catenary wire systems, to provide an
additional margin of safety beyond that provided by the current implementation of the
Faraday cage approach.
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Abbreviations for Scientific and Engineering Terms
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Report on the Risk from Lightning in the Pantex

Zone 12 Nuclear Explosive Areas, April 1999

megavolt

meter

microseconds
millisecond

nanohenry

time constant

volts per meter

surface current density

magnetic field intensity

MV

us

ms



1.0 Introduction

The LPPT was formed in October 1997 to evaluate concerns regarding the adequacy of
the lightning protection afforded to collocated high explosives and nuclear material at the
Pantex Plant. SNL identified these concerns as the result of work done in preparation for
W79 dismantlement activities. The results of rocket-triggered lightning tests conducted
for the DoD, and knowledge of the Pantex NEAs, led SNL to conclude that the existing
lightning protection systems may not afford the level of protection necessary to ensure
nuclear safety for the operations conducted in the Pantex NEAs.

The initial efforts of the LPPT were focused on the activities conducted in the nuclear
explosive assembly bays and cells as well as transportation through the ramps. The
weapon storage activities that take place in Zone 4 West were not addressed during this
effort. The complete weapon assemblies stored in Zone 4 were deemed to be less
vulnerable to the effects of lightning than the partial assemblies that exist in the bays, cells,
and ramps during disassembly or evaluation activities. The weapons stored in the Zone 4
facilities are in full-up configurations or have additional protection afforded by their
shipping containers. The storage magazines found in Zone 4 are identical to the explosive
storage magazines used at many DoD and DOE sites and are currently being evaluated by
both Departments’ explosive safety committees. An evaluation of the risk posed by
lightning to these structures will be included in LPPT’s follow-up effort to examine
facilities other than the NEAs.

LPPT membership included representatives from Sandia National Laboratories; LLNL;
Los Alamos National Laboratory (LANL); Mason & Hanger Corporation; the Department
of Energy’s Defense Programs Office (DP), Albuquerque Operations Office (AL), and
Amarillo Area Office (AAO). The LPPT was tasked with analyzing the risk from
lightning, determining the controls necessary to mitigate the risk, and developing an
approach for implementing and formally documenting the requirements for the
preservation of any necessary controls.

This report documents the progress of the LPPT’s efforts to date and identifies those
areas where additional work is required. Since many of the LPPT’s activities are not
scheduled to be completed until December 1999, it is expected that this report will be
revised, if necessary, to include any additional information. Because it is more mature and
has been verified with rocket-triggered testing, this report relies extensively on the
analyses performed by SNL, as well as the results of the ongoing testing of Pantex
facilities being performed by both SNL and LLNL.

The report consists of three sections: hazard analysis, vulnerability assessment, and
controls. The hazard analysis section defines the magnitude of the voltage/current that
may be present in an NEA as the result of a lightning strike. The original objective of the
vulnerability assessment was to evaluate the susceptibility of individual weapon systems
and components to the voltage/current environment determined in the hazard analysis.
However, because the vulnerabilities of the different systems are similar, an adequate
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vulnerability assessment can be accomplished by evaluating the hazards in the NEAs and
assuming that the critical components of all systems, with the exception of those with
Mechanical Safe-Arm Detonators (MSADs), are equally vulnerable. The philosophy
employed by the LPPT was to provide protection for all weapon systems and components
assuming those critical nuclear safety components could be exposed at any time during the
dismantlement process. The controls section identifies the controls, engineered and
administrative, necessary to implement a lightning protection system appropriate for the
Pantex NEAs, given our current understanding of the hazard and the vulnerabilities of the
critical components.
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2.0 Hazard Analysis

The objective of the hazard analysis phase of the project is to determine the magnitude of
the voltages and currents that may potentially exist in a nuclear explosive area resulting
from a lightning strike. This phase has been further subdivided in three areas: a discussion
of the lightning phenomena, lightning protection systems, and conditions in a nuclear
explosive area resulting from a lightning strike. The lightning phenomena section will
examine the probability of a lightning strike, the voltages/currents involved in a strike, and
detection methods available for use in issuing lightning warnings. The second section will
evaluate the degree of protection afforded by the lightning protection systems currently in
use at Pantex. The final section of the hazard analysis will determine the worst case
(maximum) voltages/currents that may exist in a nuclear explosive area as the result of a
lightning strike.

2.1 Lightning

A detailed description of the complete lightning process is beyond the scope of this
document. For a more thorough explanation of the lightning process, the reader should
consult the report “Lightning - Understanding It and Protecting Systems from its Effects,”
by R. T. Hasbrouck [1]. The scope of this discussion is limited to the atmospheric
conditions that produce lightning, how lightning protection and detection systems work,
and the need for these systems.

Lightning strikes the earth’s surface an average of 6,000 times per minute, and is
responsible for hundreds of millions of dollars in damages [2]. A direct strike to a facility
can start fires; damage electrical, communications, and computer systems; and, in rare
instances, injure or kill a building’s occupants.

When we see lightning and/or hear thunder, we are observing the manifestation of a
dramatic and sudden electrical charge transfer on the order of tens of Coulombs (1
Coulomb = 6.24 x 10" electrons). This transfer occurs in a few hundred milliseconds. A
simple cloud model consists of two vertically separated regions, with the base being
negatively charged. The negative charge at the base of the cloud causes an image charge
in the earth pushing away electrons at the surface. The electric field in the region between
the negatively charged cloud base and the positively charged earth increases as the cloud
becomes more polarized. When charge separation within a cloud causes the electric field
to exceed a critical value, a breakdown, evidenced by a lightning discharge, occurs [1-4].
Figure 1 is an illustration of this process.
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Figure 1. Charge polarization within a thundercloud

In most cases, as the electric field between the bottom of the cloud and the ground
increases, a leader of negative charge advances from the cloud toward the earth in a series
of steps, forming an ionized channel. This channel, which is called the stepped leader,
carries the potential of the bottom of the cloud toward the earth. As this leader nears the
earth, the negatively charged stepped leader causes upward streamers to occur from
grounded objects, such as trees and buildings. As the stepped leader nears one or more of
these streamers, the electric field increases in proportion to the inverse of the decreasing
distance. The intervening air eventually breaks down, forming an ionized channel along
which one or more high-current return strokes carry the charge stored on the step leader
to ground. This charge transfer momentarily neutralizes the negative charge at the base of
the cloud. In 25 to 50% of all cloud-to-ground (C-G) a continuing current will flow via
the junction streamer and channel. After the current stops flowing, a new leader may
reionize the already existing channel, producing a subsequent return stroke. Each return
stroke has a duration of approximately 0.1 milliseconds. Return strokes, which are
perceived by the human eye as flickering, usually number less than 10; however, as many
as 40 have been recorded in one flash. Return stroke amplitude is lognormally distributed
in nature. Although statistics vary, the 1-% level is believed to be approximately 200 kA.
Based on historical data (See Figure 2) for lightning in the vicinity of Pantex, the 200 kA
return stroke represents the 0.1-% level.
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Figure 2. Flash peak current distribution at Pantex

Positive C-G flashes, in which positive charge is transferred to Earth from the P-region,
mid to upper region of a thunderstorm, occur much less frequently than negative strokes
(10% of all C-Gs are positive) [1]. A positive C-G stroke emerges as a stepless leader
from much higher in the cloud and thus has a much higher potential. Peak currents that
can exceed 300 kiloamperes (kA) [1].

2.2 Lightning Probability

The 1993 SNL report [5] estimated the expected number of flashes at Pantex to range
between 104 and 226 per year. The expected number of flashes in Zone 12 was calculated
to be between 1.0 and 2.2 per year. The Pantex lightning flash data for the years 1991-
1993 indicated that an average of 207 flashes per year [5] strike the Pantex Plant. The
number of flashes from 1993 to the present could not be obtained from the Pantex
Lightning Location and Protection System (LLPS) due to an inability to extract the data
from the system without shutting down the system’s monitoring capability. However,
data from 1988 to 1998 was obtained from the National Lightning Detection Network
(NLDN), which uses the same sensors used by the Pantex LLPS [7].

The probability that an object or facility will be struck by lightning is difficult to quantify
with certainty. However, there are methods for making these estimates based on the
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height and area of a facility. One method involves multiplying a facility’s lightning
attractive area by the local ground flash density [5, 6]. The lightning attractive area, 4, 1s
a function of an object’s surface area and height, and for a rectangular structure is
determined from the following equation

Ay = LW +7r} +2r (L+W),

Where L and W are the building’s length and width, respectively, and r. is the building’s
capture radius. For a circular building, the lightning attractive area is given by

Aeﬁ = ﬂ(rc +7, )2

where #. is the radius of the facility. The capture radius, 7., for both types of facilities is
calculated using

r, =80hle " = %" |+ 400 [1 — g 000K l

where 4 is the height of the structure in meters. If the distance between two structures is
is less than 2r,, half the separation distance should be used instead of 7.

Using data from the Pantex LLPS, Merewether and Chen [5] calculated a ground flash
density of 2.3 to 5.2 flashes per square kilometer per year for the area around the Pantex
Plant. Using the published detection efficiency of 80%, a conservative estimate of the
flash density may be taken as 6.0 flashes per square kilometer per year and including
airlocks and ramps in the building dimensions, an individual bay in Building 12-64 is
expected to be struck by lightning once every 78 years [6]. The probability of an
individual bay or cell being struck ranges from once every 6 years to once every 78 years.
For comparison, Fredlund and Kimball [7], based on flash data obtained from the National
Lightning Detection Network, calculated a ground flash density for a 10-mile radius
around Zone 12 of 2.8 flashes per square kilometer per year.

Pantex has experienced several lightning strikes to structures/equipment. In the late 1970s,
the fire alarm system at a firing site was struck. A transformer mounted on an overhead
pole near Building 11-54 was struck in 1986. Lightning struck the ground near a security
station east of Building 12-26 in 1992. In 1994, there was a grass fire in Zone 2 that was
attributed to lightning. In 1997 a wooden pole was struck near Building 12-52.

For the purposes of hazard analysis, a lightning flash in Zone 12 is considered an
anticipated, or likely, operational occurrence. While the worst case strokes of 200 kA will
occur less frequently, the controls available to mitigate lightning strikes are primarily
governed by the nature of lightning and the high probability that it will occur. The
magnitude of the strike is only a secondary consideration. The additional costs and
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operational penalties of tailoring the necessary controls to the worst case stroke should
not be a significant factor in relation to the level of safety achieved.

2.3 Voltages and Currents
The following information on the characteristics of lightning is taken from the SNL report

by Fisher and Uman [8] on recommended lightning parameters for Stockpile-to-Target
sequences (STS).

Return Stroke Parameters maximum median
a. Peak Current (kA) 200 30
b. Time to Peak (us) 0.1-15 3
c. Max. Rate of Current Rise (kA/us) 400 150
d. Time to decay to half peak (us) 10-500 50
e. Amplitude of continuing current (A) 30-700 150
f. Duration of Continuing current (ms) 500 150

Flash Parameters

a. Number of strokes >20 4
b. Interstroke interval (ms) 10-500 60
c. Total flash duration (ms) 30-1000 180
d. Total charge transfer (C) 350 15
e. Action [[I*dt] (As) 3x10° 5x10*

The action integral W/R = [Pdt, where W = energy in joules, = return stroke duration, R
= resistance in ohms, and / = current in amps, is a measure of the total energy that could
be delivered to a resistive load from a single flash. The return stroke current rises rapidly
to its peak value and falls of more slowly (See Figure 3).

1-10 us! 10-100 us

0.1-10 ms !10—100 ms

0.2-1 kA

— e —

15 kKAR\——rH——— — — —

10-200 kA -

Figure 3. An approximation of the waveform of the return stroke’s current

Report on the Risk from Lightning in the Pantex
Zone 12 Nuclear Explosive Areas, April 1999

15



Because the STS data is consistent with data published in other, more recent, reports, the
1-% stroke parameters from the STS are used to determine the magnitude of the voltages
and currents that may be present in a nuclear explosive area. Based on historical data at
Pantex from 1988 to June 1998, the 200-kA peak current represents the 0.1-% stroke.

24 Lightning Detection

There are a variety of ways to detect lightning. Lightning warnings can be based on cloud-
electrification measurements, detection of intracloud (I-C) electrical discharges, or the
detection and tracking of C-G flashes from frontal storms.

The electric field mill (EFM) is commonly used to measure the magnitude and polarity of the
DC electric field at the earth's surface. The EFM utilizes a fixed electrode (stator) connected to
ground through a current measuring circuit. The stator is alternately exposed to and blocked
from the electric field by a grounded, rotating, conductive plate (rotor), producing an
alternating voltage proportional to the electric field at the earth’s surface. The fair-weather
electric field at the earth's surface is typically on the order of 150 volts per meter (V/m) [4].
Because of the presence of dust and wind, the fair-weather electric field at Pantex is typically in
the 300-400 V/m range. When charged clouds move into the area, the distribution of charge
within the cloud causes the local electric field on the surface to change significantly from its
fair-weather value. Whenever a lightning discharge occurs, the charged base of the cloud is
temporarily neutralized, which is accompanied by a corresponding change in the electric field at
the earth’s surface.

Electrical discharge activity can be detected using visual or electro-optical methods as well as
by the electromagnetic radiation produced by a flash. Visual detection relies on an observer to
detect the flash. Electro-optical sensors are capable of detecting I-C lightning in daylight,
which is not visible to the unaided eye. Since I-C lightning typically precedes C-G lightning by
ten minutes or more [1], electro-optical sensors can provide advance warning of a C-G flash.
The electromagnetic radiation produced by cloud discharges, sometimes known as
atmospherics, can be detected with a suitable radio frequency recetver.

C-G lightning can be located and tracked by detecting its radiated electromagnetic signals at
several distant locations and triangulating. Direction finding involves the use of multiple
antennas to receive the magnetic component of the C-G radiation providing a bearing from the
receiver site. Two or more of these antennas can locate the C-G flash by triangulation. At
each site, an electric field antenna is also needed to provide a signal that is analyzed to verify
that a lightning flash has actually occurred.

The Pantex Plant uses two systems to provide forecasts of, and real-time indication of,
lightning and static potential conditions. These systems consist of three electric field mills
(EFMs) and four electromagnetic lightning detectors to provide information to the Pantex
Plant 24-hour Operations Center (OC). The OC issue lightning warnings when conditions
warrant.
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The personal computer (PC) based Static Potential Monitoring System (SPMS) provides
real-time static potential information from three EFMs located on the Plant: north of the
west entry gate; south of Building 12-103; and near Firing Site #1. The Sun®

workstation-based Lightning Location and Protection System (LLPS) provides real-time
and historical C-G lightning tracking for a 200-mile radius around the Pantex Plant. The
location of a strike is determined by triangulation of a specific radio frequency produced
by lightning. Magnetic/electrical detectors are located near Boys Ranch, Pampa, Happy,
and Clarendon, Texas, and are connected by modem to the Sun® workstation located in

the OC. These detectors are stand-alone and are not tied into the National Lightning
Detection Network (NLDN)

2.5 Lightning Protection

Lightning protection assumes that a strike is inevitable and attempts to provide a
controlled path for the current to follow to ground. A classical lightning protection
system consists of three main elements; a strike termination system to provide the
attachment point for the lightning channel; a system of down conductors to convey the
lightning current to ground; and a grounding system to provide a low impedance return
path to earth. The complete path would, in the ideal case, provide zero resistance and
zero inductance terminating in a zero resistance ground. In addition to the catenary
(overhead-wire) and integral (air terminal) systems, and masts, lightning protection also
includes surge (over- voltage) suppression on electrical circuits.

The lightning protection systems in use at Pantex include the integral or air terminal
system, the catenary ground wire system, and a system of surge protection for electrical
power. The first two systems are intended to protect the building from the effect of a
direct attachment of a lightning stroke to the building. The surge suppression systems are
installed to prevent damage to equipment and nuclear explosive assemblies from voltage
transients on the power lines. These systems are a requirement of the DOE Explosives
Safety Manual and all buildings that contain explosives are currently equipped with
lightning protection systems.

2.5.1 Catenary Systems

This system consists of a wire, or wires, suspended over the facility, usually from a system
of poles or masts and, as necessary, guy wires. The overhead wire, or catenary, is then
connected to a grounding system. The catenary system is designed to intercept the strike
before it can contact the facility and dissipate the energy to ground. However, because of
the extensive steel reinforcement in the Pantex Zone 12 NEAs, currents are induced in the
roof and walls that could result in significant interior voltages even if the catenary system
is completely effective in intercepting strikes. The overhead wires must also be positioned
far enough from the facility to prevent an arc from forming between the wire and the
facility.
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The use of the catenary system is a fairly recent addition to the lightning protection
program at Pantex. Several nuclear explosive facilities (12-84W, 12-98, 12-99, 12-104)
that were constructed after 1984 at Pantex are protected by catenary systems.

2.5.2 Integral Systems

Integral systems utilize a series of air terminals, or lightning rods, mounted directly on the
facility. The air terminals are connected together and to a grounding system. The
National Fire Protection Association’s (NFPA) Lightning Protection Code, NFPA 780
[9], specifies the requirements for the installation of integral lightning protection systems.

The integral lightning protection system was originally installed at Pantex during World
War II and continued to be the preferred lightning protection system until the mid 1980s.
The system is easily recognized by the air terminals, or “lightning rods,” on the peak of the
roofline and all of the equipment that extends above the surrounding roof. The air
terminals are attached to a conductor that typically runs the length of the building and is
brought down the opposite sides of the building with down conductors. These down
conductor are attached to a buried ground ring electrode called a counterpoise. This
conductor, plus the ground rods, constitutes the grounding system.

Based on the results of the SNL. Rocket Triggered Lightning Test Program [10-12],
integral systems are of limited value in reducing the voltages that may exist inside a steel
reinforced concrete structure. The SNL testing showed that, when an air terminal is
struck, the majority of the lightning current flows on the reinforcing steel rather than on
the lightning protection system because the surge impedance of a reinforced concrete
structure is typically much lower than the surge impedance of the lightning protection
system. Consequently, the voltage between any two points inside the facility (e.g.,
between the overhead crane hoist and a workstand) is determined by the properties of, and
especially by discontinuities in, the steel reinforcement of the facility.

2.5.3 Surge Suppression Technologies

Another essential element of lightning protection is surge suppression for the electrical
power supply system and other conductors entering the NEA. Fuses and circuit breakers
installed in these systems cannot act quickly enough to protect equipment from lightning
induced transient voltages. To provide adequate protection, Transient Voltage Surge
Suppression (TVSS) devices must limit both the common mode (to ground) and
differential mode (between conductors) voltages on these conductors and provide a path
to ground that will dissipate the energy in the transient. These devices also provide
protection against the effects of transients originating from sources other than lightning,
such as switching and motor starting transients. In normal operation, surge suppression
does not affect the normal operation of the protected circuit.

Lightning can produce transients on circuits both directly and indirectly. The direct
attachment of a lightning strike to utility line or pole is a common event. TVSSs are a
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necessity for these applications and have a good reputation of successful performance
when selected using waveform parameters from ANSI Standard C62.11 [13].
Additionally, indirect effects of lighting frequently result from inductive or resistive
coupling. Although induced effects are more common for overhead power lines, buried
lines are not immune to the effects of lightning (See Figure 4).

Lightning Current

~5— Conductors

Plastic or Metallic Conduit

Figure 4. Example of lightning induced transient on
buried power lines

The first line of protection from these transients is usually provided at the electrical
substation. Spark gaps and gas discharge tubes (GDTs) are the most common devices
used at this level because of their ability to dissipate high surge currents.

Spark gaps are the oldest and most commonly used TVSS in power distribution systems.
The spark gap device consists of two carbon block electrodes separated by an air gap,
usually 3 to 4 mils apart. One electrode is connected to ground and the other to the
power conductor. When a transient over-voltage appears on the line, its energy is
dissipated to ground through the arc that forms between the electrodes. These devices
can conduct large currents while maintaining a voltage across the arc that is low and
essentially independent of the amount of current being conducted.

Spark gap devices have serious shortcomings. One is the large variation in arcing
voltages. A nominal 3-mil gap will arc at anywhere from 300 to 1000V. This variation
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limits applicability to primary transient voltage suppression with more precise TVSSs
being needed to keep voltage transients within acceptable levels. Another is the relatively
slow response time, which could allow a surge through before the device functions. In
addition, the open spark presents a hazard if this type of device is used in a potentially
flammable atmosphere.

The gas discharge tube (GDT) is also commonly used in power distribution. The GDT is
made up of two metallic conductors, separated by about 10 to 15 mils, encapsulated in a
glass envelope that is filled with gas at low pressure. Gas tubes have a higher current-
carrying capability and longer life than spark gaps. The possibility of gas leakage, with the
resultant loss of protection, has limited the use of these devices.

Both the spark gap and GDT are crowbar-type devices [1]. In the case of a crowbar-type
device, transient voltage in excess of the specified level will cause the device to transition
to a short circuit resulting in a nearly zero voltage on the protected circuit. In typical
applications, the crowbar device will remain conducting until a fuse opens the circuit.

In contrast to crowbar devices, varistors and zener diodes provide a precise clamping
voltage. Varistors (usually metal-oxide varistors (MOVs)) have very fast response times
and are commonly used to protect less sensitive circuits. Zeners (usually transient-
absorption zeners called fransorbs) are commonly used to protect sensitive electronics.
Below the clamping or threshold voltage, varistors and Zener diodes are essentially non-
conducting [14]. Above the clamping voltage, the device represents low impedance path,
shunting the surge current to ground.

Once power supply voltages are stepped down, protected from large external surges and
inside a protected building, most sources of high-energy transients have been eliminated.
However, many connected loads are subject to damage at lower voltage levels. Common
practice is to provide more precise protection at the electrical outlet and/or at the load
itself.

2.5.3.1 Surge Suppression at Pantex

At Pantex, surge protection begins at the entrance of the primary voltage system into the
main substations. The Plant’s primary distribution is dual-fed from the local utility. The
main transformers step the 115 kV transmission voltage down to the distribution voltage
of 12,470 /7200 volts. In addition to an air terminal system, both substations are
protected by MOV type TVSS devices.

The distribution lines are then routed underground in plastic or steel conduit that are
protected by heavily reinforced concrete duct banks. The underground installation limits
the places that a lightning stroke can enter the system. The steel reinforcing in the duct
banks gives a measure of protection to the conduits from groundstroke lightning. The
high voltage cables are pulled into the conduits and a metallic shield protects the
conductors.
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The buried cables are routed to various substations to be further stepped down to the
building feed voltage, generally 480 volts. Both the primary and secondary sides of the
step-down transformers are protected by MOV type TVSS devices.

Since buried cables are not immune to the effects of lightning, TVSS devices are also
needed where the electrical service enters the building. This is particularly true when the
lines are routed through plastic conduit.

In all Pantex nuclear facilities, a third set of TVSS devices (MOVs) is installed after the
voltage is stepped down to 120/208 volts. This level has been validated in accordance
with the LPPT developed validation procedure. MOV:s are also found in the AC-powered
testers used on weapon systems to provide a final level of protection against transient
voltages.

In addition to AC power, a number of communication circuits (fire detection/alarm, the
ARGUS system, telephone, Radiation Alarm Monitoring System (RAMS), public address
system, etc.) penetrate the facility structure of the Pantex Zone 12 NEAs. With the
exception of the telephone and the ARGUS system, these systems are not surge protected.
The existing surge suppression provided on the ARGUS and telephone systems is located
too far from the bay or cell to provide effective protection in the interior of the NEA.

2.6 Maximum Voltages/Currents in Nuclear Explosive Areas

The Zone 12 NEAs at Pantex include assembly/disassembly bays and cells, special purpose
facilities, and enclosed ramps through which weapons systems and components are
transported. The SNL rocket triggered lightning tests [10-12] demonstrated that a
significant portion of lightning current will flow to earth through the steel reinforcing
members rather than the lightning protection system. Because of the extensive use of
reinforcing steel in the construction of the Pantex bays and cells, these facilities tend to
function like a Faraday cage (metallic enclosure) when interacting with lightning. To a
lesser extent, the same effect is exhibited in the ramps.

If the NEAs were ideal Faraday cages, the contents would be completely protected from
the effects of lightning. Unfortunately, the need for electric power, signal circuits, and
other utilities requires that the Faraday cage be penetrated by power cables and metallic
conduit/piping. In addition to the rebar spacing, the degree of electrical interconnection of
the reinforcing members in the roof, walls, and floors strongly influences the facility’s
ability to function as a Faraday cage in providing lightning protection.

Both SNL and LLNL have performed tests on various NEAs at Pantex, as well as other
sites, in an attempt to quantify the interior environment that would result from lightning
striking an air terminal or protrusion. Because it has been verified by rocket-triggered
testing, much of the discussion that follows is based on SNL test results and analysis.
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2.6.1 SNL Test Methodology

The SNL testing methodology consists of exciting the lightning protection system with a
low-frequency AC signal and measuring the corresponding electric fields within the
facility. The testing is designed to determine the electrical connectivity of the major
current-carrying conductors. In simple cases, the test can also determine a transfer
function relating the interior voltage to the current applied to the lightning protection
system. This transfer function can then be used to extrapolate the interior voltages
produced from the currents that would flow in the event of a lightning strike. The
voltages and currents obtained from the transfer function are consistent with those
produced in rocket-triggered lightning tests. Rebar resistance and separation between the
rebar and the lightning protection system limit the test frequencies to a range of
frequencies from 10 kilohertz (kHz) to 1 MHz which is consistent with the dominant
portion of the lightning frequency spectrum.

The test equipment consists of three main systems - an excitation system, an antenna
system, and a receiver system. The three systems are shown in Figure 5. The excitation
system consists of a function generator set to produce 10 or 15 V peak-to-peak into a 50-
ohm load. One lead is connected to the lightning protection system and the other lead is
connected to four ground rods. The antenna system consists of an active electric field
antenna, which is connected by fiber-optic cable to a receiver. Because of the low fields

produced in the test, a background noise survey is conducted to select “quiet” frequencies
between 10 kHz and 500 kHz.
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Figure 5. SNL Rebar continuity test setup
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The electric field can then be measured at any point within the facility. From these
measurements, knowing the antenna output and the injected current, a transfer impedance
can be calculated. This transfer impedance is modeled with a two- or three-parameter
equivalent circuit, which is then used to infer information about the connectivity of major
current carrying conductors.

2.6.2 SNL Facility Analysis Methodology

Due to the differences in construction between the various facilities in use at Pantex, the
approach is to identify the dominant mechanism for producing voltages in each facility and
then to estimate the maximum voltage that may exist as a result of a severe, 99th
percentile lightning flash. Assuming that all metallic penetrations are bonded, the
dominant mechanism is either joint resistance or slot voltage. A metallic conductor
penetrating the facility structure that is not electrically bonded to the structural members
presents a much more significant hazard. An unbonded penetration has the potential to
transmit MV level voltages directly to the interior of the bay [S].

Since the overhead crane is a likely mechanism for completing an electrical circuit that
includes the weapon/component, SNL has analyzed the amount of short-circuit current
available in the bays and cells from the overhead crane for a 99th percentile lightning
strike. Depending upon the location of the crane, the available current can range from 934
A'to 1.64 kA in a cell.

Individual analyses, taking into account facility specific details, have been completed for
all of the bays and cells.

As demonstrated by rocket triggered testing, for a reinforced concrete structure, almost all
of the lightning current will flow on the rebar because the surge impedance of the rebar is
much lower than the surge impedance of the lightning protection system. For this reason,
the lightning protection system can be ignored for most facilities.

Since it is difficult to assign a reduction factor for the fraction of current reaching a cell as
the result of a strike to the top of the gravel gertie, the full lightning current is assumed to
be injected directly onto the cell walls at the worst possible point. This point is at the top
inside edge of the ring beam. Consider the canonical problem of a buried impedance
sphere of radius r¢. For a total current / injected at the point 8= 0, assuming uniform
leakage current (in A/m2), the surface current density is

K,0)= Zi—cot(e /2)

0
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The sheet inductance for a single layer of rebar is given by [15]

L = HoS In [ij
27 d

where s and d are the rebar spacing and diameter, respectively, and s = 47x10” H/m is
the permeability of free space. For a two-layer reinforced concrete structure, the transfer
inductance is the parallel combination of two such layers of rebar, separated by an
inductance A, for the separation between the two layers. Thus, the combined transfer
inductance for the two-layer geometry is

LZ
‘o M A+ 2L,
The voltage between the poles is

_; 0]
Vel gj K, (0, d6

where 7o 6, is taken as a rebar spacing s. The result is

ol 1
V=L ——In(2r,/
o 2 (2 /9)

For a cell, the effecrtive radius is approximately 7, = 18 ft, the rebar spacing, diameter, and
separation are s = 12 in, d = 0.5 in, and A = 8 in, respectively. Substituting these
parameters into the above equations, and assuming a worst-case 0I/0t = 400 kA/us, yields
Ly=30.5 nH, and a peak voltage of 7.0 kV.

In addition to the above, there is an inductive contribution to the total voltage due to
current division among the few conductors nearest the attachment point. Assuming 4
radial wires emanating from the attachment point, where each wire inductance may be
estimated from the free-space inductance

L =tS p(48]3
2z d) 4

and also assuming that the current divides between the two layers according to the planar
circuit model described above, the drive-point voltage is

1. ol
Vdp ~ _2—Lw _é—t_(Ll /Ls)
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The above parameters give V,;, = 5.7 kV. Adding the two contributions, the worst-case
peak voltage due to rebar inductance evaluates to 12.7 kV.

With the exception of the newer cells and some special purpose bays, the interior electrical
environment (assuming all penetrations are bonded) is primarily determined by the
discontinuities in the rebar. The physical makeup of these discontinuities will determine
the mechanism for voltage production. In the case where there is no electrical path for
current to flow to ground, the current must cross the joint and the resistance of the joint
will be the dominant voltage producing mechanism. However, if there are connections
across the discontinuity, resulting in a partial discontinuity, the current will flow along the
rebar and cross the discontinuity at these connections.

Calculating the resistance is a straightforward process. For buried conductors, it can be
assumed that the leakage current per unit h over the entire surface is constant. If all
interior surfaces are in intimate contact with the ground, the fraction of current that
crosses a given plane is equal to the surface area below the plane divided by the total area
of the structure. The current crossing a floor-to-wall joint would be

]1 = 10 (Aﬂoor/Atotal)
where / is the total input current.

The conductance of the joint can be bounded by using the conductance per unit length of a
parallel wire transmission line

G = 7o /In(2s/d)

where s is the distance between the horizontal rebar and the floor mesh or rebar, d is the
geometric mean diameter of the horizontal rebar and the floor mesh, and o is the
conductivity of the concrete and soil (assumed equal). Assuming uniform current density
crossing the joint, the joint resistance would be

R = IAGY),

where { is the total length of the joint. The joint voltage is the product of the joint
resistance, R, and the current crossing the joint, /;.

In the case where the rebar has a partial discontinuity, as in some blast relief designs where
the roof'is hinged on one side and does not have rebar connections on the other three, the
lowest impedance path is predominantly around the slot formed by the two sections of
rebar. Because of the finite inductance of this path, the flow of current generates a
voltage distribution across that slot that reaches a maximum at its midpoint. This voltage
represents a source for driving currents on interior circuits.
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The slot inductance consists of two parts: an external inductance associated with the
global magnetic energy field outside the slot, and an internal inductance associated with
the local magnetic energy in the slot. The external inductance is given by

Lext —_ #0

QN

where 1 = 4nx10”7 H/m is the permeability of free space. The fatness parameter is given
by

Q= 21n(§€) —%,

w
where ¢ and w are the length and width (gap) of the slot.

When two or more pairs of conductors are involved in carrying the current at the slot, the
total inductance is modified to account for the local inductance in the slot. Because the
slot width is typically much smaller than the spacing between conductors carrying current
of the same polarity, the local inductance per unit length is accurately approximated by
1/N times the inductance of a single pair of conductors, i.e.,

L = i&ln(zj
N =« a

where N is the number of pairs of conductors at the slot.

If the rebar at the slot consists of a single pair of conductors, as is the case in Building 12-
64, the total inductance per unit length is given by the equations for L and € discussed
above; otherwise, the combined inductance per unit length, ', is equal to the parallel
combination of L= and L™, i.e.,

L! — Lmt //Lext

where the notation “//” is used to denote the parallel combination of circuit elements.

The maximum voltage at the center of the slot is most conveniently calculated in terms of
the Norton equivalent circuit. Defining the output terminals of the equivalent circuit to be
at the center of the slot, the inductance seen looking back into the network is

L = (L'WY /(L' h)
where A = /2 is the halflength of the slot.

Similarly, the slot conductance per unit length is approximately
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From the low-frequency expansions for the admittance seen looking into the end of a

short-circuited transmission line, the Norton equivalent slot conductance may be shown to
be

G™ =ZGh,

w N

taking into account both sides of the transmission line.

To complete the solution, the Norton equivalent short-circuit current is needed, which is
the current that would flow through a shorting post at the center of the slot. Depending
on the location of the assumed lightning attachment point, the short-circuit current is
typically between 15 and 50 percent of the full lightning current. If the Norton short-
circuit current is of the form of a double-exponential,

I = jsc[e—at _e—ﬂt] ,

the voltage can be obtained by solving a first-order linear ordinary differential equation in
the time domain or by inverse transforming the corresponding frequency-domain
expression. The result is

V) = L5102f50|: ﬂe“ﬂt B ae® B (ﬁ_ a)e—t/rc }

(1-pz) (-ar,) (A-ar)1-p7,)
where the circuit time constant 7, = LG,

If the fall time is much longer than the rise time and the time constant of the circuit, a
closed-form approximation for the peak voltage can be obtained. Differentiating and
setting the result to zero leads to the following expression for the peak time

_ In(pr.)

Ly = ,
T p-1/1,
where all terms multiplying a have been neglected. The peak voltage is thus

1= pr,
a<<f
a<<l/t, .

|/ max Eleotisc ﬁ e—ﬁtp& __e‘tpk/fc]
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Taking Building 12-64 as an example, a slot length, {, is 52, rebar-to-rebar separation, w,
is 4 inches, and a circuit time constant, 7., of 147 ns, the peak voltage is 97 kV.

2.6.2.1 Bays

Most assembly and disassembly operations are carried out in a family of structures that are
divided into separate rooms called “bays.” These structures are designed to provide
protection from the effects of an accidental detonation of high explosives. The structures
are covered with earth to enhance the resistance to internal detonations and to afford a
level of protection from fragments and blast overpressures from adjacent bays. The bay
structures were constructed at various times and employ different methods of blast
mitigation.

The bays in Building 12-64 are the oldest bays in use for assembly and disassembly
operations. These bays were constructed in the late 1960s and were designed with an 18"
thick reinforced concrete wall, roof structure, and floor. The sections are heavily
reinforced with #5 reinforcing bars for horizontal reinforcing and #8 and #9 bars for
vertical reinforcing. The floor structure contains double rebar mats and the operating
areas are reinforced with the same spacing and size of rebar as the walls. The roof
structure is designed with a plane of weakness to allow the roof to fail in a blast event and
vent the gasses and shock wave upward. The roofis also designed to break into
fragments that will not overload the adjacent bay roofs. Compacted earth was placed
between the bays to absorb the blast wave without transmitting the shock to adjacent bays.
The doors into the bays are a blast resistant design and are anchored to the walls with
reinforcing dowels.

Dowels are also used to connect the walls to the floor, and to portions of the roof, in
many of the NEAs. Dowels are short sections of reinforcing rod used to increase load
capacity by increasing the available cross section of steel in the corners. In the case of a
floor-wall connection, the dowels are wire-tied to the horizontal reinforcing in the floor
and the horizontal reinforcing in the wall. In addition to distributing the load between the
walls and the floor, the interconnection of the dowels assures an electrically continuous
path between the walls and the floor, as well as between the walls and the hinged side of
the roof.

The bays in Building 12-64 are protected by an integral lightning protection system with
air terminals on the high points of the building and a grounding counterpoise around the
structure. If all of the metallic penetrations are bonded, the dominant voltage mechanism is
the slot voltage produced by the venting roof. Applying the theory used for the
calculation of slot voltage and, assuming a lightning rate of current change of 400 kA/us,
yields a maximum voltage of 97 kV for the small bays and 98 kV for the large bays.

Building 12-84 consists of two distinct types of 