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ABSTRACT 
We investigated by arc-plasma heating the feasibility of attributing inherent lightning protection to 
55-gallon DOT 7A, Type A, open head carbon steel drums made of 1.5 millimeter painted carbon 
steel, designed to protect Department of Energy transuranic nuclear waste. The Sandia Lightning 
Simulator transferred continuing current in 300 ampere (A), 400 A, and 500 A tests to achieve a  
350 coulomb charge transfer and simulate cloud-to-ground lightning attachment to test coupons and 
9 drums. A tungsten electrode was placed 0.75 inch from the drums. High-speed photography was 
recorded to observe the exterior containment breach, or "first light," seen on camera when 
burnthrough opened a hole in the containment. Sheet metal burnthrough occurred between 18 and 
71 coulombs in lid and rolling hoop tests, but 12-gauge closure ring tests did not result in 
burnthrough, which suggests this feature may provide an inherent air terminal protective feature. 
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ACRONYMS AND DEFINITIONS 
 

Abbreviation Definition 
A Ampere 

BL Barrel lid 

C Coulomb 

CCG Constant/Continuing Current Generator  

CG Cloud-to-Ground 

DC Direct current 

DUT Device under test 

EPDM Ethylene Propylene Diene Monomer 

kA Kiloamperes 

kV Kilovolt 

kW Kilowatt 

LANL Los Alamos National Laboratory 

ms Millisecond 

NNSA National Nuclear Security Administration  

ns Nanosecond 

Sandia Sandia National Laboratories 

SLS Sandia Lightning Simulator  

SRNL Savannah River National Laboratory 

TRU Transuranic 

V Volt 

WIPP Waste Isolation Pilot Project 
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1. INTRODUCTION 
The threat to be evaluated from lightning to rubber gasket-sealed 55-gallon drums containing low-
level radioactive waste is that of lightning burnthrough, which creates one potential avenue to 
breach the single-walled containment barrier (afforded by the drum’s thin steel walls) and Ethylene 
Propylene Diene Monomer (EPDM) flat gasket. Transuranic (TRU) waste is radioactive waste 
containing more than 100 nanocuries of alpha-emitting transuranic isotopes per gram of waste, with 
half-lives greater than 20 years. Transuranic elements are those greater than uranium on the Periodic 
Table of Elements. Figure 1-1 shows a DOT 7A Type A carbon steel waste drum (far left), the 
closure ring assembly drawing Detail B depicts the EPDM gasket (callout 3), which is visible in the 
next photo (black ring against red paint) of the TRU drum lid interior, followed by a photo of the 
closure ring bolt (far right). 

    

Figure 1-1. DOT 7A Type A carbon steel waste drum. 
Lightning burnthrough is the phenomenon by which lightning arc root attachment to a metallic 
barrier heats, melts, and—depending on the barrier’s thickness and composition—eventually 
breaches the barrier, producing a hole through which contaminants may escape, potentially including 
sub-visible radionuclide particulates. The lightning phenomenon that drives burnthrough is the 
relatively low-current amplitude, hundreds of amperes long duration (hundreds of milliseconds), 
slowly-varying continuing current generated in lightning flash events that often follow the initial fast 
rise (hundreds of nanoseconds), high peak current (tens of kiloamperes) return strokes. The graphic 
in Figure 1-2extracted from Military Standard (MIL-STD)-464C (December 2010) [1] depicts a two 
return stroke, Time versus Current lightning flash. 

 
Figure 1-2. Time vs Current graphic from MIL-STD-464C [1]. 
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The Sandia Lightning Simulator (SLS) Constant/Continuing Current Generator (CCG), depicted in 
red in Figure 1-3, was used to conduct tests on 55-gallon carbon steel drums and small steel coupons 
that represented the drum lid, clamp ring, and sidewall thicknesses. The CCG is a commercially 
available, 500-kilowatt direct current (DC) power supply capable of producing 500 amperes DC at 
500 volts DC, which is used to simulate the continuing current (Component C from MIL-STD-
464C) associated with lightning return strokes in natural lightning. A photo of the CCG is shown in 
Figure 1-4. The SLS also features two oil-filled high voltage tanks equipped with megavolt-class 
Marx generator capacitor banks that can provide Components A and D return strokes as depicted in 
Figure 1-2. 

 

Figure 1-3. Sandia Lightning Simulator. 
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Figure 1-4. Continuing Current Generator. 
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2. EXPERIMENTAL SETUP 
Two test series were used to evaluate lightning burnthrough characteristics of 55-gallon commercial 
and transuranic (TRU) waste drums. The first test series focused on a set of 5 inch-diameter 
aluminum and steel coupons. Aluminum (T6061 alloy) coupons have been tested at the Sandia 
Lightning Laboratory (SLS) in previous studies and served as a baseline checkout of the recently 
installed Continuing Current Generator (CCG) prior to the steel coupon tests. Alloy 1008 steel 
coupons were used to replicate the steel alloy used in commercial Skolnik Industries (Chicago) 
CQ5508 and CQ5508L TRU waste drums later tested in these experiments. The 55-gallon TRU 
waste drums—the main subject of the proposal—are made of painted carbon steel (1008 alloy) and 
have representative thicknesses of 16-gauge (1.5 millimeter (mm)) for the main body, bottom, and 
lid. The closure bolt ring that clamps the barrel lid to the barrel main body is 12-gauge steel  
(2.7 mm). A conformal EPDM rubber gasket underneath the lid creates a seal to the barrel body 
when the bolt ring is secured to keep drum contents effectively leak tight against particulate escape, 
which is crucial for TRU drum low-level nuclear waste containment prior to shipment and long-
term storage below ground at the Waste Isolation Pilot Project (WIPP), New Mexico. See Appendix 
A through Appendix E for details about the generic CQ5508 and CQ5508L 55-gallon TRU waste 
drums and Material Safety Data Sheets for paints and coatings used on these drums. 

The focus of the tests covered in this report is on the potential for lightning burnthrough to breach 
drum containment during the continuing current phase in a lightning flash. In a natural lightning 
flash, the continuing current is preceded by a lightning return stroke at step leader attachment and - 
in some cases - is followed by additional return strokes and more continuing current. Four return 
strokes and three inter-stroke continuing current intervals of 60 milliseconds (ms) each is considered 
a median (50%) value in lightning flash events accepted as the “direct-strike lightning environment” 
for nuclear weapons by the U.S. Department of Energy (DOE) [2]. The SLS, as notionally pictured 
in Figure 1-3, is designed to deliver two back-to-back return strokes, plus continuing current 
between the two return strokes. Prior experience indicates the initial return stroke will not burn 
through 16-gauge steel alloy; however, it provides a path for the continuing current, including the 
process of arcing through painted surfaces. It is that continuing current that is primarily responsible 
for the burnthrough process. Figure 2-1 shows an example of a 100-kiloampere (kA) return stroke 
charge transfer of approximately 14 coulombs (C), or ampere-seconds. By contrast, the continuing 
current tests in this report were nominally 500 C. The 100-kA return stroke was produced with the 
Marx generators seen in Figure 2-2 (output view) and Figure 2-3 (side view). The capacitors in the 
Marx generators store the energy necessary to produce the desired current for an individual return 
stroke. The output view shows two Marxes electrically connected in parallel with the output current 
delivered at the bottom-center of the photo, and each of the Marx grounds at the bottom left and 
right. The side view shows some of the basic components: charge buses, capacitors, resistors, the 
trombone (top ground), and trigger bar. Brief description on Marx operation: The oil-submerged 
Marx capacitors are charged in parallel via the plus and minus charge buses. Once the capacitors are 
fully charged, a command high voltage trigger is applied to the trigger bar, which nearly 
simultaneously triggers all the spark gap switches and which then discharge to the capacitors in a 
series electrical configuration into the device under test (DUT). 
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Figure 2-1. SLS return stroke. 
 

  

Figure 2-2. SLS Marx generator output view 
(removed from oil bath). Figure 2-3. SLS Marx generator side view. 
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For demonstration purposes, individual return strokes with charge transfers of 16 C and 4.7 C were 
first applied approximately 1 hour apart to the painted carbon steel lid of a 55-gallon drum 
(CQ5508). A sharpened tungsten electrode was used for the CCG tests on coupons and barrels. The 
tip of the sharped electrode was placed 0.75 inch from the barrel lid, and the return current back to 
the SLS CCG was via 0.5 inch-diameter copper tubing. The basic setup configuration is shown in 
Figure 2-4. Post-test results are provided in Figure 2-5. The individual return strokes easily 
penetrated the painted surface of the lid as seen by the melted slag on the lid surface. Delivering 
microsecond waveforms similar in shape to that seen in Figure 2-1, the approximate return stroke 
peak currents for the 16 C and 4.7 C tests were -113 kA and -33 kA, respectively. The median 
lightning return stroke peak current amplitude given in Uman (2010) [2] is 30 kA, and we 
demonstrated in this test one return stroke will easily deface the painted barrel down to the base 
metal of the barrel lid at 33 kA, but no burnthrough was noted. Since the continuing current begins 
after the first return stroke, the SLS has for many years used a starter wire to simulate lightning 
attachment, which establishes a low resistance cloud-to-ground (CG) current path during the first 
return stroke to form a lightning channel. The starter wire establishes a viable single connection 
point to a DUT to minimize arc wander, which may otherwise occur, producing nearby slag deposits 
created by the first return stroke. The starter wire is attached to a sanded base metal surface on the 
DUT with either copper tape or conductive epoxy in an attempt to provide the arc root with a single 
point to attach to the base metal, which then concentrates the arc plasma in one area to further 
maximize the potential for burnthrough. 

 

  

Figure 2-4. SLS return stroke setup. Figure 2-5. SLS return stroke post-test 
attachment surface damage (no burnthrough). 
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3. BURNTHROUGH 
Sheet metal burnthrough at high current is a multi-physics phenomenon involving electromagnetics, 
thermodynamics, fluid dynamics, and plasma physics, making it both difficult to understand and 
interesting to study. In some ways, lightning burnthrough is analogous to arc welding, so it is often 
possible to consult welding physics literature to guide an understanding of the burnthrough process. 
Figure 3-1 [3] illustrates the relevant mass and energy transfer physics associated with an arc plasma 
interaction with a metallic surface that characterizes the arc welding process—the same processes 
thought to occur during lightning burnthrough. The interaction can be divided into two main 
regions: (1) the area above the metal, and (2) the “melt pool,” which is the region consisting of 
molten base metal at the site of burnthrough, resting atop a presumedly ever-decreasing solid phase 
lamination of base metal. Important physics for describing the burnthrough process takes place in 
both regions. A still frame image from high-speed video captured during one barrel lid test is shown 
in Figure 3-2. The tungsten cathode is outlined by the dotted gray line. The arc plasma (bluish-gray) 
and plasma jet (reddish) can easily be seen in the photo. The melt pool seen in the photo was very 
dynamic throughout the burnthrough process as witnessed by high-speed photography (Hyperlink 
provided below) , sloshing about as the hole was being formed, often times bubbling above the base 
metal. https://digitalops.sandia.gov/Mediasite/Play/e7e4ed944d11485887efdc24dacd299b1d 

 

  

Figure 3-1. Schematic illustration of energy and 
mass balance of the arc welding process [3]. 

Figure 3-2. Melt pool from drum lid coupon test. 

 

 

https://digitalops.sandia.gov/Mediasite/Play/e7e4ed944d11485887efdc24dacd299b1d
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3.1. Coupon test setup and configurations 
Burnthrough tests were performed in the Sandia Lightning Simulator (SLS) at Sandia National 
Laboratories (SNL) in Albuquerque, New Mexico. The SLS is a unique lightning test facility within 
the Department of Energy (DOE) complex that is capable of simulating lightning high peak current 
return strokes up to 200 kiloamperes (kA), continuing currents, and a combination of two return 
strokes and continuing current. For a more detail description of the SLS, the reader is referred to 
Caldwell and Martinez (2005) [4].   

The continuing current generator (CCG) used to simulate continuing current is a model MTD500-
500/480+HS+LXI (Magna-Power, Flemington, New Jersey) and is capable of a 500 ampere (A), 
500 volt (V) direct current (DC) output. The CCG is programmable in current amplitude and 
duration from 20 milliseconds (ms) to continuous DC and has an inherent rise and fall time of 
approximately 20 ms. The use of a programmed sequence provides for a high degree of repeatability 
test-to-test. 

Data was first collected on unpainted steel alloy 1008 coupons. Coupon thicknesses of 16-gauge 
(used to represent the barrel body, bottom, and lid) and 12-gauge (used to represent a 55-gallon 
drum closure ring) were tested. Coupons of 10-gauge and 7-gauge were also tested to investigate 
steel thicknesses that may be resistant to burnthrough, which may prove useful for future lightning 
designs for 55-gallon drums or other applications where lightning burnthrough is a concern. The 
choice of 7-gauge (0.179 inch thick) was used as an upper bound on coupon thickness, since it is the 
approximate combined thickness of 16-gauge (barrel thickness) plus 12-gauge (closure ring 
thickness), which overlap at the flat gasket seal. Some tests were also performed on  
16-gauge coated coupons that were cut from transuranic (TRU) drum lids. Two different electrode 
configurations were used, direct and indirect, which are discussed in section 3.1.2. 

3.1.1. Photometric Setup to Determine Burnthrough Elapsed Time  
Figure 3-3 shows the photometric setup used for the vertical coupon burnthrough tests (front view). 
Two cameras were used to view the burnthrough event. Camera 1 was used to directly view the back 
side of the coupon under test. Camera 2 was directed at a mirror to capture the front side of the 
coupon under test. Time to burnthrough was assessed as “time to first light” seen by Camera 1 in 
our experiments (reported in Table 3-2 and following tables) and was determined visually in manual 
picks from recorded high-speed videos. “Time to first light” is defined as the time from camera 
triggering by a signal from the CCG and continuing until Camera 1 recorded a visible white spot of 
light (first light) on the back of the coupon or drum under test. This time to burnthrough was then 
correlated to charge transfer as Coulombs (C), or ampere-seconds. Figure 3-4 shows the view of the 
SLS output and coupon holding fixture, as well as the camera and mirror positions. The SLS CCG 
drive current arced to the coupon at the SLS output tungsten electrode and returned to earth ground 
at the CCG located in an adjoining room via the 0.5 inch-diameter copper buss bars (current return 
conductors) seen attached to the coupon holder test rig platen. Figure 3-5 shows the current path 
from the SLS output electrode through a vertically oriented coupon and back to SLS ground 
through the four current return conductors. 
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Figure 3-3. Photometric setup front view. 
 
 

 

Figure 3-4. Photometric setup coupon view. 
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Figure 3-5. The 5 inch-diameter coupon on test rig with copper returns. 
Figure 3-6 shows the setup used for the horizontal coupon burnthrough tests, which also used two 
cameras to view the burnthrough event, in like manner to the vertical tests. One camera (not shown) 
was used to directly view the top of the coupon, while a second camera  was directed at a mirror 
seen visible underneath the coupon to capture the burnthrough moment of first light. In the 
horizontal coupon tests the current was applied vertically onto the coupon, and two current return 
conductors were used to direct the current back to ground (as shown in Figure 3-6).  

 

Figure 3-6. Horizontal coupon setup. 
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3.1.2. Direct and Indirect Electrode Configurations 
The methods used to generate a simulated lightning arc and induce attachment for these 
burnthrough tests are shown below. Figure 3-7 shows a direct (non-diverter tip) electrode 
configuration involving a sharpened 0.25 inch-diameter tungsten electrode and a copper starter wire 
used for vertical and horizontal coupon tests. Figure 3-8 shows an indirect (plasma diverter) 
electrode configuration that incorporates a 0.5 inch-diameter polytetrafluoroethylene cap with slots 
milled out on its sides, which is placed over a flat-tipped 0.25 inch-diameter tungsten electrode and 
copper starter wire that was similarly used for both vertical and horizontal coupon tests. Figure 3-9 
and Figure 3-10 show the corresponding direct and indirect electrode configurations, respectively. 
The differences and purposes of using these two configurations is explained in section 3.1.3. In both 
vertical and horizontal cases, a 0.25 inch-diameter tungsten electrode was used, and the tip of the 
electrode was positioned 0.75 inch from the coupon. Initial electrical contact was made between the 
electrode output of the SLS and the coupon using a sacrificial 0.015 inch-diameter copper starter 
wire. After the application of current, the starter wire burns away and an arc path between the 
electrode and coupon is established to simulate the conducting lightning channel present after 
lightning attachment. The time it takes for the copper starter wire to burn and establish a steady arc 
between the electrode and coupon is highly variable and can range from approximately 5 
milliseconds (ms) to approximately 25 ms. 

 

  

Figure 3-7. Vertical coupon direct electrode. Figure 3-8. Vertical coupon indirect electrode. 
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Figure 3-9. Horizontal coupon direct electrode. Figure 3-10. Horizontal coupon indirect 
electrode. 

3.1.3. Differences in Direct and Indirect Electrode Configurations 
The differences in the arcs produced by direct and indirect electrode configurations seen in high- 
speed photography are shown in Figure 3-11 stills. Both images were captured with the same shutter 
speed and exposure settings. Figure 3-11(a) shows a 500 A arc produced by the direct electrode, and 
Figure 3-11(b) shows a 500 A arc produced by the indirect electrode. The visible differences 
between the two methods include apparent self-illuminated lines of electromagnetic flux normal to 
each other for the indirect electrode and connecting in a cross shape versus a more anticipated 
curved arc. The purpose of the indirect electrode configuration was to decouple the arc and 
electrode plasma jet. The electrode plasma jet consists of spalling tungsten particles that are ejected 
normal to the electrode surface at a high velocity. The indirect electrode configuration minimizes the 
interaction of the electrode plasma jet with the burnthrough process on the coupon surface by re-
directing tungsten particulates away from the attachment point. In general, the direct electrode 
configuration is a more severe burnthrough insult that should cause burnthrough to occur more 
quickly and produce greater overall damage. Both types of phenomena could occur in lightning 
interactions in nature. The indirect electrode represents direct lightning arc root attachment in air, 
and the direct electrode represents the scenario of lightning-induced arcing between two metal 
objects bridging the lightning channel. 
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Figure 3-11. 500 A arc on 7-gauge 1008 steel alloy: (a) direct electrode and (b) indirect electrode. 

 

Figure 3-12 shows the results of experiments in which the burnthrough occurred on two different 
gauge 1008 steel alloy coupons. Both experiments used the indirect electrode configuration with the 
coupon in the horizontal orientation and CCG settings producing a 500 A arc for 700 ms. Figure 
3-12(a) shows the damage to a 16-gauge coupon, and Figure 3-12 10(b) shows the damage to a 12-
gauge coupon (which is nearly double the thickness of the 16-gauge coupon). For scale, recall that 
the diameter of the polytetrafluoroethylene cap is 0.5 inch. Given the same amplitude, duration, and 
charge transfer, the damage done to the 12-gauge coupon is noticeably less than that done to the 16-
gauge coupon, as expected. 

 

 
 
Figure 3-12. 500 A 700-ms indirect electrode: (a) 16-gauge 1008 steel alloy and (b) 12-gauge 1008 

steel alloy. 
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3.1.4. Tests on Uncoated 1008 Steel Alloy Coupons 
Data was collected on uncoated 1008 steel alloy coupons. The coupon thicknesses tested included 
16-gauge (representing most surfaces of a 55-gallon drum) and 12-gauge (representing the drum’s 
closure ring), with 10-gauge and 7-gauge coupons also tested to investigate steel thicknesses that may 
be resistant to burnthrough. Coupons were tested with both direct and indirect electrode 
configurations using horizontal and vertical coupon orientations. For comparison, all tests were 
conducted using a nominal charge transfer of 350 C (1C = 1 Ampere X 1 second). The 350 C 
represents the expected charge transfer from an extreme lightning strike—or 1% frequency of 
occurrence—and is selected from Uman, et al., “Update Direct-Strike Lightning Environment for 
Stockpile-to-Target Sequence (Second Revision),” 2010 [2]. Lightning flash event parameters 
describing extreme 1% frequency of occurrence and (median) 50% values shown below from Uman 
(2010) [2], were first established by Fisher and Uman in 1989, are applicable to the military theater, 
and are used for our experiments as the primary lightning physics reference to set test parameters 
representative of natural cloud-to-ground lightning. The CCG used in these tests produced square 
current pulses at three different current levels with three different current durations (Table 3-1). A 
plot of the typical square current pulse (300 A, 1.167 seconds) and the corresponding charge transfer 
is shown in Figure 3-13. Continuing current, time to burnthrough, and charge transfer were 
collected for each test.  
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Table 3-1. CCG Parameters 

Amperes Seconds Charge Transfer (C) 

300 1.167 350 

400 0.875 350 

500 0.700 350 
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Figure 3-13. Typical CCG square current pulse (black) and 
imparted charge transfer to test object (red). 

 

The coupons were tested in vertical and horizontal configurations with two electrode configurations. 
In the vertical orientation the force of gravity is parallel to the surface of the coupon, and in the 
horizontal orientation the force of gravity is normal to the surface of the coupon. The purpose for 
varying the orientation was to simulate lightning arc attachment to surfaces of either orientation that 
may occur to either lid or sidewall attachment in typical 55-gallon drum outdoor storage, and to 
investigate the influence of gravity on the burnthrough process, namely its effect on the melt pool. 
The removal of molten metal by the force of gravity could perhaps accelerate the burnthrough 
process by exposing the underlying solid base metal to the arc temperatures at a faster rate. 

Measurements of hole sizes for both the coupons and 55-gallon drums were made with either 
calipers or a precision gauge-pin set at 0.001 inch resolution. Unless otherwise stated in the tables in 
this report, the hole measurements were made with gauge-pins. The burnthrough holes are not 
perfectly round and some holes may be larger in one axis than in other axes, or they may have had a 
piece of slag or debris that only allowed a smaller pin to fit the hole. Reported hole measurements 
should be read as approximations. 

The scope of the tests covered in this report did not include the accounting of either dynamic arc 
impedances or causes for observed arc wander in some tests. The explanation for any non-linearity 
observed was not investigated. A few tests included measurements of both arc voltage and CCG 
current to illustrate differences in arc impedance for direct and indirect (using the 
polytetrafluoroethylene diverter tip) electrode configurations. Figure 3-14 shows the voltage and 
current measurements for a 519 A, 700 ms test on a 16-gauge coupon with a direct electrode. Using 
Ohm’s law (R=V/I), the arc impedance can be calculated and is shown along with the voltage and 
current in Figure 3-15, which is a shorter time segment of the x-axis (0 to 0.7 second) from Figure 
3-14. The arc impedance varies with the changes in voltage and current. In this test, the dynamic arc 
impedance is relatively stable for most of the 0.7-second pulse, with some variation near 0 and 0.7 
second. 
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Figure 3-16 and Figure 3-17 show the voltage and current measurements for a 519 A, 700 ms test on 
a 16-gauge coupon with an indirect electrode.  
 

  

Figure 3-14. Direct electrode 50 V and 500 A. Figure 3-15. Direct electrode impedance (red). 
 

  

Figure 3-16. Indirect electrode 50 V and 500 A. 
Figure 3-17. Indirect electrode impedance 

(red). 
 
 
In this indirect electrode test, the dynamic arc impedance is more pronounced than similar tests with 
a direct electrode. It is also interesting to note that the average arc impedance with the direct 
electrode test shown in Figure 3-15 was 0.095 ohm (Ω) and produced a hole size of 0.588 inch, 
while the average arc impedance with the indirect electrode test shown in Figure 3-17 was 0.161 Ω 
and only produced a hole size of 0.376 inch. A review of Figure 3-11 shows a longer arc length with 
the indirect electrode that suggests a per unit length increase in arc impedance, so an approximately 
69% increase in arc impedance for the indirect electrode configuration seems consistent with the 
visible arc path increase. The perturbation in the waveforms in Figure 3-17 at approximately 0.44 
second could be the result of the arc momentarily wandering away from the arc root, which 
occasionally was seen in video captures. Figure 3-18 shows a photo of a burnthrough hole produced 
with a stable arc root, one that did not wander away from the major hole diameter. By contrast, 
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Figure 3-19 shows a burnthrough hole produced with the arc root wandering away from the major 
diameter of the hole. Arc wandering diverts the arc plasma heat away from the primary attachment 
point, which led to smaller diameter holes where burnthrough occurred.  
 

  

Figure 3-18. Stable arc root. Figure 3-19. Arc wander. 
 

3.1.5. Vertical Coupon Tests with Direct Electrode 
Table 3-2 shows the test results for vertically oriented coupons with average currents of 312 A,  
420 A, and 520 A using a direct electrode. The data is plotted in Figure 3-20 and Figure 3-21, which 
show hole sizes and burnthrough times (time to first light), respectively. None of the 7-gauge 
coupons achieved burnthrough. All other coupons (16-gauge, 12-gauge, and 10-gauge) burned-
through, although one anomaly occurred with the 10-gauge coupon tested with 312 A. Photometric 
(high-speed video) data for the 10-gauge coupon did not evidence a “first light” appearance on the 
rear camera recording during the CCG current square wave interval, but after the test a hole 
measuring 0.018 inch was observed. A possible explanation for this could be that the molten metal 
that was present and ready to burnthrough finally opened due to stresses in the metal as it cooled 
after the CCG was de-energized and the cameras switched off. The 16-gauge coupons representative 
of the TRU drum lid and rib thickness all burned through for the 350 C charge transfer, but the 
absorbed charge required to burn through the coupon (first light) is inversely proportional to current 
level. 

In general, given the same charge transfer—our 350 C target, for example—thinner gauge samples 
will burnthrough quicker and should have larger holes than thicker gauges. A plot of steel gauges 
versus hole sizes obtained using a direct electrode and a vertically oriented coupon are shown in  
Figure 3-20. Under ideal application of the current (arc plasma) to a variety of coupon thicknesses 
with the same alloy, it is expected that a linear relationship between hole size and gauge thickness 
should exist. This near linear relationship can be seen in the 312 A and 420 A data. One anomaly in 
the 520 A data for the 12-gauge coupon shows a hole diameter similar to the 10-gauge coupon. 
Possible reasons for such anomalies include dynamic arc impedance and arc root wander. Figure 
3-21 is a plot of the time to first light versus gauge thickness using a direct electrode with vertically 
oriented coupons. Again, a linear relationship between time to first light and gauge thickness should 
exist and is observed for the 312 A and 420 A data. The 520 A data has a non-linear data point 
potentially caused by dynamic arc impedance or arc wander.  
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Table 3-2. Alloy 1008 Carbon Steel Coupons with Vertical Direct Electrode 

Date Shot 
# 

Material 
Gauge 

CCG 
Measured 
Time (s) 

Measured 
Current (A) 

Total 
Charge 

Transfer 
(C) 

Hole Size 
(inches) 

Time to 
First 
Light 

(s) 

Charge 
Transfer 
at First 

Light (C) 

15-Aug-18 4 16 1.200 312 374 0.601 0.5520 172 

15-Aug-18 5 12 1.191 312 371 0.251 1.0597 331 

15-Aug-18 6 10 1.200 312 374 0.018 No data No data 

15-Aug-18 7 7 1.200 312 374 0.000 None None 

15-Aug-18 8 16 0.907 420 381 0.603 0.2659 112 

15-Aug-18 9 12 0.914 420 384 0.377 0.5617 236 

16-Aug-18 7 10 0.910 418 380 0.230 0.7674 321 

15-Aug-18 11 7 0.900 420 378 0.000 None None 

16-Aug-18 1 16 0.710 520 369 0.640 0.1477 77 

16-Aug-18 2 12 0.714 520 371 0.243 0.6554 341 

16-Aug-18 3 10 0.714 520 371 0.243 0.5533 288 

16-Aug-18 4 7 0.714 520 371 0.000 None None 

 

  

Figure 3-20. Vertical steel coupon hole size. Figure 3-21. Time to first light. 

3.1.6. Horizontal Coupon Tests with Direct Electrode 
Table 3-3 shows the test results for horizontally oriented coupons with average currents of 324 A, 
422 A, and 521 A, using a direct electrode. The data is plotted in Figure 3-22 and Figure 3-23, which 
show hole sizes and burnthrough times (time to first light), respectively. A comparison of average 
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drive currents for these tests and those in Table 3-2, show that they are less than 3% different. 
Consistent with the vertical coupon tests, no burnthrough of the 7-gauge coupons was observed. 
For the 10-gauge coupons subjected to 324 A and 522 A currents, we measured burnthrough holes 
of 0.028 inch and < 0.015 inch, respectively, although photometric cameras did not record a first 
light hole opening visible during the high-speed framing interval. A similar anomaly occurred for a 
12-gauge coupon at 324 A drive, which opened a 0.104 inch-diameter hole, but this apparently  

Table 3-3 Horizontal Coupon with Direct Electrode 

Date Shot # Material 
Gauge 

CCG 
Measured 
Time (s) 

Measured 
Current 

(A) 

Total 
Charge 
Transfer 

(C) 

Hole 
Size 

(inches) 

Time to 
First 

Light (s) 

Charge 
Transfer at 
First Light 

(C) 

21-Aug-18 11 16 1.198 324 388 0.578 0.6921 224 

21-Aug-18 12 12 1.186 324 384 0.104 No data No data 

21-Aug-18 13 10 1.186 324 384 0.028 No data No data 

21-Aug-18 14 7 1.186 324 384 0.000 None None 

21-Aug-18 10 16 0.907 424 385 0.564 0.2146 91 

21-Aug-18 6 12 0.902 420 379 0.335 0.8103 340 

21-Aug-18 7 10 0.905 420 380 0.000 None None 

21-Aug-18 9 7 0.894 424 379 0.000 None None 

20-Aug-18 1 16 0.718 518 372 0.588 0.1524 79 

21-Aug-18 4 12 0.718 522 375 0.149 0.6889 360 

21-Aug-18 2 10 0.718 522 375 < 0.015 No data No data 

21-Aug-18 3 7 0.718 522 375 0.000 None None 

 

  

Figure 3-22. Horizontal steel coupon hole size. Figure 3-23. Time to first light. 
 
opened post-test after the current and cameras were switched off. Burnthrough of the 16-gauge 
coupons representative of the 55-gallon TRU drum lid and side-wall thicknesses was recorded on 
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video with all three different current levels initiating first light, with higher currents requiring less 
charge transfer to open the coupon.  

Figure 3-22 and Figure 3-23 are plots of the data collected using a direct electrode and horizontally 
oriented coupons to determine hole size and time to first light, respectively. Both plots show good 
linearity for these data sets. 

3.1.7. Comparison of Vertical and Horizontal Coupon Tests with Direct 
Electrode 

A comparison of the data for the direct electrode configuration on vertically and horizontally 
oriented coupons shows that average drive currents for the nominal 300 A, 400 A, and 500 A tests 
are within 3.85%, 0.60%, and 0.19%, respectively. Similarly, the charge transfer correlated from time 
to first light for the nominal 300 A, 400 A, and 500 A drive currents were within 3.09%, 0.04%, and 
0.89%, respectively. The average charge transfer for all tests was 377.5 C, with a standard deviation 
of 5.4 C, which demonstrates the consistent application of both the current and charge transfer 
across the test series. This corresponds well with the largely linear trends in the data. 

Comparison of the hole sizes of the vertically and horizontally oriented 16-gauge coupons tested 
with the direct electrode configuration shows an approximately 6.2% smaller hole size on average 
for the horizontal configuration. As mentioned above, the removal of molten metal down the 
vertical plane by the force of gravity may accelerate the burnthrough process by exposing the 
underlying solid base metal to the arc plasma and its temperatures at a faster rate versus heat  
transfer through the molten metal pool, which creates an access barrier to the arc plasma to reach 
the still-intact base metal. In the vertical coupon orientation, gravity acts to pull the molten metal 
downward and away from the melt pool, which exposes new base metal and allows the arc plasma to 
interact more with the perimeter of the melt pool, thus increasing the diameter of the melt pool and 
the eventual burnthrough hole diameter. In the horizontal configuration, gravity pulls downward on 
the melt pool volume equally, and the arc plasma is more centrally located and interacts with 
minimal dynamic removal of the base metal, thus producing a smaller melt pool and eventual hole 
size on burnthrough events. Nevertheless, the relatively small difference noted in hole size data 
suggests that either configuration could be used with confidence to assess burnthrough processes. 
However, due to the slightly more stable melt pool observed in the photometric data, a horizontal 
configuration may reasonably simplify any computer-generated models of burnthrough processes. 

 

3.1.8. Horizontal Coupon Tests with Indirect Electrode  
Table 3-4 shows the test results for horizontally oriented coupons with average currents of 324 A, 
422 A, and 521 A, using an indirect electrode. The data is plotted in Figure 3-24 and Figure 3-25, 
which show hole sizes and burnthrough times (time to first light), respectively. No burnthrough of  
7-gauge and 10-gauge coupons was observed. Burnthrough occurred for 12-gauge coupons with  
420 A and 522 A drives, but no burnthrough occurred at the 326 A level. 

Figure 3-24 and Figure 3-25 are plots of the data collected using an indirect electrode and 
horizontally oriented coupons to determine hole size and time to first light, respectively. Both plots 
show good linearity for the data sets. The 16-gauge coupon burnthroughs are notably varied in 
cumulative charge transfer calculated at first light. 
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Table 3-4 Horizontal Coupon with Indirect Electrode 

Date Shot # Material 
Gauge 

CCG 
Measured 
Time (s) 

Measured 
Current 

(A) 

Total 
Charge 

Transfer 
(C) 

Hole Size 
(inches) 

Time to 
First Light 

(s) 

Charge 
Transfer 
at First 

Light (C)  
22-Aug-18 1 16 1.170 326 381 0.366 0.2367 77 
22-Aug-18 2 12 1.170 326 381 0.000 None None 
22-Aug-18 3 10 1.170 326 381 0.000 None None 
22-Aug-18 4 7 1.170 322 377 0.000 None None 
21-Aug-18 20 16 0.880 424 373 0.292 0.5786 245 
21-Aug-18 21 12 0.880 420 370 0.041 0.8423 354 
21-Aug-18 22 10 0.880 420 370 0.000 No data No data 
21-Aug-18 23 7 0.880 420 370 0.000 None None 
20-Aug-18 2 16 0.700 518 363 0.376 0.1814 94 
20-Aug-18 3 12 0.700 522 365 0.242 0.4823 252 
20-Aug-18 4 10 0.700 522 365 0.000 None None 
21-Aug-18 19 7 0.700 522 365 0.000 None None 

 

 

  

Figure 3-24. Horizontal steel coupon hole size. Figure 3-25. Time to first light. 

3.1.9. Comparison of Horizontal Coupon Tests with Direct and Indirect 
Electrodes 

A comparison of 16-gauge, horizontally oriented coupons using direct and indirect electrodes 
showed significant differences in hole size, with the indirect electrode producing hole sizes 
approximately 59.8% smaller than the direct electrode. The burnthrough holes produced with the 
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direct electrode (Table 3-3) had an average hole size of 0.577 inch with a standard deviation of  
0.012 inch. The indirect electrode (Table 3-4) produced an average hole size of 0.345 inch with a 
standard deviation of 0.046 inch. The higher standard deviation in hole size with the indirect 
electrode may be due to dynamic arc impedance and arc root wander. 

3.1.10. Coupon Tests from Painted TRU Lids Versus Uncoated 1008 Alloy Steel   
Tests on bare 1008 alloy steel and coated/painted 1008 alloy steel coupons cut from 55-gallon TRU 
drums were tested to compare the effect of the coating/paint on hole size and burnthrough times. 
Table 3-5 shows the data for these tests. These tests were conducted using a direct electrode to 
maximize burnthrough hole size and a vertically oriented coupon to simulate later tests with  
55-gallon drums, where the barrels were laid on their side so that drive currents could be injected 
horizontally onto the lids of the barrels, making the lids vertically oriented on the test rig. In the 
“Material Gauge” column, “BL” stands for Barrel Lid. As with all other tests, a 0.015 inch copper 
starter wire initiated current onto the coupons. For the painted coupons, a small area was sanded 
down to bare metal to attach the starter wire, since the incident voltage from a natural lightning 
strike would easily arc through the paint on a barrel. There was very little difference in hole sizes 
between painted and unpainted coupons. The average hole size for unpainted coupons was 0.615 
inch, while the average hole size for painted coupons was 0.620 inch. The average hole size for all 
coupons was 0.618 inch, with a standard deviation of 0.018 inch. The wide variation noted among 
times to first light for painted and unpainted coupons is an unexplored anomaly. 

Figure 3-26 and Figure 3-27 show the outside and inside coatings for the post-test TRU waste drum 
lid coupons. All three coupons showed good consistency, having the same nominal hole size as 
shown in Table 3-5. The coating around the perimeter of the inside surface of the coupons was 
removed to minimize contact impedance at the interface of the coupon holder to allow uniform 
current distribution from the center of the coupon to the perimeter, leading via copper bus bars to 
the CCG ground.  

Figure 3-28 and Figure 3-29 are plots of hole size versus charge transfer, and time to first light 
versus charge transfer, respectively. There was no significant difference in hole sizes between 
painted and unpainted coupons. Variation in time to first light likely is due to dynamic arc 
impedance or arc wander. Here, again, all 16-gauge coupons representative of the TRU drum lid and 
rib thickness burned through with the absorbed charge required to achieve first light greater at low 
currents, with lid coupon BL3-16 a slight data variant. 

 

Table 3-5. Vertical 1008 Alloy and TRU Barrel Lid Coupons with Direct Electrode 

Date Shot 
# 

Material 
Gauge 

CCG 
Measured 
Time (s) 

CCG 
Measured 
Current 

(A) 

Total 
Charge 
Transfer 

(C) 

Hole 
Size 

(inches) 

Time 
to 

First 
Light 

(s) 

Charge 
Transfer 
at First 

Light (C) 

15-Aug-18 4 Bare 16  1.200 312 374 0.601 0.5520 172 

15-Aug-18 8 Bare 16 0.907 420 381 0.603 0.2659 112 

16-Aug-18 1 Bare 16 0.710 520 369 0.640 0.1477 77 

17-Aug-18 1 BL1-16 1.191 320 381 0.640 0.7030 225 

17-Aug-18 2 BL2-16 0.906 418 379 0.608 0.2414 101 
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Date Shot 
# 

Material 
Gauge 

CCG 
Measured 
Time (s) 

CCG 
Measured 
Current 

(A) 

Total 
Charge 
Transfer 

(C) 

Hole 
Size 

(inches) 

Time 
to 

First 
Light 

(s) 

Charge 
Transfer 
at First 

Light (C) 

17-Aug-18 3 BL3-16 0.718 518 372 0.613 0.2367 123 
 

  

Figure 3-26. TRU waste drum lid coupons 
(painted exterior). 

Figure 3-27. TRU waste drum lid coupons 
(painted interior). 

 

  

Figure 3-28. Vertical coupon hole size. Figure 3-29. Time to first light. 

3.2. Barrel Test Setup and Configuration 
Skolnik CQ5508 and TRU waste 55-gallon drums (“CQ5508L” hereafter)—the main subject of 
these tests—are made of 1008 steel alloy and have representative thicknesses of 16-gauge for the 
main body, bottom, and lid. The closure ring that girdles and clamps the barrel lid to the barrel main 
body, and which compresses the EPDM gasket, is 12-gauge. The coupon tests above included 
samples of 16- and 12-gauge 1008 steel alloy, both coated/painted and bare, to simulate the effects 
of the continuing current component of lightning on these surface features of 55-gallon drums, 
creating prospective points of ground leader origin and subsequent attachment for cloud-to-ground 
lightning. The burnthrough tests on the CQ5508 and TRU waste drums were performed at the SLS. 
The 55-gallon steel drum tests were performed on Skolnik CQ5508 and Skolnik CQ5508L-SRNL99, 
Rev A5 TRU Waste drums, with all materials under test identical to those seen in the drawing 
depicted in Figure 3-30, except the exterior paint color selection.   
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The CQ5508 drum is a generic, painted, carbon steel drum representative of wider industrial use, 
and the TRU waste drum is a pedigreed, lined drum used for staging low-level TRU waste across the 
Department of Energy (DOE) complex. Figure 3-31 depicts the three different simulated lightning 
attachment points for all drums subject to test at the SLS: (1) the center of the lid, (2) the drum 
cover clamp ring, and (3) an exterior rib (rolling hoop). 

 

 

 

Figure 3-30. Skolnik CQ5508L. 
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Figure 3-31. Lightning attachment points for 55-gallon drums. 
 

For all barrel burnthrough tests, a 0.25 inch-diameter tungsten electrode was used with the tip of the 
electrode positioned 0.75 inch from the barrel attachment point, creating a short arc path to simulate 
a lightning channel in air. To be consistent with prior coupon tests, initial electrical contact was 
made between the electrode output of the SLS CCG and the barrel by using a 0.015 inch-diameter 
copper starter wire. A small area of the paint on the barrels was removed to enable a low-resistance 
attachment of the starter wire. The SLS CCG drive current arced to the barrel and returned to earth 
ground on the 0.5 inch-diameter copper buss bars (current return conductors) attached to the 
bottom of the barrel. A spare barrel clamp ring with ¼-20 bolts welded to the clamp ring provided a 
convenient low-resistance means to connect the return conductors to each barrel under test at its 
bottom end. The clamp ring/barrel interface was sanded to remove paint from both surfaces to 
provide good current contact. Photometric data (high-speed video) was collected to capture 
burnthrough times at the three separate attachment points on the barrels, using the same 
configuration described in Section 3.1. Figure 3-32 shows the photometric layout used for the barrel 
tests.  

  

A Lexan shield was attached to the bottom of the barrel with horseshoe magnets (shown in  
Figure 3-33) to protect personnel and equipment from molten steel ejected during the burnthrough 
process. A large diameter hole was cut into the bottom of the barrel for photometric viewing of the 
interior of the barrel to determine time to first light—the elapsed time from CCG switching until 
burnthrough was first observed on video.  
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Figure 3-34 shows photos of a test on a TRU waste drum with the attachment point near the center 
of the lid (top left) and in close-up (top right). Post-test external and internal damage to the drum lid 
are shown in the bottom left and bottom right photos. 

Figure 3-35 shows photos of a test on a TRU waste drum with the attachment point on the clamp 
ring. The attachment point is shown in the left photo, and the post-test damage is shown in the right 
photo.  

 

Figure 3-32. Photometric setup for barrel tests. 

 

Figure 3-33. Large diameter hole cut in bottom end for photometric viewing. 
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Figure 3-34. Attachment to TRU waste drum lid. 
 

 

 

  

Figure 3-35. Attachment to TRU waste drum closure ring. 

 
Figure 3-36 shows photos of a test on a generic CQ5508 drum with the attachment point on a rib 
on the side of the barrel. Note that the test on the rib followed a test on the closure ring. Damage to 
the closure ring from the previous closure ring test can be seen in these photos and was not caused 
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by the test on the rib. The starter wire attachment on the rib is shown in the top photo. Post-test 
external and internal damage to the drum are shown in the bottom left and bottom right photos. 

 

 

  

Figure 3-36. Attachment point to CQ5508 drum rib. 
 
 

3.2.1. Barrel Test Data 
Lightning burnthrough data was collected on Skolnik CQ5508 and Skolnik TRU Waste (CQ5508L-
SRNL99, Rev A5) drums. The 55-gallon drums were tested with the direct electrode configuration 
in horizontal and vertical orientations. The approximately 6% difference in hole sizes during coupon 
tests with indirect and direct electrode configurations mentioned above, coupled with the fact that 
the direct electrode configuration produced the most damage, drove the decision to test the drums 
without the polytetrafluoroethylene divertor tip (indirect electrode) used in earlier coupon tests. The 
lids were tested in the vertical orientation, and the closure ring and rib were tested in the horizontal 
orientation. For comparison, all tests were conducted using a nominal charge transfer of 350 C (1C 
= 1 Ampere X 1 second), using only nominal 500 A currents with 0.7 second continuing current 
durations and absent any return stroke pulses from the Marx generator banks. A plot of the typical 
square current pulse and corresponding charge transfer used to test CQ5508 and CQ5508L barrels is 
shown in Figure 3-37. 
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Figure 3-37. Typical CCG current profile used for barrel tests 
delivering 350C total charge transfer to simulate an extreme 

lightning strike. 

3.2.1.1. Barrel Lid Test Data 
Results for burnthrough tests on CQ5508 and CQ5508L lids are shown in Table 3-6 Hole sizes for 
the lid tests were not as consistent as the hole sizes seen in the 16-gauge coupon tests. For the lid 
tests, the average hole size was 0.5547 inch, with a standard deviation of 0.0471 inch. There were no 
significant differences in hole sizes between the two barrel types.  The average hole size for the16-
gauge steel coupons was 0.615 inch, with a standard deviation of 0.022 inch Table 3-6 shows that 
the range of hole sizes fits within the range of hole sizes for the 16-gauge coupon tests, which 
supports the decision that the use of coupons for testing was a reasonable approach to bound the 
burnthrough hole size for minimal cost, compared with using 55-gallon drums for all tests. Times to 
first light for the 16-gauge drum lid tests were significantly shorter than the 16-gauge steel and 
painted steel coupons reported above. The reason for the variation was not determined but could 
have been caused by differences in test configurations. For example, the coupon test rig metal 
hardware and closer-proximity copper return conductors may have provided a heat conductor or 
heat sink for the small coupons that required longer times to burn through the coupon. Another 
possible explanation is that the paint on the exterior surface and interior epoxy coating of the large 
diameter barrel lids may have provided thermal insulation that confined the heat to regions near the 
arc root that promoted shorter times to first light.  
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Table 3-6. Carbon Steel (CQ5508) and TRU (C15508L) Drum Lid Tests 

Date Shot 
# 

Test 
Area Type/# 

CCG 
Time 
(s) 

CCG 
Current 

(A) 

Total 
Charge 

Transfer 
(C) 

Hole 
Size 

(inches) 
Time to First 

Light (s) 

Charge 
Transfer 
at First 

Light (C) 
28-Aug-19 3 Lid CQ5508/6 0.708 512 362 0.6351 0.0540 28 
28-Aug-19 4 Lid CQ5508/5 0.708 511 361 0.531 0.0454 23 
28-Aug-19 5 Lid CQ5508/4 0.704 512 360 0.580 0.1391 71 
28-Aug-19 6 Lid CQ5508/3 0.704 512 360 0.517 0.0587 30 
28-Aug-19 7 Lid CQ5508/2 0.708 512 362 0.579 0.0530 27 
28-Aug-19 8 Lid CQ5508/1 0.712 512 364 0.553 0.0413 21 
28-Aug-19 9 Lid CQ5508L/1 0.708 512 362 0.533 0.0943 48 
28-Aug-19 10 Lid CQ5508L/2 0.708 512 362 0.6031 0.0687 35 
28-Aug-19 11 Lid CQ5508L/3 0.700 512 358 0.6151 0.0791 40 
28-Aug-19 12 Lid CQ5508L/4 0.708 512 362 0.501 0.0356 18 
29-Aug-19 1 Lid CQ5508L/5 0.708 512 362 0.490 0.0461 24 
29-Aug-19 2 Lid CQ5508L/6 0.708 512 362 0.519 0.0699 36 

1 Hole size measured with calipers and not gauge-pins. 
 

3.2.1.2. Barrel Closure Ring Attachment Test Data 
Results for burnthrough tests on CQ5508 and CQ5508L closure rings are shown in Table 3-7. 
Although burnthrough of the closure ring was evident in several tests, no burnthrough of the barrel 
lid behind the closure ring occurred. As a result, no time to first light was recorded. Hole sizes for 
the closure ring tests were more consistent in hole size than those seen in the 12-gauge coupon tests. 
For the closure ring tests, the average hole size for both the CQ5508 and CQ5508L closure rings 
was 0.3124 inch, with a standard deviation of 0.0425 inch. There was no significant difference in 
hole sizes between either barrel type. For comparison, the hole sizes for the 12-gauge coupons were 
0.196 inch, with a standard deviation of 0.122 inch. The reason for the larger hole sizes seen with the 
drum closure rings compared to those measured on the 12-gauge coupons was not determined. One 
hypothesis is that perhaps the barrel lid behind the closure ring provided a more consistent arc root 
attachment after burnthrough of the closure ring. Since no burnthrough of the barrel lid or sidewall 
occurred, no first light was observed by the camera on the inside of the barrel. 
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Table 3-7 Carbon Steel (CQ5508) and TRU (C15508L) Drum Closure Ring Tests 

Date Shot 
# 

Test 
Area Type/# CCG 

Time (s) 
CCG 

Current 
(A) 

Total 
Charge 

Transfer 
(C) 

Ring 
Hole 
Size 

(inches) 

Time to 
First 

Light (s) 

29-Aug-19 3 Ring CQ5508/1 0.712 512 365 0.2632 - 

29-Aug-19 5 Ring CQ5508/2 0.712 512 365 0.3702 - 

29-Aug-19 7 Ring CQ5508/3 0.712 512 365 0.2792 - 

29-Aug-19 9 Ring CQ5508/4 0.712 512 365 0.3212 - 

29-Aug-19 11 Ring CQ5508/5 0.712 512 365 No Hole - 

29-Aug-19 13 Ring CQ5508/6 0.708 512 362 No Hole - 

29-Aug-19 15 Ring CQ5508L/1 0.712 512 365 0.3292 - 

29-Aug-19 17 Ring CQ5508L/2 0.712 512 365 No Hole - 

29-Aug-19 19 Ring CQ5508L/3 0.712 511 364 No Hole - 
2 Hole size in clamp ring only. No burnthrough to barrel interior. 

 

3.2.1.3. Barrel Closure Rolling Hoop (Rib) Attachment Test Data 
Results for burnthrough tests on CQ5508 and CQ5508L ribs are shown in Table 3-8. Hole sizes for 
the rib tests were slightly smaller (approximately 14.6%) on average than the hole sizes seen in the 
16-gauge horizontal coupon tests with a direct electrode. For the rib tests, the average hole size was 
0.5038 inch with a standard deviation of 0.0157 inch. The hole sizes for the 16-gauge coupons were 
0.5777 inch, with a standard deviation of 0.0121 inch. Times to first light for the 16-gauge drum rib 
tests were significantly shorter than the 16-gauge steel and painted steel coupons reported 
previously. The reason for the variation was not determined but could have been caused by heat sink 
differences in test configurations, as noted above. We note good consistency among the charge 
transfer values calculated to be required to obtain first light at the rib, slightly more so than the 
variation noted in the above lid tests at the same current level. 
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Table 3-8 Carbon Steel (CQ5508) and TRU (C15508L) Drum Rib Tests 

Date Shot 
# 

Test 
Area Type/# CCG 

Time (s) 
CCG 

Current 
(A) 

Total 
Charge 

Transfer 
(C) 

Hole 
Size 

(inches) 

Time to 
First 

Light (s) 

Charge 
Transfer 
at First 

Light (C) 
29-Aug-19 4 Rib CQ5508/1 0.712 512 364 0.512 0.0463 24 

29-Aug-19 6 Rib CQ5508/2 0.708 512 362 0.529 0.0613 31 

29-Aug-19 8 Rib CQ5508/3 0.712 512 364 0.508 0.0499 26 

29-Aug-19 10 Rib CQ5508/4 0.708 512 362 0.494 0.0606 31 

29-Aug-19 12 Rib CQ5508/5 0.712 512 364 0.486 0.0586 30 

29-Aug-19 14 Rib CQ5508/6 0.708 512 362 * 0.0553 28 

29-Aug-19 16 Rib CQ5508L/1 0.712 512 364 0.494 0.0490 25 

29-Aug-19 18 Rib CQ5508L/2 0.706 511 361 * 0.0597 31 

29-Aug-19 20 Rib CQ5508L/3 0.712 511 364 * 0.0527 27 
*Sent to SRNL before measurement was made. 
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4. SUMMARY OF TESTS 
The feasibility of attributing inherent lightning protection to 55-gallon carbon steel (1008 alloy) 
transuranic (TRU) waste drums acting as a containment barrier was investigated by lightning 
simulation tests conducted at the Sandia Lightning Simulator (SLS) at Sandia National Laboratories 
(SNL). These TRU drums protect Department of Energy (DOE) waste contaminated with alpha-
emitting transuranic radionuclides and are staged throughout the complex prior to shipment to the 
Waste Isolation Pilot Project (WIPP) for permanent storage below ground. The SLS trials were 
focused on simulated lightning continuing current tests on steel coupons with similar thicknesses to 
those used in 55-gallon generic carbon steel and pedigreed 55-gallon TRU waste drums, to ultimately 
assess containment breach by lightning burnthrough at three different lightning attachment points: 
(1) a drum lid, (2) a closure ring, and (3) on a structural rib. All tests were conducted using nominal 
300 Ampere (A), 400 A, and 500 A continuing currents that produced nominal charge transfers of 
350 Coulombs (C) to simulate an extreme lightning event (assessed 1% frequency of occurrence). 

Coupon tests evaluated direct and indirect electrode configurations. The indirect electrode 
configuration represents cloud-to-ground direct lightning arc root attachment. The direct electrode 
configuration represents the scenario of lightning-induced arcing between two metal objects. Both 
types of configurations could occur in lightning interactions outdoors, the latter with stacked drums, 
which potentially could result in metal vapors or spallation from a first drum struck in free air 
bridging onto a second drum below or adjacent to the first in the lightning travel path to ground.  

Direct electrode burnthrough tests using vertical and horizontal coupon configurations with 300 A, 
400 A, and 500 A continuing currents with an average of 375 C of charge transfer, produced 
expected linear trends in hole size and burnthrough times. Tests on horizontally oriented coupons 
produced slightly smaller hole sizes on average than vertically oriented coupons. The relatively small 
difference in hole sizes seen in the 16-gauge coupons suggests that either configuration could be 
used to simulate burnthrough processes on a carbon steel drum lid or side rib (rolling hoop). 
However, due to the slightly more stable melt pool observed in the photometric data, a horizontal 
configuration may be better suited to validate any computer-generated models of burnthrough 
processes. 

A comparison of 16-gauge, horizontally oriented coupons using direct and indirect electrodes 
showed significant differences in hole sizes, with the indirect electrode producing hole sizes 
approximately 59.8% smaller than the direct electrode. This observed deviation in hole size with the 
indirect electrode may be due to the higher average dynamic impedance (longer arc) seen with the 
indirect electrode configuration and arc path or arc root wander visible in select high-speed video 
captures. 

Tests on coupons harvested from barrel lids demonstrated no significant difference in hole sizes 
between the painted cutouts and unpainted 1008 steel coupons. Observed variation in time to first 
light is likely due to dynamic arc impedance or arc wander.  

Results for burnthrough tests on CQ5508 and CQ5508L lids showed no significant difference in 
hole sizes between the two types of barrels. The difference in hole sizes between the 16-gauge drum 
lids and 16-gauge bare steel and barrel lid coupons showed an approximately 11% smaller hole for 
the barrel lids. 

Results for burnthrough tests on CQ5508 and CQ5508L closure rings showed there was no 
significant difference in hole sizes between the two types of barrels. The difference in hole sizes 
between the 12-gauge closure rings and 12-gauge bare steel coupons showed an approximately 60% 
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smaller hole for the coupons. The reason for the difference in hole sizes between the closure rings 
and 12-gauge coupons is indeterminate. One hypothesis is that perhaps the barrel rib behind the 
closure ring provided a more consistent arc root attachment or acted as thermal barrier that reflected 
heat towards the closure ring after the burnthrough of the closure ring. Burnthrough of the closure 
ring was evident in several tests, but no burnthrough of the barrel lid behind the closure ring 
occurred in any tests, which maintained drum content containment integrity.  

Results for burnthrough tests on CQ5508 and CQ5508L barrel ribs showed hole sizes slightly 
smaller (approximately 14.6%) on average than the hole sizes seen in the 16-gauge horizontal 
coupon tests with a direct electrode. The reason for this difference is indeterminate, but test rig 
configurations and the test article size could have been a factor.  

Times to first light (containment breach) for the 16-gauge drum lid and drum rib tests were 
significantly shorter than the 16-gauge steel and painted steel coupon test results presented in this 
report. The reason for the variation was not determined but may have been caused by differences in 
test fixture configurations. For example, the smaller coupon test rig configuration hardware between 
the coupon and the copper return leads may have provided a heat sink for the coupon that required 
longer burnthrough times for the test coupons. Another possible explanation is that the paint on the 
surfaces of the large diameter barrel lids may have provided thermal insulation that confined the 
heat to regions near the arc root and promoted shorter times to first light.  

 



 
 

47 
 

5. CONCLUSIONS 
We found sheet metal burnthrough (drum containment breach) to occur for simulated lightning 
attachment to carbon steel (1008 alloy) transuranic (TRU) waste drums placed in a test rig at the 
Sandia Lightning Simulator when a 350 Coulomb (C) charge was transferred from a tungsten 
electrode across a 0.75 inch arc in free air to the drum lid at its center or the upper rolling hoop side 
rib, each made of 1.5 millimeter painted carbon steel with an epoxy interior liner. The 350 Coulomb 
charge is considered an extreme—a 1% frequency of occurrence—direct strike lightning event in 
military specifications used as a baseline for the lab tests. In every test on 16-gauge carbon steel 
thicknesses—both coupons and barrel attachment points—burnthrough was achieved. Higher 
continuing currents required a lower charge transfer to achieve burnthrough.  

Coupons and barrel closure rings, which are both 12-gauge steel, experienced burnthrough in most, 
but not all, tests. Subsequent burnthrough of the lid beneath the closure ring did not occur in any 
barrel tests. Burnthrough of 10-gauge coupons was achieved using a direct electrode in both vertical 
and horizontal coupon orientations. No burnthrough of 10-gauge coupons was achieved with the 
indirect electrode configuration. No burnthrough of 7-gauge coupons was achieved with either the 
direct or indirect electrode configuration. 

Containment breach of 55-gallon TRU waste drums by lightning burnthrough was achieved at two 
of the three proposed test locations, which suggests a vulnerability to lightning exists for direct strike 
lightning attachment to bare metal at these locations in an extreme lightning event. 

Lightning interaction or heating of drum contents and the potential for radiation contamination of 
areas surrounding TRU waste drums was not investigated for this report, which tested empty drums, 
including holes cut for camera visibility of the burnthrough event during high-speed video captures 
of each test.  

We note the closure ring assembly protected the drum lid and sidewall sheet metal beneath from 
containment breach, with the electrode placed 0.75 inch from the ring to simulate cloud-to-ground 
lightning attachment in free air. This feature may provide an inherent air terminal protective feature 
for drum contents, if lightning attachment occurs solely at this closure ring from a stepped leader 
originating from this drum edge feature. Lightning phenomenology retains many unknown 
processes, and multiple attachment points could breach the containment where bare lid or side sheet 
metal is exposed to an arc root, as noted.  

We further note that our tests were focused on an extreme lightning event and did not investigate 
the probability of holding containment in median lightning events, and further did not take into 
account local lightning climatology important to assign direct strike probabilities for Safety Basis 
calculations specific to Department of Energy field sites. 

  

This research was conducted with funding from the US Department of Energy.  Support by Sharon 
Steele, Office of Chief Defense Nuclear Safety, is gratefully acknowledged. 



 
 

48 
 

REFERENCES 
[1]  Electromagnetic Environmental Effects Requirements for Systems, MIL-STD-464C , 

Department of Defense Interface Standard, 1 December 2010. 

[2]  M. A. Uman,V. A. Rakov, J. O. Elisme, D. M. Jordan, C.J. Biagi, J. D. Hill., “Update Direct-
Strike Lightning Environment for Stockpile-to-Target Sequence (Second Revision)”, LLNL-SR-
458333, September 2010. 

[3]  M. Tanaka and J.J. Lowke, Predictions of weld pool profiles using plasma physics, J. Phys. D.: Appl. Phys. 
40 R1, 2007. 

[4]  M. Caldwell and L.E. Martinez, The Sandia Lightning Simulator: recommissioning and upgrades, EMC 
2005 International Symposium, 368-371 Vol. 2, 2005. 



 
 

49 
 

 CQ5508 DATA SHEET 

 



 
 

50 
 

 CQ5508 DRAWING 

  

 



 
 

51 
 

 CQ5508 EXTERIOR PAINT LQ10003 ,MSDS 
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 CQ5508 LID PAINT, LQ10020 
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 TRU CQ5508L INTERIOR PAINT RESCO 958 DARK RED 
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