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FOREWORD 

This report was prepared by Dynamic Science on NASA Contract 
NAS\,y-1416, "A Study of Aircraft Fire Hazards Related to Natural Electrical 
Phenomena." Contributions were also made by the General Electric High 
Voltage Laboratory on those sections where lightning simulation was 
employed. Mr. Irving Pinkel from NASN s Lewis Research Center directed 
the technical work on the project. 

The studies presented in this report began in June 1966 I ,and con"'" 
eluded in July 1967. The research on this program represents a joint effort 
by the sta ff of Dynamic Science and the General Electric High Voltage 
Laboratory. The work wa S initially directed by Dr. H. Dwight Fisher and 
later by Mr. Frank L. Kester as Program Manager for Dynamic Science. 
The' Project Manager for the tests performed at the General Electric High 
Voltage Laboratory I Pittsfield I Massachusetts, was Mr. J. A. Plumer. 

This report is the final report and concludes the 'work on Contract 
NASW-1416. The Contractor's Report No. is SN-9000. The authors wish 
to Gc"nowledge the assistance of personnel of both Dynamic Science and 
General Electric High Voltage Laboratory for their efforts on this program. 
Personnel from Dynamic Science are Mr. Edward Ewin and Dr. Lawrence Zung. 
Personnel from General Electric are Messrs. E. R. Uhlig I A. F. Rohlfs, and 
D. T. Marino. 
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ABSTRACT 

The problems of natural electrical phenomena as a fire hazal:d 
to aircraft are evaluated. Assessment of the hazard is made over the 
range of low level electrical discharges, such as static sparks, to 
high level discharges, such as lightning strikes to aircraft. In addition, 
some fundamental work is presented on the problem of flame propagation 
in aircraft fuel vent systems. 

This study consists of a laboratory investigation in five parts: 
(1) a study of the ignition energies and flame propagation rates of 
kerosene-air and JP-6-air foams, (2) a study of the rate of flame propa
gation of n-heptane, n-octane, n-nonane, and n-decane in aircraft vent 
ducts, (3) a study of -the damage to aluminum, titanium, and stainless 
steel aircraft skin materials by lightning strikes, (4) a study of fuel 
ignition by lightning strikes to a"ircraft skins, and (5) a study of lightning 
induced flame propagation in an aircraft vent system. 
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INTRODUCTION 

The problem of fire hazards in aircraft has been the subject of a 
number of studies conducted at various times during the history of aircraft 
development. As a result of these studies I certain design principles and 
operating practices have evolved with the objective of minimizing these 
fire hazards. Even though considerable work has been accomplished I voids 
still exist in the knowledge of the causes and elimination of certain types 
of fire hazards. The particular problem area toward which this work was 
directed I involves fire hazards associated with natural electrical phenomena 
such a s lightning and static el ectricity . 

The objective of the work described here was to obtain a better 
understanding of the mechanism by which these types of fires are caused 
and propagated in aircraft. Several problem areas were defined. Specifi
cally I these were the ability of lightning to ignite fuel vapors beneath both 
stainless steel and titanium metal skin and the need for a better means of, 
slowing or stopping the increased flame speeds associated with lightning 
induced ignition at the vent exit. Additicnal research is recommended in 
both of these areas. . , 

The experimental portions of the program involving flame propag<;ltion 
in fuel foams I low energy multiple discharges upon metal surfaces I and 
flam'e propagation in fuel ducts were carried out at the laboratories of 
Dynamic Science I Monrovia I California. The tests involving high energy 
lightning discharges upon aircraft skin materials and simulated aircraft 
fuel vent systems were conducted 'at the General Electric High Voltage Lab
oratory, Pittsfield I Massachusetts . 

.... : ........ ~ '. '.':.c .-
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FLAMMABILITY OF FUEL FOAMS 

Introduction 

The production and persistence of flammable mixture zones during the 
fueling of an air-filled tank depends upon fuel vapor pressure, temperature, 
flow rate, fuel inlet size and location , and tank dimension (1) . Flammable fuel 
vapor-air mixtures occur when the fuel temperature exceeds the flash point 
which is a measure of the lean flammability limit. Flammable condi!ions can 
also occur at fuel temperatures, below the flash point, if the liquid is dispersed 
in a foam or mist . Extreme agitation of the fuel in aircraft tanks during rapid 
fueling operations or rough flight conditions, such as those encountered in storms 
or in turbulence, can produce foams and mists within the tanks . It is possible, . 
therefore t that ignition and flame propagation could occur under conditions where 
equilibrium fuel vapor/air mixture ratios would be considered below the lean 
flammability limit. • 

In order to investigate the characteristics of ignition and flame propagation 
through foams of aircraft fuels and air, a series of experiments were conducted in 
t he laboratories of Dynamic Science • . 

The rate of flame propagation through typical fuel foams was determined . 
A high and a low volatility fuel were selected to be studied . A few tests 
were conducted to determine the effect of foam cell size on propagation . A 
foam with smaller cells was obtained by the addition of a foaming agent to the 
fuel. 640 turbine fuel and JP-6 were selected as the low and high volatility 
fuels , respectively . In addition, tests were conducted to determine the critical 
ignition energy and the spark breakdown potential of a typical fuel foam . For 
this effort 640 turbine fuel was selected, since it displayed better foaming 
c haracters than JP - 6 and other fuels and because of its wide spread use i n 
commercial aircraft. 640 turbine fuel is a typical kerosene . 

Prior t.o beginning the tests on foam ignition and propagation a literature 
survey was conducted to determine the progress made by other investigators in 
this field . While considerable work was found in the vapor-air, and vapor- mist 
regime , little work was found specifically oriented toward the ignition and 
propagation of flame in a hydrocarbon fuel foam . 

below: 

Literature Discussion 

The major zones which can exist within a fuel tank are illustrated 
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Mist-Air 

Foam 

. ::::::,;:;::.:!!!i:::::::·::::i::::::::::::;::;t}~:~f~;:lt:::'::::!;::;:!:;:!:;:l:;:;!::!:l:::::::l:l:j:::!!:;! 

2 

I , • . -
"1, 

b: 

I :. 
i s 
0: , 

.J '. 

11 ' 
( , 

1.. 
h. 
Cr. , 

v: :', 

S. 
d 
f( 
r., 
tr: 

i :· . 
I( . 

1(; :: 



Regions which can contain combustible mixtures are 1) vapor-air, 2) 
mist-air, and 3) foam. Of these I the vapor-air mixtures have received the 
most extensive treatment in previous research efforts. Consequently, most 
assessments of potential fire hazards have been made in terms of conclusions 
ba s ed on vapor-air stuci.ie s. 

However, fuel mist-air systems can also represent a potential fire 
hazard. For example, Liebman ( 1) has shown that ignition and flame propagation 
is possible in a fuel mist-air system. This work was conducted under conditions 
of simulated fuel loading. His determination of the critical ignition energy for 
a kerosene-air mist, was 15 millijoules at room temperature. However, the 
likelihood of generating such mists under either normal and abnormal conditions 
(severely tumulent conditions or violent vibration due to damage or malfunction 
of the aircraft) has not received much study. 

The study of the flammability of fuel foam has received less attention. 
Foam generated by the agitation of a liquid fuel consists of air I fuel vapor, and 
fuel mist as well as the thin liquid fuel walls which comprise the boundaries of 
the cells which constitute the foam. As foam is a dispersion of a gas in a liquid, 
most of the volume is a ga s with the liquid in thin cell forming sheets called 
lamellea (2). In general, the gas bubbles are from 0.1 to 10 mm in diameter and 
have a wall thickness of from 0.31-1 to 3.0 J.l. The gas phase of these bubbles 
consists of air, vapor of the liquid, and a fine mist of the liquid. This mist, 
within the individual cells, can contain droplets of liquid up to 10 I-! in diameter. 

Flammability studies of fuel foams have been carried out by A. Bartkowiah, 
S. Lambiris, and M. G. Zabetahis (3). Their experiments were directed at 
determining the total pressure and rate of pressure rise in burning kerosene fuel 
foams. No measurements were conducted on the burning rate. They found the 
maximum pressures produced by the ignition of kerosene foams were much less 
than those produced by the ignition of fuel vapor-air mixtures. 

Thomas (4) has studied the problem of foam flammability in kerosene. 
His results can De summarized as the following: 

1. An increase of oxygen concentration in the gaseous component of 
the foam greatly promotes flame propagation; 

2. An increase of fuel temperature promotes flame ,propagation; 

3. 

4. 

A decrease of ambient pressure has little effect on flame propagation 
at low fuel temperatures but promotes it at high fuel temperatures; 

There is an optimum rate of foam formation at which flame propagating 
tendency is greatest; , 

The problem of electrostatic charge buildup in liquid hydrocamon fuels 
is well known ( 5-9 ), but little is known about the mechanism of charge decay. 
If this charge buildup is released as an actual spark in a flammable region, 
ignition could occur provided the discharge is sufficiently energetic. 
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The energy range of spark discharges in fuels can be estimated. Work 
cited in the literature (S - 9) indicates that static spark discharges at potentials 
from 7000 to 2S ,000 volts have been measured in fuel systems. Also, a typical 
fuel in an aircraft tank has a capacitance of about 300 Ill.! f in the bulk. From 
this information the discharge energy can be calculated. The governing equation 
for the energy of the discharge is 

2 

E = tcv E = Energy--Joules 

C = Capacitance--Farads 

V = Potential--Volts 

The numbers noted above, when evaluated in this equation, indicate a 
discharge energy range of f!"om 7 to 80 millijoules is possible in liquid fuel. 
As reported by Liebman (l) 15 millijoules can ignite a kerosene-air mist. Other 
workers (3) (10) have shown 0.3 millijoules can ignite fuel vapor-air mixtures. 
No work had been done, previous to this study, on the ignition energy of fuel, 
foams. 

The production of static electricity has been reported to be associated 
with the presence of colloidal particles which ionize in the fuel (1). The 
contaminants are largely organic and represent fuel degradation and oxidation 
products or residue from treating operations. These products are only partially 
removed by ultrafiltration and absorption on silica gel or activated clay. Hydro
carbon fuels are most susceptible to static electricity buildup when exposed to 
elevated temperatures, gamma and ultraviolet radiation, and when they have 
traces of moisture in them (1). There appears to be a definite relationship between 
static charge production and electrical conductivity. Hydrocarbons which have 
an electrical conductivity in the approximate range of 1 x 10-11 to 1 x 10-15 
ohm-1 cm- 1 have been shown to permit the greatest buildup of static electricity (1). 
For example, raw kerosene has a conductivity in the range of 1 to 3 x 10-12 
'ohm- 1 cm-1 and JP-6 fuel 3 to 8 x 10-12 ohm- 1 cm- 1• 

Rogers (6) reports that hydrocarbon fuels can'be charged to such a degree 
that visible sparks occur. He found that the static discharges would occur most 
readily at the surfaces and under conditions of high surface curvature. 

. Other reports (7) on the triboelectric properties of fluid suggest that 
electrostatic charges can be bllilt-up whenever there is a motion of a hydrocarbon 
with respect ,to a second substance. This second substance could be the surface 
with which the fuels are in contact. When Rogers (6) pumped fuel through silica 
gel, a much greater charge buildup occurred. In rapid aircraft fueling operations, 
passage of the fuel over a high surface area region such as an in-line filter can 
promote this type of charge buildup. 

In summary one can conclude the following: 

Most aircraft fuels can be charged with static electricity by rapid 
agitation Or filtration. 
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A charge of sufficient magnitude can be stored in bulk fuel to 
produce a visible spark with sufficient ehergy to ignite a com
bustible vapor-air mixture and probably, a fuel air mist. 

Although work has been done on foam flammability, no work has 
been done on the minimum ignition energy required to ignite a 
fuel foam. 

Apparatus 

Under laboratory conditions, foams can be generated by (a) rapid stirring 
and (b) by vibration. In order to simulate aircraft conditions to some degree, 
the vibrational frequency range associated with aircraft .was selected. Obviously, 
the wave length and amplitude associated with full-scale systems are difficult 
to simulate in the laboratory and n'o attempt was _made to simulate these quantities 
in the work reported here. 

The apparatus for investigating the properties of foam ignition and com
bustion, shown in Figure I, is constructed of stainless steel and has a total 
volume of-! cu. fto It is constructed so that a lucHe top viewing window can 
be installed and is designed to be operated with an air-d~iven vibrator for 
mechanical agitation. When operated at 15 psig I the air vibrator prod'lced a 
vibrational force of 160 pounds at a frequency of 100 cps which is transferred 
to the test chamber. This produces a linear displacement of about 10-5 inches 
at the surface of the liquid. By this method, a foam 2 to 3 inches thick has been 
produced. The one drawback is that the surface of the liquid is slightly turbulent 
during the period of foam formation. Not shown in Figure 1 is an air-driven 
stirring motor and paddle which was used for mechanical stirring. The stirring 
technique produces a slightly coarser foam than the shaking method but is capable 
of producing a foam thickness up to 3 inches. This method had the advantage of 
maintaining a relatively smooth liquid surface for easier flame studies. Both 
foam generating methods were employed in this study. 

In the testing and calibration of the apparatus, it was found that more 
reproducible foam conditions were obtained just after turning off the foam generator.· 
Most experiments were started at this point. The rate at which the foam collapses 
or decays is shown in Figure 2 for 640 turbine fuel. A decay half-life for 640 
turbine fuel was found to be the order of 2 seconds. In this time the depth of 
foam was reduced by one half. . This was sufficient time to provide enough foam 
for the flame propagation and ignition studies. The fuel foam produced by mechan
ical shaking with the pneumatic vibrator is shown in FLgures 3a through 3c. 
The foam layer shown in Figure 30. is the result of relatively low mechanical 
agitation. The foam is produced in the central portion of the system and flows 
to each end where it accumulates prior to its collapse. The foam layer increases 
as increased energy is put into the system. Figure 3b shows the system being 
vigorously driven by the pneumatic vibrator. A foam l~yer, shown in Figure 3c 
approximately one-inch in depth, is produced by this method and is stable for 
several seconds after removal of the driving force. 
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FIGURE 3. Foam Production in 640 Turbine Fuel· 
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A Paillard Bolex 16 mm camera was employed to monitor flame propdg3.tion. 
Kodak Ektachrome ER449 color film was used in these studies. For some Sti..ldies, 
Kodak filters 2A, 16, and 29 were used at times to more clearly 'define the flame 
corona boundary. Marks were placed on the wall of the foam tank two inches 
apart, as a calibration for the dimensions of the flame kernel. The increment 
between successive frames (1/64 sec.) was used as the time standard. 

In addition, a capacitor discharge apparatus was designed and constructed 
for this program. A number of high voltage capacitors were employed, ranging 
from 0.0023 to 0.5!l farads. A charging power supply of 1.2 rna provided vol
tages from 5 to 11,000 volts. 

This generated spark discharges from 1 to 105 millijoules. For the propa
gation studies, the discharge energy was fixed at about 50 millijoules. A standard 
electrode gap of 1/4" was maintained, USing pOinted copper electrodes approximate
ly 1/8" in diameter. 

Test Results 

Flame propagation. - Measurements were conducted on the rate of flame 
. propagation through typical hydrocarbon fuel foam. For this work, 640 turbine 
fuel and JP-6 were selected as representative of relatively low volatility and 
high volatility fuels. As an additional interest, 640 turbine fuel with 3% of a 
foaming agent (surfactant) was tested to determine the effect of bubble or cell 
size on burning velocity. The foaming agent had the effect of producing smaller 
bubbles in the foam. . 

As the foam can be produced in a variety of depths, it was cons~dered 
important to evaluate the effect of foam depth, on flame propagation. Therefore, 
the rate of flame propagation for all the fuels was evaluated as a function of 
foam depth. 

Color photography was obtained for all foam flame tests. These films 
were analyzed to obtain the radius of the flame kernel as a function of time. A 
group of three photographs of 640 turbine fuel is shown in Figure 4. These 
photographs show 640 turbine fuel foam at a} electrical ignition, b) burning below 
the foam surface, and c) flame breaking through the surface and spewing burning 
droplets of fuel to surrounding foam. 

A plot of the experimental data of flame velocity versus burning time is 
shown in Figure 5 for 640 turbine fuel. These values were obtained from an 
analysis of the film strips. Similar plots for jP:"'6 and 640 turnine fuel with foaming 
agent are shown in Figure 6 and 7. ' 

The flame velocity is presented in these plots as a function of foam depth. 
It is seen that the foam flame velocity was independent of the foam depth under 
the conditions studied. 

A standard procedure of placing the electrcdes::t fixed distances under 

8 

i 
t 
J 

II 
I~ 
u 

, 
U 
I • 



: tion . 
jes , 
me 

. 
:.lcted 
g 

:)pa
mdard 
,-imate· 

:le 

.ler 

-=low 
.ing 

.s 
1 

)aming 

~pth . 
,er 

~ r 

-~ ---.........:....---.~ 

/ 

• 
ELECTRICAL SPARK AT IGNITION 

FLAME ZONE 0.015 SECONDS 
LATER 

FLAME ZONE 0 .063 SECONDS 

LATER 

FIGURE 4 . Flame Propagation in Typical Fuel Foam 

9 



u 

~ 

>-
~ 
u 
o 
..J 
W 
> 

2 

w I 
::!' .. 
..J 
lL 

o 

00
0 

{\ {\ 

I 
FLAME BURN-THROUGH 
AT FOAM SURFACE 

I 
0;0~ 

FOAM DEPTH 
o 0.8" 

01.6" 

L; 2.8" 

\ . ~-~ '-.t ' 0 

',\'1·~ 
0 00 

0 .. 1 0.2 0.3 

BURNING TIME, sec 

FIGURE S. Flame Velocity Vs. Burning Time for 640 Turbine Fuel. 

2.0 

~ 1.5 
~ 

>-
':: 1.0 
u 
0 
..J 
W 
> ,,[0 

0 

o lJ 

0.1 0.2 

BURNING TIME, sec 

FOAM DEPTH 

o 1.25" 

o 0.8" 

0.3 

FIGURE 6. Flame Velocity Vs. Burning Time for JP-6. 

10 



u .. .. 
"-

6 

5 

= 4 

::: 
>-.... 
u ~ 
0 

J 

'" 0> 

'FLAME BURN·THROUGH 
AT FOAM SURFACE 

I 
I 

t 

FOAM DEPTH 

[] 1.1" 

o 29" 

" 3.8" 

1,---[ _L--~ __ 

6. Jl A 'U 
0 0 0 0 0 , 

o 0.1 0.2 0.3 

BURNING TIME, sec 

FIGURE 7. Flame Velocity Vs. Burning Time for 640 Turbine Fuel 
with 3% Foaming Agent. 

'" .., 
..J 
::> 
o 
~ 
..J 
..J 
j 

>
'" a: .., 
z .., 
z 
o 
i= 
z 
~ 
..J 
<t 
u 
i= 
a: 
u 

100,000 

39,000 

10,000 

1000 

100 

24 

10 

, 
-------------------0 , , , , 

CURJE EXTRAPOLATED·", I 
TO REGION OF 
PRESENT WORK 
640 TURClINE FUEL 

~/ , 
I 
I 
I 
I 

- - - - - - - .. - - - -- -.- - - - --J 
REPORTE" I 

CO,,, '" ',"" Y 
"REFERENCE 10 

.I~------------------------------------
o 2 3 

FRACTION OF STOICHIOMETRIC 

FIGURE 8. Criticc3.l Ignition Energy. 

11 

.' ..... ~ 



the foam was employed. This resulted in ignition always occurring at the 
same distance beneath the foam surface. Once ignited, the flame would 
burn through the surface of the foam in aoout O. IS sec. , in all cases. This 
characteristic time is indicated on Figures Sand 7. 

The burning flame beneath the foam generates hot, expanding gases. 
These expanding ga ses tend to push the flame front ahead, and in this burning 
stage the apparent velocities can be many times the normal burning velocity. 
After the flame has burned through the surface the hottga ses are relieved 
upward away from the foam. After this point the burning rate slows. 

This type of burning phenomenon is indicated in Figures Sand 7. 
For 640 turbine fuel with foaming agent, a large initial burning rate of about 
S feet/sec. is observed. The burning rate then drops rapidly toa constant 
rate of about O.S feet/sec. after the burnthrough time ofO.1S sec. 

The pure 640 turbine fuel (Figure S) displays more of a step change , 
from a propagution velocity of about 2 feet/sec. in the initial stage to a lower 
velocity of about O. S feet/sec. Again the tran-sition is observed at O. IS 
seconds burning time. Apparently, the larger burning rate observed with the 
fuel with foaming agent present is due to the smaller cell size of the foam. 

The JP-6 did not foam as readily as the 640 turbine fuel. This lack 
of foam stability may be due to -the additional refining operations neces sary 
to produce JP-6 fuel. Also, the bubble size was larger with TP-6. A plot 
of burning rate vs. time for JP-6 is shown in Figure 6. This fuel did not 
demonstrate a large initial velocity as the others did. The final velocity 
was, again, approximately O. S feet/sec. 

In summary, the initial high velocities observed may be due to the 
burning gas expanding against the flame front. Hmvever, this effect was 
much more pronounced with foams of smaller cell size. 

Ignition. - A series of tests were conducted to detenr,ine the critical 
ignition energy for 640 turbine fuel. Ignition energy was measured at various 
locations in the foam. Emphasis was placed on determining where in the foam
air fuel system a spark could most readily be discharged. The result of this 
portion of the investigation is shown in Table 1. 

A foam depth of three inches was employed with an electrode gap of 
1/4". The breakdown potential was found to be S ,SOD volts at the foam/air 
surface, 5,800 volts in the bulk foam, and 11,000 volts at the foam/liquid 
interface. It was not possible to discharge a 11,000 volt spark in the bulk 
liquid. Measurements greater than 11,000 volts could not be made with the 
present apparatus. The discharge potential in air was not measured but was 
obtained from Chemical Engineers' Handbook, 1959. 

The critical ignition energy for 640 turbine fuel was found to be 24 
mill1joules at the foam/air surface and 39 joules in the bulk foam. Ignition 
did not occur when a spark was ttiggered at the foam/liquid interface, even 
at the highest energy of our equipment which WaS approxima tely 50-60 joules. 
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TABLE I 

SPARKING AND IGNITION LEVELS OF 640 TURBINE FUEL/AIR FOAMS 

g - Spark Breakdown Conditions Critical Ignition Conditions 

Potential Energy Potential Energy 

Location Volts Toules Volts Toules 

A) A.ir 300* 

B) Foam/Air Surface 5,500 0.006 11,000 0.0'24 

C) Bulk Foam 5,800 .008 11,000 39 

3r D) Foam/Liquid 
Interface 11, 000 39 ** 

. E) Bulk Liquid ** ** 

* Reference 11. 

** Greater than 11, 000 Volts required to spark or i.gnite • 

. 3 
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It is noted that the energy necessary to ignite the foam was greater at 
the bottom of the foam than it was at the surface. It is possible to interpret 
this fact in terms of a fuel/air ratio--critical ignition energy diagram. It is 
well known that the, energy required for ignition is a function of fuel-air ratio. 
The results of the ignition of the 640 turbine fuel foam at the foam -air surface 
and in the bulk foam have 'been displayed on a fuel/air diagram in Figure 8. 
Here the experimental points are plotted on an extension of a fuel-air ratio
critical ignition diagram for C7H16 from Reference 10. It is felt that the curve 
for C7H 16 should be similar to the 640 turbine fuel at the lower energy region. 
From the extrapolation of the curve, the critical ignition energy, 24 millijoules, 

. indicates a fuel/air ratio slightly greater than 3 times stoichiometric c.t the foam/ 
air surface. The value of 39 joules indicates a fuel/air ratio of about 3.5 times 
stoichiometric deep in the bulk foam. . 

In these studies, the fuel/air ratio was not monitored. However, the 
indirect evidence indicates foam does become fuel rich with increased foam 
depth. 
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FLAME PROPAGATION IN FUEL VENT DUCTS 

In transport aircra:ft , the fuel tanks are vented to the atmosphere to 
orevent excessive pressure differentials between the internal and external 
surfaces of the tank. As the aircraft changes altitude there is a flow of gas 
either into or out of the fuel tank, depending on whether the aircraft is 
climbing or :iescending; more exactly on wheth~r the internal tank pressure 
is higher or lower than the pressure at the vent outlat. As a result of this 
"breathing" process, flammable fuel-air mixtures often exist within the 
vent line and the tank itself. It ha s been recognized for a number of years 
that these vapors, once ignited, can propagate through the vent lines and 
into the tanks, causing destructive fires and explosions. 

In evaluating this type of hazard, the industry has always considered 
the ascent a s the most hazardous portion of the flight. With a reduction in 
external pressure, fuel vapors from the tank flow outward toward the vent 
exit forming a flammable path from the vent exit to the tank. As a result I 

rna st re search work ha s been directed toward the characterization of this 
hazard. 

The descent of an aircraft has always been considered a relatively 
safe flight profile from the standpoint of flame propagation because with an 
increasing ambient pressure I only fresh air is flowing into the vent system. 
One factor often overlooked, however, is the fact that when an aircraft . 
encounters turbulence or drops one wing! fuel from the tanks can run into 
the vent lines. The fuel ultimately flows back into the tanks leaving the 
walls of the vent wet with fuel. Thus I even during descent and level flight 
one often finds both fuel and air present in the vent lines. 

The objective of our test program was to evaluate the propagation 
characteristics of flame in a system consisting of fresh air flowing along a 
fuel-wetted vent line. Tests were run with both low and high volatility 
.pure hydrocarbons in the presence of air velocities ranging from 0 to 10ft. 
per second. 

Experimental Apparatus 

For this series of tests, a simulated vent duct was constructed con
sisting of a 4" diameter aluminum tube I 1 0' long I fitted with an air blower I 

ionization probes I a fuel cup and a liquid nitrogen trap to cool the temperature 
of the air stream. Figure 1 shows a diagram of the apparatus employed. A 
Hasting Model G-lO air meter was employed to measure the air stream velocity. 
The temperatures of the air stream and tube were held between 15 and lSoC . 
for these tests. Pure n-heptane In-octane, n-nonane and n-decane were 
selected to represent typical liquid hydrocarbon fuels. The n-heptane em
ployed wa s AMSCO (American Mineral Spirits) brand technical grade and other 
hydrocarbons were Phillips 66 brand technical grade. Chromatographic 

16 



j 
i 
j 
I 

"; 
; 

~ 

-.::! 

ill 
::T 
~ 

~; U I' o .'1' 
.... C 
rt- ""\ 
'<: CD 

AIR BLOWER 

i<~· 

PROBES AIZATION 

~ " " " II II II FLAME r- DIRECTION 

~ 

9 

LIQUID NITROGEN 
TRAP 

~ 

INTRODUCTION ~ 
AND IGNITION 
OF LIQUID FUEL 
AT THIS POINT 

AIR VELOCITyl 
METER 

FIGURE 1. Flame Propagation Apparatus, Simulating an .lUrcmft Fuel 

Vent Duct. 

------------------ _ ... 

J 
I 

\ 
\ 
t 

t 
I 

! 



analysis of the n-heptane indicated less than 1% n-octane <;1s an impurity. 
The other hydrocarbons displayed no detectable impurity peaks on the 
chromatograph. 

Before each experiment I air, cooled from the liquid nitro%en trap, was 
passed through the tube. When the tube temperature reached 15 C, 20 ml 
of the liquid fuel were quickly placed into the apparatus in a manner to wet' 
the entire length of tubing. Next the airstream flow 'was adjusted to the desired 
velocity in the tube I and the fuel wa s ignited at the dO\,vn stream end with a . 
wick. The rate of flame propagation against the airstream was measured at 
three different locations in the tube. 

Some of the propagation rates were low enough that these measurements 
could be made visually. However, in the faster runs ionization probes were 
employed. A 3" diameter glass apparatus was used to obtain photographic 
evidence of the propagating flame. A series of three photographs showing 
typical flame propagation of n-heptane against an airstream velocity of 2 
feet! sec. is shown in Figure 2. . 

Test Results 

The flame propagatio'n tests were run at temperatures of 15
0 e to 18

0 e . 
At these temperatures three of the hydrocarbon fuels, n-octane I n-nonane 
and n-decane, were below their lean flammability limits. Only n-heptane I 

the highest volatility fuel, was within the flammability range, see Table I. A 
short wick was used at the end of the tube to ignite the fuel. Without air 
flowing in the duct, the fuels which were below their lean limit would not 
propagate in the tube I even in the presence of the heat from the burning wick. 
N-heptane, on the other hand r supported flame propagation along the length of 
the tube following ignition without air flowing in the duct. 

TABLE I 

LOWER TEMPERATURE LIMITS OF FLAMMABILITY 

°e 

n-heptane -4 

n-octane 18 

n-nonane 31 

n-decane 46 

The experimental results are listed at the end of this section. The 
measurements of rate of flame propagation in the aluminum duct are listed in 
Table III, The :-esults obtained from, color photography on the rate of flame 
propation in the glass apparatus are listed in Table IV. 
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After the initial test series, where propagation was att~mpted without 
air flow, a series of tests were run in which a predetermined air velocity was 
established in the duct prior to ignition. In the presence of flowing air, 
even at velocities as low as 0.25 feet/ second, ,flame propagation occurred 
against the direction of flow for all four fuels. As the air flow in the duct 
was increased, the rate of flame propagation I against the direction of flow, 
increased until it reached a maximum as illustrated in Figures 3 and 4~· For 
all fuels tested, the maximum spatial propc.gation velocity occurred at an 
air stream velocity of approximately 3 feet/second. As the air stream 
velocity was increased further,. the spatial velocity of the flame began to 
decrease until it became stationary with respect to the duct at an air stream 
ve locity of approximately 6 feet/second. Due to the difference in volatility, 
each of the fuels exhibited slightly different propagation characteristics as 
described below. 

N -heptane (Figure 3) demonstrated two types of propagating flames: 
a blue vapor flash, and a yellow diffusion flame. The spatial velocity of the 
blue vapor flash decreased linearly with increasing air stream velocity. This 
is demonstrated on Table IV in that the sum of the air stream velocity and the 
rate of flame propagation is approximately a constant. At an air stream velocity 
of 6 feet/second a standing flame (with respect to the tube) is obtained. The 

. spatial flame velocity is the observed linear rate of flame propagation with 
respect to a fixed point in the tube. . 

The yellow-diffusion flame I observed for n-heptane, displayed an 
. increasing spatial flame velocity against an increasing air stream velocity 
up to a maximum flame velocity of 2.5 feet/second. After reaching this 
maximum spatial velocity at an air stream velocity of about 3 feet/second the 
spatial velocity decreased to zero at an air stream velocity of 6 feet/second. 

The fuels n-octane, n-nonane I and n-decane (Figure 4) all demonstrated 
the, same type of yellow flame and the same type of spatial velocity curve as 
described for n-heptane. No blue vapor flash was observed for these fuels. 
The maximum spatial velocities were much lower than observed for n-heptane. 
These are shown in Table II. 

The reason that the yellow diffusion flame increases its velocity with 
increasing air flow can probably be attributed to an increase in the oxygen 
supplied to the flame and to better mixing of the burning constituents. Both 
of these factors tend to increase the size of the flame, which in tum, increases 
the rate of vaporization of the liquid fuel in the duct. As the flame spreads . 
along the duct, an even greater heat release.is obtained and this leads to an 
increased rate of vaporization and ultimately to an increased rate of flame 
propagation. 

In addition to promoting flame propagation, thE? increasing velocity of 
the air stream eventually works to slow flame propagation. Above an air stream 
velocity of 3 feet/second, the flame begins to be slowed in its spatial velocity 
until it ultimately is reduced to zero net velocity I which occurs at an air stream 
velocity of 6 feet/second. 
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In this 4" duct the transition from laminar flow to turbulent flow occurs 
at an air stream velocity of about 2 to 3 feet/second, using a Reynolds number 
of 2300. The term diffusion flame applies directly to flame propagation in the 
laminar region. Above this air stream velocity a transition to a turbulent or 
eddy diffusion flow occurs. Although, the type of flame may be somewhat 
different in the higher velocity region I the term diffusion flame is employed 
throughout. 

The relationship between volatility (or molecular weight) and spatial 
flame velocity is shown in Figure 5 for the four hydrocarbons studied. It is 
noted that at high volatility (low molecular weight) the propagation is many 
times that of the lower volatility (higher molecular) hydrocarbons. A dashed 
region is indicated between n-heptane and n-octane because of the lack of 
experimental data between these two points, in the transition region. 

TABLE II 

MAXIMUM RATE OF FLAME PROPAGATION IN FUEL DUCT 

Hydrocarbon s 

n-heptane (vapor flash) 

n-heptane (diffusion "flame) 

n-octane (diffusion flame) 

n-nonane (diffusion flame) 

n-decane (diffusion flame) 

*Initia I condition s: 

Air temperature: 15 -I SoC 

Maximum 
Flame Veloclty* 

(feet/sec) 

8 

2.5 

0.09 

0.02 

0.01 

Total pressure: 1 atm--sea level 
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15.6 1.3 \3.4 

11.5 0.96 a.s 
IS 1.5 16.2 

\ 5.4 

14.8 

3.71 0.3\ \ 5. r. 

22.4 1.87 \7.3 

24.0 2;0 18.0 

3.6 0.3 IS.2 

\8.0 1.5 18.n 

30.0 2.5 16.n 

16.S 1.4 15.2 

27.6 2.30 16.7 

30.0 2.5 16.3 

18.6 

0.402 16.6 

0.073 
16.4 

1.09 .09: 10.1 

0.92 .077 16.6 

0.87 .0725 15.5 

16.6 

.041 
14.3 

.90 
18.2 
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R"mill'ks 

Conlrol Test 

Prob:om 1."1 mcusu;"lng veioclty 

Problem In measuring veloclly 

! 
I 
I f . 
~ 

I 
f 

\ 
! 
I 

t 



... .... ~_,-.. n-.,' 
~ ..... -: .... ...,..~ . ....... ~,_ ...... '<:"' (1'0 -."~,,, .- ....... - ..... . 

TABLE In (CONT!NUED) 

f'LAM£ TESTS !N t.1.U~r.rNl';-'~ F1!EL DUCT 

Ra te of Flame Propagation 

Location 

1.1; St;-earr. Vclocay (1) (2) 

Run No. r"u~l fi;ct/:;.CC. In/sec. In/sec. feethec. In/sec. feet/sec. In/sec. 

35 n-Xor,j)ne 0.; ~7 2.0 0.198 0.0165 

30 O. ~ 67 2.0 .190 

37 O. i 67 2.0 1. 33 O. Oil 7 

30 1.17 1~.0 0.160 0.0133 17.2 0.0143 .189 

3~ 1.17 14.0 O. j, G~ 0.015'; 

N ';C 2.73 31..0 0.185 0.015~ 0.209 0.0174 .206 

c:.TI 
t,1, .; .16 50.1 0.160 0.0133 0.174 0.0144 

:,~ ':.66 55.0 0.140 0.0117 0.150 0.0125 

',', n-Dccar.e 0 0 fire at end of tube -' 

..,5 0.167 :<.0 0.104 0.OOJr,5 0.120 0.010 

~o 0.167 2.0 0.102 0.0085 0.11~ 0.0095 

1,7 1.: 7 ;';.0 0.114 0.n095 0.130 0.0108 

~0 :!.7j 3~.O 0.109 O.OGSI 0.122 O. 01 01 

';S 2.73 ::'4.0 0.089 O. 007 4 0.: 05 0.0087 

SO t..16 50.1 0.096 0.0030 0.109 0.0091 

51 4.66' 56.0 ,0.096 o.ooao 

(3) lnltlal 
feet/sec. Duct Temp. 

°c 
16. fi 

16.5 

0.0158 H.t; 

15.8 

0.0172 16.3 

11. q 

18.7 

18.0 

18. r, 

IIl.4 

11.2 

If,. 5 

1 f;. 4 
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TABLE N 

COLOR PHOTOGRAPHY OF n-HEPTANE IN GLASS FUEL DUCTS 

Blue Vapor Flame 
VA VF 

Run Number Air Velocity Vaeor Flame Proea9ation VA of- VF Constant 
feet/sec feet/sec 

60 1.17 6.0 7.2 

60-A 1.17 4.0 5.2 

61 0.167 4.0 4.2 

61-A 0.167 7.2 7.3 

62 0 B.O 8.0 

62-A 0 7.2 7.2 

64 2.73 4.0 6.7 

64-A 2.73 4.0 6.7 

65 3.1 3.5 6.5 

66 4.16 2.2 6.4 

67 5.10 1.4 6.5 
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MECHANICAL DAMAGE TO AIRCRAIT SKINS FROM LIGHTNING 

Introduction 

Lightning can produce structural damage to aircPaft in three ways: 
first, mechanically; i.e., from blast effect, burning holes, etc.; secondly, 
thro.1,.lgh heating, and la st, by pitting or ero sion . 

In studying fire hazards associated with natural ·electrical discharges, 
the program dealt with those portions of the lightning stroke which produced 
the heat and the holes. In a natural discharge there are often several high 
amplitude current spikes connected by a low amplitude, long duration 
current. The heat generated by the long duration current, followed by the 
blast effect of the high current spike can produce a hole in metal aircraft 
skin. It ha s been suggested that the size of the hole formed is proportional 
to the charge transferred (1) (2), for any given thickness of skin. If this is 
·true, a series of curves correlating hole size to charge transfer would be a 
useful tool in determining the typical charge transfers encountered byair
craft in flight. 

Since a comprehensive series of lightning tests were planned on 
aircraft skins, s11fficient tests were included in the schedule to define the 
problem of hole burning and its relation to charge transfer for such materials 
as aluminum, stainless steel, and titanium. A series of tests were also run 
to determine metallurgical changes in the metal resulting from the intense 
local heating around the hole or, for that matter I around the strike zone 
when no hole was produced. 

Test Apparatus 

The experimental work on metal damage included two test series. 
The first tests were run at the G.E. High Voltage Laboratory and consisted 
of lightning strikes to metal samples to develop a cmTelation between coulomb 
transfer and hole size. The second test series involved changes in metal
lurgical properties of metal samples resulting from the intense heat created 
by the charge transfer. These tests were conducted in the Dynamic Science 
Laboratories. A description of each test setup follows: 

Hole burning tests . ...; A test chamber was constructed for this test 
series as shown in Figure 1. It was constructed with one side panel and 
bottom panel removed I permitting panels of transparent mylar film to be taped 
in pl"ace during the tests. This test chamber served for the hole burning tests 
and also for the combustible vapor ignition tests which followed. The top 
of the chamber was fitted with a set of toggle clamps to permit panels of the 
various test metals to be easily installed and removed .. Grounding of the test 
chamber I to allow return of the lightning discharge currents, was accomplished 
through a large lug fixed to one side panel. A 1/4" tungsten electrode was 
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Test Chamber t 

FIGURE 1. 

FIGURE 2. 

Test Chamber for hole burning tests conducted 

at General Electric High Voltage Laboratory 

I I II 

Electrical Discharge Circuit for Metallurgical 

studies conducted at Dynamic Science 
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held rigidly positioned above the test panel and served to direct the discharge 
current to the desired spot on the test panel. 

The initial high current spike wa s supplied from the G. E. high current 
generator consisting of a 6J.A.fd. capacitor bank charged to a potential of 
100,000 volts. The low amplitude continuing current wa s supplied from 

, their 500 volt, 1000 kva dc rotating generator. Measurements of the current 
values were made with the use of low resistance karma metal high current 
shunts placed in the return circuits of both sources. Oscillograms of the 
current waves were obtained for each discharge, using a GE HC-25 oscillo
scope {for the high current spike) and Tektronix 545 and 512 oscilloscopes 
(for the continuing currents). Electronic timers were used to trigger the high 
current generator and the continuing current flow in the proper order. 

Metallurgical damage" - The electrical test apparatus used in the 
metallurgical tests is show-n in Figure 2. It con sists of a5/-\ fd capacitor 
bank charged to a potential of 11,000 volts. 'AThen discharged, it delivered 
300 joules of electrical energy to the metal sample. A 1/8" tungsten elec
trode d'irected the energy to the desired location. 

The discharge time for the circuit is approximately 10 microseconds. 

Experimental-Technique and Test Results 

Hole burning.- All tests employed an initial current spike of 38,000 
amperes rising to its crest in 7. Sj./. s and decaying to 50% of crest current in 
12. 5p s, Figure 3. This value was cho sen because it is within the range of 
current which has been measured in actual lightning strokes (1). Continuing 
currents ranging in magnitude between 40 and 300 amperes and in time duration 
between 0.25 and 1.60 seconds were applied following the high current dis
charge, Figure 3a. In most cases, a test sequence would be run with either 
the current or discharge time held constant and the remaining parameter varied 
through a range which would provide coulomb transfers similar to those 
measured in natural discharges. 

For the tests made on 20 and 40 mil aluminum, the electrical parameters 
were set to maintain a constant current of 115 amperes, and discharge times 
were varied between 0.30 and 1. 5 second s. There wa s some variation in 
current during the course 0 f the discharge a s a result of changes in the resist
ance of the arc. These variations rarely caused the current amplitude to 
fluctuate more than plus or minus 20%. ' 

For the 60 mil aluminum, it was necessary to increase the average 
current level to 288 amperes in order to obtain charge transfers great enough 
to bum a hole in this thicker metal within the time periods (from 0.5 to 1.5) 
sec.) chosen. Tests on 60 mil thicknesses of titanium had the discharge time 
held constant at 0.5 sec., in order to obtain a hole size comparison with a 
similar discharge time on 20 mil titanium. U Sing this time increment (0.5 sec.) I 

tests had to be made at current levels between 288 and 690 amperes in order to 
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• Crest is 38kA at 7.5 I-lsec. 

Tail reaches 50% value at 12.5 I-lsec. 

FIGURE 3. Initial high amplitude I short duration 
current wave shape I common to all 
simulated lightning current discharges 
applied during hole burning tests. 

NOTE: Trace has downward deflection due to 
placement of current mea suring shunt 
in ground return circuit. 
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Continuing curr'cnt. 

Avel'agc C:Ul'.l'Cnt is 143 amperes for 0.90 
sec. '2esulting in di.scharge of 128 cou10;nbs. 

Llajor divisions are 46 arnperes and 20U msec. 

Arc voltage. 

/,lajor divisions are 150 volts and 200 msec. 

FIGURE 3a Oscil10grams of continuing current and corresponding 
arc voltage for hole burning test on .040 inch alu
minum. Note gradual decrease in current amplitude 
nnd increase in arc voltage, indicating draw-out of 
arc as a1umimlln was eroded <1'vTay. (test no. 72) 
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obtain the same range of hole sizes in the 60 mil thickness. 

Tests were run on .020", . 040", and. 060" thicknesses of titanium 
and aluminum. Tests were al:so run on .030" stainless steel. Additional 
tests were planned for stainless steel during the final test series; however, 
these were temporarily delayed to permit a series of simulated fuel vent 
system tests as part of a redirection in scope of this contract. 

Results 

Hole burning. - The results of the hole burning tests for titanium, 
aluminum and stainless steel are shown graphically at the end of this section. 
Perhaps the most significant first impression is the wide scatter in the data 
points which, in essence, say that for any given coulomb transfer a wide 
range of hole sizes might result. Before beginning an analysis of the data, 
perhaps a few words are in order concerning possible causes for this wide 
sCctter of data points. 

As described previously, the electrode was rigidly positioned about 
1/4" above the test sample. This gap was ionized by a'n initial high current 
discharge of approximately 38 k amperes. Following this, there was a longer 
continuing current which flowed from the electrode to the sample, ranging in 
magnitude between 40 and 300 amperes depending on the charge transfer 
de-S'ired. The metal was damaged by the intense heat created by the long, 
continuing current discharge. This damage was characterized by molten metal 
around the discharge zone which generally resulted in the formation of a hole 
if the charge transfer was of sufficient duration. An examination of the data 
reveals that the size of the hole often varied considerably for the same charge 
transfer even when all other factors remained constant. A careful examination 
of a number of test samples reveals a possible cause. When the current was 
flowing between the electrode and the test sample it had a tendency to move 
around on the metal before it finally stabilized and started burning a hole. 
When the current arc moved over the metal it distributed the associated 
heating effects over a relatively lar:;-;e area of the metal. Thus a metal sample 
often exhibited a great deal more damage than could be characterized by the 
area of the hole. 

In retrospect, this mobility of the arc can probably be traced to the 
choice of cathode and anode. A dc arc~ such as that used for the hole burning 
experiments, is polarized and the anode and cathode processes are distinctly 
different. For example, the cathode is bombarded by ions from the discharge 
column, while electrons strike the anode. Potential distribution in the' arc is 

'usually sllch as to produce the highest voltage gradient across the cathode 
sheath. The cathode spot tends to be highly mobile, whereas the anode spot 
is almost always stationary, changing only in size and shape as the discharge 
develops. Current densities are generally higher at the cathode. 

The nature .of the polarity of lightning strokes to aircraft in flight is not 
known. If the stroke enters the a ircraft. at one point and leaves at another, 
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both polarities will be involved. All the tests made during the hole burning 
experiments were made with the test sample serving 8S the cathode and the 
arc electrode as anode .. Since the highest voltage appears across the cathode 
sheath, it is probable that tests to date represent the more hazardous polarity: 
on the other hand, the fact that the anode spot is more stationary permits the 
heat to concentrate at one point and this could result in the earlier formation 
of holes and ultimately a more uniform distribution of data. 

Regardless of the reason, the data obtained to date does show a 
considerable variation among the hole sizes for a given amount of charge 
transfer to the test metal. 

In fact, the scatter is so great that a line derived by least squares or 
by other techniques may have little meaning. Nevertheless, there is a distinct 
trend in the data which indicates that the size of the hole is a function of the 
charge transferred. The wide scatter in results is partially due to the fact that 
quantitative evaluation of the damage to the metal was limited to the measure
ment of the actual size of the hole formed. In a majority of cases, it was 
apparent from visual observation that additional damage had occurred. The 
region adjacent to the hole, for example, frequently showed tracking and 
burning which did not result in burnthrough, but which nevertheless was 
caused by charge transfers to these regions. Some melting and resolidification 
of metal along the edge of the holes was also evident. Since there was no 
quantitative way of determining how much of the charge transfer actually 
produced the hole, the data was plotted in Figures 4 through 14 as if all of the 
charge was effective in burning the hole. 

With the foregoing in mind, it seems appropriate to assign greater 
significance to the data on the" upper" side of the region shown on the figures 
rather than to that appearing on the lower side, since a larger portion of the 
charge transfer must have been effective in burning the larger hole. The upper 
points thus more closely represent the areas of holes which can be burned by 
the corresponding charge transfer. This conclusion is strengthened upon close 
observation of the damaged metal, where the greatest fI side" effects of tracking 
and burning are frequently assQciated with the smaller holes burned by a 
particular charge transfer. 

Thus, to obtain a better visual picture of the results and to permit a 
comparison between one set of data and another, lines have been drawn along 
the upper side of the data points and along a mean path through the center to 
form a "zone" of damage related to charge transfer. On this basis comparisons 
can be made among the results obtained. 

Aluminum. - Most of the testing of aluminum was accomplished by use 
of a constant continuing current amplitude while varying time durations as 
needed to obtain appropriate variations in charge transfer. Currents of about 
115 amperes were used for the tests of the 20 and 40 mil thicknesses, and a 
current of 288 amperes was used for charge transfer to the 60 mil thickness, 
since use of the lower current amplitude would require time durations in excess 
of those found to be characteristic of actual strokes. 
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The size of the hole burned in aluminum for a constant charge transfer 
appears to rise almost exponentially as one goes from .060" to .040" to 
.020" thicknesses. Referring to Figures 4 througH 7 , a charge transfer of 20 
coulombs f the lowest amount applied during these'tests, wa s found to burn a 
45 mm 2 hole in the 20 mil thickness, and slightly more than 60 coulombs were 
required to burn a similar size hole in the 40 mil thickness. No holes of this 
size were burned in the 60 mil thickness however until over 200 coulombs had 
pa ssed through the metal. A comparison of results obtained from tests on 
the three thicknesses of aluminum shows that an inqease in metal thickness 
results in a reduction in the area of hole burned, for identical stroke dis
charges. A 100 coulomb discharge, for example, burned holes of between 
300 and 700 mm 2 in 20 mil aluminum, and holes of between 0 and 140 mm 2 
in -a 40 mil thickness. The same discharge burned only a pin hole I or no hole 
at all, in a sheet 60 mil thick. For all thicknesses I increasing amounts of 
charge resulted in increa ses in the hole sizes I but existing data is insuffi
cient to establish an exact relationship. 

Titanium. - Most of the titanium tests were run by establishing- a con
stant time duration of the discharge and varying the current as needed to 
obtain the desired variations in charge transfer. In titanium as in aluminum I 

the size of hole burned for a given charge transfer again appears to rise 
exponentially as one progresses from the thicker material such as .060" to 
the thinner metal such as .020". 

A 100 coulomb discharge to a 20 mil sample burned holes of between 
50 and 200 mm 2 (as compared with 300 and 700 mm2 for aluminum) I and 0 and 
.20mm 2 in a 40 mil sample (as compared with 0 and 140 mm 2 for aluminum) • 
The same discharge was insufficient to burn all the way through a 60 mil 
thickness of titanium (as compared with a pin hole in aluminum). As before I 
increasing amounts of discharge produce increases in corresponding hole 
sizes I but the linearity of the relationship is not clearly defined. In one 
instance I the eyJ.sting data shows that a twofold increa se in the amount of 
charge transferred to 40 mil titanium resulted in a hole size approximately 
4.5 times greater. This relationship can be apprOximated I of course I only 
within the 100 through 300 coulomb charge transfer range which was run. 

During these tests a charge transfer of 60 coulombs was found to burn 
holes of between 0 and 65 mm 2 in the 20 mil thickness. A discharge of 100 
coulombs or more burned holes of between 0 and 30 mm2 in the 40 mil thick
ness I and the smallest hole formed during the tests on 60 mil thicknesses of 
aluminum occured after 180 coulombs had been discharged. These holes 
ranged between 20 and 60 mm 2 • 

Stainless steel. - Tests were made on 30 mil thicknesses only. Holes 
were burned in this metal at charge transfers above 60 coulombs, see Figures 
12 and 13. The shortened test program failed to permit sufficient tests to -
establish the relationship between charge transfer and hole size above this 
level. 

Conclusions.- The results obtained from this phase of testing provide 
only a vague relationship between hole size and charge transfer. '1\lhere the 
results are less scattered a linear relationship between hole size and charge 
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transfer is apparent; however, in no ca se can a single line be drawn to define 
the relationship; rather a "region" or "zone" is more appropriate. Undoubtedly, 

'the lack of a more comprehensive method of evaluating damage to the metals 
wa s responsible for at lea st some of the scatter obtained. Also, more uniform 
results might be obtained by reversing the polarity of the discharge and taking 
advantage of the stable anode spot. 

• Tests showed that both titaniuin and stainless steel are more reSistant 
to hole burning than aluminum. This might be expected since the melting 
point of aluminum (l2000 P) is less than either titanium (3000o r) or stainless 
steel (25500 p). The few tests run on stainless steel show that it ha s about 
the same resistance to hole burning as titanium. Here again this is not 
unreasonable Since their melting points are very close. 

The follOWing table shows comparisons of results obtained for an 
identical stroke carrying 100 coulombs of charge applied to the various metals 
and thicknesses tested. 

100 Coulomb Discharge 

Type of Metal 

Aluminum Titanium Stainless Steel 

Thickness Hole Sizes (mm 2) 

20 mil 300-700 50-200 

30 mil 40-80 

40 mil 0-140 0-20 

60 mil Pin Hole No Hole 

Initially, it would appear that titanium is much less susceptible to a lightning 
stroke than is aluminum I since considerably less titanium metal is eroded 
a-• ..,ay by a given charge transfer than aluminum. This conclusion cannot be 
extended to the evaluation of hazard when these metals are utilized in fuel
tank walls, since ignitiqn tests on titanium have proved that ignition will 
occur ·from discharges much lower in magnitude than those required to produce 
a hole. 

In the hole burning tests two techniques were used to vary the coulomb 
content cf the discharge. The first technique was to' fix the duration of the 
discharge and vary the current amplitude. The second technique wa s to fix 
the current amplitude and vary the discharge time. When both techniques -
were tried on one metal sample and the total charge transfer held constant, 
larger holes were burned on the test which had the highest current amplitude. 
Since the energy asso.ciated with the discharge is directly proportional to 
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the time duration and proportional to the square of the current amplitude, 
it is clear that greater energy release must be associated with higher current 
discharges, even though the duration is proportionately decreased so that 
the charge transferred remains the same. This is probably the reason why 
larger holes were burned during the tests where the cu rren t discharge was 
held constant. Comparisons of tests made under the two conditions for 20 
mil thicknesses of titanium, for example, can be seen from observation of 
the test results as plotted in Figures 8 and 9. These results indicate that 
the rate of charge transfer to the test metal is significant, as well as the 
amount of charge transferred. 

The hole burning tests have served to provide a rough approximation 
of a zone of the damage which can be inflicted upon various metals by 
lightning discharges. These tests have shown that the rate of charge 
transfer is an important factor in determining the damage that can occur. 
As a result of these tests it is clear that more consideration must be given 
to the asses sment of damage. Merely measuring the size of the hole is 
not sufficient. Some consideration must also be given to peripheral damage 
and evidence of overheating in the vicinity of the strike zone. Additional 
work should continue into the investigation of the effects of polarity on 
damage. Future tests run with a less mobile arc and with the time of dis
charge held constant might provide a better defined set of data points, 
particularly if the interpretation of damage can be modified to consider the 
area surrounding the strike zone. In the meantime, some use can be made 
of the "zones" or range of charge transfers which have been identified with 
hole sizes in this report. 

Results 

Metallurgical studies.- In this investigation, the material samples 
were repeatedly struck with an 11,000 volt discharge such as shown in Figure 
2. All discharges were directed at one spot on the material so that we could 
evaluate the cumulative damage. After each strike, the thicknes s of the 
material was mea sured with a ball head micrometer. The material samples 
measured 1/2" in width and 2" in length. Tests were run on thin samples 
of aluminum, titanium, and stainless steel. Sample thickness varied from 
0.005 up to 0.016". 

Actual test procedures involved a large number of samples of each 
material and for each thickness. The first sample of each type was struck 
once, then examined. The second sample of each type was struck twice, 
then examined. The third sample of each type was struck three times, then 
examined, etc. Testing was terminated when a hole was produced by these 
successive strike s. The metal wa s allowed to cool between each discharge. 

In the table below are listed the number of electrical discharges 
required to produce a hole in these materials: 
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TABLE I 

Total Energy and Number of Electrical Strikes 
Required to Produce a Hole in Test Materials 

Alloy 

Aluminum 

Aluminum 

Titanium 

Titanium 

Stainless Steel 1 

Thickness 
Inches 

0.012 

.016 

.005 

.016 

.010 

• No. of Electrical 
Strikes to Produce 

a Hole 
N 

5 

6 

3 

13 

24 

Total Energy 
300N 

Toules 

1500 

1800 

900 

3900 

7200 

Microstructure. - Metallographic analyses were conducted on the 0.005" 
and 0.016" commercially pure titanium metal. The analysis wa s conducted 
after a number of electrical discharges had been directed to the same spot 
on a sheet of material. What is seen in the photomicrographs is an edge-on 
view of the specimen cut across the center at the point of electrical discharge. 

Figures 14 and 15 show the structure near the center of the discharge 
zone on 0.005" thick commercially pure titanium. Figure 14 shows th", effect 
of one discharge, Figure 15 the effect of two discharges, and Figure 16 the 
effect of three discharges. The first discharge produced fUSion and overheating 
in the surface zone. Figure 17 shows this overheated structure at higher 
magnification. The immediate surface layer had been melted. Then under 
this zone was a layer of materia 1 which had not been melted but which had been 
heated above the beta tran sus tom perature. The second discharge produced 
st,;bstantial melting and thinning of the material. Figure 18 shows a crack in 
the fUSion zone after the second discharge. The third discharge produced a 
hole in the 0.005" material. Figure 18 shows the structure at the edge of 
the hole. The white layer s represent a severely oxidized zone. The entire 

· thickness benea'~h this layer had' been heated to a temperature above the beta 
· transus. Subsequent rapid cooling produced the aciculi;ir alpha structure. 

Figures 19,20 and21show the structure of the 0.016" thick 6AI-4V alloy 
after having been exposed to I, 5, and 13 discharges, respectively. Again, 
the fusion and overheated transition zones can be readily seen. Note again, 

, the general thinning resulting from additional discharges. Figures 22 and 23 
,show the surface effects at 920 and 1200 x magnificati'on. 

In summary I these electrical discharges produced a region of high oxida
· .. non near the surface. As much as 90% of the material was oxidized in two 
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discharges of equal magnitude. There was nol evidence of carbide or nitride 
fom1ation from these discharges. 

Mechanical properties. - Tensile strength and elongation tests were 
conducted to provide infomation on changes occurring in the mechanical 
properties of these aircraft materials. For these tests samples were selected 
of 0.015" 6Al-4V titanium alloy which had been subjected to 0, 2, and 10 
discharges. • 

These specimens were 1/2" wide and 2" long. .I\, standard apparatus, 
was employed for these tests. Figure 24 shows two of these specimens after 
testing. 

The results are shown in the following table for 5Al-'-4V titanium alloy.o 

No. of Electrical 
Discharges Tensile Strength- Elongation 

P.S.I. % 

0 155,000 12 

2 148,000 6 

10 96,000 2 

The minimum governmental accepted strength for this alloy is 150,000 psi. 
It can be seen in our tests. two discharges reduced the tensile strength below 
the acceptable limits. 

For ductility the minimum accepted standard is 10%. Here it is found 
two discharges produced an elongation of 6% I almost one-half the accepted 
minimum. This result is particularly Significant in that one Single lightning 
strike would certainly reduce the ductility below the accepted minimum. 

The overall weakening of the material can be attributed to four factors: 

1. Creation of thermal stresses (opposite of annealing) from rapid 
heating and cooling. 

2. Raising temperature of specimen above its beta transus temperature I 

quenching in brittle high temperature crystal form. 

3. The general thinning of the material from each discharge. 

4. Mutual heating of a portion of the specimen above its melting point. 
also producing a condition of very low ductility. 

38 

1 

I 
I 
i 
! 

I 
j 

I 

I 



I 
1 

\ 
I 

f . 
i -

I 
I 

r 
I 
t 

1400 

1200 

,.. 
~IOOO 

::IE 

~ .800 
o 
:l: 

~ 600 
<I: 
W 

~ 400 

200 

o 20 

ALUMINUM'(2024 T-31 

SHEET THICKNESS .020' 

CONTINUING CURRENT, 

CONSTANT CURRENT 0I0-130ampor •• 1 
TIME DURATION RANGE- 0.16-1.60 •• c. 

o 

MEAN CURVE 

o 

o 

o o 

40 80 100 120 140 160 
COULOMBS 

180 200 220 

FIGURE 4. Area of Hole Formed Vs, Coulomb Content of Lightning Strike, 

N 
::IE 

240 

200 

2i 160 

W 
..J 

~ 120 ... 
o 
~ 80 
a: 
<I: 

40 

o 

ALUMINUM (2024 T - 31 

SHEET THICKNESS, .040' 

CONTINUING CURRENT_ 

CONSTANT CURRENT, 115-130 AMPERES 
TIME DURATION RANGE' 0.5-1.52 s.c. 

CURVE 

20 40 60 80 100 120 140 160 
COULOMBS 

o 

180 200 

FIGURE 5" Area of Ho le Formed Vs. Coulomb Content of Lightning Strike. 

39 



400 

360 
ALUMINUM: 

(2024 T-31 
320 SHEET THICKNESS: .040 

CONTINUING CURRENT: 

N 
::; 

280 

! 240 

IJJ 
-' 'i 200 
... 
o 
~ 160 
a: 
<t 

120 

80 

40 

CONSTANT DURATION 

OF I.Osee. 
CURRENT RANGE: 
40-207 AMPERES 

o 
o 

o 

0·_···· 20 40 80 100 120 140 160 180 200 

COULOMBS 

FIGURE 6. Area of Hole Formed Vs. CouLomb Content of Lightning Strike. 

280 

240 

N200 
:=; 
:=; 

'j160 
o 
:x: 

~ 120 
ct 
L&J 
a: 
ct 80 

40 

o 

ALUMINUM: 
(2024 T-31 

.. SHEET THICKNESS; .060· 

CONTINUING CURRENT: 
CONSTANT CURRENT: 288 AMPERES 
TIME DURATION RANGE: 
0.68-1.44"0'. 

UPP.ER CURVE 

MEAN CURVE 

40 80 120 160 200 240 280 320 

COULOMBS 

FIGURE 7. Area of Hole Formed Vs. Coulomb Content of Lightning Strike. 

40 



j 
\. 

280 

240 

C\J 200 
:. 
:. 

w 160 
..J 
o 
J: 

~120 
<t 
w 
~ 80 

40 

o 

TITANIUM: 

( TI-8AL-IMO-IV) 
SHEET THICKNESS: .020" 

CONTINUING CURRENT: 

CONSTANT CURRENT (100-130 AMPERES) 
TIME DURATION RANGE: 0.5-1.52 secs. 

MEAN CURVE 

o 

o 

20 40 60 80 100 120 140 160 180 200 
COULOMBS 

FIGURE 8. Area of Hole Formed Vs. Coulomb Content of Lightning Strike 

480 
TITANIUM: 
(TI-8AL- IMO-IV) /.0 400 SHEET THICKNESS: .020" 

cor:NUING CURRENT: 
C\J CONSTANT DURATION i 320 OF 0.5 sec. 

w CURRENT RANGE: 0 
..J 150-350 AMPERES 
0 240 J: 
u.. 
0 UPPER CURVE 
<t 160 w 
II:: 
« 

80 

o 20 40 60 80 100. 120· 140 160 180 200 
COULOMBS 

FIGURE 9. Area of Hole Formed Vs. Coulomb Cont~nt of Lightning Strike. 

41 

1 . .........., 



360 

320 

280 

;; 240 
~ 
~ 

",200 
...J 
o 
:I: 

... 160 
o 

'" w 
~ 120 

80 

40 

!.!~ 
,TI- 8 .:I.L-I'-'O-IV) 
SHEE r ThiCKNESS 0 4 0. 

CONT~U1NG ~~.RRENT: 

CONSP.~! Du,t;ATlON OF' tue 
CURRENT RA~G[ :00 - 280 QrTlPIr" 

l:PP(R CURVE 

'\ 
'-

• 

o --'--------" 
80 100 120 140 160 180 200 220 240 260 280 

COULOMBS 

FIGURE 10. Area of Hole Fonned Vs. Coulomb Content of Lightning Strike. 

280 

240 

N"200 
:E 
:E 

IU 160 
..J 
o 
:J: 

::; 120 

<l 
IU 

~ 80 

40 

o 

TITANIUM: 
(TI-8AL-IMO-IV) 
SHEET THICKNESS .060" 

CONTINUING CUR RENT 
CONSTANT DURATION OF O.S •• c. 
CURRENT RANGE: 288.-690 AMPERES 

40 80 120 

o 

160 200 240 280 

COULOM8S 

320 360 400 

FIGURE 11. Area of Hole Formed Vs. Coulomb Content of Lightning Strike. 

42 

I 
I 

I 
I 

F 

FIC 



:-

280 

240 

~200 
:0 
:0 

UJ 160 
...J 
o 
:r 
l:i 120 
~ 
UJ 
II: 
~ 80 

40 

a 

STAINLESS STEEL 

SHEET THICKNESS: .030" 

CONTINUING CURRErH 

CONSTANT CURRENT 
(138 AMPERES) 

TIME DURATION RANGE: 

0.52-1.54 secs. 

20 40 60 80 

o 

o 

o 

MEAN CURVE 

100 120 140 160 180 200 220 
COULOMBS 

FIGURE 12. Area of Hole Formed Vs. Coulomb Content of Lightning Strike. 

N 
:! 

320 

280 

240 

:! 200 

UJ 
...J 
0 160 :::t: 
u. 
0 
~ 120 UJ 
II: 
~ 

80 

40 

o 

STAINLESS STEEL 

SHEET THICKNESS: .030" 

CONTI NUING CURRENT: 

CONSTANT DURATIO~ 
OF 1.0 sec. 
CURRENT RANGE: 
60- 200 AMPERES 

20 40 

o 

o 

o 
MEAN CURVE 

80 100 120 140 160 180 200 
COULOMBS 

FIGURE 13. Area of Hole Formed Vs. CouLomb Content of Lightning Strike. 

43 



c" .. 

------------~------------------

. . . 

I 

. , 

.' 

t .......... 

FIGURE 14 . Pur e Ti tanium , 0 . 005" T hick , 500X , O ne 
E lec t :-ical D is c ha r ge . 

44 

PI 



l L __ ~.___ __~ ___ _ 

... .~,," ~. 

""'.. ,. ~ ". ~ . 
..... ~ or 

-,.......-----......... ~. 

l 
i 

- - ---. ----~ 
FIGURE 16. Pure Titanium I 0 .0 05" Thick, SOOX, Three Electrical Discharges. 

Note Appearance of Herringbone Structure Characteristic of Brittle 
High Temperature Beta Form. Also, Note Presence of Highly 
Oxidized Region at Surfaces. 
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FIGURE 17. Pure Titanium I O. O~S'' Thick, 900X lOne Electrical Discharge. 
Note Region of Overheatin g and Fusion Next to Surface. The 
Immediate Surface Layer had bee n Melted . 
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Note Crack in Fusion Zone. 
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FIGURE 19 . 6 Al . ~4V Titanium Alloy to. 016" Thick t 260X t One Electrical 
Discharge. Note Oxidized·Surface. 
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FIGURE 20. 6 Al.-4V Titanium Alloy, 0.016" Thick, 920X, One Electrical 
Discharge. Note Herringbone Structure of Oxidated State. 
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Underneath. 
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FIGURE 22. 6 AI. -4V Titanium Alloy, 0 . 016" Thick; 2 OOX. Five Electrical 
Discharges. Note Eighly Oxidized Surface. 

FIGURE 23 . 6 At. -4V Titanium Alloy, 0.015" Thick, 260X, Thirteen Electrical 
Discharges . Again Not~ Oxidation and General Thinning 
Resulting from Additional Discharges . 

48 

-- -



- - --- -

r .... 

1 ! 
l 
J 

\ 

\ 

I . , " , f i : , , ' • I I If!! " l l I . It! I ; t • ! ' '\ 1 'I I' ! II ' 
i -r;r .. " (1 2 5T4 ' I.£~-" J»!tE\.. 3. (~r.v-.!.:' -4 ""0' 

J ! ';; ~:' . I t i l l l11 111 I ! I j I1II I I II ! 111 1111 I I II I1II : I ! I I ! i I ! j ; I I f i I I ! I r I I I I< 
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ten discharges. 
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FUEL IGNITION THROUGH AIRCRAFT SKINS 

Introduction 

The work on lightning strikes to aircraft skin was primarily concerned 
with defining ignition mechanisms of fuel in contact with the underside of the 
skin . The investigation was not limited to ignition 'produced by burning a 
hole through the skin but was equally concerned with the possibility of 
lightning producing a localized temperature "hot spot" on the undersurface 
of the skin which would remain at an ignition temperature for a sufficient 
period of time to ignite a combustible mixture . The relationship between 
ignition delay and ignition temperature for a typical hydrocarbon is shown 
below . 
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At 1200 0 F I the melting point of aluminum I the ignition delay is 
a pproximately 30 seconds . It would be impossible for a hot spot to maintain 
t hat temperature for such a period of time conSidering the excellent thermal 
conductivity of aluminum . Therefore I hot spot ignition ha s not been a problem 
with aluminum skin . 

Titanium and stainless steel on the other hard I have relatively low 
th ermal conductivities and high melting points (3000op and 2500 0 p respec
tively) . Lightning striking these materials could produce temperatures in 
the strike zone up to their melting points without producing a hole . Referring 
again to the above curve I the ignition delay at these temperatures is in the 
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millisecond range. Considering the lower thermal conductivity of these 
materiQls, there was good re.)son to believe that an electrical discffirge 
could create a "hot spot" which would produce ignition. 

Thus our program, which was largely experimental, was designed to 
characterize the temperature grudients created by electrical discharges, 
varying in their coulomb content I and to relate these to their ignition capa
bility in terms of ignition delay time and the fuel-air ratio of the combustible 
mixture. Tests were run on copper t aluminum I stainless steel-and titanium 
in thicknesses ranging from .020 to .060 inches. 

Toward s the end of the program a mathematical model was developed 
to correlate the experimental data and to facilitate parametric studies of 
ignition hazard in terms of the physical properties of the material, the fuel
air ratio and the energy tran sferred by the electrical discharge. 

In summary the program objectives were: 1) to obtain the coulomb 
levels of lightning discharges necessary to ignite a typical fuel-air mixture 
through metal surfaces of aluminum, titanium I and stainless steel, 2) to 
measure the time of fuel ignition after initiation of the lightning strike for 
the above materials, and 3) to determine the mechanism by which fuel 
ignition occurs in these cases. 

Test Apparatus and Techniques 

The same test chamber which was used for the hole burning experiments 
and which is described in the previous section was employed for these tests. 
Two high speed cameras were positioned to record the ignition and the tem
perature distribution on the undersurface of the metal sample. Through the 
mylar walls of the chamber a Hi-Cam camera in front of the test chamber was 
loaded with high speed Kodak Ektachrome film and photographed the discharge, 
burnthrough and vapor ignition. A Fa stex high speed camera below the 
chamber was set up to view the undersurface of metal sample. It wa s loaded 
with Kodak infrared film and recorded the temperature distribution around the 
strike zone and the ignit~0!1 and _propagation of the ~ame. 

Fuel ignition times were established from the analysis of both the 
color and infrared films. A check on these measurements was obtained through 
use of a sensitive microphone placed into the test chamber. 

A sketch of the electrode configUration and its relation to the metal 
sample is shown in Figure 1. The electrical discharge consisted of a two
component wave which is characteristic of a natural stroke. It consisted of 
a 38kA high current spike with a rise time of 7.5 microseconds and a decay 
time of 12.5 microseconds. This initial spike was followed by a low amplitude 
current flow of between 90 and ISO amperes lasting for period s up to 1 second I 
depending on the charge transfer desired (Figure 2a). In addition a few tests 
were conducted with a three component wave shape such as shown in Figure 2b. 
In addition to the 38kA initial peak and the low amplitude continuing current, 
a middle component of about 1400 amps lasting for 80 milliseconds was 
employed. This was the same test arr<:.ngement employed in the hole burning 
exper~ments I illl discharges were of positive polarity with the test metal as 
c'at!1ode. 
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The tests were conducted by selecting an amperage discharge level 
for the continuing current portion of the strike and then varying the coulomb 
content of the stroke by changing the time duration of the current flow. To 
rclute charge transfer to ignition I each time the metal skin was struck the 
time duration of the current flow wa s increa sed until ignition occurred. On 
aluminum and copper a hole was required before ignit~on was achieved. On 
titanium and stainless steel, it was possible to ignite the mixture vvithout 
burning -a hole. In the ca se of these metals I the duration of current flow 
was increased until a hole was burned in the metal sample. The ignition 
timeS and the ignition mechanisms were compared under these circumstances 
i. e. I by hole burning, with the mechanisms and delay in the presence of a 
hot spot only. 

For aluminum a current level of approximately 90 amperes was em
played. For titanium and stainless steel, a current of 130 to 140 amperes 
was used. For a combustible mixture propane and air in a ratio that was 
1.5 times stoichiometric was employed. This ratio is generally considered 
to have the lowest ignition temperature. To test this I a few tests were also 
run at 0.75 and 2.25 stoichiometric. 

In addition to the photographic coverage I instrumentation consisted 
of a temperature sensitive paint applied to the undersurface of the skin. By 
this means it was possible to record peak temperatures for radial distances 
away from the strike zone. 

Test Results 

Titanium.- The resultsof the tests on 20 mil titanium showed that a 
two-component discharge such as shown in Figure 2a with a charge content 
of 5.5 coulombs transferred by an average current of 90 amperes for a period 
of 61 milliseconds is sufficient to cause ignition of the fuel-air mixture 1.5 
times stoichiometric. At this level no hole is produced; the ignition resulted 
from a hot spot only. The hot spot formed is very small and appears as only 
a discolored circular area about 1 to 2 mm in diameter on the underside of the 
strike zone. The results of all tests are listed in Table IV (Appendix). In 
addition I Figure 3 shows a series of three photographs of a 100 coulomb 
lightning strike to 20 mil titanium. 

Tests performed in th.e same manner upon 40 mil thicknesses of titanium 
also resulted in ignition occurring at charge transfers as low as 5.75 coulombs. 
The waveform of such a discharge is shown in Figure 4. This charge was' . 
. transferred by an average current of 93 amperes for 63 milliseconds. Other 
tests made at this and greater amounts of charge transfer resulted in ignition. 
It is very interesting to note that 20 and 40 mil thicknesses of titanium both 

-require the same amount of charge transfer to cause ignition. 

The results of the tests on 60 mil thicknesses of titanium did not 
follow the same pattern of low coulomb ignition threshold levels c; ssoc iated 
with the 20 and 40 mil thicknesses. These tests showed that for charges 
transferred at a rate of about 115 amperes for a period of .95 seconds a total 
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FILM AT BURN THROUGH-40 MILLI

SECONDS AFTER START OF 

DISCHARGE 

FILM 43 MILLISECONDS AFTER 

START OF DISCHARGE 

FILM 50 MILLISECONDS AFTER 

START OF DISCHARGE 

FIGURE 3. High Speed Photography (3500 frames/second) of a 
100 coulomb lightning discharge to 20 mil titanium 
sheet. Camera is viewing the underside of sheet at 
bumthrough. Ignition of fuel vapor present can not 
be readily seen in these films. 
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of 107 coulombs of charge was necessary to cause ignition. It is not under
stood why the 60 mil sample requires a much greater coulomb content for fuel 
ignition than the 20 and 40 mil samples. It is recommended that a 50 mil 
sample be tested to help clarify this question. 

Figure 5 shows the metal discoloration on the underside of the test 
metal resulting from the transfer of 125 coulombs for 60 mil titanium. A sum
mary of the coulomb ignition thresholds 'for a 1.5 st{)ichiometric propane-air 
mixture is given in Table I for all materials studied. 

Material 
Thickness 

0.020" 

0.040" 

o .060" 

TABLE I 

COULOMB IGNITION THRESHOLDS FOR 1.5 
STOICHIOMETRIC PROPANE-AIR MIXTURE 

Titanium Aluminum 
(Ti-8Al-1MO-IV) (?024T-3} 

Coulombs Coulombs 

5.5 not determined 

5.75 20 

100/125 46 

Stainless Steel 
(Series 304) 

Coulombs 

4.4 

12 

41 

All thicknesses of titanium sheet tested ignited fuel vapor by a hot 
spot; a hole was not required. Titanium, with its high electrical resistivity 
(Table II) generates a larger amount of heat than materials such as aluminum. 
Also, the heat generated is contained in the strike region for a relatively 
long time due to its low thermal cond.uctivity. As a result a high temperature 
region exists in the vicinity of the lightning strike for a much longer period 
of time than for aluminum. 

Knowledge of the time of fuel ignition after the initiation of the light
ning stroke (Table III) is important to establish the ingition mechanism. Thick
nesses of 20 and 40 mil titanium displayed ignition times of about 44 and 72 
milliseconds respectively at electrical discharges of the order of the coulomb 
ignition threshold. The mechanism of fuel ignition by hot spots is most likely 
the transfer of heat from the hot undersurface to the gas by conduction. When 
a sufficient amount of the ga s ha s the required amount of thermal energy, 
ignition occurs. . 

Some tests were conducted on 20 mil titanium with a three-component 
discharge wave at levels much greater than the threshold, as shown in Figure 
2b. It was found that ignition occurred in the 2nd component at a current of 
1350 amps and a time of 5 milliseconds. At ignition, about 6.5 coulombs had 
been transferred to the metal which is in agreement with the threshold figure. 
Ir]nition occurred before burnthrough about 40 mil'liseconds later. This demon
S~rates that even with high current strikes, such as tho se found in nature, 
fuel ignition occurs following a fixed coulomb transfer which is very near the 
threshold region. This demonstrates the hazard that exists from fuel vapor 
ir:rnition by a surface hot spot. . 
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TABLE II 

TABLE OF PHYSICAL PROPERTIES 

Thermal 
Conductivity Specific Heat of 

Melting BTU/ft a Resistivity Heat Fusion Density 
Point of Sec °Flin Microhm-em I3TU/lb..PP BTUDb Ibslin 3 

1200 

950 

2550 

3200 

3000 

3000, 

1540 

840 

105 

112 

52 

50 

3 

70 

60 

170 

200 

0.24 

0.12 

0.135 

0.13 

0.13 
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167 

108 

137 

0.100 
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0.286 

0.164 
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ContiuiJ.inc; GUf.'t\;nt 
;/;ajor divisions are 46 amp::; and 20 m~;;ec. 

IntGgral of continuing currcmt 

Ma,jor divisions are 11. 5 coulom.bs and 20 rnsec. 

Oscillograms of 5.75 coulomb continu.ing CU.rr0nt 
discharge applied to .0/tO ::'nch tHanii.un (TI-8/\L-
11m-IV) resulting in formation of a small hot 
spot and ignition of fuel-al'c mixture. 
(test no. 235) 
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FIGURE 5. 

~,.,.. - ," .~. "." - ,-, .- .,,-.. 

.-; '," 
..•. :','" _<."~ .,' •.... ~ . .<" c'.~ ,," ,:.: 

Metal discoloration resulting from hot spot 
fonnation on under side of 60 mil thickness of 
titanium resulting from a 125 coulomb charge 
transfer to the top side. Hot spot was 
sufficient to cause ignition of fuel vapor. 
Hot spot is shown full scale. 
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TABLE III 

DISCHi\RGE AND IGNITION TIMES AT COULOMB IGNITION THRESHOLD 
REGION 

Thick
nesS 

0.020" 

0.040" 

0.060" 

Titcmium 
Cou- Discharge 
lomb Time (ms) 

6 56 

8 62 

107 950 

Ign. 
Time 
(ms) 

44 

72 

900 

Aluminum 
Cou- Dis. Ign. 
lomb Time 'l'ime 

22 
*37 

(ms) (ms) 

130 
300 

130 
100 

Stainless Steel 
Cou- Dis. Ign. 
lomb Time Time 

4.4 
*8.0 

(ms) (ms) 

48 
55 

125 
105 

* Above threshold level. 

Photographic evidence was obtained of the burnthrough for some of 
these tests conducted at very high coulomb levels. It was found that molten 
tit(}nium particles from the bumthrough are blO\"ID into the tank at high 
velocities. The high speed photography indicates these particles travel at 
a speed of about 200 feet/second measured at a distance o.f one inch below 
the surface. It was also observed that these particles ignite the fuel vapor 
a s they travel through the contaL1er. The particles are travelling much faster 
than the flame front which is probably burning at about 10 feet/second. In, 
this case the particles act as a match, lighting the gas through which they 
are passing. 

Aluminum .- Tests were made upon 40 and 60 mil aluminum in the same 
manner a s those made upon titanium. The tests upon 40 mil thicknesses of 
aluminum were all made at identical rates of charge transfer of about 125 
amperes. Here I the time duration was gradually increa sed until ignition 
occurred. It was found that 20 coulombs were necessary to cause ignition 
of the fuel-air mixture for the 40 mil sample. For the 60 mil thickness of 
aluminum I a minimum of 46 coulombs of charge must be transferred to cause 
ignition. This transfer required current flow for an average of 0.35 seconds. 
A hole wa s always formed simultaneously with ignition for the aluminum tests. 

One of two mechanisms can cause ignition with hole formation: 

1. Molten aluminum metal blown into the interior of the fuel tank 
is responsible for fuel ignition. 

2. The plasma directly is responsible. for fuel ignition. 
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Both of these mechanisms require the occurrence of a hole for ignition 
Molten aluminum from the hole blown into the combustible mixture would 
be capable of igniting the propane/air since the spontaneous ignition tem
perature of propane is 920 0 F and the temperature of molten aluminum alloy 
is at least 950 0 P. Ignition at this temperature however would have a delay 
time on the order of minutes. As can be seen from Table II, there is essen
tially no ignition delay (discharge time-ignition time = 0). Therefore the 
mechanism described in Item 1 above does not seem rea sonable. 

Ignition by the second mechani sm, the pIa sma directly, ha s much more 
merit. It would be expected that this ignition mechanism would have very 
little or no delay time a s in the ca se observed here. 

Stainless steel.- Tests upon 20 mil stainless steel were made at u 
continuing current of between 80 and 100 amperes at durations of 50 milli
seconds. Ignition resulted after 4.4 coulombs of charge had been transferred. 
No holes were formed at the point of lightning strike and only a sm·all dis
colored area on the underside of the sheet was observed. 

The 40 mil thickness was tested with an a':erage continuing current 
amplitude of 140 amperes with varying amounts of time duration. Twelve 
coulombs were sufficient to cause ignition to occur. The 12 coulomb test 
resulted in no hole being formed, and only a discolored area on thi3 under
. side was found l similar to the 20 mil tests. 

Sim-Har tests on ·60 mil thicknesses of stainless steel at the same. 
"-current amplitudes showed that the ignition threshold is 41 coulombs. Por 

these threshold tests, no holes were found to be present when ignition occurred. 

Ignition time measurements were conducted on the 20 mil stainless 
steel sample only. An ignition time of 125 milliseconds was measured at the 
coulomb ignition threshold. Since no holes were formed upon fuel ignition 
it is concluded that the ignition mechanism is the same as for titanium. 

Copper. - A few control tests were performed on some 30 mil commer
cially pure copper sheets. As copper melts at 19000 F I it was of interest to 
check its ignition mechanism for this type of experiment •. It was found that 
copper always formed a hole prior to fuel ignition. It is concluded that light
ning strikes to copper will always bum a hole and ignition occurs by the plasma, 
as is the case for aluminum. It was found that 60 coulombs were required to 
burn a hole and ignite the fuel. 

Fuel ignition times. - A plot of fuel ignition time vs. the amplitude 
of the continuing current is shown in Figure 6 for a number of tests. The 
experimental points are for 20 and 40 mil titanium. As thicknesses of 20 
and 40 mil titanium show equivalent coulomb ignition thresholds, they are 
treated equally in this plot. In all cases the duration of the lightning strike 
was greater than the ignition delay time, except one test with 40 mil titanium. 
Therefore, the curv-e drawn does not include any weight from this point. As 
can be seen this point is a little above the curve. 
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The plot shows the general trend that would be expected for this 
situation. At high current levels a short ignition time is noted. At low 
current levels very long times are indicated. This type of curve is of the 
form: 

t(I-i) = c 

where t = fuel ignition time 

I = continuing current 

i = a threshold current, below which ignition cannot occur 

c = a constant in units of coulombs 

The threshold current is the value, below which no ignition would occur no 
matter how long the current is applied. Stated another way, it is the iqnition 
threshold at an infinitely long time. The constant (c) in the above equation is 
roughly equal to the ~oulomb ignition threshold for 20 and 40 mil titanium. 

For tests made at the coulomb ignition threshold, the ignition times 
were similar to the arc duration time. Therefore, the region above the curve 
in Figure 6 represents conditions in which fuel vapor can be ignited prior to 
the end of the dischar<]e. T~e region below is the safe region, in which no 
ignition occurs. The curve is the coulomb ignition boundary for 20 and 40 
mil titanium. To check this curve with the data collected, all experimental 
points were plotted on the graph. An N indicc.tes no ignition; a Y indicates 
ignition. 

Figure 7 shows a portion of thi s smooth curve at 1.5 stoichiometric 
fuel/air. From the few tests done at 0.78 stoichiometric a second curve is 
shown above the other curve in this Figure. As can be seen, the coulomb 
ignition threshold is greater for 0.78 stoichiometric than for 1. S. As pointed 
out before, a fuel-air ratio of 1.5 stoichiometric is the most easily ignited; 
any other ratio will require greater energy. 

Temperature of metal s kin at time of fuel ignition.- As part of this 
work, a temperature profile was determined for the titanium samples at the 
time of fuel ignition. To determine the temperatu re, a test series was con
ducted in which the temperature of the metal wa s determined as a function 
of the radial distance from the center of the strike. To do this, a· series 
of "Temp-i-laq" coatings were applied to the undersurface of the material. 
These coatings show a characteristic phase or color change at a specified 
temperature. The temperature radial distribution was determined at the 
coulomb ignition threshold for 20 mil and 40 mil titanium. This was, in 
both cases, 5-6 coulombs. Figure 8 shows this experimental relationship. 
In addition, a minimum ignition temperature for ignition by a hot spot was 
established by this technique. For these tests, copper sheets were also 

- tested. These tests employed propane/air at 1.5 times stoichiometric. 
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As it was found that aluminum (M. P. 12000 F) and copper (M.P. 1900°F) 
both require a hole for ignition, the minimum ignition temperature by a hot 
spot must be above 19000 F. It was found that stainless steel, which melts 
at 25000 p, ignites fuel by a hotsp:>t. Therefore, this is the upper temperature 
boundary, From the "Temp-i-laq" measurements, it is observed that the tem
perature of the underside of the material is between 2300 0 F and 2500 0 F, There
fore, the hot spot ignition temperature for a propane/air mixture when struck 
by a lightning discharge is 

It is also noted that this ignition temperature is probably dependent 
upon the size of the hot zone expo sed to the ga s, 

Mechanism of Energy Tran sfer Through the Metal Skin 

The knowledge of how energy (heat) is tran sferred through the metal 
skin is important to the proper selection of ways to reduce and eliminate hot 
spot fuel ignition. To clarify this question, a mathematical analysis wa s 
conducted on this problem. The objective wa s to predict the mmdmum tem
perature reached by the skin during a typical, but well-defined lightning 
strike, and secondly, predict the temperature distribution radially in the skin. 

Problem.- Temperature distribution for an infinitely large plane metal 
sheet during a typical lightning strike was investigated. It was assumed 
that the ratio k/ pcp and R are constants where k, cp ' 0, and R are respec
tively the thermal conductivity, specific heat, denslty I and re sistivity of 
the metal. A bolt radius T is introduced in order to remove the mathematical 
singularity at the point where lightning strikes the metal sheet. The governing 
equation for the temperature distribution rEladsa s follows:· 

dT ~ ( ) pCp crt - k 'V" T = Q x, Y / t (i) 

where Q(x, y, t) is the power generated by electrical resistance. Here x and 
yare the cartesian coordinates in the plane of specimen, and t is time. 
U Sing Ohms Law, the power generated can be written as 

Q(x, y, t) = I2(x, y, t)R. (2) 

Denoting Io(t) as the current intensity generated by the lightriing strike, 

I(x, y, t) = I(r, t) = Io(t) for r < r 

for r > r 

where 
~ .. 

r = (x'" + y ) and (3) 
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To c.~valuate the maximum temperature reached, equations (1) and (2) 
, ,.,',:r;-,1\10eo and evaluated in a Greens function. IThe Greens function, 

,\1'.,: ;';S1:10 temperature in terms of a triple integral, Js then integrated 
'::::; 'tii::":; I radial distance and a geometry factor. The details of the inte
. t' < :~~:: over time, radial distance and a geometry factor are not included 
'1, ~,' I .:: s they are quite lengthy, but a final solution for the special case 

,1 is sho'vVl1 below. 

Maximum temperature of ll}etC!-l skin at r = ~- The Greens function 
. ,'1 ::O\V be evaluated for r = 0, the maximum temperature at the center of 

':,", lightning strike, for a thin titanium metal skin. Por this particular case, 
;;;:' t'Ciuation becomes much more simple and many terms in the integrated 
'" '!1sion are found to be very small or zero. Thus, 
~ ... ~ ~- ' . 

T(r = 0, t = t) = 

\~: :lie equation to be eva luated, where 

"'R = resistivity of metal 

I = current through arc 

t = duration of lightning strike 

- bolt radius r = 

cp = heat capacity of metal 

p = density of metal 

To = metal temperature before strike 

= 
= 

= 

= 

= 

= 

= 

-4 3.20x10. (2-m 

90 amps 

0.061 sec 

1.1 x 10-3 m 

6.63 x 10 2 Jcules/K - °c 
g 

4.50 x 103Kg/m3 

250 C 

"~c' are the experimental condition s for an ignition threshold lightning 
: :: ·,2 in 20 mil titanium. When evaluated for these conditions a maximum 

-':-:rature reached during the lightning strike is 0 btained. 

Tmax = 1700
0

C 

or = 31000 p 

"' Table II, it can be seen that fuel ignition for 20 mil titanium occurred 
:; :nilliseconds with a strike duration of 56 milliseconds. The ignition 
,.~rature can be computed as follows: 

T = 3100( 45
4
6 ) ignition 

= 24500 P • 

. ~r,:Sult is in line with our experimental value o'f 2400 + IO·OoP. 
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It is important to state that r, the holt radius, was the mea sured value 
on a number of materials. What was measured was the radius of a region 
showing strong color change and material deformity. Whether or not this 
is the best value to use for the bolt radius is subject to question. This 
point is raised because the bolt radius comes in as r 4, so any uncertainty 
in r will be much more uncertain as [4. Therefore, the result should be 
expre s sed as 

due to the uncertainty in r. 

Temperature distribution in skin.- It was desired to calculate the 
temperature distribution radially from the point of strike as an additional 
means of suggesting ways of reducing the hazard of hot spot fuel ignition. 
Ideally, this would correlate closely with the experimentally determined 
curve for 20 and 40 mil titanium (Figure 8). This solution would require 
integration of the Green I s function over the appropriate variables. The most. 
straight-forward way to do this is by computer. Unfortunately, this was 
not done in this contract. A correlation of this type would lend much m0re 
confidence to this model and its ability to predict other temperatures I such 
as that obtained with a composite or a material with an ablative on it. Use 
of this type of model to predict the ignition hazard can greatly reduce the 
number of lightning experiments required to establish the temperature dis
tribution. The computer problem was not completed due to a contractual 
redirection in the technical scope of the program. 

Conclusion s 

In summary I the following conclusions are drawn: 

1) Fuel ignition by "hot spots" from lightning strike is possible 
with all titanium and stainless steel alloys studied. . 

2) Aluminum always burned a hole in conjunction with fuel ignition. 

3) Very low charge transfers (5-6 coulombs) can ignite fuel vapor 
through 20 and 40 mil titanium; the 60 mil sample was twenty times more 
resistant (100 coulombs) • . 

4) The ignition times were on the order of a few milliseconds for a 
a typical lightning discharge to 20 and 40 mil titanium. 

The reasons for the apparent inconsistency in the results from the 
test upon 20 I 40 I and 60 mil thicknesses of titanium are not clear. Addi
tional testing upon 50 mil titanium in conjunction with additional work on the 
mathematical model shculd help in answering this question. 

Complete results of all ignition tests are presented in Tub Ie IV in the 
. Appendix. 
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IGNITION AND FLAME PRO?AGATION IN AIRCRAFT FUEL VENT SYSTEMS 

Introduction 

Approximately three months before the end of the contract work, 
Dynamic Science and General Electric were requested, by the aircraft 
industry, to conduct C1 series of tests on a simulated S-tube and surge 
tank assembly similar to that found on the 707 jet transport. 

It has been recognized for a number of years that lightning can ignite 
fuel vapors at the vent exit and that the flame can then propagate through 
the vent line.; to the tanks, causing destructive fires and explosions (1) • 
There has been continuing work on this problem to develop protective tech
niques that will prevent a flame from reaching the fuel tanks. This has 
involved inelting systems, techniques for flame suppression, and the use 
of flame arrestors. The success of these systems depends, to a large extent, 
on the characteristics o'f the flame and the environment in the vent system 
at the time ignition occurs. The experimental investigation was deSigned 
to determine maximum flame speeds that might be encountered following a 
lightning-induced ignition and to test the effectiveness of a prototype 
flame arrestor developed by NASA engineers at the Lewis Research Labora
tories. 

Lightning strikes are characterized by one or more high amplitude, 
short duration spikes, separated by periods of long duration, lo"v'! amplitude 
continuing current flow. The initial high current discharges, often as 
high as 50 kA or 100 kA, produce an intense blast pressure which tends to 
accelerate the rate of flame propagation follOWing ignition. Some experi
menters have reported flame speeds approaching 1000 feet per second 
following lightning-induced ignition (2). Obviously, flame speeds of this 
magnitude would require different means of control than would the relatively 
slow laminar or turbulent flames which normally propagate at speeds of 10 
to 20 feet per second. 

The purpose of these tests was to detennine whether flame speeds 
approaching shock wave velocities occurred in the vent system following 
lightning ignition and, if so, could their passage be stopped or materially 
slowed by the presence of a flame arrestor. In the pursuit of these objectives, 
the following investigations were conducted: " 

1. Determine the effect of simulated lightning wave shapes, current 
amplitudes, and location of di scharge on the propagation velocity 
in the vent system. 

2. Determine the feasibility of employing a flame arrestor or flame 
retarder in the vent system as a means of slowing the passage of 
the flame. 

3. Determine modifications to the vent outlet and 3-tube geometry 
that would reduce flame propagation velocity. 
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Test Equipment 

The simulated fuel vent system used in this program is shown in a 
::::JrClph in Figure 1. It consisted of a simulated vent outlet and short 

'::0:, of 5.5" diameter S-tube leading to a surge tank. 

The vent outlet was rectangular in shape, measuring 2" x 8" and was 
: "::~ccted to a 5.5" diameter S-tube at a right angle. The S-tube wa s 42" 
: . :i":'tjth as measured along the center line. It was bent 450 , 24" from 
:',' ';cnt end and then 900 as it came out of the surge tank. The surge tank, 
.:;·>,:lri::al in shape, had an inside diameter of 15-1/2" and an inside depth 
::: ·::-)/8". The top of the surge tank was bolted to the chamber and sealed 
,.::::'. a neoprene gasket. 

1\ 2" diameter tube was welded on the periphery of the tank wall near 
..•.. ::)ttom of the tank to serve as a mixing chamber for the introduction of 
· :.- :·.;stible mixtures of propane and air. . 

.f!... propane-air supply system was att2ched to this mixing chamber. Con
.. ·1 : f the fuel-air ratio and the flow of the combustible mixture through the. 
"S:~-':1 was accomplished by means of pressure regulation, flow meters and 
· .·.:·:Jid valves. Commercial grade propane (93.49% propane, 0.212% 
"·::·')1[e, 4.00% ethane, 1.90% isobutane, and 0.26% n-butane) and dry air 
:,. ~.: c':nployed in these tests. The fuel-air ratio was fixed at 1.1 stoichio-
- ·::ic (4.2% by volume) for most of the tests. The flow rate of the com-

.. : ~ ::ijle mixture was maintained at approximately 4.0 cubic feet/minute, 
<.i~:; produced a laminar flow in the S-tube at a ReYnolds number of about 
"'" .:"". 

The flame arrestor, when employed, was mounted in the surge tank. 
;-.; 0:-restor diameter was the same as the inside of the surge tank and it 
i';:: 2" thick. When installed, its upper surface was approximately I" below 
: -., ::)P of the surge tank. Over the center of the flame an'estor, beneath 
: '-:' ');JGning where the S-tube entered the surge tank, a 12" diameter plate 
:'~,"';!:led the arrestor from the direct impingement of a fast-moving flame. 
,:.~ :'lQte se!".Ted to deflect the flame radially outward toward the periphery 
. :-.;; Surge tank. A photograph of the arrestor, with the plate removed, is 

· ..•. :::1 in Figure 2 •. 

The arrestor itself was constructed from corrugated stainless steel 
~: '::,,<:d again st a flat backing plate and wrapped in a tight coil around a 
.. - ~ '~Nork resembling a reel for a movie film. The corrugation approximated 
: :::-:c; wave and, when placed against a flat plate, created openings with a 
,:" star of .050". A detail of this is shown in Figure 3. 

For later tests, an area of 17.7 sq. inches was cut away from the 
· .... :-.~ 'Nall of the surge tank, below the arrestor t(ink, to provide venting 
~. ':;::it of the flame. This blow-out area, present for configurations D 

.:.., Was covered with saran wrap prior to each test. 
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FIGURE 1. Photogra ph of Vent Test System. 
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FIGURE. 2. Arrestor in Surge Tank. 
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\\ 3terial:- Stainless Steel 
C:orrugation Shape:- i'\pprox. Sine Wave 
Depth of Arrestor:- 2 Inches 

+ 
0.005". I 

~_-- 0.2"-----... 

?IGURE 3. Details of Flame Arrestor for Simulated 707 Aircraft 

Surge Tank. 
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Instrumentation was required to measure the velocity of the flame 
as it travelled down the S-tube into the surge tank. It was also important 
to know if the arrestor stopped the flame or if the flame penetrated the 
arrestor and entered the surge tank below. Additional data of interest was 
the pressure pulse transmitted by the li.ghtning blast to the surge tank and 
the existence of a shock wave in the S-tube following the discharge. 

Interest in the shock wave stemmed from previous reports of flame 
speeds approaching the speed of sound. If such a speed were measured, it 
would be interesting to relate this to a shock wave, if one 'were present. 

The General Electric High Voltage Laboratory wa s responsible for the 
selection and calibration of this instrumentation. Photodiodes were chosen 
over ionization probes because of their low-impedance, fa st response and 
adequate sensitivity. The diodes were mounted in an insulating material 
which isolated them from the surrounding metal. The diodes were connected 
to oscilloscopes and a multi-·channel recorder (Honeywell Visicorder) by 
individual shielded cables which were passed through a shielded conduit. 
Both cable shields and conduit were grounded outside the test area at the 
recording equipment. No grounds were made at t!1e transducer end to prevent 
induced voltages from occurring in the instrumentation circuits as a result 
of transient ground currents arising from the simulated lightning discharges. 
The use of a multi-channel recorder permitted all traces to be monitored on 
one piece of paper. A sample of data is shown in Figure 9. 

In addition to the photodiodes, the pressure was monitored at four 
points in the system a s shown in Figure 4. These were the vent exit (A) , in 
the S-tube just outside the surge tank (B) , in the surge tank above the arrestor 
(C), and in the surge tank below the arrestor (D). Pressure sensitive piezo
electric transducers were assembled from lead titanate-lead zirconate ceramic 
crystals and mounted in insulated housings. The output from these pressure 
tran sducers was also placed on the multi-channel recorder. 

The location of the instrumentation is shoWn in Figure 4. For flame 
speed measurements, six photodiodes were employed, mounted in pipe fit
tings along the S-tube and above andbelow the flame arrestor. 

Table I below lists the instrument stations referred to in Figure 4, 
giving the distances between them and the vent outlet. 

TABLE I 

Segment Station Distances in Feet 

Increment Total 

o - l,A 0.333 0.333. 
1 - 2 0.907 1.240 
2 - 3 0.886 2.126 
3 - 4,B 0.917 3.043 
4,B-S,C 1.188 4.231 
5,C-6,D 0.375 4.606 
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Section 0 was at the center of the vent exit opposite the end of the 
S-tube. All segments except segment 4,B-5 ,C were straight line distances 
measured from center line to center line of the appropriate photodiodes. The 
length of segment 4-5 was determined by pulling a string tight between the 
station 4 and 5 pipe fitting s and mea suring the length thereof. 

Test Configurations 

A total of five distinct vent system configurations were tested. In 
tabulating the results of this test program, reference is made to the vent 
configuration. To permit a proper evaluation of these result s, the different 

-configuration s are described below: 

Configuration A - Flame arrestor installed; no blowout hole cut in 'surge 
tank. 

Configuration B - Flame arrestor removed; no blowout hole cut in surge 
tank. . 

Configuration C - Flame arrestor installed; top of surge tank elevated 1.5 n 

and sealed to surge tank with masking tape. 

Configuration D - Flame arrestor installed, 17.7 sq. inch blowout hole cut 
in surge tank below arrestor and covered with saran wrap 
prior to each test. 

Configuration E - Flame arrestor removed; 17.7 sq. inch blowout hole cut 
in surge tank below arrestor and covered with saran wrap 
prior to each test. 

Lightning Simulation 

The simulated lightning discharges were limited to the high amplitude 
short-duration current spikes which are characteristic of lightning strokes 
and which have been found to create the blast pressures believed to produce 
the high flame speeds in the vent line. No low-amplitude continuing currents 
were applied for this series of tests. 

The General Electric high current generator was used for these tests. 
Both damped and oscillatory wave shapes were employed with amplitudes 
ranging from 38 to 195 kA (3). The rate of current rise (di/dt) was varied 
between 8 and 25 kA/microsecond, depending on the wave shape employed. 
The'high current generator was charged to a voltage ranging betvveen 80 kV 
and 100 kV. Wave shapes typical of those employed in these tests are shONn 
in Figures 5 and 6. Additional waveshape variations are shown in the Appen
dix, Figures I, 2, and 3. All discharges were of positive polarity, with the 
vent system a s cathode. . 

A photograph of the test apparatus in place at the General Electric High 
Voltage Laboratory with a tungston electrode pOSitioned near the lip of the 
vent outlet is shown in Figure 7. The output of the high current generator 
was discharged through this electrode to the vent system. 
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135kA 

Underdam p ed oscillatory W?:ive . Crest 
is 135kA in S I-lsec. Undershoot is 
- 7SkA. Initial di/dt = 16 . 9kA/l-lsec. 

- 144 kA 

'-
I • 

j 

.. 
_ J 

to 

I 

-----180kA 

Underdamped, highly oscillatory wave . 
Crest is lSOkA in S I-lsec. First under shoot 
is - 144kA . Initial di/dt = 22 . 5kA/~ec. 

FIGURE 5 . Typical Wave Shapes Employed 
for Lightning-Flame Ve locity Te sts. 
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Overdamped (unid-i r ectiona l) wave. 
Crest i s 66kA in 7 . 51-1 sec. Initial 
d i/ d t = 8 . 8 kAl j..l sec. 

-46kA 
__ ,~_-... _~~ __ .. L._~ ~. --~~~ 

7.A..-.-.....~~-~-~··-- ......... 
11SkA 

Und er-dam ped, slightly o sci lla!ory wave. 
Crest is 11 Ski~ in 7 use c . Und e r shoot is 
-46kA. Initial di/dt ~ 16 . 4kA/u s e c. 

FIGURE 6. Typical Wave Shape s Employed for Lightning-Flame 
Veloc it y Tests . 
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Electrode Vent Outlet 
- ._- ~-- --~-~~. ~~.- ~.--~-- -----,./ ---
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I 
FIGURE 7. Electrode Positioned at Vent Out1~t. 
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For some of the tests, the electrode wa s po sitioned at the vent outlet, 
Figure 8a . It was felt that this most - nearly approximated actual operating 
conditions . However, a large number of other tests were made \-vi th the ti p 
of the electroce pOSitioned well within the 'lent so that the arc occurred 
directly acro ss the En d of the S-tube I Figure 8b . The o b ject in changing 
these electrode pOSitions was an attempt to achieve a maximum flame velo
city. The d ischarge current flowing from the elec\rode to the vent system 
was conducted away from the vent line through a copper braid "vrapped around 
the neck of the v ent line . This prevented current flow through the vent 
system which might interfere with the instrumEn tation. 

Flame Velocity Calcula tions 

The average velocity of the flame between diode stations was calcu
lated by dividing the time it took for the flame to travel from one station to 
the other by the known di stance between station s . Each photodiode had a 
restricted angle of view since it wa s mounted a considerable d istance up a 
supporting tube, away from the center of the S-tube . 

Figure 9 illu strate s a typical recorder trace and the various photodiode 
outputs are shown . These have been marked to show the technique used for 
measuring the time lag between stations . In this case, it took 22 milli
second s for the flame to travel from station 1 to 6 I a distance of 4.60 I. 
From this data I an average fla tre v elocity of 210 ft. per second can be cal
culated . 

Test Results 

The test objectives were twofold; first I to determine the maximum flame 
velocity that could be induced in the vent system by simulated lightning 
ignition. Once established , the second objective was to determine the 
ability of an arrestor to stop or r etard this flame. The vent system as ini
tially tested (Configuration A) had no hole cut in the surge tank. The search 
for a condition which would allow high flame speed s, along with the reali
zation that an actua l surge tank ha s some effective venting area, led to the 
testing of the additional system configurations . The configurations were 
tested in the order list ed , beginning with Configuration A. 

Configuration A. - The flame arrestor was installed for Configuration A. 
It was found that damped. or underdamped, slightly oscillatory .current dis
charges of 12 5 kA or more (Figure 6) caused flames to travel down the tube 
and penetrate the arrestor; while discharges of less than 125 kA amplitude 
c c:. used flames which were stopped by the arrestor. For each case the 
maximum overall average velocity was 12 ft. per second . On tests run 
with this configuration, numbers 523 through 557, a maximum velocity of 
approximately 20 ft . per second was achieved in the S-tube. Observation 
of the flame profiles of some of these tests shows the presence of a secon
da ry fla me appearing, a pparently after the original flame has completely 
died out, a t stations 1 through 5 and possibly at 6 . Further analysis indi
cates that the se are actually two separate flames, travelling Simultaneously 
away from a common point of origin near station 40 The speeds of these 
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A . Electrode Positioned 
at Vent Outlet . 

S-Tube 

,,/i'~ 

~"t 

& 

Electrode 

\ ~ ~ 

\ ---~1r~," -
1)-0i~ / / 

/,/ ". ~I\\\ / / 
B. Electrode Positioned l!,,>.\ 1,' I 

0.5" or 0 . 75" Ahove J ) '-'I r,,;.J 
Lower Lip of S-Tube I /. //~ 
Inside of Vent. "<-. '::~-' 

Vent 

FIGURE 8 . El ect rode Arrang em cnt at Vent Outlet. 
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Visicorde r tl'i'lCeS showing output voltc,ges of photodiodcs and 
pressure trc\ns duc8rs at stations 1 through 6 . Configuration 
D, vent outle t 90 <;{' cloth tap e d . 100 k'lI , slightly oscillatory 
dischc: ;-ge fiOm el ec trode positioned 0 . 75 in . above lower lip 
of S-tube , inside! o f vent . Over~ll average flarae velocity 
210 [to pur s ccl);l d (Tf"c;t # 590) . Timing lines are at 10 msec . 
intCl ':dls • 
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flames were mostly between 100 and 400 ft. per second. During these 
tests I a second flame was observed" popping out" of the vent outlet a 
split second after the initiation of the first. An example of such a flame 
is shown in Figure 1 o. There were indications that a pressure buildup 
occurred in the surge tank which drove residual flames back up the vent 
line. 

For the tests of this configuration I the best electrode position was 
a deep penetration of the vent outlet with the electrode directly in front of 
the 5-1/2" S-tube. This would be expected because by discharging the cur
rent in a more-or-Iess enclosed space I a higher pressure rise was obtained 
which tended to accelerate the flame. 

Configuration B.- This configuration was achieved when the flame' 
arrestor was removed from Configuration A. The results were identical with 
those tests using Configuration A in which the flames penetrated the arrestor. 

Configuration C.- In an effort to determine conditions which would 
result in increased flame speeds I it was decided to elevate the top of the 
surge tank 1.5" above the tank I in order to provide a blowout area which 
would relieve pressure build-up in front of the flames. This blowout area 
was covered with masking tape prior to each test to prevent the fuel mixture 
being fed through the surge tank from escaping. The flame arrestor was 
installed. Using discharges Similar to those employed in Configurations 
A and B I no changes were observed in average velOCities (around 11 ft ./sec.) . 
The flames not only penetrated the arrestor I -but blew the masking tape off. 
Similar tests were made with the vent outlet partially sealed with cloth tape 
shielding the discharge below the tape. These tests resulted in overall 
average velocities as high as 140 ft. per second. In this configuration, the 
ignition of the gas at the partially closed vent exit permitted the products 
of combustion to build up behind the advanCing flame front prodUCing a much 
higher propagation rate. 

Configuration D. - This series of tests were run with a 17.7 sq. in. 
hole cut in the surge tank below the flame arrestor in order to Simulate the 
opening.5 provided by the secondary vent lines in an actual system. The 
electrode position was maintained inside the vent exit for most of these 
tests I (Figure 8b). Since previous studies of flame propagation have shown 
that the velocity of flame propagation in a duct is highly dependent on the 
magnitude of pressure buildup behind it which results from expanding com
bustion gases I a series of tests were run with 90% of the vent outlet taped 
shut. Velocities of up to 790 ft. per second were achieved between stations 
4 and 5 using a slightly oscillatory wave with a peak current amplitude of 
150 kA (tests 589-599). Average overall flame velocities (between stations 
1 and 6) of up to 307 ft. per second I were obtained arid the flames pene
trated the arrestor. It was realized that sealing the vent outlet could not 
be considered a valid Simulation of actual operating conditions and these 
tests were considered to b~ of academic interest only. 

A more realistic Simulation was obtained when the vent outlet WElS 

uncovered and the electrode tip was positioned at the center of the vent 
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1. Photo-diode 01~tput at station 1 (vent end of "S"-tube) 
A. Piezoelectric transducer output at station A (same as 1) 

Major divisions are 100 msec and 0.2 volt 

~ ... ~"--~r--;<i"'IQ- .--::-......... ~c<-;;:.;.,~~. 
r~.-."''''"...:.-''' .. 1._,_ ..• ===- '.- -~ .... - ._H __ ...... 

4 ;t," -:~. -, ': ... T-~ ':,>::'l- ~f' ~ 

t, I ; " ..1 
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5 L~--.J.-"~~~.~-;.-... .J.i·l 
4. Photo-diode output at station 4 (before 900 bend) 
5. Photo-diode output at station 5 (above flame arrester) 

Major divisions are 100 msec and 0.2 volt 

6. Photo-diode output at station 6 (below flame arrester) 
Major divisions are 200 msec and 0.2 volt 

FIGURE 10. Oscillograms showing flame intensity versus time at stations 
1 through 6 in simulated vent system. 125 kA underdamped, 
slightly oscillatory discharge from electrode positioned 0.5 
inch above bottom iip of "S"-tube inside of vent caused igni
tion of 4.4% (volume) propane-air mixture. Note secondary 
flame pulses, apparently originating between stations 4 and 5 
and proceeding simultaneously in both directions from point 
of origin at about 150 N; ./sec. (test no. 535) 
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outlet, as in Figure 8a. A maximum flame speed of 60 ft . per second wus 
achieved between stations 4 and 5 when the discharge employed a slightly 
oscillatory wave having a peak current amplitude of 150 kA . The overall 
average flame speed for this test was 24 ft . per second between stations 
o and 6 . 

Some additional tests were run under the above conditions but with , 
the flame arrestor wetted with kerosene prior to the tests . In certain tests 
where the flame velocity was relatively low (less than 15 ft . /sec .) the 
wetted arrestor was effective in stopping the flame . 

In summary, with the vent outlet unsealed and the arrestor in position, 
a maximum flame speed of 60 ft . per second was recorded in one section of 
the vent line when the high current discharge (150 kA amplitude) struck the 
edge of the vent outlet. With the arc discharging across the end of the 
S- tube beneath the cover:ed vent outlet, flame speeds over 12 times as great 
were obtained. The presence of a blowout hole below the flame arrestor 
permitted generally fa ster flame speeds than wa s the ca se without it . Where
as the flame arrestor had stopped flames initiated by discharge currents of less 
than 125 kA in Configuration A, flames initiated by currents of equal or less 
ar t-Ilitude penetrated the arrestor when the blowout hole was present. 

Configuration E.- In this series of tests, the flame arrestor was removed 
to see what maximum flame speeds might be possible in its absence . As with 
the other configurations, the wave shape and amplitude and the electrode 
position were varied to achieve a m,!-xi.l1um flame velocity . 

For the most realistic case, with the outlet open and the electrode tip 
at the outlet, maximum flame velocities of up to 156 ft . per second were 
achieved between stations 5 and 6 I using a highly oscillatory wave (Figure 7) 
with a peak current amplitude of 195 kA . The average velocities between 
stations 1 and 6 for these tests were up to 66 ft . per second . 

A test (No . 646) was made with the vent outlet covered with cloth tape 
and all other conditions remaining the same. In this ca se, an average velo
city of 121 ft. per second was obtained. The initial rate of propagation, 
between station s 0 and 2, was 413 ft . per second, illustrating the effect of 
ignition within a closed vent . 

General remarks on flame speed tests . - Several general remarks 
should be made about the change in flame velocity a s it travelled down the 
vent tube toward the surge tank in this and the preceeding configuration s . 
Following an initially high speed in the first part of the S-tube (stations 
0-2), the flames would decelerate as they pa.ssed toward the 450 bend 
(stations 2-3). Relatively little change was recorded as they passed around 
the bend (stations 3-4) . However, a s the flames pa ssed around the 90 0 bend , 
a marked increase in velocity was nearly always noted, and, in almost every 
test the flame recorded a maximum velocity between stations 4 and 5 . T~is 
appeared unusual because there W6S no evidence of a progressive increase 
in velocit'l' as the flame propagated down the S-tube . Since the distance 
used in calculating this velocity was measured as the shortest distance 
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between stations 4 and 5, the velocity calculated should have been the 
minimum actual flame velocity, since the flames could have taken a longer 
route. 

One of these tests performed with Configurdtion E (No. 649) using a 
highly oscillatory current discharge of 190 kA amplitude, resulted in evi
dence of flames moving at well above 1000 ft. per second within the 
system. In addition, this ignition resulted in a 0.5 inch outward deforma
tion of the outer side of the vent outlet and blowout of a segment of the 
gasket underneath the top of the surge tank. These effects indicated a much 
greater than usual pressure build-up within the system. A thorough check 
was made of the system following this unusual result, which resulted in 
strong evidence that the high current discharge had caused simultaneous 
sparking and ignition at several points along the vent system. The explana
tion is that the vent system was momentarily lifted above ground by an 
amount equal to an inductive voltage rise in the high current ground circuit. 
This voltage rise, proportional to the discharge current amplitude, was 
enough in this ca se to cause sparkover from the surrounding meta I to the 
piezoelectric triJnsducer ground wires. This sparking was evidenced by 
discoloration of the PVC surface between the element and the edge of the 
pipe plug in which it '.'las mounted. This evidence appeared at stations A ~ 
B, and C , but not at D, which also had pressure transducer installed. 
Transducers were frequently in spected and this was the only discharge to 
occur in this manner during the test series. If a lesson could be learned 
"from this experience, it would be that extreme precautions must be taken 
in vent design to insure that induced or o~her voltages, arising in the vent 
system components themselves or in structures or circuits in any way con
nected to the vent sIstem 1 must" be prevented from causing such sparking in 
actual operation. The magnitude of the voltage which cau sed the sparking 
in the present case was estimated to be 11 kV. Such ·J'oltages are not 
uncommon in circuits or structures through which lightning currents may pass. 

A brief summary of test results is presented in Table II on the following 
page. Detailed test results are presented in the Appendix. 

Flame Arrestor 

The performance of the flame arrestor was erratic; however I some 
general trend s were noted that encouraged us in the belief that an effective 
flame arrestor can be developed for this type application. 

The arrestor was partially effective at velocities below 15 ft. 
per second, i.e., in those tests where it did prevent a flame from reaching 
the s urge tank, the fla me speeds were in the range of 5 to 15 ft. per second. 
A number of tests were run, however, where the arrestor failed to stop a 
flame travelling at these slower speeds. For the tests run in which the 
arrestor did not stop the flames, as in Configuration D, the effect of the 
arrestor was to slow the flames passing through it. Some success with 
the arrestor occurred when it was wetted with kerosene prior to ignition. 
In Configuration D the arrestor, when wetted, successfully stopped the 
flame in four successive tests. The maximum flame velocity, however, 
did not exceed 16 ft. per second in any 6f these tests. In other tests where 
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TABLE II 

FLAME VELOCITY TESTS 
i 

Brief Summary of Results 

... _-------.-----------"'-------------, 

Arc Inside 
Vent. Out
let open. 

TEST VARIATIONS 

Arc Inside 
Vent. Out
let partially 
covered with 
cloth tape. 

Arc at Vent 
Outlet, Out
let open. 

Arc at Vent 
Outlet. Out-
1 et partia 11 y 
covered with 
cloth tape. 

".--__ -----t------ir-----+------1--------1 
. 

.. -~ .. 
. , . ..:.7:ional 
'j-- •. Flame ........ -::: . 

. "S::,; i;ct-
,. . 
i1..~.:" 

- . 

ft/sec 
4.4-12.1 

,:_~.::::ional 8.5 
!:." - Ar-
'-" -" :.:- '(loved. 
~~... - .... 

~ 

~ 
,,' c': ~ ·l.rge 

.. :.~ ~ -:;-lated 
" .: .. :res-
1;~ ::":,:,; lled . 

in-

" -.C in 
~!.' :..::: :-lk. 

re-

11-12.8 

13.2-26 

5.4-74 

ft/sec ft/sec ft/sec 

13.4-140 

4.3-307 24 9.8 

92 4.2 - 64 121 

'~.---------------~----------~----------~~------------~------------~ 

The numbers listed above are average velocities, calculated by 
dividing the length of time it took the flames to travel from the 
electrode (vent) to the bottom of the surge 'tank, by the total length 
of the system (4.606 feet). Where a range is shown, a number of 
tests were made and the numbers given are the minimum and 
maximum average velocities. 

"~-------------------------------------------------------~ 
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the flames approached the arrestor at greater speeds I the flames succeeded 
in penetrating the arrestor even though it was wetted with kerosene. 

Perhaps the most significant general trend noted was the ability of 
the arrestor to reduce the velocity of the flame as it passed from station 5 
to station 6. There is some indication that the amount of retardation or 
reduction in velocity is a function of the flame velocity approaching the 
arrestor Ii. e. , the higher the flame velocity I the greater the percent of 
reduction of flame speed. To illustrate this, a plot of the ability of the 
arrestor to slow the approaching flame is shown in Figure 11. There isa 
wide scatter in the data I but a trend is evident that the velocity reduction 
is greater as the approaching flame speed (V 4-5) is increased. 

The reason for the erratic behavior of the arrestor is not known.Addi
tional work must be undertaken to understand the problem before reliable 
flame arre stor s can be de signed. 

Other Results 

In addition to the principal objectives, considerable information was 
dev'eloped pertaining to the electrical characteristic of the lightning discharge 
and its affect on flame speed and pressure in the vent system which will be 
of interest in future testing of this type. These are discussed as follows: 

Pressure. - As discussed in the Experimental Results, pressure measure
ments were not made as frequently or at as many locations during these tests 
as were light measurements. Limitations of time, for this phase of the test 
program, precluded the possibility of making complete light and pressure pro
file measurements, and light measurements were chosen as the most accurate 
means of measuring flame speeds. Pressure measurements were, however, 
made occasionally to ascertain the order-of-magnitude of pressure buildup 
within the system. No pressures greater than 0.5 psi were measured and 
pressure rises I in most cases, were coincident with rises in light intensity 
at the same locations. The pressure pulse inthe surge tank, below the 
arrestor, was approximately the same whether or not the flame passed through 
the arre stor • 

No pressure measurements were possible during the test which resulted 
in a detonation since damaging sparkovers occurred on all three pressure 
transducers. Nevertheless, ample evidence was present of a much higher 
than normal pressure buildup, since the gasket blew out and the 1/8" stain
less steel vent wall was deformed. Such forces would be very damaging to 
an actual aircraft system I constructed of lighter materials. 

'-'.,- . , ", - Simulated . lightning ,current amplitude and wave shape. - The amplitude 
and the wave shape of the current discharge were significant factors in 
determining the velocity of flame propagation. In general, the higher ampli
tude currents produced higher velocities; however, the effect of wave shape 
was more significant than amplitude. A highly oscillatory discharge con
sisting of a number of repeated cycles of current flow I as shown in Figure 
5, was capable of producing flame velocities an order-of-magnitude greater 
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than an overdamped discharge having the same initial peak current amplitude 
but consisting of only one unidirectional surge. An examination of a highly 
oscillatory Wave shape shows that over twelve separate pulses occur less 
than 7 microseconds apart (.007 millisecond). If the initial rate of flame 
propagation were 1000 ft. per second, for example, ofter ignition by the 
first pulse, the flame front would have moved only 0,084" down the tube 
before being hit by the next pulse. These repeated pressure pulses probably 
account for the higher flame speed s. 

The question arises a s to whether or not such an oscillatory current 
discharge can exist in nature I particularly in the aircraft environment. 
Measurements of the characteristics of strokes to grounded objects gener
ally exhibit unidirectional characteristics, similar to the overdamped wave 
shown in Figure 6. Very little is known regarding the characteristics of 
strokes from cloud to cloud which may intercept an aircraft; however I it is 
known that strokes to grounded objects often occur more than once in rapid 
succession, separated by very short periods of time. In such ca ses the 
entire succession is usually considered as making up the stroke and refer
ence is made to this as a multi-spike stroke. The effect of the oscillatory 
wave could be similar in effect to a multi-spike' stroke. Thus, there is 
reason to believe that the use of an oscillatory wave is not entirely unreal
istic for these tests. 

Electrode gap and position. - Both electrode pOSition and arc length 
affected the flame speed,. During the tests I the current spike was discharged 
across a gap of 0.5" and 0.75". In every case the smaller gap resulted in 
slower flame velocities. No velocities above 30 ft. per second were obtained 
with the 0 .5" gap.. All the higher flame speeds occurred with the 0 . 7 5" gap. 

Electrode position was also important to the flame speed. 'N'nen the 
electrode, wa s positioned well inside the vent outlet, in fact directly in front 
of the 5.5" S-tube I much higher flam e velocities were achieved than when 
the electrode was in the center of the vent outlet, discharging to the lip. 
It is our opinion that this effect merely reflected' the increased pressure 
buildup that could occur when the blast from the discharge was semi-enclosed. 
Even greater velocities could be achieved by placing tape over a large portion 
of the vent outlet and placing the electrode inside. 

------ --- - .. - - -- --- - ---
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APPENDIX 

INTRODUCTION TO TABLE I - FLAME SPEED TEST RESULTS 

The following ta ble lists the results of all of the tests run at the 
General Electric High Voltage Laboratory with the exception of those in 
which ignition did not occur. The tests are listed in the order performed. 
In reading the table, the following notes are helpful: 

1. Both the amplitude and waveshape of the discharge current 
were varied. The table makes reference to the appropriate wave
shape figures shown in Figures 1., 2., and 3. following this 
introduction. 

2. With few exceptions, all elapsed times and velocities are listed 
as positive numbers, indicating that the direction of travel was 
from station 0 to station 6, from the left to the right side of the 
page. In a few cases, however, during the tests on Configuration 
A, negative numbers appear I indicating a return flame traveling 
in the opposite direction. 

3. When no numbers are listed for a particular segment of the system, 
no measurements were made at the downstream station' of that 
segment. In these cases, the elapsed time and velocity shown 
for the next segment downstream (to the right on the table) refer 
to the elapsed time and velocity across both segments. In the 
case of Segment 5, C-6, D the lack of data indicates that the 
flame did not penetrate the arrestor when the words "no indication" 
are used. 

4. Numerous variations were made in the test procedure, such as 
varia tion in electrode position or covering of vent outlet, etc. 
These changes are listed in sentence form and appear between 
tests, as they were made. Each such sentence re~ains in effect' 
until that condition is changed by a later sentence concerning the 
same item. In the case of coverings over the vent outlet, the 
absence of any sentence to the contrary indicates that no covering 
was present over the vent outlet. 

5. During testing of Configuration C and E where blowout area s were 
provided, these areas were always sealed with a fragile covering 
prior to each test, so that the fuel-air mixture would not escape or 
be contaminated by air prior to the test. For Configuration C I the 
blowout area below the elevated tank top was covered with masking 
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tape, 50% of which normally blew off during each test. Tne 
blowout hole in the side of the surge tank in Configuration E was 
covered prior to each test with saran wrap, the extremities of 
which were taped lightly in place with masking 'tape. The saran 
wrap burned or blew away during each test, in which ignition of 
the fuel-air mixture occurred. 
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JV r:rca::1pcd (u.c1id iccct tonal) Ha'Jr:~ 
(test no. 52'/). Crest is 66 1\:1\ in 
'7 ')'" '~"C rn'_: t 1.' aJ. d 1.'/ld+ = ucJ .8 k!\/u, S • ~k.><~. _ v 

r--~"-~~'~-~~T 

\ 
I 
! \~ 
j L.. .. -', _n, ............. L, ..... . 

r 
l~-"'--'~-~.-~'-.. "~·.. ~, .. ~ , 

r;'-G 'TI" 1 (b) L 1 U",.!.!. 

Unclecdnrnped, s li[(ntly asc i1 J.atol'y 'vlave 
(test no. 528). Crest is 83 ki'l. in 8 
[J.'3CC. Undershoot is -34 kA. Init ial 
di/dt = 10.3 kA/[J.s(;c. 

Undc~rdarnped, slightly osc illatory \-/ave 
(test no. 532). Crest is 126kA in 

FIGimj~ 1 

? .5 [J.sec. Und(~rshoot is -68 kA. 
Initial di/dt = 16.8 kA/[J.sec. 

f~xamples of oscillograms of different current 
Have shapes ::lpplicd during flame velocity tests. 

:lcte: 1\11 di3chargo:::, '\-/C"ee of positive polarity. Oscillograrns 
nre shown Hith dovmlard deflections due to placement of 
r:'lrrcnt rneasuri.ng shunt in gl'ound return circuit. 
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"l~-"'"i~''' 2 ( , r \JvC' .. l:" tl). 

~::::l:;rdamp(,d, slightlY,Q,3ciUato:."y '..rave 
(t'::::3t no. 540). Crest is ll5 ki\ in '1 
~L32C. Unde~shoot is -60 kc;'. Initial 
,:::i/dt = 16.4 lC1\!lisec. 

ijnderdarapcl, ~ sliCr1t1y 03C i Uator'y '..;a\f,.~ 
(test no. 576). Crest is 85 ~~i\ in '7 
~sec~ Unders~oot is -J3 k~. Initial 
di/dt = 12.1 lcJ\/~scc. 

.,.-

: 

FIGURE 2 (c). Dndcrdmnped oscillatory Have (test no. 
612). Crest i3 150 k1\ in '1.;; ~scc. 
Undershoot is 87. 5 kA. InH ia1 d i/ dt = 
20 kA/~scc. 

FIGURE 2 Examples of oscillogl'aJl\3 of different CU~'l',~nt 
wave shapes applied uuring flame veloeity t<~sts. 

Note: All discharges \{ere of positive polarity. OscilloGram;, 
are shown witi1 do\ffiward deflections nUl:: to plac<~I:l\;llt of 
current measurinG shunt in ~r'ound l'c"Ltn'n Cil','uit. 
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FIGURE 3 (b) 

\j1:1d0 ~'6RJ!1~x~d, h igilly asc illatory H,lVe 

(test no. (53). Crest is 180 10\ in 8 
Ilsec. First undershoot is -lLt4 kA. 
Ini t lul d i/dt = ~2. 5 kli.! Ilsce. 

Underdamped, slightly oscillatory \{ave 
(test no. 6'7L,). Crest is 130 k/\ in '7 
Ilsec. Undershoot is -17 kl\.. Initial 
di/dt = 18.5 kh/Ilsec. 

! , 
I 

I 

i· 

I 

, , 

'. .. ~~ .. 

L~-~,\~;;;:;-: .. ~._.~. , ... ...........,;.. .~ ................... ,; 
FIGURZ 3 (c). J:hlt::L'darnped o:;cillatol'Y -",ave (tes·t no. 

682). Crest is 135 leA in 8 Ilsee. 
UndcrsilOot is -78 klL Initial di/dt = 
16.9 kfl/p.scc. 

FIGUHE 3 i';x:arnplcs of oscillograras of different current 
\olav" shapC:3 applif;d during flume velocity te:;sts. 

(iote: 1\11 d-l~)(!ha1'Ees HCt';;) of po::;itive polarity. Oscillo£l'ams 
are i3rloi:.rn I·rith dO\'fm-rarc1 deflections dUe: to placei:J.ent of 
cUt'I'(-)ut r:18;;:\:-;lu'ing :.i!lt:.nt in ground r'eturll cil·cuit. 
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TABLE I 

\ Flame Velocity Test Results 
I 

Configuration A: No Blowout Area. Arrestor Installed 

Locations Avg. Velocity 

Test Current Flame 1 - 2 2 - 3 3 - 4 4 - 5 5 - 6 
No. kA Wave Arres- t v t v t v t v t v t v 

(Fig) tor msec '/sec msec '/sec msec '/sec msec '/sec msec '/sec msec '/sec Remarks 

523 66 la dry 100 12.4 320 5.6 110 10.8 530 8.0 

524 57 1a dry 630 4.8 180 6.6 810 5.4 

525 57 la dry 130 7.0 530 3.4 270 4.4 960 4.4 

526 43 Ib dry 75 16.6 295 6.1 90 13.2 460 9.2 i 527 43 Ib dry 340 8.9 85 14.0 425 10.0 I 

co 
-J 528 82 Ib dry 70 17.7 170 10.6 100 11.9 340 12.5 

530 120 lc dry 60 20.7 165 10.9 125 9.5 350 12.1 

531 125 lc dry 105 11.8 225 8.0 85 14.0 85 4.4 500 9.2 
-3 -302 -8 -226 7 170 Secondary 

flame 
535 125 lc dry 245 5.1 375 4.8 60 19.8 70 5.4 750 • 6.2 

-12 -150 30 395 30 .52 Secondary 
flame 

537 125 lc dry 515 5.9 175 6.8 50 7.5 740 6.2 
-10 -271 40 30 Secondary 

flame 
538 125 lc dry 430 7.1 75 15.9 55 6.8 560 8.2 

-10 -271 10 118 Secondary 
flame 

539 125 lc dry 835 3.7 95 12.5 930 4.6 

540 125 2a dry 770 4.0 70 17.0 840 5.0 

.......................... "" 

", J".,-.~ 



Configuration A. 

Locations Avg. Velocity 

Test Current Flame 1 - 2 2 - 3 3 - 4 4 - 5 5 - 6 
No. k.A Wave Arrestor t v t v t v t v t v t v 

(Fig) msec I/sec msec '/sec msec '/sec msec '/sec msec '/sec msec '/sec Remarks 

541 125 2a dry 480 6.3 98 12.1 62 6.1 640 7.2 
-10 -119 Secondary 

flame 
543 125 2a dry 515 5.9 65 19.8 60 6.2 640 '7.2 

-lO -119 Secondary 

Flame arrestor wetted with kerosene. flame 

544 112 2a wet 465 6.6 165 7.2 630 6.7 

546 112 2a wet 355 8.6 135 8.8 490 8.6 

551 112 2a wet 415 7.4 , 120 9.9 535 7.9 
co 
ex> Flame arrestor dried off. 

556 108 2a dry 330 9.2 100 11.9 430 9.9 Arrestor 
possibly. 
still damp 

557 108 2a dry 590 5.2 150 7.9 740 --5:'7 " 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - _.- - - - - - - - - - - - - - - - - - - - - - - - --

Configuration B: No Blowout Area. Arrestor Removed. 

Electrode positioned 0.5" above bot~om lip of S-tube, inside of vent. 
I 

552 108 2a out 415 7.3 85 14.0 500 8.5 

_i _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 



Test 
No. 

559 

co 560 
co . 

570 

571 

575 

576 
,. , 

562 

Current 

TABLE I 

Flame Velocity Test Results 

Configuration C: Top of Surge Tank Elevated 1.5" to Provide Blowout Area Above Flame 
Arrestor. This area was covered with masking tape prior to each test. 
Flame arrestor installed. . 

Locations Avg. Velocity 

Flame 1 - 2 2 - 3 3 - 4 4 - 5 5 - 6 
kA Wave Arrestor t v t v t v t v t v t v 

(Fig) msec '/sec msec '/sec msec '/sec msec '/sec msec '/sec msec '/sec Remarks 

Electrode positioned 0.5" above bottom lip of S-tube I inside of vent. 

104 2a dry 290 10.5 110 10.8 20 18.8 420 11 

Vent outlet 90% sealed with masking tape. Electrode positioned as above. 

104 2a dry 215 14.2 45 26 20 18.8 280 16.5 

Electrode positioned 2.0" above bottom lip of S-tube, inside of vent. 

95 2b dry 50 25 155 11.7 100 11. 9 55 6.8 360 12.8 

Vent outlet 90% sealed with cloth tape. Electrode positioned as above. 
• 

95 2b dry 50 25 160 11.3 105 11. 3 315 13.4 

Electrode positioned 0.5" above lower lip of S-tube, inside of vent. 

95 2b dry 12 254 2593 19 19.8 33 140 

95 2b dry 1 1240 6 300 3 395 25 15.0 35 132 

Fuel-air mixture fed into system at location A. 

110 2a dry 7 177 4 221 2 258 13 234 

$" __ .,0 ... _ ........ __ ._ ......... _ j ... ".~i:~ • ..,'...".I"J"~~ ... r_._":"'_.,..,...,., __ 
- .... ,; , 
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TABLE I I 

, I 

I Flame Velocity Test Results 

Configuration D: 17.7 sg. inch Blowout Area Cut in Surge Tank. This Hole Was Covered 
with Saran WraE Prior to Each Test. Flame Arrestor Installed. 

Locations Avg. Velocity 
Test Current Flame 1 - 2 2 - 3 3 - 4 4 - 5 5 - 6 
No. kA Wave Arrestor t v t v t v t v t v t v 

(Fig) msec '/sec msec '/sec msec' '/sec msec '/sec msec '/sec msec '/sec Remarks 

Electrode positioned 0.5" above bottom lip of S-tube I inside of vent. Vent I 

outlet 90% sealed with cloth tape. I 577 85 2b dry 10 423 48 7.8 58 80 

578 102 2b dry 50 24.8 180 10.0 140 8.5 370 11.4 

579 118 2b dry 5 248 35 52 30 40 70 61 
..... 
0 580 118 2b dry 5 248 25 72 40 30 70 61 0 

581 118 2b dry 285 3.2 310 5.8 130 9.1 300 1.3 1070 4.3 

582 118 2b dry 80 15.5 120 15.0 45 26 35 10.7 280 16.5 

583 118 2b dry 80 15.5 110 16.4 50 24 30 12.5 270 17.1 

584 100 ·2b dry 220 5.7 190 9.5 65 18.3 35 10.7 510 9.1 

585 97 2b dry 100 12.4 130 13.9 45 26 45 8.3 320 14.4 

586 97 2b dry 90 13.8 130 13.9 45 26 30 12.5 305 15.1 

Electrode gap increased to 0.75" • 

587 97 2b dry 80 15.5 110 16.4 40 30 40 9.4 270 17.1 
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Configuration 1.J. 

Locations Avg. Velocity 
Test Current Flame 1 - 2 2 - 3 3 - 4 4 - 5 5 - 6 No. kA Wave Arrestor t v t v t v t v t v t v (Fig) msec '/sec msec '/sec msec '/sec msec '/sec msec '/sec msec '/sec Remarks 

Vent outlet covered with saran wrap. 

588 97 2b dry 80 15.5 160 11. 3 60 19.8 50 7.5 350 13.2 
Vent outlet 90% cloth taped. 

589 100 2b dry 4 310 7 258 2 594 3 125 16 288 
590 100 2b dry 5 248 8 225 2 594 7 54 22 210 ..... 

0 

15 120 297 29 40 ll5 
..... 591 100 2b dry 8 155 4 13 

593 100 2b dry 4 310 6 300 1.5 790 3.5 107 15 307 
595 150 2c dry 2 620 30 60 6.5 183 7.5 50 46 100 Arc occurred 

from electrode 

• to edge of 
outlet. 596 150 2c dry 3 413 9.5 190 2.5 475 5 75 20 230 

597 150 2c dry 2 620 3 295 6 153 3 396 6 63 20 231 
598 150 2c dry 8 155 15 59 20 46 10, 119 9 42 62 75 
599 150 2c dry 2 620 4 222 6 153 2 594 6 63 20 231 

Electrode gap decreased to 0.5" • 

602 150 2c dry 21 101 15 61 5 237 5 75 46 100 

.... --... -~--' .. · ... ------~~":I"~~l"r .. -:-... :"'~"t' ,."'~ .... ¥.' "~"""'''':~_' .. .0 
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Configuration D. 

Locations 

Test Currerit Flame 1 - 2 2 - 3 3 - 4 4 - 5 5 - 6 
No. k.A Wave Arres- t v t v t v t v t v 

(Fig) tor msec '/sec msec '/sec msec '/sec msec '/sec msec '/sec 

Electrode gap increased to 0.75" • 

604 1 50 2c dry 5 248 5 177 6 153 3 396 8 47 

Vent outlet covered with saran wrap. 

605' 132 2c dry 120 25 25 48 25 15.0 

606 137 2c dry 160 7.8 360 5.0 260 4.6 190 2.0 

.... 607 137 2c dry 30 41 90 20 30 40 25 15.0 0 
N 

Flame arrestor wetted with kerosene. 

609 137 2c wet 90 12.7 210 8.6 165 7.2 75 5.0 

612 150 2c wet 30 41 50 17.7 30 31 20 59 13 29 

Vent outlet uncovered. Electrode positioned in center of vent outlet. 

614 150 2c wet 58 21 .52 17.0 35 26 20 60 25 15.0 

Vent outlet 90% covered with cloth tape. 

615 150 2c wet 80 15.5 100 8.9 120 7.6 130 9.1 

Electrode positioned 0.75" above lower Up of S-tube I inside vent scoop. 

616 150 2c wet 80 15.5 120 7.4'120 7.6 180 6.6 

621 161 2c wet 90 13.8 90 9.9 140 6.6 190 6.3 

Avg. Velocity 

t v 
msec '/sec 

27 171 

170 27.1 

970 4.8 

175 26.3 

540 8.5 

143 32 

190 24 

430 9.8 

500 8.5 

510 8.3 

Remarks 

f 
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Configuration D. 

Locations Avg. Velocity 
Test Current Flame 1 - 2 2 - 3 3 - 4 4 - 5 5 - 6 No. kA Wave Arrestor t v t v t v t v t v r f (Fig) msec I/sec msec I/sec msec I/sec msec I/sec msec I/sec msec I/sec Remarks 

Reduced propane-air mixture to 3.2 % propane (by volume) . 
Electrode positioned in center of vent outlet. 

622 161 2c wet 140 8.9 200 4.4 270 3.4 610 5.0 

Propane-air mixture now back to 4.4% propane (by volume) • 

704 167 2c wet 80 27 25 37 10 156 ll5 40 

----- ----- ------ -- --- - - - ---- ----- - -- ---- - - --- --- -- - ------- ----

Configuration E: 17.5 sq. inch Blowout Area Cut in Surge Tank. This Hole Was Covered 
with Saran Wrap Prior to Each Test. Flame Arrestor Removed • 

Electrode positioned .33" from outside edge of vent opening. 

624 . 161 2c out 
180 5.1 

140 8.9120 7.4 210 

Electrode gap increased to 1.0" from outside edge of vent opening. 

625 161 2c out 

626 161 2c out 

25 50 

40 31 

35 25 20 46 

80 23 

15 

40 30 

• 

7.4 650 7.1 

104 95 49 

160 27 

-_-_~. , " .j~"""~~~"""~"'~IN'~·~"'~"''''~·'''''·~;f·~''·'''''''~' __ ·~·'''~ :-.-,~-.""",,,,,,,,,.,,.,,,.---~-'""I"M'_""" __ -
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Configuration E I 
t 
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I 

Locations Avg • Velocity t 

1 - 2 2 - 3 3 - 4 4 - 5 5 - 6 'I 
Test Current Flame t v t v t v t v t v t v r 

No. kA Wave Arrestor 'msec '/sec msec '/sec msec '/sec msec '/sec msec '/sec msec '/sec Remarks 
t 
~ (Fig) , , 

Electrode positioned 0.5" above lower lip of S-tube, inside of vent. / 

! 
632 161 2c out 10 124 50 17,.8 25 37 25 63 110 42 

r 

I 
Electrode positioned 1.5" above lower lip of S-Tube, inside of vent. 

t 

I 
633 161 2c out, 20 62 60 14.8 30 31 15 104 125 37 I .... 

0 
161 2c ,;. 634 out 15 83 35 25 25 37 20 78 95 49 Arc occurred 

from electrode 
to edge of scoop. 

Electrode positioned 0.75" above lower lip of S-tube I inside of vent. • 

635 161 2c out 18 69 34 26 26 35 15 104 93 50 

636 161 3a out 10 124 25 36 20 46 15 104 70 66 

r 637 161 3a out .10 124 18 49 22 42 12 130 62 74 

638 161 3a out 15 83 35 24 28 33 12 130 80 58 
!: 
t 

639 195 3a out 10 124 25 36 20 46 15 '104 70 66 r 
640 195 3a out 5 248 30 30 25 37 10 156 70 66 f 

I 

I 
I 
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Configuration E I 

! Locations Avg. Velocit;t I 

1- 2 2 -3 3 - 4 4 - 5 5 - 6 Test Current Flame t v t v t v t v t v t v No. kA Wave Arrestor msec '/ sec msec '/ sec msec '/sec msec '/sec msec '/sec msec '/sec Remarks (Fig) 

Vent outlet covered with saran wrap. 

641 195 3a out 10 124 25 36 20 46 15 104 70 66 

Vent outlet covered 50% with cloth tape. 

642 195 3a out 1 1240 24 37 12 77 9 174 46 100 

Vent outlet covered 90% with cloth tape. 

643 195 3a out 20 107 IS 612 IS 104 SO 92 .... 
0 
tlI 

Vent outlet open. Electrode positioned I" from outside edge of vent opening. 

644 195 3a out 3 413 33 27 22 42 14 112 72 64 
645 161 3a nut 10 124 45 20 25 37 10 156 90 51 

Vent outlet covered 90% with cloth tape. 

646 161 3a out 3 413 12 74 12 76 11 142 38 121 

Vent outlet open. 

649 190 3a out 
2 2115 1 375 3 1540 Evidence of 

multiple ignition 651 190 3a ·out 11 113 29 31 245 8.6 285 14.8 at pts. (At B.C) 
., 657 170 3a out 10 124 40 22 22 42 20 78 92 50 

661 170 3a out 10 124 32 28 21 44 10 156 73 63 

.--------~_ "~M . . (4 .• $S!iS:e.!,...r~~- .......... ~-:--
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Configuration E 

I Locations Aj.rg. Velocity 

1 - 2 2 -3 3 - 4 4 - 5 5 - 6 
Test Current Flame t v t v t v t v t v t v 
No. kA Wave Arrestor msec I/sec msec I/sec msec I/sec msec I/sec msec I/sec msec I/sec Remarks 

(Fig) 
664 38 1a out 300 4.1 160 5.5 270 3.4 730 4.2 

6(5 38 la out ' 170 7.3 150 5.9 150 6.1 150 10.4 620 7.5 

6(16 37 la out 200 6.2 230 3.8 170 5.4 200 7.8 80:0 5.7 

667 58 la out 190 6.5 210 4.2 200 4.6 330 4.7 930 5.0 

.- 668 130 3b out 130 9.5 140 6.3, 190 4.8 180 8.7 640 7.2 0 
en 

, 670 130 3b out 100 12.4 65 13.6 135 6.8 300 10.2 

, 671 ,130. 3b out 90 13.8 60 14.8 50 18.3 50 31 250 18.4 

672 130 3b out 70 17.7 55 16.1 65 14.1 190 lf~O 

673 I 130 3b , out 100 12.4 100 8.9 200 4.6 140 11.2 540 8.6 

674 ' 130 3b out 120 10.3 100 8.9 180 5.1 FlO 8.2 590 7.8 

: I i , Electrode' positioned 2 II from end of vent outlet. 

675 130 3b out 130 9.6 100 8.9 170 5.4 170 9.2 570 8.1 

I 676 i 130 3b out 110 1l.3 80 1l.0 180 ,5.1 230 6.8 600 7.7 
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Configuration E 

Locations Avg. Velocity 

1 - 2 2 - 3 3 - 4 4 - 5 5 - 6 
Test Current Flame t v t v t v t v t v t v 
No. kA Wave Arrestor msec '/sec msec '/sec msec '/sec msec '/sec msec '/sec msec '/sec Remarks (Fig) 

Electrode positioned 0.75" above lower lip of S-tube, inside of vent. 

677 130 3b out 90 13.8 130 6.8 150 6.1 170 9.2 640 7.2 

678 126 3b out 100 12.4 100 8.9 220 4.2 260 14.4 700 6.6 

67~ 128 3b out 100 12.4 120 7.4 220 4.6 310 5.1 750 6.2 

680 128 3b out 110 11.3 125 7.1 245 3.6 300 5.2 780 5.9 .... 
0 
-:J 

681 128 3b out 80 15.5 120 7.4 230 4.0 430 3.6 860 5.4 

683 132 3c out 60 21 80 11.1 60 15.3 50 31 250 18.4 

685 138 3c out 60 21 65 13.6 35 26 35 45 195 24 

687 150 3c out 35 35 75 11.8 45 20 45 35 200 23 

688 150 3c out 35 35 60 15 20 46 20 78 135 34 

689 '150 3c out 30 ·41 70 12.7 30 31 40 39 170 27 

690 167 3c out 20 62 70 12.7 30 31 30 52 150 31 

691 170 3c out 16 78 84 10.5 30 31 30 52 160 29 

692 170 3c out 20 62 55 16 0 1 30 31 20 78 125 37 

----~.--...-,--.... " ... -----"- .". 
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Configuration E 

Locations 

1 - 2 2 - 3 3 - 4 4 - 5 S - 6 
Test Current Flame t v t v t v t v t v 
No. kA Wave Arrestor msec '/sec msec '/sec msec "/sec msec '/sec msec '/sec 

I (Fig) 

693 176 3c out 13 9S 42 21 45 20 30 52 

694 179 3c out 20 62 65 13 .• 6 35 26 20 78 

. 695 172 3c out 20 62 50 17.7 20 46 15 104 

i , 

Electrode is 8" piece of aluminum foil 0.5" wide extending inside vent to 
lower lip of S-tube. 

~ 

0 700 1'55 3c out 50 43 20 46 20 78 
OJ 

703 142 3c out 85 24 15 61 15 104 

I I 

",~'~ ~"'''''''''''l ... ~.Y~, ".~.,_ ., .. , ~".~_",,~ .• _~ ... ,... •• ...,. .. ~, "'. ~._~. ~. 

Avg. Velocity 

t v 
msec '/sec 

130 36 

140 33 

105 44 

90 51 

115 40 

• 

Remarks 

& 
::. 

,. 

I' 
\ 

1', 

i 

r 
!' 
r 
\ 
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INTRODUCTION TO TABLE II - IGNITION THRESHOLD TESTS 

The following table lists the results of the Ignition Threshold Tests. 
The materials employed in these tests are as follows: 

Titanium - 20 I 40, and 60 mil thicknesses 
Aluminum - 40 and 60 mil thicknesses 
Stainless Steel - 20 I 40 I and 60 mil thicknesses 

This Table is self explanatory; however, the following notes may be 
helpful: 

1) All tests were performed using a 38kA initial high current spike 
which lasted a few microseconds ~ 

2) On most tests, following the initial high current spike, a low 
amplitude continuing current wa s applied with both the amplitude and time 
varied to obtain the desired coulomb transfer. This is often referred to as 
a two-component discharge, 

3) For a few tests (No, 179 to 181) , a three-component waveshape 
was employed, This consisted of a 38kA spike I a 1380 amp crest 2nd com
ponent, la sting 80 microseconds I and the normal low amplitude continuing 
current la sting up to 1. 2 seconds ," 

4) High speed photography, which was used to determine ignition 
time, was not employed on all tests, The cameras were only operated on 
tests considered to be the most representative of actual lightning strikes. 
Thus I for many tests no ignition time is given, 

109 
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Test 
No. 

160 

161 

163 . 
164 

165 

166 

168 

179 

180 

181 

182 

183 

187 

188 

TABLE II 
. ..IGNITION THRESHOLD TESTS 

Continuing Current Charge Ignition Ignition 
Avg. Amplitude Duration Transfer Time 

(amps) (msec) (coulombs) (msec) 

20 mil Titanium 

69 960 66.0 no 

65 1400 90.0 no 

92 800 73.5 no 

92 1260 116.Q no 

116 1400 148.0 yes 5 sec. 

119 500 SCl.5 no 

110 1480 163.0 yes 5 sec. 

1380 80 110.0 yes 

1350 80 108.0 yes 5.0 

1380 80 110.0 yes 4.5 

initia 1 spike only 0 no 

110 240 26.0 yes 

105 134 14.0 yes 

124 60 7.4 yes 

. ....... ... _ ... , .. _-.- .... - -,... ~- .......... "'~ ...... - ,- -~ ., .. " ..... " ,. . . . '," 

Hole 
Formed 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

no 

no 

no 

no 

Fuel-Air Ratio 
Fraction of 
Stoichiometric 

1.8 

" 

" 

" 

" 

" 

" 

" 

" 

1.5 

" 

" 

" 

Continued---
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Tl\l1l.f. II 

IGNITION THRESHOLD TESTS 

Test Continuing Current Charge Ignition Ignition 
No. Avg. Amplitude Duration Transfer Time 

(amps) (msec)' (coulombs) (msec) 

20 mil Titanium 

189 initial spike only 0 no 

190 92 20 2.0 no 

'191 initial spike only 0 no 

192 92 20 2.0 no 

..... 193 ..... 92 48 4.0 no ..... 
194 ------ ------- 6.0 yes 

195 92 56 5.0 no 

196 92 66 6.0 yes 

197 97 60 5.8 yes 

199 92 60 5.5 yes 

200 92 47 4.3 no 

201 92 20 2.0 no 

203 74 108 7.0 no 

205 92 140 12.0 yes 

--- ,~ .t .. : .. :;t."ft(~::~:;;,;...,:t!.t~::;!'fZ:;Z~i&i.>; .. !t .. }~~~·~t:!',·l:Jt.i:"~!,..1;::~_--,_~~k;:'~~.~:~_·L': .'~:; '. _ ~J'~_:=' .. -....~: ... : ..... ~_,~"""~ .. ~\. ,cr. j.,-, ... ~._.;'.~ '.'" • "_' ~ >,-' -··--:r~·w·t.. . " .. ... ~_''''''' 
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Test 
No. 

206 

210 

211 

212 

213 

214 

215 

245 

253 

254 

493 

494 

495 

496 

Continuinq Current 
Avg. i\mplitude Duration 

(amps) (msec) 

92 100 

74 60 

74 56 

110 36 

119 200 

115 200 

92 140 

92 60 

92 46 

92 57 

39 kA initial spike only 

II II II II II 

58 kA II II II 

86 kA II II II 

.--~----~ . -..--........ -..--.-..-~--------------------, 

'TABLE II 

IGNITION THRESHOLD TESTS 

. Charge Ignition Ignition 
Transfer Time 
(coulombs} . _ (msec) 

20 mil Titanium 

9.2 yes 

5.0 yes 

4.0 no 

4.0 no 

24.0 yes 

23.0 yes 

13.0 yes 

5.5 yes 

4.25 no 

5.3 no 

------ no 

------ no 

------ no 

------ no 

.------'--" .. ---._.-....... , .. ~. 

Hole 
Formed 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

Fuel-Air Ratio 
Fraction of 
Stoichiometric 

1.5 

II 

" 
II 

II 

II 

II 

II 

" 
II 

II 

II 

" 

" 

Continued---
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TABLE II 

IGNITION THRESHOLD TESTS 

Test Continuing Current Charge Ignition Ignition Hole Fuel-Air Ratio 
No., Avg. Amplitude Duration Transfer Time Formed Fraction of 

(amQs} (msec} (coulombs} (msec} .. Stoichiom etrtc 

40 mil Titanium 

136 69 360 24.9 no no 1.8 

138 101 260 26.3 no no 
I , 

139 119 1000 119.5 no yes 

140 128 1440 185.0 no yes " 
t-" 
t-" 141 128 1440 185.0 no yes " (,..:I 

216 128 1440 185.0 yes 22 yes 0.75 

220 125 126 15.7 no no 1.5 

221 ? ? 15.8 no no " 

224 ? ? 46.0 yes Est.500 no " 

226 138 200 27.6 yes no " 

229 165 140 23.0 yes no " 

230 144 100 14.4 yes no " 

231 165 70 11.5 yes no " 

232 189 61 1l.5 yes no 

Continued---
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TABLE II 

IGNITION THRESHOLD TESTS 

Test Continuing Current Charge Ignition Ignition Hole Fuel-Air Ratio 
No. A.vg. Amplitude Duration Transfer Time Formed Fraction of 

(amQs} (msec} (coulombs} (msec} Stoichiom etric 

20 mil Titanium 

497 88 kA. initial spike only no no lQ5 

518 103 58 6.0 yes 44* no " 
I, 519 88 56 4.9 no no " 

520 92 50 4.6 no no " 

f ~ 
~ 521 191 51 10.0 " ~ no no t 

522 319 69 22.0 yes 13.5 no " ~ 

* Obtained from high level microphone • 

. ----..------.~-,-----, -------------------------_., ... ,.-" ..• ,,-,,-.,.'. " -" -" 
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TABLE II 

IGNITION THRESHOLD TESTS 

Test Continuing Current Charge Ignition Ignition Hole Fuel-Air Ratio 
No. Avg. Amplitude Duration Transfer Time Formed Fraction of 

{amQs} {msec} {coulombs} {msec} Stoichiometric 
• 

40 mil Titanium 

\ 233 125 60 7.5 yes no 1.5 
,. 

234. 93 63 5.75 yes no " 

235 93 63 5.75 yes no " 

236 60 52 3.0 no no " 
..... 237 60 52 3.0 " ..... no no 
t1l 

238 60 52 3.0 no no 2.25 

239 69 60 4.1 no no " 

240 55 60 3.5 no no " 

i 242 115 52 6.0 no no 0.75 

243 138 • I 68 9.0 no no " 

346 60 50 3.0 no no 1.5 

I 327 42 48 2.0 no no " 

328 ? ? 3.5 " no no 

329 ? ? 5.5 no no " 

Continued---
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Test 
No. 

330 

331 

332 

TABLE II 

IGNITION THRESHOLD TESTS 

Continuing Current Charge Ignition Ignition 
Avg. Amplitude Duration Transfer Time 

(amps) (msec). (coulo11lb~L___ ~msec) 

121 57 

100 58 

129 62 

40 mil Titanium 

6.9 

5.8 

8.0 

yes 

no 

yes 72* 

* Obtained from high level microphone. 

TABLE II 

Hole 
Formed 

no 

no 

no 

Fuel-Air Ratio 
Fraction of 
Stoichiometric 

1.5 

01 

01 I 

). 

L. 
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TAB I.E II 

IGNITION THRESHOLD TESTS 

f· 

Test Continuing Current Charge Ignition Ignition Hole Fuel-.'\1r RoUo t· , 
No. /Wg. Amplitude Duration Transfer Time Formed Fraction of r 

(alJlPsl (msec) (coulombs) (msec) Stoichiometric ! 60 mil Titanium 

I 255 125 55 6.9 no no 1.5 

258 125 82 10.4 no " 
I 

no · • I 

259 125 224 28.0 no no " f 
261 125 296 37.0 no no " 

I 
• 

.... 
263 

f .... 125 1100 138.0 -.7J no no " r 
264 125 1100 138.0 yes no " 

265 125 1100 138.0 yes no " 

266 125 960 120.0 no no " 

268 125 . 1010 126.0 yes no " 

269 125 920 115.0 no no " 

270 125 1150 144.0 yes no " 

445 733 150 100.0 yes yes " 

446 733 157 115 yes yes " 

447 733 314 230 yes yes " 

Continued---
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TABLE II 

~ 1, ,1 1 I ' 
IGNITION THRESHOLD TESTS 

Test Continuing Current Charge Ignition Ignition Hole Fuel-i\1r Ratio 
No. Avg. Amplitude Duration Transfer Time Formed Fraction of 

(amps) (msec) (coulombs) (msec) Stoichiometric 

60 mil Titanium 

448· 733 75 60 no no 1.5 

449 . 733 145 106 no no II 

450 733 145 106 yes no 

451 125 1260 157 yes no II 

..... 483 ? ? 99 yes no ..... 0.75 
co 

484 ? ? 106 no no 

485 147 940 138 yes no 

486 I 129 950 122 no no • II 

487 134 950 127 yes no II 

.\ 

488 136 950 129 no no 1.5 

489 113 950 107 yes 900* yes II 

490. 120 440 53 no no 

491 126 950 119 yes yes II 

492 140 950 133 yes yes 2.25 

* Obtained from high level microphone. 

t 
I 
f 

t , 

I 
J 

I 
, 

) 
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'l'M:U: II 

IGNITION THRESHOLD TESTS 

Test. Continuing Current Charge Ignitiol1 Ignition Hole Fuel-Air Ratio 
No. Avg. AmpUtude Duration Transfer Time Formed Fraction of' 

(amQs) (msec) (coulombs) (msec) Stoichiometric 

40 mil Aluminum 

208 92 112 10.0 no no 1.5 

209 119 390 46.5 yes yes " 

317 125 84 10.5 no no " 

319 125 255 32.0 . no no " 

\ 
.... 320 125 300 37.0 100* " .... yes yes 
co 

321 ? ? 19.0 " 
I 

yes yes I 

322 149 138 20.5 no no " t 
323 ? ? 23.0 yes yes II I 

{ 

324 151 136 20.5 no no " 

325 169 130 22.0 yes 130* yes II 

* Obtained from high level microphone. 

~: 

\ . 
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i TABLE'II 

IGNITION THRESHOLD TESTS 

I Test Continuing Current Charge ' Ignition Ignition Hole Fuel-Air Ratio 
No. Avg. Amplitude Duration Transfer Time Formed Fraction of 

(amQs) {msec} {coulombs} {msec} Stoichiometric 

60 mil Aluminum ~ 
i 

273 125 275 34.5 no no 1.5 I 
274 111 

I 

370 '41. 0 no no " 

275 138 210 29.0 no no " 

277 115 700 80.5 no no " 
~ 278 264 440 116.0 " N yes yes 
0 

288 ? ? 93.0 yes yes " 

289 ' '150 575 86.0 yes yes 
! 

290. 141 370 52.0 yes yes " I 
• ., 

I 
291 129 310 40.0 no no " I , 

[. 

292 158 292 46.0 yes yes " 
,~ • 

293 140 350 49.0 yes yes t 
f 

294 140 215 30.0 no no " 

295 148 280 41.5 no no " 

296 154 270 41.5 no no " 

Continued---

I 
t 
I , 

--.. ~ ......... -- ... _- .-. . -... -'" . . ,." .... -.. '" .. ~ .. 



~ 
t-..) 
~ 

I 

'rl\llLE n 
IGNITION THRESHOLD TESTS 

Test Continuing Current Charge Ignition Ignition 
No. Avg. Amplitude Duration Transfer Time 

(amps) (msec) (coulombs) (rnsec) 

60 mil Aluminum 

297 ? ? 53.0 yes 

298 146 333 48.5 no 

299 162 340 55.0 yes 

Hole 
Fanned 

yes 

no 

yes 

Fuel-Air Ratio 
Fraction of 
Stoichiometric 

1.5 

" 

" 

\ 
I' 
f 
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TABLE II 

IGNITION THRESHOLD TESTS 

Test Continuing Current Charge Ignition Ignition Hole Fuel-Alr Ratio 
No. Avg. Amplitude Duration Transfer Time Formed Fraction of 

{amJds} (msec} (coulombs} (msec} Stoic hiom etric 

20 mil Stainless Steel ' 

316 145 55 8.0 yes 105* no 1.5 

334 91 48 4.4 yes 125* no " 

335 70 53 3.7 no no " 

336 70 53 3.7' no no " 

337 66 53 3.5 no no " 

338 79 51 4.0 no no " 

339 96 54 5.2 no no " 

340 75 53 4.0 no no " 

341 96 54 5.2 no no " 

342 115 57 6.6 yes yes " 

* Obtained from high level microphone. 
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Test 
No. 

279 

280 

• 282 

284 

285 

286 

287 

300 

301 

, 
:-

TABLE II 

IGNITION THRESHOLD TESTS 

Continuing Current Charge Ignition Ignition 
Avg. Amplitude Duration Twns£er Time 

(amps) . (mse.ct __ .. _ .1cpuloIl1b~L_ ----.lmsec) 

40 mil Stainless Steel 

138 290 40.0 yes 

153 209 32.0 no 

127 291 37.0 yes 

187 222 41.5 yes 

152 69 10.5 no 

72 160 11.5 no 

? ? 25.2 yes 

205 61 12.5 no 

197 61 12.0 yes 

Hole 
Pormed 

no 

no 

no 

no 

no 

no 

yes 

no 

no 

Fuel-Air Ratio 
Fraction of 
Stoic hiom etric 

1.5 

" 

" 

" 

" 

" 

" 

" 

" 
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t'" I " TABLE II " <r. ..-

IGNITION THREQHOLD TESTS I :< 
:;; 
'" ex> 

t 
Test Continuing: Current Charge Ignition Ignition Hole Fuel-Air Ratio I () No. Avg. Amplitude Duration Transfer Time Formed Fraction of 

~ (amps) (msec) _ (coulombs) (msec) Stoichiometric I I 
~-' 

Q 
60 mil Stainless Steel 0'\ 

343 156 59 9.2. no no 1.5 

344 ? ? 11.0 no no II 

345 ? ? 33.0 no no 

346 ? ? 41.0 yes no II 

.- 347 ? ? 45.0 II 
N yes no 
tJ1 

348 ? ? 30.0 .. no no II 

349 ? ? 32.5 no no II 

350 ? ? 36.5 no no II 

351 ? ? 36.0 no no ~. 
352 ? ? 46.0 yes no II 

t 



.-

1 -, 

~ \ E 

.) C. FI ,;';)T CLASS r,'iAll 

POS\~·L\5T~R . 
If l.~nJ.eli\'er.\~!c (5<: (iun t:-{. 
1 I ~ d \{ ("> .... 1 Do ~l t Ro- t 

------------~----------$---------~--.-----------------------------------
'TI.-- ,:.rr1 .. wi;C.;! ;(' i .. t.IL~ I(~i: i:;,;5 CJ li)e CI:i!ed "I. :'. f if:.';! l't 

Crll;;I: (.,,! " •.. r :0 < , !~:i!f.. .' I., ;/ ~- .Xl'.II.:,if'Jil ',f : .. ! : t ':'JU 

d~~ .-.f pi£:;WI"C'1.I j:; t.c at Ij{JJP::'~"~ .• i1.f,sp.ICIl, T/.- '<'Ii,:,:'. !,~Oil 
SCI!! 1""; ;'/: f)" ,';;: :. I /, ':. ?r.!c .. :,,;& c' .Ii;;! ,If'propd:iI( i!!SJell."~.i:./!;Oi: 
O

t I"fr. f' 'Ir" 'M ( ')"""7 I'S "/1' '.,' I "I ,I'e '''' . ,', ' r'r' J ,~vl j :,~ I." { if . .. , .I'~.., ~ It.. ~ ... :"".1 ~ t . ..- .1. 1(..\, •• " t'l.l. 

__ 'AT'O"iAL AEROK.\L'TJCS A"n SPACE; C OF 1958 

N:" . .5A SCIEl T IFIC ~ ,l~D T t:C1-1~ TICAL PUBLICA TIO~ 'S 

,:"!""'l-~-:l. '"Ie \.1. p\.I~nR r5: S<:-it.r.titl( ~~nd 
[ ...• ..:. n ic ! larurr'lh:" f1 . ~ns!de!ed i:""~'H i. ~~.nc 

1 • I'· • 

~l)~"!1FJ.ctc, J .. n"l ~~ .:.~~) 1-1; ,::.lnCrlLi th)(l t·) eXlSL:It; 

.:i .J ~' eJge 

:c fP bat nc\'crt· .. · t..:3S oi lInp()r[~ul":t;,1 ... I. 
C H1([lbutlon to ~'.L:!;l~ knowledEe .• 

~ It' Irp1:tt:on r,,:c\.:~\ln.: lim:ccd distrl·· .. :o,)n 

\,.. ,,~ .... i prt .. t .. t, ""y <..: .. 1".1. t.;cC'~trtr\~ c~ .. ;...,:'d1Ct-

-i c,ll. pr ntht"[ f': .. ) n'i 

(0:.; t\. \eTOH. Ii r~OR1S. :Li,l1'it;· ;,d 
'- hnlctl inf~]ri..J:,\.1 ~en,-::-Jted 1.n·,,\~~ .LJ.. T.:\SA 

~ l' .. 'L'lt I r t!r.i.n: ~ 1 _l ':\..:lSUJCft:J.- 1 l~nrl)(Tant 
c.. mnbnlO:l to {·".,ri'1!.; l.nowk<i:,~·. 

TECH>JlCAL TR:l..'~SL:\TIO 'S: In:vrfl'\J.riln 

rl.blish J in .l i,'rr:i,.,:n I1ngu.,g.e (vcside!cd 
tc. merit NASi\ d;mibl~tion In E:l6lish. 

:t'[C1.\l Fl ~. L;C '..TI(\);S: Ip:O:l:1.1~·Or: 
c~t:.i\'eJ frof'l or of \';liue W L .-\;);\ ant\ l:ies. 

P\~!)lic,1(ions ',i\ci ~\.t .... confl.:··~.''-:: ~'!.",~cccd!n,~:~ 
! .... {.nosr~ rhs. d." ":\ cr;mplb .. t~on~~ L~ .. n ... ~ ~·H.)~J~S. 
,,)llrL2bouks, .11.1 ,[.c:.li b::,li·':!' .. r bic5. 

TECHKOLOGY l'TlLIZATlO~ 'T 

~Cf LiC-,\T['l.-~ 1 '!cr:n.tt.vn ,';~ ( . .:hncL,;y 
unl v}' ~ ;,:;,.\. t!lJ( l11.ly be ot p.HtI(uLlr 
i~~(c:-{:sr H1 \,.. -:r.:- ...... L;~t~ .~nd O~·'l ... ·~ J:,,:>:...:rusl);:ce 

"rt.<..:hnl1log,' l-',:1Ll(~0n RLporr~ o.:-1d ?"'O(CS, 

.tnJ Te :,o"i( l.:i" S,·f\·c:·s. 

. t\TIOl'V\L AERONr\UTlCS A D SPI\( ~ I 
.~' a5hins~or., D.C. 20546 

MiN lSi P ,L\.. ION 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136



