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1 - Introduotion , . o _
| The halogen fluorides are amongst the most chemionlly reaotive

? substances imomn., Their use as inoendiary compounds has therefore

Yeen proposed as a means of attacking the fuel tanks of airoraft in
f1light. . .

It is, of course, recognised that the chemical nature of the
contonts of an attacking high~speod projootile is only one faotor
contributing towards its ovorall destruotive offect. For exsmple,
there is evidence that ignition of the contents of fuel tanks may
also arise from conversicn of the kinetio energy of the projeotile
on impact. Such conversion may become manifest as heat release, due
to viscous heating of the fuel, cr may oause ignition on acocunt of
adiabatic ccmpression of air pockets, Break-up of the fuel into
droplets or spray on passage of the projootile will also provids a
oondition for more ready ignition., 1he extent to which such faotors
e limportant .a practice will oniy be resolved by a suitable combina-
tion of laboratory study and practical firing triala, - The-Armament
Design Establishment is concerned with the latter aspect. Chemiatry
Department RAE has agreed to help in the laboratory study and the
proesont note doscribes the results of prolindinary tests to assess the
roactivity of the halogen fluorides towards hydrocarbons.

"In particular, chlorire trifluoride is one of the compounds
proposed for assessment and by way of general indication of its .
chemical reactivity, it may be mentioned that it reacts explosively
with water and inoandescently with such materiels as oork, rubber
and paper; eoven a diluto solution in carban tetrachloride explodss
violently on warming and immediate oxplosive reastion is obtained in
tho cold with such fire extinguishants as dichlorcbromomethane. However,
ohlmr!.no trifluoride is an exothermic compound and may be safely. handled
in suitably designed equipment, constructed in metal and which has been
oarefully froed from all traces of grease and dirt. . :

A further illustration of the potential value of the halogen . .
fluorides as inoendiary compounds is afforded by oomparison of the .
values for the theoretical heat of reaction between, say, methane and

. oxygen on the one hand and methane and gaseous ohlorine trifluoride
-on the other:~ - . o '

a1

L o "4+ 192 kocal

+202=002+Z{2

CH + 2C1F = CF + HCL ¢ ZHT + 2.2 k.02l
L 3 L

(the thermal values guoted ofer to niandnrd gas state at 1 atmosphere
pressure and 250C).

Chlorine trifluoride (m.pt. =76°C; b.pt.12°C) is a gas at normal
temperatures and eltornative special compounds, which may be easier to
handle in practice, are also being studied. .

Compound AC i3 a white solid, fuming strongly in molist air, and
is understood to consist of a complex compound formed by reaction of -
equimolecular proportions of chlorine trifluoride and arsenio penta=
fluoride, Compound AC2 is a colourless, mobile, oloar liquid, .cbtained
by dissolving AC in excess chlorine trifluorids, tho moleoular propor-
tions of chlorine trifluoride to arsenioc pentafluoride being in the ratio
2:1, It is obscrved that AC volatilisos fairly rapidly when placed in
a current of air at ordinary temporature and that ;02 rapidly sets to a

3.
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‘#’hite 801lid vhen exposed to atmospghers, presumably because of loss of
gaseous chlorine trifluoride. These features are undesirable, in that
they represent lack of persistence and stability in the two compounds
rospectively. However, the suppliers, I.C.I. Ltd., have more recen
made avajlable samples of further alternative materials, as followss=

Designation Composition Boiling Pt,
801 5.8 m, 84, 2% CIF, 25% (ga;o.)
BC2 22.3% BrFy T7.75 CIP, 30
BC3 32.1% BrF, 67.9% cmj 9%

- Bromine pentafluoride 40°0

These four materials are mobile liquids.at room temperature.
2 Experimental

2.1 Reaotions with paseous hydrocarbons

Preliminrry experiments made with impinging jets of methane and
gaseous chlorine trifluoride saocwed that ignition was not spontansous.
Explosive ignition could, however, readily be obtained by momentarily
placing a hard-glass rod in the gas stream. - The resulting fiame was
intense and visually estimated to have a temperature of about 2800°C,
An inner pale greenish-coloured zone was also apparent in which Cp
bands were prominent. These bands are similarly observed in the
conmbustion cf hydrooarbons in air or oxygen.

Using a burner comprised of three concentric o-pper tubes, methane
was motered threcucn the innermost tube, chlorine $rifluorids through the
intermediate one ard a nitrogen shroud through ths outermost: tube. (Here,
too, sponteneous ignitien only coourred if the burner tip were contamina-~
ted from oarlier produots of combustion.) On lighting the gas stream an
intonsoly vhite {lame was obtained shich was accompanied by the ocpious
formation of largo floculent scot particles and the rapid build-up of a
carbon cone on the methane jet. Dilution of the chlorine trifluoride,
by promixing with nitrogen, caused a marked reduwotion in flame tempera-
ture. At a diluent/reaotant volumetric ratio of 3:1 the fleme was
luminous ‘hroughout. At greater dilution a non-luminsus zone firat
rpprared at the root c¢f the flume and the entire flame beoame non=lumincus
at a ra'io of 10:1. The introduction of more nitrogen then revealed
only a thin, barely visible rcaction zone in the region corresponding
to initl.l contaot of the chlorine trifluoride and methane just above
the burner tip. This effoct persisted and was still evident at a
dilution ratio of 16:1. :

In & seocond series of experiments, air/propane mixtures of known
oonpositlon were prepared in a oylindrical copper vessel of about 1
litre capacity, Compound AC-was introduced on a deflagrating spoon
but, over the vhole ranpe of mixture strengths, from the weak limit of
inflammability up to undiluted propane, nc ignition of the gases wan
obtainod, Similar results were found with gaseous chlorine trifluorids
admittoed from a gas pipette. Howevor, with liquified chlorine trie
fluoride axplosive roaction occurred in tho approximate range 2.5 tc
11.5 per ot propane by volumo and, at highor provono conoentrations,
local roaction oocurrcd as each drop of chlorine irifluoride entered
tho gas spaco, Compound BC2 gave results similar to those obtained
with liquilied chlorine trifluoride but bromine pentafluoride failed .
to cause ignition at any propane conoentration.

4.
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In further tests, vhere premixed air/propane mixtures were passed
over AC aontained in a oopper boat in & hard glaas tube, oarbon and tar
formation occurred downstream when the propene ocncentration reached
sppraximately 5 per cent by volume, At slightly higher concentrations
(oa. 7 per cent by volume) the surface of the AC began to glow with a
pale green light, but this reaction remained purely loozl.

2.2 Reaotions with liquid sgm

A 'one-shot! spray of fine droplet size was obtained by forceful
sjection of liquid hydrocarbon from a suitable nozzle conneoted -to-a
hand-operated diesel fuel pump. The spray was directed horizontally
at 0.5 = 1.0z. of AC placed on a copper plate inclined at an angle o
30° to the horizontal, Immediate igniticn of the spray was nbtai-ed
with n-hexane and n-heptane, but in the case of n-nonane only that part
of the spray deflected by the plate was ignited and the 1iquid remaining
on the metal surface did not burn. Tith kerosine enly local flashes of
flame occurred at the surfece of the AC. Replacement of the metal sheet
by & ocpper geuze resulted in non-ignition of the spray sven with n-heptane.
In oontrast ts thoso results, sprays of isododeoane and kerosine. were
irmediately ignited cn being direoted at a stream of ohlori.ne triﬂuorid.o
gas issuing slealy from a oopper tube. -

Compound BCZ2 gave jumediate ignition of hexane and kerosine vhen
sprays of these liquids were direoted a2t falling droplets of the momd.iuy
material. Vioclent explosive imnition was also found by direoting s
of n-hexane, n-heptane, kerosine, isc-dodecane, aviation gasoline (100 30
Grads) and wide-out gasoling at falling droplets of bromine pentafluoride.

The tests with AC on copper sheet were repeated at rodnaed. Atncs-
pheric pressure, in order to simulate altituds effect, but no ignitiom
cculd be cbtained with kerosine (down to pressures ccrrospond*ng o en
altitude of 70,000 f't.) and a spray of n-hexans failed to take fire at
pressures 'below 350 mm.lig (20 000 £t. altitude, approximately).

2.3 Reuctions with liquid hydrocarbons

In a preliminary test to examins the reactivity of chlorins tri-
Tluoride towards liquid hydrooarbons, the gas was directed vertioally
dowrmvaxrds from a jet placed close to the surface of a sample of white -
spirit. Immediate ignition of the liquid occurred, but predilution
of the gas with nitrogen caused ignition dslay until, vhen the volu-
metric ratio of diluent to resctant was 3:1, no igniti.on ocourred even
after soveral minutes expcsure,

In a second test, Compound AC was placed on a shest of oopper ..
inclined to the horizontal and liquid hydrocarbon was allowed to flow
down the metal and make oontast with the AC. Immediate ignition ¥ms
obtained with n-hexane, n-pentane, sthanol, acetone and benzene, dut .
n-nonane, isododecane and kerosine caused only looal flashe- of flame
to occur at the surface of the incendiery compound.

Further tests with liquid hydrocarbons were made by allowing the
incendiary compound to drip slowly into 1=2 ml. of thw fuel oontained
in a hard glass (6" x 1") tube. In the case of Oompcund AC, & small
quantity of the solid material was dropped into the liquid hydrocarbon.,
A simplified summary of observations made under these oonditions ia
given in Tables I and II, together with the results of similar tests
made at low tomperature and of tosts made where tho glass tube was pro-
filled with a narbon dioxide atmospheroc. .

.
z
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TABLE I

Ctserved reactions betwsen ingendiary 'ogmbunda.
snd liquid hydrocarbons at room temperaturs

Cowpound | Compound | Compound |~ Brominé
Test fuel A0 AC2 BC2  |pente~fluoride
Ne=hexane P b X . h -
Neheptane r X , hP
Iso=cotane . hX
N-ncnane - b 4 X ' X
Iso~dodecane b o X . hX
Kerosine (Avtur) £ x - x- hx
Aviation by . h X
Gasoline (100/130) : -
Wide=Cut F - - h
Gasoline (Avtag) . .
Liq. Paraffin . X X X
Benzene e : hX
Agetono X |L _ F
X donotes cxplosion
? inflammation of bulk liqud m.thout explosion
o local flaskos of {lamo et AC suriace only
h hissing as individual drops antor
~h X hissing, £ollowed letch by arploeive ignition
h F hissing, followed lzter by inflammation
) TAH.'E II
Observod rosotions botwoen liquid chlorine triﬂ.mrido
end liquid hydrocarbons .
At rocm temperature o )
Test fuel - In normal , In COp At =40°C At -65°0
atwosphere |atmcsphere )
Propane | X
N-hexene X X X X
N=heptone X X X X
Iso-octane X X X X
N-nonane X b 4 )
Iso-dodecans X X X X
Kerosina (Aviur) X b 4 X
Aviation '
Gasoline (100/130) |° _
- Wide=~Cut X X
Gasoline (Avtag) '
Liq, Paraffin X x
Benzeno X X
Aoeteone X X
X donotos explosion 6
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3 Disoussion

3.1 Gas phase reaotions

Very high flame temperatures were cbserved in gas pheae reactions
with chlorine trifluoride. Contributory feotors are the high heat of
formation of hydrogen flucride amd oarben tetrafluoride, the probabie
simple nature of the resotion products ani t-e relatively low degree of
dissociation, at & given temperaturs, of a flu.rine oompound compared =
wvith that of the corresponding cxygen compound. Howover, beyond the
fact that thore is a pronounced tendency towards the formation of free
carbon, the detailed nature of tho reaotian products remains for further

study. .

Compound AC, gaseous chlorine trifluorids and bromine penta-
fluoride wore non-effective in causing ignition-of gascous hydrooarbons
but Compound BC2 end 1iquid chlorino trifluoride readily ignited propane/
air mixtures of composition extending over the whole range from the weak
to tho rich limit of inflammability. The intensity of gas phase reao=-
tions with chlorine trifluoride is greatly reduced by diluiion with inert
atmosphoro and it is probablo that Oompound AC bchaves initially as
dilutod ohlorine trifluoridae. The heat of reaction 1s then froquontly

‘insufficimt t¢ promoto ronowal of thie aotive oonstituent from within

tho dbulk of the cemplox., It is hopod to elucidato this further by
making suitablo tosts with finoly divided AC, such as would be obtained
in practico Ly scattering aftor strike of a high specd projootile. It
has also boeen notod that the surfaco of Compound AC froquently bocomes
coated with tar-like resaction produots which, no doubt, also tamd to
roduce its nffoctivoness. . , L '

3.2 Rezotions in oondensed systems

A study of the behaviour of these compounds towards liqui? hydro-
éarbon sprays of fine drovlet size is not yet complete. Compound AO
itself is disappointing as an incendiary agent under these ccnditioms,
failing, even with n-hexane, to ocause ignition at atmospherio praasicss
below 350 mm.Hg. Later it is hoped to establish whether the alierne=
tive materials are more offective under simulated high altitude osudi~
tions. .

Compound /C has zlso been found inferior in cauning ignition of
bulk liquid hydvocarbons. FWhere localised flashes of flame were seen °

"o occur, these were rapidly quencheld by the cooling effect of the

liquid.

Compound AC2 probably behaves largely as a source of undiluted
chlorine 'trifluoride vapour and its physioal state permits continued
release of the active constituent., Although notdetailed in Table I,
1t vas notod that the violcnoce of the explosive reactions with Compound
AC2 and liquid hydrosarbons decreased 'with deorease in molecular weight
of the lattor, Theo same effeot waa obtoined with bromine pentafluorides
vhich falled to ignite n-hexane even after admission of numerous drops
of tho matorial, In suoh cases tha leat of reastion is most likely
dissipated in cousing formatlon of hydrocarbon vapour, which, &s has
alroady boon noted, it not readily ignited exsept by liguid chlorine
trifluoride end Compound BC2, ' '

Liquid chlorino trifiusride geacrally caused vory violent explosive
{gnition of all tho hydrocarbons tosted and the violence was in no way.
roducod by carrying out tho roactions at temporaturos as low as =65°C,
Noithor was any dooroasc in violence obsorvod vhon the hydrooexrbon was

7.

Y- oiscreeT



_mscun’

Tech, Note No. Chem.1194

outgassed and bisnketed with an atmosthere of carhon dioxide. _ However,
in an attempt to distinguish any differences in beheviour towards the
more volatils hydrooarbons, as opposed to a materiel such o3 kerosine,
a photographioc record was made of resctions at room temperature., The
record was made on 16 mm. £41lm at a oamera spsed of 2000 frames per
seocond and solected prints-frm tho film are included in this report.

Fig.l 1illustrates tho progress and spoed cf reaotion ottained with
n-hexane containod in a 6" x 1" glass tube. Tho entering drop of chiorine
trifluoride first frlls through the liquid hexane ard initial reaotion is
observed to be relatively slow. The roaction zore or "hot spot" round
the drop increases progroasively in size over a period of tims of abtut
35 milli-seconds (Fig.l, a to 4). The reoaction then uccelerates .vitiently,
leading to 2 sudden explosion (Fig. le) within an ensuing time interval of
loss then 0.5 milll-geconds, Tho light emitted by tho reasoction is of a
relativoly low intensity. The firast stage of tho reaction precbably ocauses
genoration and mass transfer of vapour ava,; from the hot spot and this is
suggested by Fig.ld, vhero the epparent v.lumo of tho haxsne has approoi-
ably inoreased. The reaction then appears to pass cver to a low order
detonation but the sveed of tho ocmera used was too low to enadble an
estimate to be made I the rate of progress of the flame front.

- A repeat test made with n-honc sontainsd in a glass tube of 1 in,
diamoter end lcng"'h 13 in. led to almost iGentiocal results, In a third
test, however, and again using a 6" x 1" tubo, the first drop of chlorine
trifluoride fajled to cause an explosion and mercly hoated the hexans,
giving a vapour-rich atmosphero in tho tube. In this ocase tho ensuing
drop of chlorine trifluoride was cxpendod in roseoting with the hexane -
vapour. Fig.2a shows the commencement of this intanse but looal reaotion
and 40 milli-seconds later (Fig.2b) reaction has sproad as the drop gone
tinues to fall and leaves a wnke of soot pa:‘-iolos in its path,

. In the case of kerosine, a material cf low vapour pressure &t
ordinary temporatures, the nature of the reaction is somewhat differens.
The chlorine trifluoride droplet was observed to roaot immodiatoly it
roached tho sw'iace of tho hydrocarbon and Figs.3a and b illustrate -

the instants before and aftor cxplosion respootively, tho tims intorval
botwroon theso rocords boing 0,5 milli-scoonds. Fig.3e is a record .
takon 2,5 milli-sccond lator to show the growth of flamo and soot oloud,
It is alse intercsting to obsorvo the undisturbod liquid {Fig.3b) olose

to tho valls of tho tubo immodiatoly aftor axplosion. A repeat test
confirmed that this type ol reaction was typiocal with kerosine and

that the light emitted by the reaction was more intense than with hexane.
It will be noted that tho glass tube was not shattered during the kercsine
oxplosion and this is thcught to be due to the cushioning effect of liquid
remote from the point of initiation. I% oould also bo explained by the
fact that littlo in the vay of first stage reasction occurs, i.e. whore
vapour formation is proponderant, that the roaction is thorefore overall
more rapid than with hexano and that unroscted ohlorine trifluoride is
ojocted from tho mouth of tho tubo.

L Practival simificance of the tests

The preliminary latoratory tosts described illustrate satisfactorily
the mazked chemical reactivity of selected haloson fluorides towards hydro-
carbon fuols, In particular, liquid chlorine trifluoride snd Compound.BC2
have been found most effective in causing oxplosive ignition of hydrooarbon
vapcur "id of a variety of hydrocarbon fuels both in spray end bulk liquad
-form. Such results suggest that practical trials rvdth these two materials
vould be vorthvhile, On tho other hand loss promising results have been
cbscrvod with Compound AC; thoso rosults also =igzcat that its offcotivree
noss would bo £till furthor roduecd under conditions of flisht at nigh
altitudo.

.8.
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