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List of Abbreviations, Acronyms, and Symbols 
A, Amp Amperes 
ARP Aerospace Recommended Practice 
C Coulomb  
DEL Direct Effects of Lightning 
ETL Environmental Test Laboratory 
EUT Equipment Under Test 
KART Kansas Aviation Research and Technology 
kA Kilo amperes 
kA²s Kilo amperes squared seconds (measure of action integral) 
µJ micro joules 
µs Microseconds 
mm Millimeters 
mm2 Millimeters squared 
mΩ Milliohms 
ms Milliseconds 
NIAR National Institute for Aviation Research 
Ω Ohms 
RH Relative humidity 
TP Test point 
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2.1 Purpose 

This test was designed to determine the minimum thickness of aluminum
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electrically bonded to the generator return by clamping to copper straps between the 

panel and gen



 

Page 12 of 46 
Minimum Thickness of Aluminum Skins in 

Lightning Direct Attachment Zones 
Report No 22-2152-RR52873, Rev - 

 
 

 
Figure 2: Jet-Diverting Electrode 

 
The current Components listed in Table 3 were applied to the test panels for each 

lightning Zone: 

• Zone 1A: Components A, B, C* 

• Zone 1C: Components AH, B, C* 

• Zone 2A: Components B, C*, D 

• Zone 3: Components A/5, B, C* 
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Table 3: Current Component Requirements 

Component A Peak Amplitude 200kA ± 10% 
Action Integral 2MA2s ± 20% 

Rise Time to 90% Peak < 50µs 
Total Duration < 500µs 

Component AH Peak Amplitude 150kA ± 10% 
Action Integral 800kA2s ± 20% 

Rise Time to 90% Peak < 50µs 
Total Duration < 500µs 

Component A/5 Peak Amplitude 40kA ± 10% 
Action Integral
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Description Manufacturer Model Number Serial Number Cal Due 
Date 

Analog Voltage Input 
Module Yokogawa 701250 91P321170 9/30/2022 

Analog Voltage Input 
Module Yokogawa 701250 91P321166 9/30/2022 

="4 Channel 100MHz 
1GSa/s" Rigol DS1104 DS1ZA181305

414 9/30/2022 

Fuel Flow control NIAR FFC001 001 N/A 
Massflow Controler 

Economical Gas Omega FMA5543 483712-1 10/13/2022 

Mass Flow Controller 
0-20 SKM H2 Omega FMA5524A-H2 484161-1 10/13/2022 

="200uj Spark Circuit" NIAR SS001 001 N/A 
#5 EOS Rebel T6i 

Camera Canon DS126571 352072015527 N/A 

#5 EOS Rebel 18-
55mm Camera Lens Canon EFS 18-55mm 610204005413 N/A 

Digibridge Gen Rad Inc. 1689 8243454004 5/31/2022 
Single Stage Best 
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The test setup consisted of a fuel flow setup and a voltage spark-source setup. The fuel 

flow setup included the hydrogen and air mass flow controllers, and the associated 

tubing, hoses, and test chamber containing the flammable gas mixture, with the foil 

blowout panel. The spark source setup consisted of the spark source circuit, the high 

voltage power supply, the electrostatic voltmeter, and the oscilloscope for the 

electrostatic voltmeter. The spark source capacitance was measured with a capacitance 

bridge. 

 

 

Figure 6: Test Setup Diagram 
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4.0 Results and Testing  

Minimum skin thickness thresholds were sought for Zones 1A, 1C, 2A, and 3, with both 

6 and 18 Coulomb charge transfer for the current Component C*. A non-ignition 

threshold was identified for the thinnest panel in a particular lightning Zone when both of 

the following conditions were present: 

1. Testing resulted in non-ignitions for 3 of 3 test points, and  

2. No through-holes were present upon post-test inspection. 

 

The thresholds determined through testing are listed in Table 5.  

 

Table 5: Minimum Skin Thickness Thresholds for Solid and Metal Bond Panels 

Solid Panels  Metal Bond Panels  
Zone  18 C 6 C  Zone  18 C 6 C 
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4.2 Physical Damage 

After lightning testing, the panels were visually evaluated for melt-through damage and 

measurement of holes. Melt-through holes were categorized into two designations 

regarding the type of damage visible on the interior (fuel tank side) of the panel.  

1. Panels with “damage” show evidence of melting on the interior side of the panel, 

but the damage area is intact and does not contain a through hole.   

2. Panels with “through holes” are damaged areas in which daylight can be seen all 

the way through the panel.  

 

Examples of damage compared with through hole are shown in Figure 7 and Figure 8. 

 

 
Figure 7: Left: Exterior-side damage, and right: through hole 
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Figure 9: Front side (left) and backside (right) views of a large shockwave-driven 

through-hole 
 

Multiple panels were found to have through holes but did not ignite the flammable gas 

during the lightning test. This seemed to occur for two different reasons. One possible 

cause was a thin layer of fuel tank primer that stayed in place on the inside surface of 

the panel despite the aluminum panel experiencing material loss due to melting. This 

primer layer may have prevented the gas from igniting, however, this primer layer was 

so thin that it later flaked off during handling of the panel with minimal force post-test. 

The second possible explanation was a lightning attachment producing a small pinhole 

in the panel, which was insufficient to heat the test point or introduce the flammable 

mixture to the lighting plasma channel to the point of ignition.  

 

Metal bond assemblies sustained less damage on the inside (fuel tank side) of the test 

article 
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melting was the primary damage mechanism. The only test points which did not follow 

this trend had very large holes which did not result from melting alone, but also due to 

shockwave effects.  

 

Panels which contained through holes, and their corresponding hole size data, are listed 

in Appendix B. 

 
4.2.1 Melt-through Hole Size – Actual Panel Measurement vs Calculated 

 
Intermediate and continuing currents can produce melting of metallic skins. According to 

Lightning Protection of Aircraft, the length of time the continuing current remains 

attached to the metal skin is the primary factor in the resulting melt-through damage. 

The likelihood of melt-through is also influenced by paint and primer, which act as a 

dielectric layer on metal surfaces, increasing the dwell time of lightning. Protection of 

metallic skins should aim to prevent melt-through in areas that endanger safety of flight. 

Hole formation due to melt-through presents a threat to the safety of flight if: 

• the lightning channel comes into contact with flammable materials inside the fuel 

tank,  

• a hole causes depressurization, or  

• the hole degrades mechanical strength of a primary structure.  

 

The equations below are taken from Section 6.2.1 of Lightning Protection of Aircraft, 

which were originally obtained from Hagenguth’s work in 1949 (Fisher, Plumer, & 

Perala, p. 150). These equations determine hole size based on the charge transfer 

delivered during the lightning continuing currents and can be used to predict melt-

through hole size on solid metal skins. 
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𝐴𝐴 = 0.93𝑄𝑄𝑡𝑡−.09 for 0 < 𝑡𝑡 < 0.8 mm    (1) 

𝐴𝐴 = 0.81𝑄𝑄𝑡𝑡−1.54 for 0.8 < 𝑡𝑡 < 4 mm     (2) 

Where, 

𝐴𝐴=area of hole melted (square millimeters) 

𝑄𝑄=charge (coulombs) delivered to the point by the arc 

𝑡𝑡=thickness of metal sheets (centimeters) 

 

There was no consistent relationship between the expected (calculated) hole size and 

observed (measured) hole size in any Zone for solid panels. Thinner solid panels had 

expected hole sizes that were larger than observed hole sizes, however, thicker solid 

panels had expected hole sizes that were smaller than the observed hole size. This 

data is in Table 6 and Table 7. 

 

These equations do not apply to metal bond panels, nor do they take into account the 

impact of the pressure shockwave resulting from high amplitude initial stroke current 

Components (A and AH) on very thin panels (solid or bonded) as seen in Figure 9. The 

hole sizes in these shockwave scenarios were dramatically increased as compared to 

holes formed purely by the mechanism of melting. Despite this, the equations were still 

applied to shockwave holes in the data tables in Appendix B to allow comparison to the 
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Table 8: Average of observed hole size for metal bond panels with 18 C charge transfer 

Panel 
Thickness 

(in) 

Zone 3 Zone 2A Zone 1C Zone 1A 
Charge 
Transfer 
(C) 

Hole 
Area 
(mm2) 

Charge 
Transfer 
(C) 

Hole 
Area 
(mm2) 

Charge 
Transfer 
(C) 

Hole 
Area 
(mm2) 

Charge 
Transfer 
(C) 

Hole 
Area 
(mm2) 

0.008 18.64 0.00 16.83 628.32 17.33 1963.50  N/A  N/A 
0.012 18.53 0.00 18.02 0.00 19.38 0.00 19.13 6018.11 
0.016 18.30 0.00 17.57 0.00 19.13 0.00 20.87 1590.43 
0.025 17.69 0.00 17.87 0.00 20.37 0.00 20.25 0.00 
0.032 18.48 0.00 19.17 0.00 20.31 0.00 18.38 0.00 

  
Table 9: Average of observed hole size for metal bond panels wi6 ( b3>>BDC 
Q
13i)6 (z)11.04 306.72 528.36 Tm
[(0.)6 (00)]4 355.8 528.36 Tm
[(20.)5.3]TJ
0 Tc 0 T-10 (o)T0 1fC (i)6c4 30ha10 (f(b)10 (sTm
[(2 Tw [ns-7.9 fm
[()10 (00)]4 355.8 7 0.41.15 Td
(T)Tj
0.E 528851  scn 0.96 14 156W n
5>BDC  0 1*.004 Tc -0.001 Tw 0.6277489.
Q
q73.04 2 5 (a44  0 1*.4 52  scn  0 2d
( )Tc 0 T1]4 350 T1]400)]TJ
ET
Q
q
490.28>>BDC462.839 15.7P)-q
33 [n).96[())-3 (l 
BT
11.028851  scn 07489.
4596 104 2 5 (a44  0 1*.4 52  scn  -0.012 Tw 0.56 0 T)]TJ
ET
Q
q
490.2 159.
4896 1 15.7Th88 2528.2
33 c)re
W kn88 3 (es-7.71.047.71. 
BT
11.028851  scn 07489.
 156W04 2 5 (a320 0 12q 0.96 14 156W n
5>BDC  0 14.44 52  scn -.3]TJ
0 T(0.)6 (00)]TJ
ET
Q
q
490.29396 14 5.39 15.7()-q
(m)7 -.84 (n)-.371.)
BT
11.04 -00.96 14 156W n
5>BDC  0 14.44 52  scn )]4 355.8 
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For all test points, metal bond panels sustained less damage than their equivalent 

(same overall panel thickness, lightning Zone, charge transfer) solid panel 

counterparts.  

 
On thin metal bond panels (0.008”, 0.012”, and 0.016”) in Zone 1A the pressure 

shockwave of the lighting stroke current influences the resulting hole size more than 

melting due to charge transfer does. This was also true for 0.008” panels in Zone 1C 

and Zone 2A. 

 
Based on the hole size equation in section 4.2.1 from the LTI Handbook, thinner 

solid panels had expected (calculated) hole sizes that were larger than observed 

(measured) hole sizes, however, thicker solid panels had expected hole sizes that 

were smaller than the observed hole size. 
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Appendix A – Waveform Test Data Shot Log 

EUT Test 
Point Components 

Component A/D Component B Component C/C* 

Peak 
Amplitude 

(kA) 
A/I 

(AAs) 
Rise 
Time 
(µs) 

Duration 
(µs) 

Average 
Amplitude 

(A) 

Charge 
Transfer 

(C) 
Duration 

(ms) 
Average 

Amplitude 
(A) 

Charge 
Transfer 

(C) 
Duration 

(ms) 

Aluminum 
Calibration 

Plate 
WV01 A/5, B, C* -46.00 9.92E+04 14 248 0.00E+00 0.00 90.662 516.71 18.15 35.17 

Al Cal Plate WV02 A/5, B, C* -40.07 7.29E+04 14 250 0.00E+00 0.00 253.708 538.77 17.91 33.21 
Al Cal Plate WV03 A/5, B, C* -39.47 6.97E+04 14 216 2.13E+03 10.64 5.002 507.72 18.90 37.23 

32-1 TP1-18C A/5, B, C* -38.67 6.25E+04 14 194 2.13E+03 10.66 5 515.13 18.65 36.20 
40-1 TP1-18C A/5, B, C* -38.73 6.25E+04 14 194 2.13E+03 10.66 5 514.80 18.75 36.43 
50-1 TP1-18C A/5, B, C* -38.73 6.33E+04 14 192 2.13E+03 10.66 5 522.94 18.17 34.75 
63-1 TP1-18C A/5, B, C* -38.87 6.38E+04 14 192 2.10E+03 10.52 5.002 525.10 18.26 34.78 

Al Cal Plate WV01 A, B, C* -195.80 
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EUT Test 
Point Components 

Pomponents 
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EUT Test 
Point Components 

Component A/D Component B 
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EUT Test 
Point Components 

Component A/D Component B 
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EUT Test 
Point Components 

Component A/D Component B Component C/C* 
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EUT Test 
Point Components 

Component A/D Component B Component C/C* 

Peak 
Amplitude 

(kA) 
A/I 

(AAs) 
Rise 
Time 
(µs) 
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Appendix B – Full Data Listing with Melt-Through Hole Data 

Solid Panel Data 

Panel 
ID 

Lightning 
Test 
Zone 

Test 
Point 

Target 
Charge 
Transfer 

[C] 

Charge 
Transfer  

[C] 
Ignition 

Panel 
Thickness 
(inches) 

Area 
Expected 
(mm^2) 

Area of 
Through 

Hole 
Observed 

(mm2) 
32-1 34.6C 
0.851  scn
415.8 595.92 53.76 57.48 re
f*
re
f
359.52 595.9C 
0.8q2
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Solid Panel Data 

Panel 
ID 

Lightning 
Test 
Zone 

Test 
Point 

Target 
Charge 
Transfer 

[C] 

Charge 
Transfer  

[C] 
Ignition 
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Metal Bond Panel Data 

Panel 
ID 

Lightning 
Test 
Zone 

Test 
Point 

Target 
Charge 
Transfer 

[C] 

Charge 
Transfer  

[C] 
Ignition 

Aluminum Sheet 
Thickness (half of 
panel thickness) 

(inches) 

Area of 
Through Hole 

Observed 
(mm2) 

-2 1A 3 6 6.03 No 0.032 0 - 1 3 1 18 18.13 No 0.025 0 - 1 3 3 18 17.32 No 0.025 0 - 1 3 2 6 5.75 No 0.025 0 
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Metal Bond Panel Data 

Panel 
ID 

Lightning 
Test 
Zone 

Test 
Point 

Target 
Charge 
Transfer 

[C] 

Charge 
Transfer  

[C] 
Ignition 

Aluminum Sheet 
Thickness (half of 
panel thickness) 

(inches) 

Area of 
Through Hole 

Observed 
(mm2) 

16-1 2A 2 6 - N/A 0.016 - 
16-1 2A 3 6 - N/A 0.016 - 
16-2 1C 2 18 19.13 No 0.016 0 
16-2 1C 3 18 - N/A 0.016 - 
16-2 1C 1 
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