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NITROGEN INERTING REQUIREMENTS FOR
POST-CRASH FUEL TANK EXPLOSION PROTECTION

By
Richard G, Hill
Federal Aviation Adminiscration
National Aviation Facilities Experimental Center
Aircraft and Airports Safety Division
Fire Protection Branch

A project was conducted at the National Aviation Facilities Exﬁerimental
Center (NAFEC) to determine the capability of nitrogen inerting in pre-
venting fuel tank explosions during post-crash ground fires. The project
was conducted in two distinct phases; Phase I being small-scale’tests
.using a 50-gallon capacity test tank and Phase II full-scale tests using
outer wing panels from a C-133 aircraft (with a capacity of approximately

1,340 gallons).

The main objectives of the test'program were as follows:

1. Phase I

a. To determine the maximum oxygen concentration (when

nitrogen inerting is used to reduce the 02 concentration) which will not *

support an internal tank reaction (explosion) due to hot-surface ignition,

tan‘k‘bﬁfn—through, or a high-energy spark in the tank during a post~
, - . ve
crash ground fire.

b. To determine the effects of elevated fuel vapor tempera-

‘ture on the amount of nitrogen inerting (expressed in oxygen concentration)

needed to avoid any noticeable‘tank reaction.
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2, Phase II ”

a. To demonstrate by large-scale testing, the results of
Phase I, thereby giving confidence in using the results of small-scale
tests for full-size fuel tanks.

PHASE I TESTS

The test article used in Phase I was a 50-gallon aluminum tank
with replaceable bottom and . 003 aluminum blowout panel on the top.
The blowout panel (12" by 18") was designed to relieve at approxi-

mately 4 psig. The test article was equipped with a nitrogén inerting

“line connected to a high-pressure nitrogen bottle through a regulator.

‘The following parameters were measured during the program:

1. Temperature of the fuel, ullage, and bottom skin ipside
the test article,

2. Plressure inside the test article (minimum pressure rise
detectable was 0.01 psi).

3. Visible flaming in the test article was monitored by three
Clairex photoconductive cells and a Fenwal infrared detector.

~4, Fuel vapor concentrations in the test article ullage.

: Ve
‘5. Oxygen concentrations in the test article ullage.

The flame source for all Phase I tests was a three-flue steel burner

‘using atomized JP4 for fuel. Each flue had an exit of 6" by 9'. The
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temperature of the flame impinging on the test article could be adjusted
by changing the fuel and air pressures or by changing the height of the
test article from the burner. Flame temperatures used ranged from

1,200°F (heat flux of .75 Btu/ft*/sec) to 2, 000°F (heat flux of 2. 25

Btu/ftZ/sec).

~

A variety of small-scale tests was run, under varying conditions,
designed to first define the fuel tank environment likely to cause an
explosion during a postk~crash fire and then define the amount of nitro-
gen inerting needed to reduce the oxygen level to the point where an
explosion Would not occur. Over 100 small-scale tests were conducted.
The tests were divided into three series: Hot-surface ignition, spark
ignition, and tank burn-through ignition. All tests utilized Jet A-type
fuel in the tank.

A summation of the small-scale inerting requirements is shown in

Table 1.

e



TABLE L.
Type of
Ignition

Source

Hot
Surface

Hot
Surface

‘Spark

Spark

Burn-
Through

-4 -

Tank
Temperature
Range

Skin less than 500°F
Ullage less than 300°F

Skin greater than 500°F
Ullage greater than 300°F

Skin less than 500°F

Ullage less than 300°F

Skin greater than 500°F
Ullage greater than 300°F

Skin greater than 500°F
Ullage greater than 300°F

SMALL~SCALE TEST RESULTS

Oxygen Limit
No Explosion

Oxygen Limit -
No Reaction

No Explosion

(Percent) (Percent)
18 12.5
Less Than 17 Not |
’ Determined
14 12
10. 4 9.9

No Reaction

The inerting requirements in the small-scale tests were obtained

from the following test results:

l.

Explosions at fuel tank skin temperatures of less than 500°F

and ullage temperatures of less than 300°F, from hot-surface ignition,

did not occur when the 03 concentration was lowered to 18 percent or

below. Figure 1 represents the tank skin temperature, oxygen level,

and préésure for three typical tests using various quantities of fuel.

Vi

It should be noted that the time to auto-ignition increased as the fuel

quantity increased,

was increased by the greater amount of fuel.

The skin temperature at auto-ignition remained

"in the same range (490-520°F), but the time to reach that terhperature
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2. Reactions at fuel tank skin temperatures of less than 500°F
and ullage temperatures of less than 3OOOF, from hot-surface ignition,
did not occur when the 0, was lowered to 12.5 percent or below.

Figure 2 shows a comparison Qf two tests defining the auto-ignition
level in terms of the absence of a recordable pressure rise. A slight
pressure rise was noted at an oxygen conc'entration of 14 perccat, but
no rise was noted at a 12.5 oxygén level. Figure 3 shows the magnitude
of reaction from aﬁto-ignition for various oxygen concentrs*ions.

Since the‘ absolute magnitude of a reaction is a faction of nét only the
intensity of the reaction, but also the vent system of the tank, there-
fore any reaction could produce an unsafe condition depénding on the
configuration and conditio‘n of the tank vent system.

3. Elevated temperature tests (skin temperatures above 500°F
and ullage temperatures higher than 300°F) showed that tank explosions
could occur at a 02 concentration of 17 percent, due to hot-surface
ignitions. Because of a self-inerting phenomenon (slow oxidation) that
occurred above a skin temperature of 500°F, hot-surface ignitién fests
at'spe'éific 02 concentr;tions and temperatures were impqssible. Tl:}gre-
fore, alh number of tests were run, starting with an 0, concentration of

21 perceni and using the 2, 000°F flame, to determine if hot-surface

ignition would occur at lower oxygen concentrations and elevated

.
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temperatures. No hot-surface ignitions occurred below 17 percent 0p.
Skin temperatures were allowed to reach the melting point of aluminum
and 0 concentrations dipped below 5 percent. The history of a typical
elevated temperature test is shown in Figure 16. During that test, a
spark ignition was activated at an 0, concentration‘ of 10.5 percent to
show that an explosive mixture was present in the tank. At the ime
of the explosion, the skin temperature was 1, 050°F and the ullage
800°F, Similar"te}sts flad been run in which‘ no spark was used-and no
reactions occurred, with the test being terminated when the’ 0, con-
centration dropped to near 5 p_ercen;t, Figure 4.repres ents a typical
elevated temperature auto-ignition test.

Because the ele,vated temperature tests represent only a
few out of an almost iﬁfinite number of possible tests varying 05,
temperature, rate-of-rise of temperature, and dwell time, an exact
concentration of 02 which will support an explosion at elevated tem-
perature could not be determined. But, as will be seen in the next
section, results at elevated temperatures using a spark ignitor Weré:
able to define a maximum allowable 02 concentration, and since all
) - Vi
tests indicated that the internal tank spark was a much mo.re severe

test than hot-surface ignition, the 02 concentration found to protect

‘against a spark would also protect against any hot-surface ignition.
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4. Tests using a spark ignitor proved it to be a more severe
ignition source than a hot-surface ignition source. For the conditions
described in the first result listed, explosions were recorded with an
02 concentration as low as 14.5 percent and reactions were recorded
as low as 12,5 percent.

5. Elevated temperature tests usin'g a spark ignitor snowed
that a 10.5 percent 0, concentration supported an explosion and 10
percent 02 was the lowest }poinvt at which a recorded reaction occurred.
Figure 5 shows the magnitude of reaction for various oxygeﬁ concen-
trations from a high-energy spark. | It can be seen from the graph that
the difference in oxygen concentrations between an explosion and a
reaction was far less than it was due to auto-ignition. Figure 6
represents an elevated temperature spark ignition test where slight
reactions were noted due to the spafk at oxygen levels above 10
percent but no reaction below 10 percent.

6. There were no recorded reactions during any of the burn-
through tests. Figure 7 shows the reaction (or lack of it) for three

burn-'tHfough tests at different oxygen levels (21 percent 02, 14 per-

e

cent 02, and 0 percent 0p). No difference Was‘.noted between the tests,

I8



PHASE II TESTS -

Six full-scale tests were conducted using two DC-7 wing fuel tanks
and four outboard wing fuel tanks from a C-133 aircraft. The same
Parameters were measured in the full-scale tests és were measured
[ during Phase I. The test fire was supplied by six,‘ six-flue burners

using JP4 as fuel. The burners were situated under the wind in such '
a manner as to produce a 2, 000°F flame (héat flux of 2.25 Btu/ftz/sec)
on the wing.

A summation of the inerting reguirements for the full-scale tests

'f' . . 'is shown in Table II.

TABLE II. LARGE-SCALE TEST RESULTS

Type of Tank ; Oxygen

Ignition Temperature Concentration Results

Source Range ‘ : (Percent)

Burn- Skin greater than 500°F 21 Fire in Wing

Through Ullage greater than 300°F No Pressure
Rise Noted

Hot Skin less than 500°F 21 Explosion

Surface Ullage less than 300°F

" Hot Skin less than 500°F 21 Explosion
Surface Ullage less than 300°F

. - ) Ve
Hot ) Skin greater than 500°F ‘9 No Reaction
Surface Ullage greater than 300°F - Noted
- Spark Skin greater than 500°F 9 No Reaction
’ Ullage greater than 300°F . Noted
Spark Skin less than  500°F 15 " Explosion
Ullage less than 3000F (10 1b/in2)

""Reaction .

I8
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From the results of six full-scale tests, ‘it was deterrmined that:
1. A full-scale uninerted wing tank could explode from auto-
ignition and that a 9 percent oxygen concentration in the ullage would
Prevent that occurrence. Figure 8 shows the wing'configuration for
the auto-ignition tests using 50 gallons of Jet A-‘cype fuel and the wing
sloped such that there were both wetted and dry zones on the bottom

skin, Figure 9 shows a photographic display of the uninerted tank

explosion. The results of that explosion are graphed in Figure 10,
showing that the explosion occurred with a recorded skin temperature

(T12) of approximately 460°F, at 95 seconds into the test., When the

.

tank was inerted to a 9 percent oxygen level, as shown in Figure 11,
no reaction occurred. Note that the pressure buildup was a steady
rise due to a 1. 5! to 2.0 psi check valve which was installed in the
vent line during all inerted tests.,

2. A 9 percent 02 concentration would prevent a rezction in
a full-scale wing due to a high;energy'spark.

3. A 15 percent 02 concentration would allow an explosion due

toa high-energy spark, but the magnitude of the explosion would be
: ' ve
less than the uninerted wing explosion. Figure 12 shows the results

of the 15 percent 02 test. The reaction during this test produced a

‘pressure buildup of a little over 9 psi and sent a tdrching flame from
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three rupture holes in the rear spar edge of the wing. The flame

o self extinguished after a few seconds.

e
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CONCEUSIONS
The results of the full-scale tests did not disagree with the results

of the small-scale tests, thus giving confidence in the extrapolation

- of the small-scale test results to larger fuel tanks.

A 9 percent or lower 02 concentration will prox}ide undamaged tank
explosion protection during a post-crash fire under all conditions
tested.

Concentrations as high as 18 percent 03 will provide limited
protection under certain conditiuo’ns during a post-crash fire.
Concentrations of oxygen lower ti)an 12.5 percent will give
protection against most conditions experienced during a ground fire.
Even though the elevated temperature environment provides the
most severe explosive. condition and a need for an 02 concentration
of 9 percen;c or lower, it is also the condition which produces a
slow oxidation or self-inerting in the tank. This self-inerting
would provide a margin of safety if a 9 percent 02 concentration

was used,

e e e ey g e b 0+ i
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