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FOREWORD
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ABSTRACT

-7 Vleme srrestor axperiments were conducted with reticulsted poly-
urethane fosm materials vhich are currently being used for fire protec-
tion fn fuel systems of militery aircraft. ' The flame quenching effec-
tiveness of the 20 pore/inch materisl was examined in both small- and
large-scale flame propa;ntion experiments under various temperature and
pressure ccnditions. "In the small-scale experiments, pressure rise
messurements showed that dry samples of this foem prevent f{lame propaga-
tion at arrestor levgth/ignition vold length ratios (£2/71) as low as
about 0.17 at ambient temperature and pressure. At 25/7] ratios equal

to or greater than 1.5, the material was effective at pressures up to
about 15 psig and t=mperatures to 200°F. Improved performance was ob-
tained when the foam was wetted with liquid fuel or when a foam of greater
porosiiy rating was used. Full-scale experiments in a 450-gallon fuel tan®
indicated that the 20-pore/inch fosm ig effective to pressures of at least
S psig using ~+ arrestor packing coafiguration that permits a 40 percent
gross void volume. However, the foam tends to be less effective when
additional air is supplied following ignition. Resr'ts obtained with
electrical spark ignftion sources vere comparable to those found with
tracer or incendicry ammunition. Genersily, the effectiveness of the
‘20 pore/inch foso was noticeably greater than that of the 10 pore/inch
material that was examined earlier.
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INTRODUCTION

The present report describes the results of an investlgation cenductec
during the past year to assess the flame arrestor effectiveness of certain
cellular foam materials for possible use in aircraft fuel systems. Thie
work was initiated by the Bureau of Mines in October 1966 and rcpresents nue
phase of a current program, "Fire ard Explosion Hazard Assessment and Pre-
vention Techniques for Aircraft," sponmsored by the Aiv Forcc uuder Contract
No. DO 33(615)-66-5005. The arrestor material stvdied was a reticulated
polyurethane foam whose use would not impose prohibitive weight and fuel
ioad penaltie= on aircraft. 1Its firc protection capabilities have been demon-
strated in earlier work by the Bureau using & material with a porosity of 1
pores per lineal inch (Ref 1), Currently, some of our military aircraft in
combat enviromments are equipped wiih this flame 2rrestor material. ‘fhe
present work was conducted to evalvate the fire protection 2fiorded by finer
reticulated forms of this materiel for military and other applications.

Most of the data presented in this report was obtained using a 20 + 5
pore/inch polyurethane foam; the material was a Scott Paper T~ mpaay indus-
trial "Z"-type foam o7 the same compositicn as the 10 pore/inch fomm evalu-
ated in the earlier work. Flame quenching effectiveness war determined
uhider various Lemverature and pressure conditions in bot® small- gud fnll-
scale experiments. The data show that the flame arrestor effectiveness of
the 20 pore/inch material is noticeably greater than that of the 10 pore/inch
material. iIts effectiveness in full-scale aircraft fuel tanks (450-gallorn)
was verified in gun firings using tracer and incendiary ammunition. From
the data obtained in this etudy, optimum ar:sestor design cunfiguraticns are
suggested for the use of the foam in external fuel-tank zpplications. YSome
data are also presented for internal fuel-tank applications.

EXPERIMENTAL APPARATUS AND PRGCEDURE

The flame arrestor effectiveness of the 20 pcre/inch reticulated poly-
urethane foam was investigated in flame propegation experimente with near-
stoichiometric mixtures of n-pentane or n-butcne and air at initial tem-
peratures between 70° and 200° * 10°F and pressures between 0 and 25 paig.
In small-scale experiments, cylindrical segments of the foam were examined
in a 6-inch diameter test vessel at the above temperature and pressure con-
ditions. Full-scale trials were conducted with cylindrical oxr conlcal-shaped
arrestor segments in a 450-gailon (60 ft3) aircraft fuel tank at ambient
temperature and O or 5 psig initial pressure. Except for a fow minor modi-
fications, the apparatus and teszt procedures were the same as these used in
the Bureau's earlier work (Ref 1). 1In the full-scale experimente, the per-
fornance of the arrestor material was evaluated using electrical sparks and
17-¢ pm ammunition as the ignition source.

Ref. 1 - Cato, R. .. A. L. Furno, A. Bartkowiak, and J. M. Kuchta, Svalua-
tion of Flame Arrestc: Materials for Aircraft Fuel Systems {(U), Air Force
Aero Pronulsion Laboratory, AFPAPL-TR-67-36, March 1947.



1. Small-Scale Experiments With Cylindrical Arrestor Segments

Most of the small-scale experiments were conducted under static condi-
tions in a 6-inch diameter by 60-inch long cylindrical steel vessel which
was mounted in a horizontal position; figure 1 shows the experimental arrange-
ment with this vessel. To conduct an experiment, & cylindrical segment of
the foam material was fitted i{nto the vessel at a selected distance from the
ignition source which was normally mounted at one end of the vessel. For
~those trials where an arrestor gep was used between twvo arrestor segments,
the ignition source was mounted near the center of the vessel. After the
foam was in place, the combustible mixture was introduced to the desired
pressure and ignited by an electrical spark eunergy source. The extent of
flame propsgation was determined from continuous pressure and temperature
measur«ments that were made with a strain-gage pressure transducer and ‘0.004-
fnch Chromel-Alumel thermocouples at various stations; their signal outputs
were recorded on oscillographs. Appearance of flame downstream of the '
arrestor was verified visually and by monitoring the light emission with a
photovolt-multiplier unit.

All these determinations were made with ~2.5 percent n-pentane-alr
mixtures at various initial pressures and with various arrestor lengths (£2)
and flame run-up distances (£1) in the ignition space. Except where noted,
4ll runs vere made at ambient temperature conditions (70° + 10°F).

2. Full-Scale Experiments in a 450-Gallon Aircraft Fuel Tank

Full-scale experiments were conducted with multiple arrestor sections
of the foam material in a 450-gallon aircraft fuel tank, of the F-105 exter-
nal type. The tank, shown in figure 2, was 21 feet long with a 27-inch
diemeter by 94.5-inch cylindrical mid-section and conical-shaped nose and
tail sections, both 81 inches long. It was instrumented for the experiments
with two pressure transducers and five 0.004-inch Chromel-Alumel thermocouples
at selccted stations within; the qutputs were fed to oscillographs. Photo-
diodes were also mounted in the tank to verify flame propagation.

For these experiments, the fuel tank was partiallv packed with various
lengths of the arrestor material, tightly fitted to the wall in the nose,
middle, and tail sections. Three or four arrestor sections, approximately
34 inches long, were packed into the tank and so arranged to allow gross
void spaces at both ends of each gection. Total gross vold volumes corre-
sponding to 46.5 and 40 percent of the tank volume were used. In each ex-
periment, the tank was filled with a near-stoichiometric n-butane-air mixture
and then the mixture was ignited by a sperk energy source located in a given
void; 30-caliber tracer and incendiary ammunition were also used as ignition
sourcea. The effectiveness of the arrestor configuration was determined
from pressure, temperature and flame luminosity measurements and by inspec-
tion of the foam material after a firing.
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PICURE 2. - 450 gallon aircraft fuel tank (60 ft3 volume,
2] fr long and 27 inches maximum diameter).



RESULTS AND DISCUSSION

1. Small-Scale Experiments With Polyurethane Foam Materials in 6-inch
Dismeter Vessel: Spark Ignition Source

Data obtained in the 6-inch dismeter cylindrical vessel showed that the
flame arrestor performance of the dry reticulated foam depended on such vari-
ables as the arrestor length, flame run-up distance (ignition void length),
fuel-air ratic, and the initial temperature and pressure of the combustible
gas mixture. The effect of arrestor length (£3) was determined at a con-
stant ignition void length (£}) of 18 inches with dry arrestor segments and
-~ 2.5 volume percent n-pentane-air mixtures at atmospheric pressure and
ambient temperature. The experimental results obtained for the 20 pore/inch
foam are compared with data previously reported for the 10 pore/inch materiai
and shown in table 1 and figure 3. As noted, the maximum pressure rises
obtained in the flame propagations w'th the 20 pore/inch material were rela-
tively low and varied from about 6 to 11 psi over the range of arrestor
lengths investigated from £2 = 30 in. to 3 in.; maximum pressure rises of
a8t least 85 psi were obtained without the arrestor material present. Alr.,
any arrestor burning that resulted was confined to the upstrcam end of the
arrestor vhere the gas mixture was ignited. In comparison, the 10 pore/inch

 material was effective only at £ values equal to or greater than 9 inches;
at lower 27 values, the maximum pressure rizes were over 40 psi and flame
propagated through the arrestor segments. Since the £2/2; (30"/18") ratio
of 1.67 gave the lowest pressure rises in these experiments, it was selected
for most of the other determinatfons, except for those where the ignition
void length (£)) was varied. It was also observed in similar experiments
chat no noticeable pressure rise or flame propagation cccurs with the explo-
sicn vessel fully packed (£2/£] = ») with the 20 pore/inch materfal; this
wvas ~bserved at 0 and 10 psig initial pressure.

The effect of combustible gas mixture pressure on flame arrestor effec-
tiveness was examined with 10, 20, and 40 pore/inch dry fosa at the £2/f;
ratio of 1.67 and initial pressures from O to 15 or more psig. The pressure
rise data obtained with the different pore sizes are compared in table 2 and
figure 4. Figure & shows that the pressure rises increased with increasing
initial mixture pressure for each of the waterials uased. As noted, the 10
pore/inch mate:ial was least effective as a flame arrestor herc and failed
at i{nitial pressures greater than O psig. In comparison, the 40 pore/inch
material was efyective at pressures up to 25 psig, the maximum that was uszed;
the pressure riscs varied from 5.4 to 22.8 psi over the rangc of test pres-
sures and no flamv or arrestor burning was observed on the downstream end
of the arrestor (.able 2). The 20 pore/inch material gave intermediste
resulta and wvas ef<e:tive in preventing flame propagation at i{nitial pres-
sures equal to or lens than 15 psig. Failure of this arrestor at 20 psig
wvan associated with s« -~ondary pressure rises after the main ignition evwent;
these presumably resultod from f{juitions in the downstresm void (£3) by the
hot gaseous procucts from the ignition void (f£}). Such secondary {gnitions
were nc. always reproducidle. This can be partly .  tributed to differences
in pore si{ze since the porosity of the 20 pore/inch materisl could vary 25
poren according %o the vendor's spacéfications,

5




TABIX 1. - Flame Arrestor Data for 10 and 20 pores/inch Polyurethane

Poam Materialis From riments in a 6~inch Dismeter
g!ftartcal Steel Vessel With ~2.5 Percent n-Pentane-

Air Mixtures at Atmosphcric Pressure.

Ignition Arrestor
Source =% h <+ gy —> £3

21 = 18 inches

Arvestor ~Pressare Appesrance
m. ‘z u.., of flame
faches $2/81 psl in £3 void Arrestor Burning

Material A (20 pores/inch)

3 0.17 10.7 o Upstream end - 1/8"

3 0.17 9.5 Ro Upstream end - 2-3/4"
6 0.33 11.4 Mo Upstream end - 1-1/2"
9 0.5 8.5 Mo Upstream end - 3/4"

18 1.0 7.4 No Upstream end - 3/4"

30 1.67 6.3 Ro Upstream end - 3/4%

Matarisal A (10 s/iach

3 0.17 58.9 Yes Downstresm end - "
4.5 0.25 46.6 Yes Downstresm end - 2-1/2"
6 0.33 42.8 Yes Downstream end - 2-1/2"
9 0.5 7.3 o Upstresm end - 1/8"

15 0.83 7.8 Mo Upstream end - 1/8"

18 1.0 7.0 ¥o Upstreaa end - 1/2"

30 1.67 5.9 No Upstream end - 1/2"




ARRESTOR LENGTH/IGNITION VOID LENGTH RATIO

0 0.5 1.0 1.5 2.0
100 [ 1 |
tl = 60"
, O- 10 pores/inch
so kb O- 20 pores/inch -
-
°'. (Ignition void length, £] = 18 inches)
N 60 -
P
o
:
E 40 |- ——
20 |- —~
—ll—{3 t::_ﬂ_
0 | | : |
o 9 18 27 36

ARRESTOR LENGTH, inches

FIGURE 3. - REffect of arrestor length on pressure rigse in experiments
vith 10 and 20 pore/inch arrestor material A and ~2.5
percent n-pentane-air mixtures at O psig; 1 f£ft3 cylindrical
steel vessel (6" diameter and 60" length).




TABLE 2. - Flam: Arrestor Data for 10, 20 and 40 pores/inch Polyurethane

terisly From Experiments in a 6-inch Diameter
Cylindrical Steel Vessel With ~-2.5 Percent

n-Pentane-Alr Mixtures at Various
Initial Pressures.

Ign.

Arrestor Pressure
Source | f1 | & P

22 ’ 23 Transducer

21 = 18 inches, £ = 30 inches, £2/2] = 1.67

Iait. Calc.4/ Exptl. Appearances/
Press., Presa.Rise, Press.Rise, of Plame in
peig psi pei szoid Arrestor Burning

‘Materfal A (40 pores/inch)

(¢] 25.6 5.4 o Upstream end - 1/3"
b ] 3.3 7.3 o Upstream end - 1/4"
10 42.9 9.7 Ko Upstream end - 3/4"
13 51.6 13.1 No Upstream 3nd - 2"
20 59.8 15.2 o Upstream end - 2"
23 68.3 22.8 Ro Upstresm end - 2-1/2"
Material A (20 pores/inch)
(1] 25.6 6.3 Ko Upctresm end - 3/4"
0 25.6 7.8 No Upstresm end - 1/2"
b) 3.3 7.8 %o Upstresm end - 1/8"
10 42.9 10.2 X Upstrean end - 2-1/2"
10 42.9 11.2 Mo Upstream end - 3"
10 42.9 18.0 No Upstream end - 4"
15 51.6 15.1 o Upatream end - 1"
15 31.6 18.4 Wo Upstream end - 1-1/4"
20 59.8 42.8 Yes Downstream end - 7-1/2"
20 59.8 63.3 Yes Downstream end - 7
206 59.8 48.6 Yes Dowvnstresm end - 9"
Material A (10 pores/inch)
0 25.6 5.9 ) Upstream end - 1/2°
b) 34.3 16.0 Yes Downstream end - 1"
10 42.9 28.0 Yes Downstxeam end - 1-1/2"
15 1.6 58.6 Yes Downstresm end - 1-1/27

1/ Corresponds to expected pressure rise for combustion of gas only in the
fgnition void length, 2i.

2/ Obacrvations wade visually and by flame sensors (thermocouple or >hoto-
volt mitiplier).
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0 - 10 pores/inch
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FIGURE 4. - Effect of initial pressure on pressure rise in experiments with
10, 20 and 40 pores/inch arrestor material and ~ 2.5 perceant n-
pentane-air mixtures. Arrestor length/ignition void length =
30"/18"; 1 ft3 cylindrical steel vessel (6" dismeter and 60"

length).




. 8foce an arrestor material in a fuel tank can be wet or dry, it is
importamt to know its effectiveness under both conditiors. Figure 5 com-
pares the pressura rise dats obtiined at various fnitial pressures for the
. 20 pove/inch dry foam and the same fosm previously soaked in kerosine; the

22/81 ratio was 1.67. These results show that the wet arrestor model was
‘effective ia quenching flawme propsgation over the entire range of test
pressures, 0 to 20 psig. Also, at initial pressures above 10 psig, its
effectiveasss was greater than that found with dry arrestors of the same
materisl. With more volatile fuels than kerosine, the effectiveness of the
dry or wet arrestor materials would be expected to be equal to or greater
then that shown here, since nonflammable mixtures (fuel-rich) would be
possible.

The effectiveness of the 20 pore/inch foam did not vary greatly vwith
incressed temperature (75° to 200°F) at initial mixture pressures from 0 to
10 psig. GCenerally, the effect of increased temperature was less than that
of iscreased mixture pressure. Figures 6 and 7 szhow the variation of the
pressure rise with initial pressure that was observed in experiments with
the 10 and 20 pore/inch materials, respectively, at the constant £3/£]
ratfio of 1.67. At pressures greater than 10 psig, the pressure rise data
displayed greater varfation with temperature but were not entirely consist-
ent. The overall effectiveness of the 20- or the 10-pore/inch materials at
'tbc increased temperatures was about equal to or greater than that observed
3t 75°7. It was also observed that the foam displays a measurable amounl

Y shrinkage at temperatures slightly above 200°F, resulting in a decrease

in pore diamerer; thus, fiame propagation could be retarded noticeably in
those areas of the foam where a significant amount of shrinkage occurs
~ becsuse of the increased temperatures.

Other flame arrestor experiments were initiated with the 20 pore/inch
foam material to cbtain dats on various arrestor-void configurations for
possible use in internal (integral) fuel-tank applications. Cylindrical
arrestor segments, 2, 4, and 9 inches long (£2), were used in the 6-inch
diameter wvessel and the ignition void length (£]) was varied from 2 to 36
inches. The experimental srrangement was the same as in the previous ex-
perimnts. Pigure 8 shows the pressure rises measured in these experiments
for various ignition void lengths at ambient temperature and atmospheric
pressure. At ignition void lengths up to 12 inches, the pressure rises were
less than S5 psig for the three arrestor sizes employed, and none of the
arrestors failed to prevent flame propagation. The critical f] valuer abcove
which the arrestors failed were 12 inches (£2/¢; = 0.17) for the 2~inch
segments, 24 inches (22/#1= 0.17) for the &4-inch segments, and 27 inches
(22/2; = 0.33) for the $-inch segments. Thus, the critical £3/2] ratio for
arrester failure does not appear to be a constant for such packing configur-
ations. ‘
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In similar trials w’.th multiple arrestor segments, 2 or 4 inches long,
the effect of introducing » >ap between arrestor segments was also investi-
gated. Here, the ignition void (£]) was between two arrestor segments $o
that voids were located on both ends of each segment. The data from these
experiments were comparable to those obtained using only a single arrestor
segment at ignition void lengths from 2 to 12 inches; the pressure rises
were less than 5 psi for both the 2 and 4-inch segments. Although these
data are incomplete, it appears that ''cored" arrestor models with gross
voids, approximately 6 inches in diameter by 12 inches long, will require c
arrestor walls with a minimum thickness of 2 to 4 inches to be effective
for fire protection in internal fuel-tank applications., Additional work is
required on the effectiveness of nther arrestor packing configurations and
on scaling to determine the optimum arrestor design for such applicationms.

2. PFull-Scale Experiments With Polyurethane Foam Materials in 450-Gallon
Fuel Taenks: Spark Ignition Source

Experiments in the 450-gallon (60 ft ) aircraft fuel tank were conducted
with the 20 pore/inch polyurethane foam using near-stoichiometric mixtures
of n-butane and air, instead of n-pentane and air, to avoid possible fuel
condensation. The experimental arrangements used in the first two experi-
ments (46.5 percent gross void, £,/£3 = 1.29) are shown in figure 9; here,
24 represents the length of the middle arrestor section and £3 the length
of the ignition void between the nose and middle arrestor sections. These .
experiments were conducted at ambient temperature (70° % 10°P) . and O and 5
psig mixture pressur=s. An electric spark ignition source was located near
the middle of the gruss void space £3 as shown in figure 9. This figure also

indicates the extent of burning that resulted to the three arrestor sections. .

located in the nose (£2), middle (£4), and *ail (fg) 'of the tank. The data

obtained from gas temperature rise dnd pressure rise measurements are summar--

ized in table 3. A ) A

The maximum pressure rises observed in the above experinents at-0 and S
psig initial pressure were 4.6 and’ 11.8 psi, respactively. Undar similar '
experimental conditions, a pressure rise of 9.4 psi was pievio.sly obtained
for the 10 pore/inch foam material at O psig initial pressur~ (Ref 1); with
this pore size, secondary ignitions occurred with gross vo’ of 46.5 and

38.1 percent. The pressure-time traces obtained in the [z¢ .ent experiments
(Test No. 1, O psig and Test No. 2, 5 psig) are shown it ..gure 10. Accord-

ing to these records, the initial pressure rises that occurred varied only
slightly and were between 3.7 and 4.6 psi; also, their initial. rates of ,
pressure rise, equal to or less than 31 psi/sec, were low compared to those
found in most gas ignitions. No secondary ignitions were observed in the
experimont at O psig. However, in the one at 5 psig, secondary ignition

did occur and the final maximum pressure that developed was close to lepsi.:

15
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According to the gas temperature and flame speed measurements in table
3, the data at O psig initial pressure indicated that flame {or hot gases)
propagated through the cylindrical arrestor section £, but was quenched in
the nose (¢2) and tail (2¢) arrestor sections. Similar ds+a ~Leafned 2T 5
psig revealed that flame propagated through the g2 and {4 arrestor sect:lon-,
but not through the tail section which was farthest from the ignition voild
(23). Generally, any arrestor burning that occurred tended to be more
noticeable at or near the arrestor faces (figure 9). Maximum flame speeds
were not over 12.5 ft/sec and these were found in the ignition void. 1In
comparison, they were as high as 25 ft/sec in the earlier experiments with
- the 10 pore/inch material at O psig; also, the maximume values were obtained
in the nose or tail sections of the fuel tank (Ref 1).

In another full-scale experiment (Test No. 3), the arrestor wmaterisl
was arranged as shown in figure 11 to allow a gross void of 40 volume per-
cent. For this trial, five void spaces were used as compared to four in the
above experiments. With this packing configuration, the possibility of flame
propagating alongside a longitudinal channel (C in mid-section, figure i1}
within a fosm-filled section was reduced. Ignition of the combustible mix-
ture was effected by an electrical spark igniticn source located in the bulk-
head space of the tank; here, the arrestor length/ignition void leagth ratios
of 24/25 and fg/1g were held constant at 1.58. Table &4 summarizes the data
obtained at an ianitial pressure of 0 psig. With this packing arrangement,
flame propagated only through the cylindrical arrestor section g4 and was
quenched after traveling part way through the Zrrestor sections £
(figure 11); maximum flame speed in the ignition void was 12.8 ft?m As
noted in table 4, flame was not detected in the gy (nose), fg (tail), and g7
voids of the tank. It is alsc important to note that the maximm temperature
rise measured at one station T4 occurred approximately 5 mimutes after the
ignition source was fired. Apparently, a hot gas ignition occuzrred about
this time and resulted in the fire damage that occurred on the upstream emd
of the nose arrestor section (£3). Nevertheless, the maximum pressure rises
were not over 1.5 psi. Thus, the arrestor configuration used in this experi-
ment appears to be much more favorable for partially packed ruel tank appli-
cations than the one used in Tests No. 1 and Fo. 2.

Since an aircraft fuel tank may be purged with air during flight as a
normal operation or 2s a reuult of gunfire, a full-scelie experiment (Test Ko.
4) war conducted in the 450-gallon fuel tank to determine the flame arrestor
performance of the 20 pore/inch foam wmaterial with the addition of air foiicw-
ing ignition of the combustible mixture. This experiment was performed at -
infitial mixture pressure of O psig. The arvestnr packing configurationm,
shown in ffgure 12, was the same as that used in Test No. 3 with fuel wotited
foam, soaked in kerosine. To simulate a flow coadition which may be encoun-
tered in practice, air st a flow rate of 15.2 SCPH was iatioduced Tarvugh a
3/8-inck diameter inlet in the nose of the tank within 2 seconds after ignit-
ing the cowbustible mixture; ignition was effected in the fg gross void space
of the tank with an electrical spark emergy source. The air was discherged
at & sonic velocity through a 3/8-inch dismeter cutlet at the tail of the
rank.
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The maximum pressure rise (1.9 psi) due to ignition was not much higher
than that previously observed in Tests Mo. 1 through 3. Following the igni-
tion and the addition of air, the tank pressure increased to 14.4 pgig at the
P3 station and to 12.6 psig at the P5 station. /pproximately 3.8 minutes
after ignition a tank patch ruptured and the test was terminated about 5
minutes after ignition. Arrestor burning contributec little to the total
preessure developed. Flame sensors and a visual examination of all the arrester
sections revealed that the arrestor burning that occured was confined to ar-
restor sections £4 and fg; nearly 33 inches of the Z; arrestor segment burned
as compared to only 15-1/2 inches for the ¢g segment. Externzl skin (empera-
tures were maximum (< 300°F) ia this area but there was no visual evidence
of metal failure. The extent of arrestor burning in the 24 and gg sectioas
was noticeably greater in this test than that observed in Test No. 3, which
was conducted without air flow. However, in the latter test, a secondary or
hot gas ignition had also occurred in the g3 gross void at approximately 5
minutes after firing. The results observed under the two different test com-
ditions are not totally unexpected. The possibility of hot gas ignitions
should tend to be reduced when the cowmbustible vapor-air wixtures present are
diluted by the addition of air and vented from the tank. At the same time,
the fire hazard associated with arrestor burning should tend to be greater
with the addition of air, as observed here, depending upon the rates at which-
the air is supplied and the cowbustion products are vented.

3. Small-Scale Gun Firing Experiments in 5-Gallon Steel Containers

Small-scale gun firing experiments were performed in 5-gallon steel
containers, 11 inches in diameter and 0.018-inch thick walls, to determine
the general firing conditions required to ignite near-stoichiowmetric mix-
tures of n-butane and air using 30 caliber tracer and incendiary mmmniticn.
The ammunition was fired with az Army M-1 rifle. Ignitions of the combustible
mixtures were examined with and without the 20 pore/iach arrestor materisl
at ambient temperature and pressure. The data found in these trials were
used to plan the full-scale gun firing experiments in the 450-gallcoa aircraft
fuel tank. In these gun firings, 30 caliber incendiaries (50 grains)®, which
have a reported muzzle velocity of approximately 2800 ft/sec, end partially
loaded trr.cers (10 tc 15 grains)* with various muzzle velocities (~~800 ft/
sec for ll-grain tracer) were fired into the coataimers at a distance of $0
or 150 feet. A sumpary of the test counditions and the recults obtained ip
these experiments is given in table 5.

With no foan present, the combustible mixture was i{gnited with the in-
cendiary ammunition at a firing disiance of 150 ft, or at 90 ft when & 3/3-
inch aluminum striker plate was used inside the container; 10 or 1l-grain
tracers also gave ignitioms at 150 ft. In the other firimge with li-grain
rrncers at 150 £t, the test mixture also was ignited when the tracers wezre
firzd into the gross void of the container partially packed with vy foam
(507 gross void); however, no igniticns occurred with wet or dry foam &€ the
firings were made into the foam rather than the void. With the contairer
fuliy packed with dry fomm, no igniticns of gas mixtures were cbsexrved with
tracers {11 grains) or i{oncendiaries at a firing distance of 152 ft.

cTers to propelliant powcer.



mu 3. -

1te from Gun-Firing Tests With ~s3.2 Volume Percent

n-Butape-Air Mixtures at Atwoapheric Pressure in 5-Gallon

Steel Containers.
Rifle - U.S. Army M-1, 30-'06

rhea test container.
/] trmunition fired {into foam.
{/ Smmanition fired {ntc woid.

2y

ok

!

‘ . dmount of Hring Muzele
Tast Bullet Powder, Distance, Velocity,
%o. Type Zrains feet ft/sec Remarks
o Combustible Mixture Only
1 _TYTrecer 10 90 < 810 No ignitiom.
2 - 11 90 3108/ " "
3 " 12 90 > 810 i " 2 /
& 12 90 " %o ignition.%
s - 15 - 90 ” " L]
s . A 15 90 ” g€ "
7 " 10 150 < 810 Ignition.
8 " 11 150 - B10 "
9 “ 12 150 > 810 No ignition.
10 Incendiary 350 90 ~ 2800 v "
11 o 50 90 n Ignition.2/
.12 " 50 150 " Yo igaition.
- 13 " 50 150 o Ignition.
Combustible Mixture and Dry Fosm (50% Grozs Void Volume)
1& Tracer 11 150 810 No ignition3d/
15 » 1 150 810 Ignition.4/
Combustible Mixture and Wet ¥Yoam (50% Gross Void Volume)
16 Tracer 11 150 810 %o ignition.3/
17 " 11 150 810 No ignition.=
Combustible Mixture and Dry Foam (0% Grose Void Volume)
18  Tracer 11 150 810 No ignition.
19 Incendiary 50 150 ~2800 w "
1/ Nessured with a chronograph.
2/ A 3/8-inch thick alwminum striker plate was centrally located in

24



4. Full-Scale Gun Firing Experiments in 450-Gallon ¥uel Tank

In the full-scale gun firing experiments, the effectiveness of the 20
pore/inch arrestor material was examined with near-stoichicmetric mixtures
oi n-butane and air which were ignited in varicus gross void spaces of the
45)-gallon(D.003-inch wall) aircraft fuel tank. Both 30 caliber tracer (11
grains) and incendiary (50 grains) ammuniticn were used as the ignition
sources and were fired with the M-1 rifle at a distance of aporoximately
150 feet. Since multiple ignitions could not be cbtained by firing a single
projectile of this ammunition, electric spark sources were also used as
ignition sources to simulate multiple ignitions that might be encountered
in gun firings. Also, some shots were made by firing ti«cer or incendiary
- ammunition into an arrestor section instead ot into & gross void within the
tank. The arrestor packing configuration (40 percent gross void volume)
was the same for all the firings and the combustible test mixtures were at
ambient temperature and an initial pressure of O psig, except for one trial
which was made at 5 psig. Instrumentation of the fuel tank for determining
the exteut of flame propagation was essentially the same as that employea
in the other full-scale experiments with spark igritioms.

A summary of the pressure dats obtained in each of these experimenta
is given in table 6. In test Wo. 1, the firing of a tracer into the fg gross
,vold of the fuel tank ignited the combustible gas mixture present, but the
. flame propagation was quenched by the adjacent dry arrestor sectioms j4 and
Lg. As noted in figurc 13, the amount of arrestor burning was small and was
confined to the 24 and gg arrestor sections. The maximum pressure rise was
only 1.5 psi; this value is the same as that found in the corresponding fnll-
scale experiments witn an electric spark ignition source  table 4). Essen-
tially the same results were also obtained with wet foam and firing the
tracer or incendiary gmmunition into a gross void (£3) containiag the com-
bustible gas mixture; the foam was previously soaked in kerosinz (Test Ho.
2 and 3). '

Firing into the foam itself appears to present somewhat less five or
explosion hazard than firing into the gac-filled voids. In Test Ro. 4, a
tracer was fired into a dry arrestor (£2) and did not ignite the foam or the
combustible gas present. In comvarison, an incendiary firing intc the foam d:d
oroduce ap ignition (Test No. 5), but the pressure rise (1.3 psi) was not any
greater than observed in any of the previous ignitions; fiame was derected
only in the g3 void.

Where ignitions occur in more than one location in 2 fuel tank. the eom-
tent of flame propagerion will depend upon tke time sequence uf the iy :iricns.
In Test No. 6, the ignitions effected in two separate zZross wolds (£3 and £3)
by use of a tracer and by an electric sperk scurce 2.9 ceconds later, re-
sulted in pressure vices of 1.8 peil or less. Pere, the sparit sovurce igniticn
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88 probably suppressed greatly by the gaseous products which formed earlier

during the tracer ignition in an sdjacent void. By firing the igniticn

. ',{iuurc.l simultanecusly, the pressures developed were higher. A pressure

s

;;tileﬂdf 3.8 psi was obtained in Test No. 7 in which electric spark ignitions
Cete 5ff.ctcd simultaneocusly in the same two gross voids (23 and £5) re-

ferred to in Test No. 6. WNevertheless, as noted in figure 14, the flame
‘propagation was quenched by the foam arrestor sections (22, 84, and gg) adja-
“‘cunt -to the voids where the ignitions were initiated; also, any arrestor
butiin; wes largely confined to the arrestor faces in the ignitionm voids.
Accordinuly. the arrestor packing configuration used here with the 20 pores/
inch™ foam matexial appears to be effective for single and multiple (2) igni-
- kions. lbich may result from gun firinas into fuel tanks at an initial pres-
sure of O _psig. The 20 pore/inch dry foam was also effective as a flame
arrestor at £n initial combustible mixture pressure of 5 psig. The packing
con!i.nrction and gross void volume (40 percent) was the same as that em-
~ployed 1n the firings at 0 psig. In this particular rum, ignition was
"initiated in the 25 gross void space of the tank with a 30 caliber incendi-
ary. The pressure rise data are summarized in table 6 and show that the
maximum pressure rise that developed upon ignition was 3.3 psi as compared
to 1.5 psi that was cobtained at O psig with single firings of tracer or
1ve¢ndiary amwinition. In addition, flame did not propagate into the g3 uand
:7 gross void spaces of the tank, although the two arrestor sections (£4 and
36) adjacent to the ignition votd burned to a depth of 33 and 18 inches,
respectively. These results appear to indicate that the foam would prcbably
fall at initial pressures noticeably above 5 psig using the above arrestor

p.cking configuration.
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-{;»;".i.,‘ o . CORCLUSIGNS AND RECOMMXIDATIONS
x The flape ittOOtot effectiveness of thc 20 pore/inch polyurethane foau

Si‘!ntiﬁhdbly great - tham that of the 10 pore/inch material. At ambiext

2-tempyidiure and presemre, f-inch ddemeter cylindricel segments of the 20

. poXe/inch ary foem sre effective in preventing flame propagation at arrestor
**1Cﬁ.tllilnttion void length ratios (£2/£1) as low as sbout 0.17 (3"/18").

Witk ‘high 22/8) retios ( ~1.3), it is effective as a flame arrestor in 6-

ingh diemeter vessels at pressures up to about 15 peig and temperaturcs tc
:_200?!’ ‘wetting the fosm with liquid fuel tends to increase its effectiveness.
' A ‘uiniwm wall thickness of 2 to & inches appears to be required for possible
- tntwrnal fusl-tank applications where '"cored" arrestor models with gross

.!E!E:-of about 6 inches diameter are considered. With a 40 pore/inch material,

the Flame quenching effectivevess of the foam may be extended to about 20 psig

“‘t!:_ht& 22/8y utioa. ‘

. L.

_ “f Yor cx*crual fnnl-ttnk spplications, the 20 pore/inch dry foam is suit-
" able.ag a flame arvestor in a 450-gallon fuel tank to pressures of at least
S paig, depending on the arrestor pscking configuraticn. Fire and explosion

ptatcction {n such large fuel tanks can be obtained with an arrestor packing

coitigeration (£2/41 of 1.6) which permits a gross void volume of approxi-
aately 40 percent. The above packing configuration can be expected to be

"dtfective vhero the fuel tank is exposed to varioums ignition sources, in-

¢luding live cmmunitiou. For applications at pressures of about 10 psig or

more, the arrestor length/ignition void length ratio should be grester than

1.8; or a foam of greatar porosity rating ( >20 pores/inch) should be used.

In all- applications, the effectiveness of this foam can be greatly limited

if the packing is not fitted tightly to the walls of the tank.

" It s recommended that the following additional studies be made with
the praseut type of arrestor materials:

FT. Continne -aall-s-ale experiments to detetnine various arrestor pack-
ing configurations with the 20 poré&/inch polyurethanc foem mater!al for use
in {aternal fuel-tank applications. Conduct selected large-scale expeviments
for determining scaling factore.

2. Deterwine flame arxestor effectiveness of 20 pore/iuch foam material
under simulated flight conditions of pressure altitude and temperature.

3. Investigste flame inhibiting coatinge for improving cffectiveness
of combustible cellular arrestor materials.,

In addition, if ie recommended that othexr arrestor materials, including
sarforated plastic spheres, be investigated for use in internal or externsl
Tus}-tenk aprlications.




