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Tests Conducted to Determine Safe Methods of Dumping Fuel From Airplanes
1n Flight

SUMMARY

In order that the Bureau of An Commerce
might determine safe methods of dumpimg fuel
from anrplanes in flight, a series of tests was
conducted to evaluate the fire hazard present
1n such an operafion

Igmtion of discharged fuel may be caused by
the 1arious forms of static electricaty, ightmng,
or by exhaust flames, and burning carbon from
the engines

While some types of dump installations dis-
charge the fuel practically clear of any exteinal
component of the airplane, others discharge m
such a manner thar the external surfaces are
soaked with the fuel

Considering the present types of fuel dump
mstallations and the possibility of 1gimition, the
firte hazard was classified to three parts for
uvestigation

(1) The hazard due to flame propagation

torward agamnst the airsiream, 1f 1gnition
occuls at some point aft ot the outlet valve

{2) The hazard due to fuel contacting an

external surface 1f 1gmtion ocenrs forward
of, or on, the s face

(3) The hazard due to explosions oceurrmg

m dump ducts o1 chutes

The tests, which were divided mnto five patts,
meluded the deliberate 1gnition of gasoline n
a free airstream, and the deltberate 1gnition
of gasoline and fuel oils on an airfoil placed
mn an airstream, an mvestigation of the com-
bustible gas envelope surrounding dumped
gasoline 1 an airstieam, the 1gnition of gaso-
Iine 1n an amrstream by statie discharge from
an airfoil. and the deliberate 1gmtion of com-
bustible gases 1 dump ducts

The tests in the free airstream showed con-
clusively that flame resulting from the 1gnited
fuel mn an austream will not propagate for-

(1)

ward agamst an airstream of a veloaty as low
even as 25 miles per hour Hence, fuel dumped
from an anplane free from an external com-
ponent of the arrplane does not constitute a
hazard although 1gmtion occurs

The tests with an aiwrfoil mm the airstream
mdicate strongly that dumped fuel which con-
tacts an external component of an airplane
constitutes a sertous hazard, since burning may
continue once the fuel 15 3gnited  This applies
to fuel oils as well as to gasoline, but to a lesser
degrec

The investigation of the combustible gas en-
velope surrcunding the hquid fuel spray re-
vealed that the envelope 1s so confined to the
lhiqgmd fuel that 1t 13 practically nonexistent,
and therefore presents no hazard

The tests dealing with the 1gnition of gaso-
lime 1n an airstream by static discharge from an
arrfoil showed that statie discharges of the
cotona or brush type qmte probably would
1gnite sprayed or atormzed gasohine

Explosmon tests with dump ducts or chutes
revealed that the explosion pressures are so low
that open end ducts, constructed of practicable
materials and of appropriate s1ze would not be
damaged although explosions occurred within
them

The general conclusion reached from all of
the tests 1s that fuel may be dumped safely 1f 1t
discharges clear of the awrcraft structure

INTRODUCTION

Practically all large transport airplanes are
equipped with fuel dump valves, which provide
a means for the rapid discharge of fuel to de-
crease the load 1n cases of emergency

The ever increasme number of transport an-
planes, the expansion and development of air-
ways, and the utilization of provisional gress



werghts, mdicate that fuel will be dumped mote
often than in the past, and hence the safety
of the operation becomes of paramount 1m-
portance

Analysis of the problem

The obvious matter to be imvestigated m
connection with the dumping of fuel from air-
planes m flight 1s that of file 1esulting from
the 1gnition of the fuel There are several
sources of 1gmtion which present possibilities
of having sufficient intensity to 1gnite atomzed
fuel or cornbustible imxtuwes of air and gaso-
line They are any one or a combmation of
the following

1 Static discharge from the fuel to the dump

valve or duct

9 Static discharge from an airplane to the

arr

8 Laghtning strokes

4 Sparks onginaimg withm the anplane

from aumbary electrical devices, or from
mmproper or defective bonding (This
source constitules a hazard when combus-
tible mixtures enter the mterior of au-
plane structures due, for example, to the
outside surfaces bemng soaked with fuel )

(5) Burming carbon or flames from the

enge exhaust stacks

The possibility of 1gnition 1s realized when
1t 15 considered that the fuel upon leaving the
arrplane and entermg a lugh velocity airstream,
becomes atomized immediately  The degree of
atomization depends upon the type and loea-
tion of the fuel outlet

The variety of types of fuel-dump mstalla-
tions found on modern airplanes mdicates a
difference of opinion on the part of designers
as to the existence of a hazard and as to the
degree of such hazard 1f existent It 13 reason-
able to assume that the most hazardons type of
fuel outlet 1s the one so desigued that large
areas of the external surfaces of the airplane
become soaked with the dumped fuel, and that
the least hazardous 1s one so destgned that all
of the dumped fuel passes entirely clear of any
component of the airplane Tipes of modern
fuel-dump mstallations vary to su.h an extent

[ 3]

that all degrees of conditions between the two
deseribed above, may be encountered
In view of the possibility of 1gnition and the
types of fuel-dump nstallatrons now n exist-
ence, there appear to be three distinct prob-
lems to be considered, as follows
1 The possibility of forward propagation of
flames resulting from the 1gnmtion of fuel m a
free airstream
Whether or not this presents a hazard de-
pends upon the propensity of flame from
burnmg fuel to propagate forward mn an
arsiream of a velocity equal to, or greatea
than the mimmum flying speed of the ar-
plane concerned
2 The danger which might be present 1f fuel
spray or combustible mixtuies contacted any
external surface of an airplane
This crreumstance might present a hazard
because of boundary layers, eddy currents,
etc  This implies that air velocities may
be very low in the vielmty of window and
door mouldings, metal lap joints, mnspec-
tion doors or openngs, hinges, control sur-
face openings or slots corners formed by
the junction ot control <urfaces with wings
o1 fuselage, and therefore dumped fuel con-
tacting such paits consiitutes a hazard,
gince burning mrght continue regardless
of the speed of the auplane, once the fuel
15 1gnrted
3 The danger from explosions occurring
within dump chutes
In several designs, metal ducts aie provided
below the wings o1 fuselage to gmde the
fuel away from the airplane Immeds-
atelv after the fuel-dumping operation, or
due to a sbight leak i the dump valve,
these ducts may contain a combustible
nuxture which ight be 1gnited by a static
spark
Recoginzing the unportance of these possible
hazards, the Bureau of Air Commerce de-
termuned to conduct tests to evaluate them
The possible hazard of an explosion ocenrring
within the structure 1s neglected for the simple

reagon that any fuel-dumping system which
permits fuel ot combustible mixtures to enter

-



the inierior of an airplane structure is con-
sidered, without argument, to be dangerous.
The tests were conducted at the National
Bureau of Standards. The decisions as to the
general course of action for the tests were
by commitfee repre-
senting the National Bureau of Standards, the
U. 8. Navy, the U. S. Army, the National Ad-
visory Committee for Aeronautics, and the

Bureau of Air Commerce; and the helpful co-
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11. Experiments with an Airfoil in an Air-
stream,

111, Experiments with the Combustible Gas
Envelope Surrounding the Liquid Gasoline
Spray.
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V. Experiments with Combustible Mixtures
in Dump Duets.
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Helpful suggestions also were received from
the Underwriters’ Laboratories of Chlcago and
from the University of Detroit.

TEST PROCEDURE
MLy tacke  axrmin O I T < SN T
I Lehld welg collguluueda 1I1r 11ve arts as

follows:
I. Experiments in Free Airstream.

o

Each of these five parts ide-
pendently herein.
An alirstream was produced bv an outside

wind tunnel located at the National Bureau of
Standards. For Parts Nos. TI, I1I, and IV
(see above) an adjustable airfoil with a flap
was mounted in the airstream. The fuel sup-
ply was provided by a 20-gallon tank connected
to a two-inch diameter pipe which led to the
center of the airstream at the open end of the



tunnel. The supply line was equipped with a
quick acting shut-off valve in combination with
an adjustable gate valve to regulate the rate of
flow. See figures 1 and 2. In figure 2 note the

supply tank mounted in the tree.

In all of the tests, with the exception of Part
IV, the fuel was deliberately ignited by means
of spark gaps.

Physical characteristics of airfoil:

N. A. C. A. M-3 section.

Chord.. _ .____ _____________ 50 inches.
Span________ . 8 feet, 9 inches.
Flap Chords_.___.___________. 25% of airfoil chord.

Wooden interior covered with 20-gauge, galvanized
iron. Leading cdge of airfoil 26 feet behind fuel
outlet.

The following are general data pertaining to
the test set-up and procedure.

GENERAL DATA

Diameter of tunnel at open end_.___. 7 ft.
Maximum airspeed (in vicinity of air-
foil) oo 70 m. p. h.
Maximum rate of fuel flow_________ _ 40 gal. per min.
Grades of fuel used:
Gasoline: Domestic Aviation___________ 73 Octane
Fuel oil (furnace) : I'lash point_.__.______ 140° F.
Diesel oil: Flash point_____________ _ 250° F.

(The viscosity of the oils was slightly higher than
that for kerosenc.)

Figure 2.—General view of test set-up.

Part IL—EXPERIMENTS IN FREE AIRSTREAM
(Without Airfoil in Place)

Purpose.

To evaluate possible hazards resulting from
the ignition, at a point behind the outlet, of
dumped gasoline in a free airstream.

Introduction.

These tests are confined to those hazards in-
volved when gasoline does not contact any com-
ponent of the airplane after leaving the dump
valve or chute. Assuming ignition to occur



after the gasoline has left the outlet, it is de-
sired to investigate the possibility of flame
propagation forward against an airstream of
a velocity equal to or greater than minimum
flying speeds.
Test procedure and results.

Ignition was produced by means of a spark
gap located on the end of a long pole. See

was blown aft by the airstream. Figure 6 shows
the flame leaving the sprayed gasoline immedi-
ately after the ignitor was removed. Figure
5 shows the condition just prior to that shown
on figure 6.
Run No. 2.

The ignitor was applied at the point of the
gasoline outlet. In the first part of this run

Figure 3.—Test setup for investigating flame propagation in free airstream with pole ignitor in place.

figures 3, 4, 5, and 6. The tests were conducted
in the following manner:

Run No. 1.

The ignitor was held approximately four
feet aft of the outlet pipe. The gasoline was
turned on and the quantity increased in stages
from zero to 40 gallons per minute. The air-
speed was 70 miles per hour. There was no
tendency at any time for the flame to propagate
forward against the airstream, and in all in-
stances when the ignitor was removed the flame

250080—41——2

an auxiliary 14-inch internal diameter copper
tube supplied the gasoline in place of the regu-
lar two-inch diameter pipe. See figure 7. The
airspeed was varied between 25 and 70 miles
per hour, and in no instance would the flame
persist once the ignition was turned off. In
the second part of this run, the regular fuel
supply pipe was used, and the quantity was in-
creased in stages to 40 gallons per minute. The
results were identical to those described in
Run No. 1.



Figure 4.——Gasoline spray being ignited 4 feet aft of outlet.
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Figure 5.—Gasoline spray burning in free airstream with ignitor in place.
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Figure 6.—Gasoline spray immediately after removing ignitor. Flame is being blown downstream.



Run No. 3.

This run was identical to Run No. 1, except
that the ignitor was held approximately 10
feet aft of the outlet pipe. The results were
identical to those described in Run No. 1.
Conclusions.

Dumped fuel which does not contact any
component of an airplane after leaving the
outlet valve or chute does not counstitute a haz-
ard to the airplane even if ignition of the fuel
should oceur.

Part IL-EXPERIMENTS WITH AN AIRFOIL IN
AN AIRSTREAM
Purpose.

To evaluate the hazards involved when
dumped fuel contacting an external surface of
an airplane, is ignited.

Introduction.

A discussion of the hazards involved under
these conditions is given on page 2. An air-
foil with flap was used to simulate an external
surface of an airplane.

Test procedure and results.
See figures 1 and 2 for a general view of
the set-up. Sce page 4 for the physical char-

L5
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Figure 7.—Free airstream test with ignitor at point
of gasoline outlet.

acteristics of the airfoil. Ignition was deliber-
ately provided by the pole ignitor as used in
Part I except in isolated cases where ignition

Figure 8.—Airfoil with flap deflected, ignitor at leading edge.



Figure 10.—Airfoil with zero flap deflection, ignitor at flap slot.
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Figure 11 —Aiurfoil with flap deflected, 1gmitor at leading edge Flame pattern mmmediately after ignifion

& i .
Figure 12 —Aartorl with flap deflected, 1gmitor at trailing edge Flame pattern immediately after 1gmtion



Figure 13—Airfeil with zero flap deflection, spoiler on ignitor at leading edge

Figure 14 —Airfoill with flap deflected, spoiler on,
igrutor at leading edge

nas provided by spark gaps located i the flap
slot  All runs were made at 70 miles per hour
artspeed  In all 1uns the fuel was directed so
that it contacted the awrfoil and 1gmtion was
made at ~«ome point on the airfoil o1 flap  Fuel

quantity, pomnt of 1gmition, and attitude of
annforl and flap were varued over a series of
runs Iu several ot the runs a V4-1nch thick by
15-mmch wide steel spoiler <ttip was attached
span-wise along the upper surface of the air-
iml at approximately one-thud of the aicfml
chord Tlus stup may be seen on figure 16
In three of the 1uns a 0032-1nchy thack alumi-
num alloy sheel was attached to the flap 1u
determine the eftect of the heat on the alum-
num alloy The tendency to 1gmie and Lhe
behavior of the flame after 1gmition was noted
tor all runs  These tests mnclude the use of
fuinace fuel ol (flash pomt 140° F) diesel
o1l (flash point 250° I ). and gasoline (Do-
mestic aviation, 73 octane)

The recults of the tests are given in table
form on pages 14 and 15 All references made
i the TRemarks column to the ‘Hame con-
tinued” o1 “persisted” rmean that the flame
continued o1 persisted AI'TER the igmtor was
remoied or shut off
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Figure 15.—Airfoil with flap deflected, spoiler on, ignitor at flap slot. Flame pattern at late stage of run.

% Sk ot

Airfoil with flap deflected, spoiler on, ignitor at trailing edge. Note spoiler strip on upper surface.

Figure 16.
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Test Results
Part IT

Quan
and lype
of foel !

Aldrfoil
angle of
attark
to alr-
stream

Flap
angle 1o
arfol

Pomt of
Igmtion ‘

" Spoiler
atrip

Roemarks

1| The number is fuel quantity In gallons per mimzte

G-23

c-23

G-22
G-23

G-40

G-23

G-23

G-23
G-23

Qo o0

®w e o o

20

20

20
20

30

30
30

20
20

10
10

25

10

0

0
0

LE___ .

Slot..---
T

On
G Gasoline

Off_
On.._

Off_ .
Off._
Off. .
On__
On__
Off__
Off__

Of_.
OfF__

On..

Of__

On __
On___

F

Ignition shghtly difficult but the fuel once igmited
continued burnimg violently from the flap slot to
the T E figure 9 shows the first attemph at 1gnition

After 1gnition the flame clung just aft of the spaoiler
strip and confinued wviolently above the arfoil
See fig 13

T'he flame continued violently above and moderately
below the flap and 1n the flap slot The flame
persisted 1n the flap slot after the fuel had been shut
off Seefig 10

Praciically same results as for Run No 3

The flame continued above and below the flap and 1n
the slot but did not progreas forward of slot

T E vraversed spanwise with sgmitor Flame would
not continue or progress forward over the flap from
the T E

Practically same results as for Run No 6

Practically same results as for Runs No 6 and 7
Spoiler strip had no effect

Fig 11 shows flame pattern immediately after 1gnition
The flame continued 1n various patterns over the
flap until the fuel supply was shut off

Flame eontinued on top of the flap and m the slot

Ihg 12 shows the flame pattern immediately after
1igmtwon Flame progressed lorward to the slot and
continued

Fuel would not eontimue burming when igmitor was
removed Fig 18 shows attempted 1gnition at slot

Practieally same results as for Run No 12

Ignivon diffieult Flame elung to upper Aap surfaces
a distance of approx 2 inches forward of T E

Same behavior as tor Run No 14 (a) except that a
lap jomnt (in longitudinal direction) made by two
sheets of 20 gauge galvanized iron which covered
the flap provided an irregularity which caused the
flame to ching to the flap at this point

Flame progressed forward on tap fo slot and continucd
on top and 1m slot

Aluminum alloy sheet on flap Flame continued %i-
olently below and moderately above the flap and
1n the slot  Sheet broke 1nto small pieces and fused
shghtly These preces were very bmittle

Run No 1€ repeated with 40 gal per nun See fig 17
for flamec pattern af one stage of the run The
flame existed for approximately 25 seconds Small
particles of the sheet completely fused were found
on the ground after the run

Alummum alloy sheet attached to TE and extended
beyond T E  This was an attempt to eliminate the
eooling effect of the flap which possibly existed when
the gheet was attached as m Run No 16 The
results were the same as for Run No 16 except that
the sheet did not break but fused slightly and became
exceedingly briftle A minor explosion occurred
witlhun the flap-approumately one minute after the
Tun was completed

Fuel i1gnited readily and continued i the slot and
below the flap

Results same as for Run No 19 (a)

Results same as for Run No 19 (a)

Furnace 011 D Diesel Q11
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Test Results—Continued

Part IT—Continued

Airfonl
Quen | angleof | Flap Pont of | Spoiler
un Yo L
R andire | sk jane o] L | Bermarks
siream
20 _____ _.| G0 20 26 | LE_____ On___| Fuel igmted resdily and eontinued violently See fig
14 for flame pattern
2l . G-23 20 25 | Slot___ .. On___| Flame continued violently above and below flap but
did not progress forward of slot See fig 15 for
flame pattern at late stage of run
22 . | G-23 20 25 1 1E_____ On___! Flame progressed to slot and econtinued See fig 16
for flame pattern
23 () .___ _ G-23 20 30 | LE__._. On.._| Flame i1gmted readily and contmued violently on top
28 (h)__ __ G-23 20 30 | LE___._ | On. _ of the flap, in the slot, and shghtly forward of slot
23 (e) .- __ G-23 20 30 | LE____ [ On.. on top of airfol Fig 8 although not a photograph
of this particular run shows the approximate fiame
pattern
24 | F-23 20 30 | LL_____ On. | Ignition more diffieult than for gasolime The flame
continued 1 the vieimty of the flap as shown on
fig 20 TFig 19 shows the flame pattern just before
the 1igrmtor was removed
25 . o.__ F-23 20 30 | Slot_____ On_. _| Same results as for Run No 24 Fig 20 shows ihec
appreximate flame pattern
26 _____--_. D-40 20 30 | LE___. | On__ | Bame results as for Run No 24 except that 1gmition was
shghtly more difficult than for the furnaee o1l
27 (o) __ G-23 —5 0| LE_____ On___| The flame permated only momentarily behind the
gpoiler strip but continued violently m the viemily
of the slot and flap
27 (by__—--__| G-23 —5 0| LE____. On___| Same results as for Run No 27 (a) except that the
i flame persisted behind the spoiler strip for a longer
| period of tine
28 {a)_______ G3-23 —5 1 0| TE_.__ | On___, The flame progressed forward to the flap slot and con-
timued violently above and moderately below the
flap and 1n the flap slot
28 (by_______ G-23 —4& 0| IR_____ On___| Same results as for Run No 28 (a)
___________ G-23 -5, 0| TE._.__| Off __| Same results as for lun No 28 (a}
30 (a)____.__ G—23 —5, 30| LE_____ On.__ The flame continued violently above and below the
| flap and 1n the slot
30b) . .. G-23 -5 I 30 | LE_____ On.__| Bame results as for Run Na 30 (a)

Discussion of results

After a few trial 1uns at the begmning ot
the tests, 1t was evident that 1t would be ex-
ceedingly dafficult to obtain quantitative results
by varying tuel quantity, awspeed, attitude of
airforl and flap, and points of 1gmition 1 a
regular prearranged sequence The tests were
therefore confined to obtaimng qualitative re-
sults only and the lumitations on the procedure
wele

(1) No runs were made at less than 70 mules
per hour awrspeed since this 1s probably the
lowest speed at wloch fuel would be
dumped 1n actual operation

(2) The fuel quantity was hmited to two
values, 40 and 23 gallons per minute The

former value was the maximum obtainable
The latter 1epiesented two turns om the
control valve and was used in the majority
of runs instead of the maximum to prevent
the test arrfoil from becomimg seriously
damaged by heat before the tests were
concluded

(3) The attritudes of the airforl and flap and
the points of 1gnition as shown n the test
results were purcly arbitiary selections -
tended only to show the qualitative effect
of change

Runs No 1 through No 8 were conducted
with the afoil and flap at zero degrees to the
airstream with the spoiler strip first on and
then off for all three pomnts (L E, flap slot,



and T E) of igmtion Fiom these 1uns 1t 1-

sigmficant to note

(1} That the flame would not progiess for-
ward when the fuel was ignited at the
iraxlimg edge

(2) That the flame would continue 1n and aft
of the slof when 1gmtion was made exthel
at the leadmg edge o1 at the slot

(3) That the spoiler strip was meflective 1
maintaining the flame behind 1t except
wlhen 1gnitton was made at the leading
edge

In all subsequent 1uns, with the exception
of those with the fuel oils, where the attitude
of the airfoil or flap varied from zero degiees
to the airstream, the flame would continue
regardless of pomt of 1gnition and wonld
progress forward when 1gnition was made at
the traxling edge In general ijgnition became
easiel and flame violence greater as the angle
of the flap and airfoil inereased with respect to
the azstieam

In the runs usmg fnel oils considerable angle
ot the airfoil and flap to the airstream waw
tequired to permit the flame to continue In
general, the fuel oils were more difficult to
1gmte and were extinguished more easily than
the gasoline, but while buning, they appeared
lo observers to produce more heat than gaso-
Iine for equal quantities

The effect of the spoiler «trip was very notice-
able, 1n that 1t permitted the flame to cling to
the airfoil just aft of the strip A lap joint on
the flap produced a <imilar effect as described
m Run No 14 (b) In many of the runs the
flame continued gquietly in the flap slot after
the fuel supply was <hut off

Runs No 18, 17, and 18 showed the effect of
the mtense heat on alununum alloy sheets TIn
all three 1uns the flame existed for less than
30 seconds and changed the physical properties
of the sheets to such an extent that they would
be entirely inecapable of supporting a load

In many of the runs the important effect of
fuel quantity on ease of 1gmition and flame
violence was particularly noticeable The less
the fuel quantity the more difficult the 1gmtion
became and the less violent the flame

16

Although the maximum anspeed possible 1n
the test was 70 mriles per hour, theie 15 reason
to beheve that simitu conditions would exist
at a much higher airspeed  The contihuance
of the flame on the aurtoil after the igmitor 1s
removed 1= caused by local 1egions of low an
veloeity resulting fiom boundary layers, pro-
tuberances and eddy curients  These would
not necessarily be climnated by an 1ncrease
m airspeed

Conclusions

1 The dumping of gasoline trom an auplave
i flight 1 such a manner that it contacts an
external surface of the anplane 15 considered
hazaidous since, if 1t were acadentally 1gnited,
burning on the surface m.ght continue atter
the source of 1gnition had disappeared

2 The hazard 15 mncreased by the piesence
of protuberances and uregularities on the sur-
face and by deflection of contiol suifaces or m-
crease of anple of attack of the fixed surtaces

3 Alumimum alloy smifaces; constiucted of
sheets of 0032 1nch or less i thickness and sub-
jected to burning gasolme 1 quantities of 40
gallons per mmnute ov greater, and n a 70 mile
per hour airstream would be serrously damaged
1 less than 30 seconds

4 Fuel o1ls having flash points up to 250° I
are more difficult to 1gmite than gasoline bui,
once 1gnited, appear to produce more heat ton
equal quantities  Such oils ate considered less
lazardons than gasoline

Part III —EXPERIMENTS WITH THE COMBUS-
TIBLE GAS ENVELOPE SURROUNDING THE
LIQUID GASOLINE SPRAY

Purpose

To determine the extent of the combustible
gas emvelope surroundmg the hquud gasoline
spray
Introduction

While dumping gasoline, the possibility of
combustible gases contacting an external sur-
face of an awrplane, although the hiquid gasolime
passes clear of the surface, 15 considered of
unportance These gases may be dangerous
1l they enter the interior of the airplane strue-
ture through vents, drains, etc



Test procedure and results

The location of tle airfoil used m Part I1
was varied vertically with 1espect to the cen-
terline of the gasoline stream Detection of
possible gasoline vapors was made by the use
of a combustible ga~ mdicator (Mines Safety
Apphance Company Type W-35) and by spaik
gap 1gmtion Two gas vapor inlet tubes (14
mch, mside diameter, copper) were attached to
the lower surface of the airfoill One was
placed 12 inches aft of the leading edge at the
center of the airfoil and the other four inches
aft of the leading edge of the flap at the center
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The *“nuxtute” m the test 1esults gives the
percentage of gas vapor, by volume, m the
total mixture (Nore—The lower limit of
the explosive range for gasoline vapor and air
mixtures 19 approximately 14 percent of gas
vapor, by volume, 1 the total mixture )

IDigcussion of results

The test results indicate that the combustible
gas envelope around the fuel spray 1s confined
exceedingly close to the hiquud fuel In none
of the runs were combustible gases mdicated
even though “waves” of fuel contacted the au-
fonl

Test Results

Part 111
Run No | Fuel!  Awrfoil? | Flap? Inlet ! :‘::];"; aﬁ_‘:} Remarks
1. . 34 0 10 | For'd__ 30 1] The ‘“‘edge’” ot the tuel stream passed approx 2 feet
below the airfoill but oceasional “waves” practically
contacted the lower surface
2. 33 0 10 | For'd___ | 19 5 14 | The fuel occasionally wet the lower swiface
3. 40 0 10 For'd__._ | 19 5 15 | Same as for Run No 2
4_ 40 0 10 Ait_ _ftos |0 Same ag for Run No 2
5. __ 40 0, 10 Afri__ 13 3 20 1 Appros 10 percenf of the fuel passed over the top ol
‘ the arfoil
6_ _ 40 0 —30 | Aft___ 135 0 Same as for Run No 5
Y 40 | —20 —30 | Aft___ _ | 13 5 21 | Cousiderable fuel passed over the top ot the airfoil
8. Ww| —20 —30|Tord ___ |13 5 17 | Bame as for Run Wo 7
9_ 410 20 -30 | None _._| 235 M Spark 1gumion was attempted at the Aap lower surface
and at the leading edge of the awrfol with no success
A shght quantity of ruel passed over the awrfoul
10___ 40 | —-20 -30 | None .. 9 4} Spark 1gnition was attempied at the leading edge and
infermattent igmtion was attamed by holding the
lgmitor continually 1n the spray Very little tendency
for the flame to cling to any part of the arfoll was
noted Appron 25 percent of the fuel passed over
| the airfoml
11 10 | —20  —30 | For'd__ 9 10 | Approx 25 percent of the tuel passed over the amrfoul
| The lower surface of the arfall was wet w the
| i vicinily of the mlet tube
12.___ 40 —20 | —a0 | Att ____ 9 1 16 | Approx 25 percent of the fuel passed over the amrfoil
13_._ 40 0| —30 | See r1e-| 30 0 Gas sample lne placed mside of fap Oceasional
marks waves of fuel practically contacted the lower surface
| ‘ of the arrfor!

I (zasoline quantits 1n gallons per minute
¢ Angle of ettack of arfoll to airstream

3 Angle of Aap to alrfoll

1 Liocation gas inlet

of the flap These tubes weie run to the gas
ndicator

The attitude of the airfoil and flap was ar-
bitrarily varied over a series of runs Gas
samples were taken and ignition attempted at
various relatme locations of the arrfoil and
cente1line of the gasoline stream  All runs
were made at 70 miles per how anspeed

§ Lorcation of centerline of gasoline stream with respect to lower aarloil
surince,

# Porcentage of gas vapor 10 total mixtiurs

? Sea remarks

The attempts at 1gnition failed due, piob-
ably, to the high dilution of the fuel by air at
the “edges” of the fnel sprav  The test result-
indicate that, when dumping fuel from an ai-
plane, 1f the fuel spray just clears an external
component of the anplane no hazard need be
expected from the combustible mixture sur-
rounding the Iiguid fuel



Conclusions.

When dumping gasoline from an airplane
in flight the combustible gas envelope sur-
rounding the liquid fuel spray presents practi-
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Figure 17.—Airfoil with flap deflected, spoiler on,
ignitor at flap slot.

cally no hazard to external or internal com-
ponents of the airplane.

Part IV.~EXPERIMENTS ON THE IGNITION Ol
GASOLINE BY STATIC DISCHARGE FROM THE
TRAILING EDGE OF AN AIRFOIL

Purpose.

To investigate the possibility of ignition of
gasoline, when being dumped from an alrplane
in flight, by static discharge from the airplane.

Introduction.

In all of the tests described in Parts I, II,
and IIT, ignition was deliberately produced by
means of spark gaps and, therefore, those tests
pertain only to the hazards involved after the
fuel is ignited and have no direct bearing on
the probability of accidental ignition in flight.

This section of the Report (Part IV) deals
with tests planned to ignite gasoline by static
discharge from the trailing edge of an airfoil,
thug simulating a static phenomenon which
occurs regularly on airplanes in flight. Since
it was observed from the previous tests, de-
scribed in Parts I, II, and IIT, that sparks
would ignite dumped gasoline, these tests were
restricted to an attempt to produce a corona or
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brush discharge from the trailing edge rather
than a spark, and to determine if these types of
static discharge would ignite the gasoline.

Test procedure and results.

The final test set-up is shown on figures 21
and 22. The airfoil and supporting structure
were insulated from the ground and charged
with alternating current of high potential
(225,000 volts). A triangular sheet metul
plate (See figure 21) was attached to the trail-
ing edge of the flap to localize the point of dis-
charge. A ground was provided by means of
a vertical pipe mounted as shown on figure 21.
The insulator shown on the ground pipe was
found to be necessary in order to provide a
long leakage path from the ground pipe to the
flap and thus prevent excessive sparking. The
airfoil was set at 0° angle of attack and the
flap at 30° to the airfoil. The fuel quantity

was 40 gallons per minute and the air-speed
70 miles per hour for all runs.

Figure 18.—Test using furnace oil, ignitor at flap
slot. Fuel would not continue burning when
ignitor was removed.

Forty-one runs were made under the above
conditions and all were recorded on 16 munu.
kodachrome motion picture film. The film
when projected was stopped for close examina-
tion at the points where ignition occurred.
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In nine of the runs sparks were visible and  ribbons or streamers which in two of the runs
apparently caused the ignition. Attention is  were barely visible.

el

Figure 21.—General view of test set-up for investi-
gating ignition of gasoline by static discharge from

Figure 19.—Test using furnace oil, ignitor at leading trailing edge of airfoil

edge.

In four or five of the runs, ignition was
caused by sparks at the lower end of the insu-
lator and, therefore, these runs are irrelevant.

here directed to the use of the word “sparks.”
In only two or three of the runs (before igni-
tion occurred) was the visual definition such

Figure 22.—Close-up view of test set-up for investi-

Figure 20.—Test using furnace oil, ignitor at flap slot.  gating ignition of gasoline by static discharge from
trailing edge of airfoil.

that the phenomena could be called sparks in
the true meaning of the word. In the other In the remaining twenty-six or twenty-seven
six or seven runs (of the nine) the “sparks” runs, ignition occurred although no sparks of
resembled, in various degrees, faint, hazy edged — any description were observed beforehand.



Discussion of results

The test 1esults as observed do not defimtels
prove that ignition was caused by colona ot
brush dischaige rather than by sparks The
maxunim camera speed was only 64 frames pel
second and 1t 1s possible, 1n the runs where no
sparks weie observed, that they could have oc-
curred between film fiames and therefore not
be visible on projection of the film However,
the fact that sparks were obseried 1n only mne
out of thirty-seven 1uns indrcates the improba-
bility of spaiks being present m all of Lthe runs
where they weie not observed

The observed results of these tests indicate
that the gasohne was1gmted by colona o1 brush
discharge The miensity of the corona when
observed at might was, 1n the opinion of airline
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Figure 23 —Tube B used to simulate dump duct

mspectors, very low i compatison to the inten-
sities usually observed on airplanes i flightl

.

Conclusions

It 15 quate probable that static discharges of
the corona or brush type will ignite sprayed o1
atomized gasoline 1 an anstream

Part V—EXPERIMENTS WITH COMBUSTIBLE
MIXTURES IN DUMP DUCTS

Purpose

The primary purpose of these tesls was to
evaluate the hazards of explosions of the most
dangerons mixtures of gasoline and air in tubes
simulating the gasoline dump ducts of trans-
port. awrcraft

Introduction

Since there 15 great varation m the =size and
shape of dump ducts currently i u<e, and since
no actual duct was readily available, these tests
were conducted n c¢3jlindrical tubes of such
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diameters and configurations that the most
hazardous conditions likely to exist i aureraft
were represented  The actual ducts aie alway-
open at the end farthest fiom the dump valve
wherse 1gnition would be most probable so long
as the dump valve 13 closed Hence, the ex
perimental tubes were always fhied at a point
uear an open ehd, while the other end was al-
wa3ys closed by a metal diaphragm  The total
pressure of the explosive mixtnie at firmg was
thus equal 1n each test to that of the sw1ound-
mg atmosphere  These tests were conducted
and aeported by the National Burean of
Standaids

Test procedure and results

Tests were conducted 1n four different tubes
whose dimensions are as follows

|
foade | WEIL Y Total | Number and
é?g nlacss lengih tipe of Malerial of tuba
() bends

{1n) (i)
A 3 800 [ 0 100 112 | None Hrass
B 3 800 100 130 | 2 smooth Hrass with palv iron

elbows

[ a78 012 85 | None Annealed copper
D a7 012 Io7 | 7 right angle Annealed copper

Ignition at or near the open end was accom-
plished with a spark o1 flame  The other end,
where peak pressures were expected to occur,
was closed by a comparatively weak sheet of
rolled aluminum 0002 1 thick

Murxtures 1 Tubes A and B were made by
mtroducing selected volumes of Liquid fuels,
closing temporatily the open end of the tube,
and cirenlating for previously determined
times with a daphragm type crculatmg
pump

Figuie 23 13 a photograph of Tube B, n-
cludmg the circulating pump and lines The
arrangement of Tube A was the same exXcept
that the U-bend was remoied and the spark
plug was at Position 1 instead of Position 2

Mixtures in Tube C weie made by introdue-
g selected quantities of hqud fuel, closing
both ends, and allowing the mixture to become
wmform by standing The diffusion process
was hastened by frequent changes mn the posi-
tion of the tube



Previously prepared mixtures were admitted
to Tube I after the latter had heen evacuated
I1g 24 1s a photograph of Tube D showing the
shape, spark plug location, tube for evacuation
and ntroduction of the mixtures, and the 1gni-
tion system

For each muxture, both ends of the tube were
closed during the preparation or introduction
of the charge, and the end nearest the spark
plug was opened just prior Lo firmg

The following table lists the mixtures that
were fixed 1n the vaiious tubes The symbols
R, I, and M stand for rich (in fuel), lean, and
maximum power, respectively

Ki Hefer lohol | M.
Fuel ormal ence| Aviation | oleoho y ofor
heptane | o .. | gasoline (lfillario enzol
)
Octane No [1] 10a 3r a1 167
Tube
A -| B-L-M | R-1-M | R—L—l\% M | M
B _ J _ aeeny B o _
C. N TREtsl I ¥ S S _
1o | | R-I-M | RL-M ‘ B | -

In no explosion 1 any of the tubes did the
pressure at the closed end of the tube become
sufficiently great to blow out the 00024n
aluminum diaphragm In each tube the explo-
sion of 2 maximum power mixtuie produced a
roar and a simultaneously audible vibration of
the thm aluminum diaphragm In Tubes A
and B this vibration was, 11 some cases, of suf-
fictent amplitude to produce permanent de-
formations (the pattern bemmg roughly con-
centric corrugations) in a small central portion,
and m four cases out of 21 there were small
fatigue cracks at the center, With Tubes C
and D no dwaphragm was permanently
distorted

There was no noticeable difference in the ex-
plosions whether mitiated by a spark o1 by a
flame In a few cases of very rich or very Jean
mixtures the charge tarled to 1gnite with con-
tmuous sparking, but burned quetly when
1gnited by a flame

In Tube A explocions of maximum power
mixtures did not vary greatly for the different
fuels erther as to nose or effect upon the alumi-
num diaphragms Several observers agreed
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that the alecohol gave a httle greater noise, and
ithe heptane the least

In Tubes A and B, from iwo to three seconds
were requured for the flame front to move from
ithe spark plug to the closed end 1n a maximum
power mixture During roughly half of this
tune, visible flame was projected from the
open end of the tube for a distance of a few
nches

The roaring noise i Tubes A and B was
much louder than for corresponding muxtures
i Tubes C and D

A 0002an alummum daphragm of 38 1n
effective diameter (1 e, such as was used on

3
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Figure 24 —Tube I} used to simulate dump duct

Tubes A and B) was blown out by a static
pressure of 13 5 lbs per sq in It broke at the
circumference, as 15 characteristic of a dia-
phragm loaded excessively, by either static
pressure or 1apidly rising piessure such as
prevails during an explosion 1n a closed con-
tamer No break of this character was pro-
duced by any explosion
Discussion of results

The 10aring noise obseyved 1n each test was
distinetly different from the shaip report com-
mohly eonnected with an explosion In these
tubes the flame begins to move at a umiform
rate, but 1s soon disturbed by pressure waves
1eflected from the closed end Thus durmmg
most, of 1ts travel the flame becomes vibratory
and 1ts progress 1s accompanied by the sound
waves which produce the only observed distor-



tions of the thin closure at the end of the tube

The piessute at the closed end of a tube, fired
at the open end, 11ses from two principal
causes first, the 1esistance furnished by the
tube to the escape of the burned gas through
the open end, and second, the 1esistance which
the atmosphere at the open end of the tube
offers to the escape of the burned gas Even
when 1t 15 assumed that there 13 no loss of heat
to the tube by the burned gas, these two resist-
ances are low for large tubes and for mixtures
which burn as slowly as hydrocarbons and aix
at atmospheric conditions The values of the
penk pressures at the closed ends of the tubes
were calculated to be extremely low, and the
tests furnish a qualitative confirmation of the
computed values, snce the very thin aluminum
diaphragms were not blown out

The peak pressures m the smaller tubes (C
and D) shounld be higher than those m Tubes A
and B, were 1t not for the fact that the burned
gas has a better opportunity to lose heat to the
walls of the small tube before 1t reaches the
open end  Since this heat loss does occur to a
considerable extent 1n tubes as small as C and
D 1t seems doubtful that the peak pressuies in
these tubes weie much, 1f any, greater than in
A and B

The mtroduction of bends and angles tends
to increase the resistance which the burned gas
¢ncounters i 1ts passage to the open end
Agan, however, particularly in the case of
Tubes C and D, 1t seemed that the angles were
more effectrve 1n cooling the bhurned gas than in
preventing its escape  Tlis conclusion 1s based
upon the extreme mnldness of explosions 1n
Tube D as compaied with any of the others

It 1s emphasized that the tests described
heremn were confined to ducts only, assuming
that the dump valve between the duet and tank
would be tightly and securely closed An ex-
plosion 1 a dump duct would be extremely
dangerous 1f 1ts dump valve were open enough
to provide a gaseous connection with the nearly
empty gasohine tank To pievent this condi-
tion particular thought and study should be
given to the design of the dump valve and to
the operating mechanism, which might be so
controlled that the valve would close auto-
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matically before alt of the fuel was dumped
As an alternative satety niecaution an inert
gas might be mtroduced mto the tank to re-
place the fuel as 1t leaves the tank and duct
Thoroughly tested flame arresters placed within
ducts also would gi/e adeguate protection but
these might seriously retaid the flow of fuel

Conclusions

1 The results of these expeliments are 1n
agreement with previous calenlations which in-
dicated that only very low pressures are de-
veloped by explosions of maximum power mix-
tures of gasoline and air m tubes of umform
cross section, open at one end

2 Although decieasmg the diameter, in-
creasing the length or inseiting bends in the
tube will 1ncrease the resistance to the escape
of the burned gases, these changes will also -
crease heat loss from the gas belund the flame
front

3 In small tubes, the cooling effect may pre-
dominate, and flame may, 1 some cases, be ex-
tingtushed before traversing a long tube with
numerous bends

4 In large tubes, ihe peak pressures may in-
crease with length o1 the numbe1l of bends, but
destructive peak pressures are not to be ex-
pected 1n any tubes of dimensions appropriate
for gasolme dump ducts on aircraft

5 The effects which may result from the vi-
bratory motion of the flame depend on the con-
figuration of the duct It is possible that very
weak sections might be caused to vibrate vio-
lently during an exploston, wrth the 1esult that
a fatigue fracture might occur For this 1ea-
son 1t 15 suggested that dump ducts should be
arcular, rather than rectangular 1n section,
and free of weak, flal areas

6 The present tests indicate conclusively
that a cyhindrical duct of aluminum alloy, hav-
mg a wall thickness ot 0020 inch or more,
«n mside diameter of 4 inches or less, and a
length of 11 feet or less, will not be damaged
m any way by the explosion of any mixture
of gasoline and air, imtially at the pressuie
of the atmosphere surrounding the open end

7 A hazardous condition may result 1f the
duct 1s constricted at some pomnt along its
length



8 An explosion m a dump duct would be
extremely dangerous 1f 1ts dump valve were
open enough to proiide a gaseous connectlon
with the nearly empty gasoline tank

SUMMARY OF CONCLUSIONS

Part T

Dumped tuel which does not contact any
component of an aiiplane afler leaving the out-
let valve or chufe dees not constitute a hazard
to the airplane even 1f 1gmtion of the fuel
should oceur

Part 1T

1 The dumping ot gasolme from an airplane
m flight m such a nanner that 1t contacts an
external smface of the airplane 1s considered
hazardous smee, 1f 1t were accadentally 1gmied,
burning on the suiface mught continue after
the soutce of 1gnition had disappealed

2 The hazard 1s 1hcieased by the presence of
protuberances and 1rregularitres on the surface
and by deflection of control surfaces or 1ncrease
of angle of attack of the fixed suifuces

3 Alumimum alloy surfaces, constructed of
sheets of 0 032 1nch or less in thickness and sub-
jected 1o buining gisoline m quantities of 40
gallons per minuie or greater and m a 70 mile
per hour anstream would ba serwously damaged
n less than 30 seconds

4+ Fuel oils having flash pomnts up to
250° F are more diffcult to 1gnite than gaso-
line but, once 1gnited appear to produce more
heat for equal quantities Such oils are con-
cidered less haraidous than gasoline
Part 111

When dumping gasolme from an airplane mn
fhght the combustible gas envelope surrounding
the hqud fuel spray presents practically no
harard (o external or inlernal components of
the airplane
Part IV

Tt 15 quite probable that statie discharges of

the corona or brush type will 1gnite sprayed or
atomazed gasoline m an airstreain
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Part V¥

1 The results of these experiments are n
agreement with presious calculations which m-
dicated that only very low pressures are de-
veloped by explosions of maximmum powel mix-
tmes of gasoline and air 1 tubes of umform
cross section, open at one end

2 Although decreasing the diameter, m-
creasing the length or mserting hends in the
tube will mcrease the resistance to the escape
of the burned gases, these changes will also -
crease heat loss from the gas behind the flame
front

3 In small tubes, the cooling effect may pre-
dominate, and fluime may, 1 some cases, be
extinguished before traveising a long tube with
numerous bends

4 In large tubes the peak pressuies may
merease with length or the number of bends,
but destructive peal pressures are not fo be
expected 1 any tubes of dimensions appro-
priate for gasoline dump ducts on aircraft

5 The effects which may result from the
vibtatory motion of the flame depend on the
configmation of the duct It 1s possible that
very wenk sections might be caused to vibrate
violently during an explosion, with the result
that a fatigue fracture might occur For this
reason 1t 18 suggested that dump ducts should
be circular, rather than rectangulai in sectiom,
and free of weak, flat areas

6 The present tests indicate conclusively
that a eylindiical duet of alumimmum alloy, hav-
mg a wall thickness of 0020 mch or more, an
mside diameter of 4 inches o1 less, and a length
of 11 feet or less, will not be damaged in any
way by the explosion of any mixture of gaso-
Iine and air, 1mtially at the pressure of the at-
mosphere surrounding the open end

T A hazardous condifion may result 1f the
duct 15 constricted at some pomt along 1ts
length

8 An explosion m a dump duct would be
extremely dangerous 1f its dump valve wele
open enough to provide a gaseous connection
with the nearly emmy gasolme tank



