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ABSTRACT

Determination of the flanﬂbility limits of eireraft fuel ss & funection

of prezsure, typs of fuel, tempereture and ignition cnergy was the
purposs of this investigation. The investipztiion was conducted in
chambers ranging from € to 12.5 cubic feet to determine epplicability
of small sesle Leboratory deta to eircrafy fuel tarks, The date obe
tained from e cepacitor discherpe epark igniticn scurce was corréelated

--with similar date obtained uving incendizry smmunition a3 the 1gnition

- Bources .. The latter date were cbtzined at sea level pressure,

PUBI.ICH'I'I o I—'ENIEW :

L Tu;& rapurt has been reviewed ard 1s apnrovad,

FOR THE COIWMER:

é f’ G?J#‘*-r‘
NOAVEN €, ATEHOLD
Colonel, UIZLF
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Thiz rvc‘;p.nc;r.t- éum.;trizé.!i an experimantml‘ i‘nvcatiwaﬁon of |
| inbrﬁng cond;itic-ms -“for' aircra.ft fuel taxﬁ:a. ‘I‘he reau.lts herein
o ;;feeentcd were: ohtamed in raLtaA-gular tan.kz: of 8 and 12 1/2
"‘..cubm foot capacny w.1th tl-ree dx.xeren* awatmn fucls (M' F-58
\‘ (JP 4 grade) AN F 4& (100/130 grade) ana ka- -32. qubﬁtn.ute |
' ‘}_‘"(keroaene)) thre.e dﬂf»rcnt mertmg gaaes, two d1£fcrent 1gnit1c:n
nou:rr-Lﬂ (high—‘;mrgy electric. s*mrks a#d *r;cendtary am:nunitmn),
‘.-'_owu a températuu x:a;nge of 35 F to 110 .‘E‘ ami at prensuren
'equwalx.nt to altzmdf.-s from sca level to 60, 000 feet in 100, GD‘J
-foot inc,mmem:sx Th\, more .xm“m Itam reaul*zr. of thi. wor!* are;

i, | The presér_‘t data -show wider ignition lirnits than those
ilithcrto ;'e'.partefl uging amalier cquipm;ax;t and i-:wer
aﬁe;gy_igni.t:_iun sources.

2 -Th;a- -pregé.r.x-::la ;:f iiquid fﬁe-l in a.tz;rﬂ; widens tlie :angﬂ_
of f;l'cn':lbu_sti-.bl'e mixtures cver that ointained- with gasg
.a.nd vanor miyhugs only, |

"'3-'__ Fuel tanks cg_x_i be mucceﬂnfully.iner";édl by maintaining
the Oxyge;n-cénc:cntration in the vapor space belc-mr 9
perce ot, or the fuel vapor ccncentration greater fhan

11 nercent.

VADC=TR-F 5./ 16



ché.'n'ge' “the '\—élﬁdr i)rea_éur'e of the fuel."- '

~ Bay sPace-s ’ahcﬁld be inerted as well as fuel tanks.

‘Ordinary diffusional -convectional mixing is 2 very slow

l

process. Stratification in the gas phase is thgs quite
‘ _lillr;nly._ “This makes it possible to have re‘gians where
.. inflammation can take 'plac_e. even though _the.aver.a.ge

| ‘:—:orﬁpuniﬁdn" i in the non-ﬂarrimable region.

Nxtrnge. in the most efﬁuent ln&l‘ttng gas tested on a
weight basm. and ca.rbon dmxldg the most ef.fxcxent on |

la voluma{ ban_in.’_.‘ S

P

_ The major effect of a change in temperature is ta’

Ve

: Tlm mainr effrc:t of mcreanmg alntudm* or decreacing

'totél pre-ssw_—e_ is to decrease the range'of conditions

for obtaining combustinle r.-n-*_-g;Lufes. Com b\m..,::m

Ph::nﬁ'"n;na. at przscures carrbapmndmg tn 40, 000 to

- 60 000 feet ave uuudly of the cuol ﬂw\m type w1th

litt._ﬁ o7 . N p:c'gsaur.r: rise ac-:ompanymg the combustion,

in contrast to expldasive cormhustion at the lower alitudes,

. In addition ‘tp describing the exper'iinental equipment,

 experimental method and the resulis and conclusions to be

drawn from the main program, turee supporting investigatione -

are summarized. These concern the design of aluminum foil

rupturz disks, the measurement of the vapor pressure of fuels

R LN
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over a wide temperzture range and the relationship batween the

 energy supplied znd releasad from a surface conductive spark

plug. -



I, INTRODUCTION |

The Fum Igmtmn .:tud.eﬂ Rescdrch Pro;ect had fcxr .1ts
.ob;ectwe the determinatmn of the 1gmtmn or’ combuatmn
limits of rmxturéa of alr‘craft Iuel 'va.por,' oxyg...n. and inert
‘ gauu. Both serv;ce ehpe;'x-enm. and theorcncal. conaideranors
led to tixe questmmng of t.ho va.hdzty of ap;ﬂ {mg the: then- | : - . |
o eﬁuting inform&tiar. (obtamed in amall-acale eqmpment, and

‘- "},fwith 1ow—energy 1gmtmn murceu) on the cumbuﬂtmn lmuts

Lo of hydrucarbon vapur air mi...mrea to the’ problem of menmg :

aiv rraf.t fual tanka. The prenent worL. wag ra.r**md. ont in
tankﬁ of from 8 ta 12 5 cubu: feet c..paci )r tu aﬁu;w_rtsf -r.he'-
queshon ramﬂl by tha uae of glasn labo“atory equmment in
lthe. past, and lngh rrﬂrgy electric spsrizs or service incendiasy
amrru.mtw“ to incx eaze the energy addsd to the furl-gas
' ml'{ture by tL 1gnition sour ce. |
Suppnrtmg expeflmex;tal 1ﬂv\.-m1ga"rr\r« that wer" nc::adsu'&ry
for. the l_sm:ceusful a_ccomphshmcnt of t.x.a 1:*.;. inr program fvere:
1. .The -ob‘ta.in'ing_ of engin;mring, design dana foc the rupt\urt;:
diskn.!. .
2, '-':The.t-ieve.ldﬁment of an appa.r;:tms for measuring, ﬂ;l.e vapar
preesure _éf _h-ydrocarﬁén mirxiures,
3. 'I'he measu;-eniee.n‘:t of the energy actaally released to the

gas mixture by the surface-discharge spark piugs,

WADC-TR-F£-413



' u.ndar the 1rectmn of Fa.culty Inv«.shga‘irmrs, "f’am .B Stew'nr't. _' '

ﬁmformntmn e e R

: Starkman. Aasomntz- Profesaor of Mer-hamcal ..v:g,neemng

In tlm .t'n'nt year of the Reueh reiv Prog&:t & a*mera.tien signi-

All of the m";.terml coutained in th:a regort har been

preaented,, ad it became avauab‘e, in earher ruporta.

' Thene earlier reparts (aee &hlmgraphy p. 79 ) unually

contaun greamr detaxl than does this m.u‘nmary technieal

raport and ahuu.ld be. (:c-nsulted for mare complntn

From 1ts mceptmq thxa work hae‘ bmm par‘ormed

\.

T

' Asaocmte Prafeanor o Frccca:s lmg..x.eenn,;, and L.rneat S,

iu.ant contr:buhom.u to its ﬂt.le.!‘..ﬁﬂ wWere max..c by Frow'

-‘ﬁexth Actm.g Ammstau Prcf:u::or of Niechznical Buagineering,

and Ch:»rlEG ¥ Cuhre. Assistant Rese a,rch iZugineer, both of

whom then left the Umver sity.
O‘her px.n}le w}w were mem)rezd on the prc _,ect; and zlso
contribiated to its success in bubcrfmza.te, rolls include Raymond

E. Gott, Lvo chhtman. Rober T. Fox, Jr., George William

Gurr, Burt L_ .,..ewn, J‘ames Dutzi, znd Villizm KNephev,

'-'.'PAR I+ rgr{‘r*r*;ﬂ'm A ST5

iy

Experimental Tauiprnent.  The expsrimental equin me-n..,

separated inio functional Eroups, wae composed cf:

VADC-TR-55.118



(-1) Tl;u; t-c“ﬂ-t lank. '(Zi‘Av;.Acuuni.pm.’np é;'ﬂtéxn. (3} The gas
_ am';l fuel 'supply;: syﬁtém. {4} A tcmpcrat’u.t'e control -Byatem,-
{5) -A preanux; _n‘nv;e;'t.nuring- syateﬁ, (&-_) An ignih‘.oﬁ Fystern,
_ 'ﬁnd (7)- the proérai‘n. 'I.:irn‘e-ir. A schematic arr#ngeme:nt h |
"_d'_iagram c;f- the'\fnﬁin uni..ta_;h-al;.:in‘g up the equipn_ient IaSBe.mbly :
is éivan in .I‘_"igur:e‘ 3-1 .
| _bf-a;ﬁnéd t: th;a ‘rﬁajnr units and a.-s.ae'rriblie.:a uc in the
Appendi:.. of tl‘nn report | | .

1 Teat "I‘a.nk 'llm crlgmal test tzm}:. vrasg a Ett»el box 2 1/2

——

ft x 2 1/?. £t x 2 ft ma.de of l/4-mch steel plate. w«elded
conutructmn. reinforced with steel &n_:;lx:,. This tank
) .develaped snmll leam;. prem.m:nb}y due to the nev.ha
" flexing ir\posed on thc wa]ls and the welds by the maore
) violent explc.mc».:ﬁ. It was t]_mn replace_d by a tanlc
' i.&eﬁtical m all renpe‘ctﬂ except of heevier construction,
3/ S-in'éh plat-n., and hé:.wiez- rs;-in.fm cmg angi.eﬁ. The :
tank was protacted agamst overpreﬂml.me‘by a pture
.dmk whr_.;__-n}.yurﬂt atm-:.mnnna.l AL pﬂ'.lg;. Thie ;ixnitgd the
: Preﬁaui'g rimlz’ dﬁe to comlblusti_cpn to values which could. .
not darr;aé;e thz tauﬂc‘.' Al 1/2~inch pipe line tc tke
: a.tntosphere'was provided {or expulsion of gares rerﬁainﬁ.ng
at the_* conﬁlu-sion of c_ach test, and the tank was conmected
. by a 2~inchk pip& .to the vacuum systermn. A manifola which

WADC=TR-57..L185



could a;i;sio be._.r;‘.-all_ed par-tuof the gl.;;aupgly $ystem was
’ éttached to the t;mk.. as was the pressure measuriﬁg.
_' sy‘sunlx. . | | | |
FDi‘:_t;l.tB at'cfl;er t.ha.ln‘arhhiﬂ:xt t.er-xl'xperaerea, the
unlr. ﬁvaa-wrapp;d .witl.:- copper cooling or heating ccils
and c_:d\f&f ed with Foaraglas 'inaul'a-tion.-
A -4.-'incfh d.i.iaméter Py'rr-cx élaas .'window iz;.ur.xe side |
parmi.tted visual obuer_vg.tion. ur ‘photography of flame .‘
T phssorsana.
o ;{':"-' A;ma.ll s;izi:ixpxg fan w;s inatﬁi&e&_iﬂaidg th;a t&n!r.
c &uring the ‘co;.u._-_slm of the te f:-tu when it 1."};';:1 faﬁﬁd that
ﬁ#hﬁr-nl m—i:?cmg_ was not Eufﬁci'ﬂr»."fly c:c-n.:;;]_c:m unless |

_permiited to continue for impractically long peiicd.

2. \_’icutim, Pump éystem.' ~ The vacuum pump eyptesm was

. built around 2 If;ilnney mechaaical pu;ﬁps,. each capable -

o 'olfldinpla.citl-:g 13 cubic F=ei par minutz and of pumping
down i-:o an éﬁﬁalu.te rre 55@:{”& cf 1€ xﬁicrca_ﬁ whlcf;‘;r:.

' 'bla,niied _off. ' A cold t.:rap,.. a ﬁtegl tank packed with
' c;op]:)é; _Mrnings and immafééd in 2 bath of propylens.

. dich.loridé (I, 3-dichlor6p_¥ep&ne) rcfrigé:&a;ted- with
Dry Iée. kept larpe quantitics of céﬁdenaibies out of
the vacuurc pumps. All valves on the vactum system
.wue cifhgr .Kinney bellows-scaled valves or Grimjx.el--

_ 5_*'"';Ed-e-rs diaphraém VEI..'{-‘J‘.ElﬂI.

| ot -"“TR"Ejj-i.l&



Even w1th tha ;::;)ld trap at a”tle.;nperamre of -70° F to
: ~110 F troubles ‘were cxpenenced \n;xth the solubllxty of
--fuel va;par and of carbon dioxide in i:he vacuurn pump ml
'Thm salubﬂity afi’ectwely raxsed thn vapar pressure of
| the pump ml and corraspondmgly decrcaaeu the vacuum
' __-sttamahle with the pumps. To ovarcome this proble-n
‘the system v aa purgad with air before pumpmg it down
80 “that the vacuun.-n pur-npn wnu.ld no longenr bave to h:ndlc |
'_ :;na.terialu soluble in tha p‘umu 011 | ‘I’he a.u- was Bupplmc. ..
fz;nm the huﬂding comprosscd ..ir aupply. amd t}:m remowﬂ
) !Qf ﬁm carbcm diax‘da :md fw&,. vapar. by-a jat exha-;u.mtmr
'mou_nted. on the roof abc—ve.: the .tank.' i‘h&u jet exi; um.t‘or..
: ‘althoﬁgh de;igﬁéd {o= at;mn o;ﬁeraﬁon, operated c;ﬁacﬁvely
on cmﬂémamd air. “
E T.‘hé cold trap was isolated by ‘fa;.‘.;ree Irom the -s}"rst'em'
whmn 114 \mz;n not u*mrzs.tmg It wao drained perim-d_icall't_f

" when npt at reduced temparatura.

3. Ges a_;md Fusl Sunpl,r Ej;;;mtc-m. Ga.-sés awd fael va}gnr for f.he
_téétﬂ ware a;dmit;cd ncp_araf;ely to the teat tank frem th_cir-
rgupeétive_ te:mpae::ing tanlice threugh a man::iald. | Thc
permancnt gases (mtrogeu, o:cyg,en, and carbon dtomde)

were kept undgr preesures of Z5 to 50 puig in the tempering

WADC-TH-£5..4,16



tanka.\ hexrg sup_i‘ﬂiéd theréto from high pressure gaé
bottles thx;c-uéh éréunure regulators, The other com-
ponnnt; fuel v-a-pm-'. wae drawn from a fuel t,c'npermg
tank when it evapurated from the llqmd phane, AJ.l of

; thcse tanks -l\.:.vere con_.nected through valvca to the vacm:,zﬁ

_ _ﬂ_yaten'i mo,the.y céuld. l:;e .&vacuate:d. Thoy were constructed |

__to mthntand i;rno&pﬁer'ic presgure while evaéuat&d‘ and
B rated ior 150 pmg presaure. The tan]-r.n werelwrappad
F'- ,- ‘\'n.th ccmlmg or heahng cm.ln and 1nsu1a.te,d wxfh Feamgxan
| Ona dxﬂxculty encountered in the .eza:rly teats resultud
frnm 11qmd ft_el bmng pulled tht'a'.t_gh the vapor ]mt: frﬂm

the temperinr' tank intc the test t.‘mia.. . lmmd t‘:a}.

- therefcr re, _wan mat.—.rlled in the lme at the tampc-rmg lamt.
This tran, a ahort pu:cc of one-mch plp-e filied thh glasﬂ :
wool, cappcd ‘at the t0p and \rn.th a drain vdve at the bo tnm,. |

' wae emptied, .ea.c-h ti?ne: the ﬂla.elwu dﬂr,gec‘. in the t-ﬁm'perin_é
Tim ox.'iginal fué-l .te-mpering tank waas fbun;.-i .to have too

. mall 2 ;‘rc.-luxx.xe- to.pfovid.e .sufﬁr.ient-_vapor -atora.ge space
for loadiné thclie et tank in a rcaﬂon#iﬂe- i:ime-interval-.
when working mth low-vzpor pressure fuels, or &1 fuels
at sub-zero temperatures., Accordingly, the originai test
tank was :épa:ire:d and put into gervice as a fﬁel tempering
tank of greatly-increased volumme.
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.4, ) Tcmperamtﬁ Control Sw,_-s:_em. As has been ndtged Ieax_-lie.r,

the external surfaces o‘ the test tank and tbe fempering
tanks had -cnlplper tubing, soldered ip place for heat tr;nsier
_pu_r-'.pqses.. Heated or couled liguids wex.'e pumped through
.the.ae céils to.."bri-xxg. .t.-he ta.n.kg and.their contents to the
demred.ten'-xperat;ru |
Water w.as.uzliéd as the i—;eat t!‘anﬂf&‘t ﬂmd in the tcmpar -

'3..-ature range of 32 F to 140°F. Ice was used to chili th(:

- water when requxred or an ordmary dome st:u: gas-.fn-ed
""wa'ter -hcatei' to heat if.
‘.1, "‘. . e . ‘ ’ \ _p-“-“-\.'l L ‘ B ' ' ' ' ' D ' 1: ° .
-For tests at t::-mperamres less than‘ 32 F methanol wao
- -the hea.t Lxrzuzsf*r ﬂmd The fluid orxgma.lly uged, . propylene
' d:.c‘llomde:, proved to be to~ poor a lunncant which causbct
: the pump seala tc» faxl. Th_e methanol wan chilled to the

demred tempe*ature by pumpmg it t_hruugn a helual coil of

Pmnd fu.;.ned copper ;;xpe immaer se:d in a bath of propylene
di.chloride refrigeratcd w-ith golid car-bon dicwide (Drv Ice).
The indire{ct cooling wa;a necessary because of ve;pcnr lock
prohlams in the pa.mps 1.w1= ch weze ‘due to the solubility of
c;rbon dmmde in the ifwat transfer fluid, and gas evclution
" in rerions of re.duced Pressurc,
" Temp=ratures at varicus points throughout the ir_xstallat‘_qﬁ
wire meast -'e'd by copper-constantan .thermocrmples
connected to a Brown Electronik sirip chart temperature

recorder.
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5. Préssufe Mé&ﬁuri,ng Slsteﬁ. The pressure in the fes-t tanle
wé.s .oba’erv-e:d‘ dur-i'rig_ evacuation and lo;z:iing by an absolute
man-oxl_:l'xéta:"_.a:;.dtu‘ro Stokes McLe;:)d .g,‘;s‘xges covering different

, ran.ges Tht-!lP inétrﬁxyenta were'qqn;lé:“;ied tlc; the.-te st fank;

- or through valves they could be ‘made to indicate pressuces

. in other parts i:-f"t!';e éyatem. as, for example, the tempering
tanks. - .

o

: o ; A_ P;ramgauge F}q,;a.g r‘:c_'m.m_a.cte.t;_. tq“tﬁal;vacuvm -ﬂ-yateml_-
- pnmarilyiorthe d.le-;;cction of 1ea1u3 IPointaﬂof-.éﬁspcctéd.
.leé.-kagg;-"'- I:s.v;;:h;a.ii v;élv'e_s .or joinl:ln._plﬂve;'-.\,. ‘aqujirtss:d mth m;thyi
N '_ aic;:ihol.' L:quut valco]iol w}iich- .con"-w:u in cent_uwth z leaic
in 'eir‘a.wn into ;iu‘: a".yrztem,wheré it aevaporites. This caused
'tl-xe Pirani Eage :to'react.. having the efiect of indicating a
au_dden p:l-:esnure rise, The calibrziion of this instrurient
hag been fouard to vary excessively, s'o.it is not used for
' .'ach»h;te.meap_urg-ment. An Aiph&tr-ﬁ:x page vas sdded to
i:he'"nydtem .'];ater c.:r.xlfor this same_puréosa bacause .it Was
_- a less fragile inut:lt-ument than the ?irani gaugze,

' _ A s@éfaam p_re:ssm‘c' picl;vg,p wasg ipst’alled in the test tank.
.This inﬁrument was, 1n tarn, atfac:hed-w & Duiout tﬁa
3044 OaciliOgraplm on which pressure-tirne curves were
ph.otogra.p]_-xic;ally recar-d-e.ti for each test, The single sweep
:.;lquired - the. oscﬂlograﬁuh ‘war initiated by the propgram
timer,

WADC: TR-Cv. 18
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" ﬁf Ignlition S_?y;mtem‘.i The..ignition source vwas a row of i4 su;i'-ac:e
: diacharge uj:ark. pl'ugﬂ. in\the -top of the test tank. Each sz‘.:k
' plug waa fired by dmcha.rg!.ng a sl-xteen microfarad c;ap.acxtor
thrm.g‘l it. The fo#r;een capacitore, together with the power
ﬁup'ply. ‘cc:ntro_ll circuits, and prcgrém timer were housed in
" .a. cabinet w1th the ‘reqmrﬂd s.safety interlocks a.nd cutmlxts. For
fcanonn lof sa.fet‘v. the pﬁwer supply was energzzed by a pus‘x-
i button. ‘80 that it had to be m-a.nually actuated during the entu:e
charg.mg period;" -‘ Thm butto:x when réle—asei’ in caﬁ‘elof |
g acmdant or dange. , dmche gcd all fourteen (:Qx;ldc*la ru' -th:;-c-mgh
an int&rnal shm‘-tix:g me'chanism. o |
A hxgh-rvulmgﬂ- quGI’ :,upi..l,r with 11ai£-wave rectified cutput
aﬁd continucusly coatrollable- voltage c]:;aligtd the capacitor .
banks. A Thyratron in each spark plug ci-rcuit ac:tﬂ(i .3..3 a
- 8witch, preventing tﬁe capaciiu_rs from dislcharging preﬁaﬁr ely. |
-The Thyrat'-orz beld as long as the gnd b:as was sufﬁuentﬁy
m.-.gatwe.. The operation of the program timer remQVed the
~grid bias from all ;I'hyra.trons sirmultanecusly, causing all
spérk piugn to ﬁ':.'jé.
Ordinary zLultomotive s.pérk_ plugs- wexe adapted for use in
' these telat-s by x_'emo;.*ing the ground—-sidé .ﬂgl)ark electrode and
filling .tlw aunular apacé between the ;center electrode and the.

plug vuly with L wureisen insulating cement, When this

Vi TTw 501 8
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‘he surface was pamfed wilh Aquadag (a cnllmdal g plnte

.i'

’ rw, ' '
L ﬂ’ié‘n) and allcwed to dry._ The surface remstdnce o{ the spark

i, |
“fﬁ"‘*’ &djuated tu apprnnmately 1¢C, 000 ohvps by application or

s H df Aquadag In use. the plug re mstam:e was found to

r i ﬂ!) gl‘adua.lly bECauﬂQ ﬂf th_e graphlte f“m' leading cveﬁnuqlly

rer U] WL

//ﬁ 6f the plug tu fxre. It was found necessary to I"eep cluse o

""—‘j":_: 7 3. !f«‘? fhe cond:tmn of tha apark plugs in ardar to uVOld t..Cu.lECtlnL.
Dl assa, '

Timar.l 'I'he pragram timer c#nsmfvd of & #yrchrﬂnﬂus

¥ ' ‘
; W‘Wiug a aha,ft 24 _w}ucn wrere ﬁaLmtaa rix g djustabl@: czins.
. _.l ’*'!? 0perated a mxcrcmmtch to either. op{.'n or clnse a circuie,

ufton on tue ircmt of the spark generator cabmc.t set the

”/ 5peranon, Lauslng it to male one revolutirm. in six seconds

r L :
"’f"' Tln. micr uumtnhes tnggered the 5weep on the nscxilOgrapL

F‘Aﬁ |
r *4@11& me.,.suremcnt fired the 5park b*y removing the” Thy'ra.,.ran

-:,._: Ny
“*&/ ﬂtartc-d and Btopped a hxgh cpeed movi" camera wiuch Was

';L J.f e
A1y uﬂf.d to photagrapa phenomnn.- insids the test tank. Ore

;‘ .
B, ; !’{f\.h tuxne.u. off the timer raotor at the encl of one revolitiaon
s ‘.‘.J"ff#: '

¥ 'n_aa_‘ a spare.,

/ -4 . l .
- -\_-f_ff_&ﬁtal Pracedure, The experimental procedure used in tha

T

.  , 41‘fion tE!EtE is out lined in thr.. fol‘owimg p&ragtaphs, separated
r [ A - ) . -
: jﬂ’ to the equiprment units involved,
".+¥  Belore opzrating the vacuum pumns, it was necessary

kg ed | N . o
WAD:__?._'i_ . loe¢ ternperature in the cold trap t., - 10°% or less, This

"Wy adding pieces of Tivvw Tee $m 6 et o a1y



NN T
‘bath jacketing the i_:nld chamber of the trap.

¥ Tem‘r.-ermg ‘Ianks. The fuel in the tempering rank was chahged

'Irequently in order that t::mlv,r the hght fractwnﬂ of fuel, repre-
Mntatwe of the vapnr 1n'an axrcraft fuel tan¥, be uzed in the
| 1gmticm te.ﬂtn. F\m-.l to be d scarded was cxpelled from the

temperu'g, tank hy openmg the battnm valve and &PPITLBH m“‘”gbr

prassurc. . The t«."‘kk wa.s then drxed by 'blumng mtrugen th:rof.s.gh
'.."d".-it. aftﬂr wh:.ch the fuel tr:imafer line wzs cupped and the tank and
'-line evacuated tq apm.'mdmately 100 micrens absolute prerufmrc.
- The C\R.pped and nf the fuel transfer line was then suhi:ﬁer;;'{e:l in
" fresa fuel and thez“cap rexnoved. The u)'u_lug valve was clos ’:.J
b&fﬁi‘e tha m..ltir.e ,fue.l.- gﬁ?ply was drawn in, 80 48 not to admit
air. Adrin aolﬁtl:i-orx in the fuel was liberzted wh&ﬁ the fuel was |
subjected to the lowr préasux'e of the fuel tempering tanl, an_d
removad b},;' upéni—ng thc;-._ vacuum vglve momemtariiy. The nrecsure
- g-age oan the -fuclv telr.np.aﬁng tank WaB.Obﬂetved gsm‘.r_eral Hmey daily‘l
to make sure that o a:u' had leaked into the vessel.
| 'i'he gas tampering tinks were loaded at the begineing of the
tests by bé.in-g pumpéd to a preesure of 100 microns of mzrcury
and then 'i‘illec{ from their reepective high pz‘.ef._;su.re botilzs, The
pPressure regulzutorﬁ on these botiles were adJuE.ted BC that the
gas pressure in the tempering tanks was maintained at gbout 56
psig, |
In teste at other than ambient tex.nperam.ture the temperiny tanks

WADR-Til=55-4 18
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were used to heat or cool the fuell and gases, This was aécorﬁplished
by circulating a heat transfer fluid through the copper coils surrounding
- the tempering tanks.‘_'
:EE__'} 'I'ank;_ _'I‘b'eht.é.ﬁ_\t t_a;rnk. wasg evacﬁated to ie#a than 100 mir:rm;s
o of. x;x;héf cury before loadmg The .con'xponentsh\!;'ére {hen.addet’; in pr-o-l-
- pcx uan to thex‘"‘ final éaftmi pr.e-sst,res in thel resultmg "nlxmlrt.: |
: Su ce t#e vapor p ssure‘was used as the dr.urlng‘ force in Ioadmg
: t‘hum fu&l,. it was necms;.-':a."‘;v to acmit b’;xat CO.I\'n;QIrmI .t té thﬂ tt;.st ranl
ixrﬂt Then the permansnt g_aaee were a:clmittéd to- the- izt ;a.nk, the
proportiun being ;:Ontt;;tlllud by ahservation of pressuru.. Yor saleliy,
: ﬁxygen wag alwzys the la;:'_tlcamponent.adc-led._'
-_ﬂe tzct tank loading proéédu’re was. mudifie‘d" when liquid fuel
| wgé. used., The Liguid fuel, ot ro:c'm températ‘u.re for tests at or
-above room t=ra_ craﬁtp;-t:. at or b.-elow the te&t femperature for worle
below ro_é.zm tgmperat'gre, ‘was pumped into thp I'r.est tank through the
'rup:.y.re disc pm‘.t by a lmnd;-oé_erate_d traiz.sf_ﬂr pl.ﬁmp. The rupiuré
disc was tl.;gcn ftpi.;::"ced_,;.é.nd the p:‘eséu‘:e in the tank reduced to
that of the vapor pressure nf the fuel, thus minimizing the loss of
the mar.e volatile cnnst'i;‘..uants by the pumping dﬂwﬂ procedurg.
The.tank %nd its ;conteﬁts_ were then brought to the test -tr':mperataré:.
Durizig this partial eva cuatien of the tank diszolved gases in ths
- fuel were apparently released from it with gu}.'ficientlSplashing of

the liguid fuel to wiet the spark plugs and make them inoperative,

H{aDG~TE . £r.Lllb
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) '-Cbr-xkequ;mﬂly it was nv.c'-.!‘.n éar'gl(ft..oj rjeplacé.t-he- ai:ark plegs with
_ dr).ru;w & and ;.'épcat the evacuation. The permanent gaé.cs.w&re
thcn lc‘.wied in the u.s‘.lmll mnnr;tz;r4 | |
'..' Emticm. 'I'he conuensar ha.nl' ‘was then charged up to the des.red
puint. the pragram ti.mer ﬂet in motioxn, and the r,pm-k pluge fired.

"j“ 'Data Tha compcmtmn of thr ges mixtere in the t:mk was ohtamgd

. 'hy the preuure (parnu preuure) roachngn taken during the loadmg
prucadure. A ptelnurm-timc hismry of the &vantn tnldnﬂ pla::c wag

'ohtamod on the oncillumrope ncreen v.hu:h was pb o?ogn’aphec.. K

Tha reaulta Of any ﬂﬂl,'. tem. ona "go" or “no Lo" ba.mu wers
unamed h*; the oporatoi by visual nburva‘tioﬁ.” The ’romm containing
l . the tost tml\. was um'b‘ﬁﬂed !:\'hfora th~ tant Th.a pnenammm talang
‘_ "plme:e.- in the tanl:. VT G u‘brmrvt:d , in a mirzor farn_ﬂ.::g a E_irﬂ};;?.c
" ptriticafwo aystor, r:hrm..rn Lt ;:’.um port, ALay ffarse at ail. no
maiter what ite c}mx-#cmrie-tic, waﬂ.{:. recczrd.eu &s a "ga"..
. '.Somlﬁ' u: the early tumt.m wWere yl-;.atogr:.—.g-he&. but thiy pm-v_rzf:rl T

be actually inferjor in many wayo to visual ohservatiog,

C. Repults and _Diﬁcuumion. The Tosults of the Bp-.‘_.tl'k. iguition test
. program are p'éﬁn.-_nted aa_.a serieo of graphn“ﬂhnwing regioﬁa '
where flammable znd xxmn;ﬂmx::iablc rbia.cmx.'eﬂ exist. Table3~l
following, suinfnarizes the éxpr:rimenta_l conditicns for each

gerieg ol testa:

WADC-TT.55-418
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Coordinate Systefn Used. All of the graphs showing'thr‘z'igﬁitibn

limits for fuel vapor»oxyg_en—iﬁert gas mixtures are ,piotte_d on
-Gart.esian.cc;ordina.t.:e'ﬂi ‘.uththc ;miurﬁe {or r_nole)_-'pe-rcent‘ of
v fuel v.ﬁ.por as tﬁe abscissa anci th«. .volume parcent of o: ygen a8
the crdxmtc. A atranght l.me o£ nagative slope- labeled ”Atmoaphﬁrxc
‘:_Lme" xeére sents all mnctureﬂ of fuel vapor and atmospherm ;:.1r
Lm.es parallel to tixm Atmoaphe;nc Line represent mixtures of
:"'.lfuel vapor.. a,t:mosphgerxc mr, a.nd added inert ga‘s. On the v#r.ous
graphn atm]lmry scaloﬁ are ahov.;n gwmg carhc.;n diomde a.nd
'- mtrugen concentratmnu.ﬂﬂ . B
Tha plottmg eystem io explmmed in greatar detml in the Model :
_ Flamma_bili.ty Gurvca;'_ﬁ‘xguras 3-2 , and 3;—3 .
All of theée g'réplxa in this feport ua;e 2 cﬂmﬁx;bn énf.ndii1ate:
sysiam and .‘sr.:a.le.a toljfacili.t..ate comnariscn,

_ Ignitior Limits Curve, A curve, reughly U-shaped, with the ends

of the U t«:-:-minat:i:ng an: thé Atmdﬁphcric lina 18 z:h.ov;!n on each
' graph. ﬁin Ignitf,un"_,l.i'ﬁmitm Ct.ix;ve is the line of demat kation
.between_a Tegion cdﬁtai;ﬁng 'ﬂammablle raixtaves, and the ragi;:m
where mixtures é.ré ‘ﬁon-flammab-le. The lef.t:.-ha.nd branch of tke
curve is the lean limif_ (fue:l‘lea'n lirmit) \n.r.here the 1ﬁ:{tureﬂ contain
insufficient fuzl to burn. | The right-hand brﬁﬁc;_h iz the rich limit
(fuel rich Jumity whefe; thé xﬁixtu.res contain too rdch fuel to burn.

The boitoia of the .urve represents a region whare there is too

WLOC-TR~55-415



littf& c::&y%gm{ f.m-'l cc\;mi‘su;ﬂ-ticn.'. T‘t;:-sumfna-rizé,. points lﬁn' in the
area bounded by the Atmat.phenc Line and the Igmtmn mets
ICurve repreu.ent ﬂammablu cnmpomtmna. malung-th.m area a
_ _Dmgar Zona'l poiﬂtu éutaxde thxé area e non- f‘ammahle, or sa.xe.
' .IEnch xgmti_on 1&mits c_\-u-ve -was det-e_rrni-ned hy.a series of ¥yo'
and “.no go" exp&rime;xtsl !’Lt cunsta.nt oxygen conf"entratmn a
'l '.'.‘;0" and a '"no gn" weré obt.;v.xned dxffcrmg byl not more than 1/2
of l percént in Iuei vaéor“c;m-men&ahon.i. 'I"hix:.‘ then. esﬁbllsheri
_‘h:thd.z curvu wil-:hl-n nar*aw- li.rmta Es:teru:lilng ;h e:q.l.:t.r;ﬁez.xtal
.'conditmna to ofher vﬂnr‘iablas. such as differen.. total preasur.ﬂ
- pr.oduced a fa.nﬁiy of curves which were t!mn tsmlonthed. kut =il B
consiatent \mth.thm data. .
When the fa.mily c:f cuf\;es had been c.i.ralwn, cross-plots wera
: m;e.do to oratan litne of fuel va, altxmdc fc.r conztant onypgen. By
-nmootlung Lhﬁ Be 1;=.1;. 2:r curves and then replmpnn the orrgmal
curves from the de'Df.‘hEd curve al, a mc%» honwa-tﬁnf gay \r,a:t‘
, o.,‘.l{.aim:. whmn bhh BEprees withx the dar.td. Tlu-: curves af different
-altitudcs tarndg to s:-i:!.-,‘p.pf:r_t'ca;:h s;lthar, 50 that much of the originall
expcrim:htal :i;x;&érta.i.nty is eliminatad .urith. no additienal zxperimertal |
worlk, o
i The conﬁn-uctmn of a typxc-z.l ignition curve is shown in Figure
3 4, after all smouming operations. illustrating the recguits of this

plotlicy proced: re, This graph also shows the comparison of the

WADC-TR~53-L18
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results obtmned in th 8 1nVc3tlgat~9-1 \uth thone reported by Cm&ard
and Joneg, U S Breau of M*n«:s“)#r for experlments With amaller
equ,pt'nnnt and lower energy ignition sourceaq, |

The ef.fect of mcamplete mixing or stratxf.ratmr; 18 t'hcw.n-in

'Flgure 3—5.__ ‘.The fxrst e:cpenme;;xts were cmndm‘tud by loadmg the
teat tank as drscmb d f.urher and allowxng gome 10 to 15 minutes

R lfor naﬁura; dlfiusmna.l :mxmé to take place Mthuugh conmw‘ent
:.cur“res at ...y &ne to ,al i:re:-..u:e Were obtamad thu e at dif{erxné

'I_I.‘l‘:v‘résaurcu d:d not correllate - An e;é.ctnc fan ﬂaw t.hcn mstalled
i “lln the t;ct tank to acculerate the mis crxg proteas w1th the rem\ltﬁ

shml-m.which were C-C-‘n&*ﬂi‘:ent | H

'Ihe Damnimabizis Y (or i mta..ax_lty) lunxtﬂ for AN-=.5g ("'F“- -4}
" at 70° F{ 5 -at preé&ure& correspordmg to ﬁlt‘t‘uutﬁ % of sea lova)

to 60, 009 .feet in 16, 000 foot nmrm-ne.rtd:*~ With nitregen and carbog

- dioxide inerting, and at pressures correspo: x:img to zes level,

30, 000' and 50, 000 feet mth Aninerting gas ImJEh'l.I."P of 6 paris
.--nu rogen and | | part a:d,rbon dxcude are BhOW'i in I‘:gur@n 3-6 ,
| '.. | and 3-8 | All of these graphs zhow the same effect as
tl*e .. ‘"tude ig mcreaaed or ‘the Pressure reduced of
dec;t stSing th_eA.a.rea in w;l.lch éumbustible miiturés occur. Not
| show - by. tl;ne gr;liphix due to the method of assf:ssmg Ygot and
"no é.," ex-pe-rirnnnts is the d1f;erem.c in bagic combustion Phenomen;,
At the 10West-_ altitud~g, in general, combustion 18 vio;ent,

-

chaiacierineg by orange Darnes ang 5 rapid pregsare rise which

e Y S _.__--___-__-.—-—____..—__.-_-_-"'-' "'__—--—.-..-. -__'_-"'__—--—.-._. _-—___-_F-—____"_————..._._.______-_'
Numkbers {5 2tentheses refap to Referon Fr Ped2
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reaults obtained in this :'nyestigat'ion with those reparted by Coward

( )

and Jonen. v. s. Breau of Mmes , for experiments with smaller

,'_eqhipm_en-t and lower energy ignition sources,

. The effect of incomplete mixling or stratification is shown in

Eigﬁre 3-5. "The first expafifnents were conducted by leading the

" test tank as described earli.r and allowing some 10 to 15 minutes

for natural diffusicnal mixing to take place, Althoi:gh consistent

" curves at any oue _'t_ota}; pre;‘svn-ure ‘were oht—a.ined ,' those ut di‘-fferin-g

g pre'slaures did not correlatc'. A.n electnc fan was th&n mstalled

. in the test tank to a.ccelc:rate t}'-n mxmng prm:ess thh Lu: rtnultq :

_ ahnwn whi ch_ were canﬂit—:t&bﬁ.‘

. The flammahility (or ignitability} limits for AN-F-58 {JF-4)

o LB ' : ' ' o
at 70 F {5 atpressures corresponding to altitudes of sea lavel

to 60, 0G0 féet in. 10, 000 foot increments with nitfog::n and czurb‘an.
.dmxl.de xnernng. and at prc:sm-.xrcs corfesgondm;, lo sea level,

30 050 anc': 50,000 feet wu.h an me.rtxhg gas mxxture of & parts
.:gt;ogr:n and 1 part carhc;nl diq_xlde- are shown ;n Figures 3-6 ,
I3"7_ . and 3-8 . All of fhé ge graphﬁ‘ show the same cff;zct as

the altitude is increased, or the pressure reduced, of

- decreasing the area in which combustible mixtures occuzr. Not

shaown by the grapha. due to the method of assesging "go' and
"no go' experiments is the difference in basic combusrion phenomena.
At the lowz<t altitud -8, in ge'neral, combustion is violent,

charec*eruﬁ-d by orange flamer and a ravid I:r‘asure rise which

Numb=T = “n pareniteses refer to RELErcnces, p.bs

2
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invariably broke the rupmre dmk. At the h1g‘1est altxtude.d. in

| gencral ‘the combus:ion takan place.thh httle or no pressure
_rine and a;;paarn ana hi;a, grean, or blue- gruen .slow‘y mm';*.ing' :
g - ﬂame froat; thia in in tha ao-c.alled "cool ’1amﬁ.” rcgmn. |
A c-m.'npa.naon of fxguru 3- 6 3-7, and 3-8 br;nﬁa out the. o

B eﬁecuvenens of the thr ,e marting gases uued Carbcn dwmde,-

. ‘ on ﬁ vulume perce-.m.: bﬁsﬁ. is the moast effactwe mert:mt There.'
L .': -._Vful littla or oo dxﬁelro\n‘c;r in. :he.z cffcct of ..-Aa.nging the inex tam on . -
. t.ha fu.el han hmit l:u.rva | Howev’er. ﬂw fue:l rich l1m1t in gome- .
- wha.t closer to t..‘m fuel lean lu-mt for uarbon dmn-de. inertmg as. |
s compa.red to ritrogan uwrhnp. The OXygen J.ca.ln ui_!:‘:!l':.t Iia affectad -
"the most, bemg a."p"c.::uﬂmely 10 pavcont for - iregen if.ertiﬁg
at :.ea. level a5 C-m'npared to uaarl.y' 13 percent for carkon diaﬁda
' -iﬁertinv_ wiier the u%.rne c&ndir;ioné In 2ll cages the gas 1*1mturc
is int&rmﬁumtc in inerting cffect between the t‘wca pme& gaser,
. and closely :q:»prommﬁe u'_.nitrc:vga,en, the rona j.nr‘ cmn};mr;mm..
Tﬁis cnﬁuparinbn of thq; itmrtiqg a.ﬁiciency is bruﬁght out more
cle}'arly in Figures. 3-9 . 3210 » and 3-11, These graphs are
essentxally plots of thc mimmum quanuty of oxygun xt which
combuptmn takes place aa furictions of altitude. 'I‘hay bring out
the supériuriry of carbo_n c.lm:dcie as a2n inertant on rhe volumetfic
bansis, a fact in agre.::menf; with earlier, swmnall- sc:;de, inve-stiga-ticm:(z).
' Due to the diffar~uce in molecular weight (44 vs, 28) nitrogen ia

ITOOTICE wer e

[

superior on the weight hasin, Llthough oo weacur
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made, ca.r'ﬁon dioxide seemed tq be mor;: :uh.xblu in“the furl than
‘was ‘-nitrogen._ 2 Idet th‘at"should be_c.omidered in ch’oawinw an
' inertmg gas, due to th; pémsibilxty of dissolvad gam:a commg
t .. out of solutmn at redu-"ed pra.muraa. | | |
| Fxgureﬂ 3-12, 313, amd 3-14 again ahoﬁ the effact of
o ,Ehnngmg the merﬁ.ng gac. a.nd of changmg the tﬂ;npcratm'e..
""‘-";::Remﬂta are gwcn at the t.hrm b—-‘mparamren nf 35° r_. 0?1{‘_{ 55.
h P.nd M{} F. Attempta \ware l'mad:;. io ubtaix‘x duta nt'-65 F zs .
Qriginmy- 9peci£i£d. bmtthn vap_azr' érehzw,re u.uf a;hil E;;x'm fu_éla
wefa_ é_o Mw rt thié fexﬁpﬁramfp that all xni:mréﬁ v.ré-::e-i‘n the
;afa-.‘f_egién. being m;r'.ts_ide the fuel lean limit., The E.a:;rlc gencral
L -rela.-tiox_w. e-xi'.nting #mong thi th:-u.;e inerting paser at 700 hold
true at the"lf;!“-;c.r and highesr tm:nm:'.r;z;tures.
Tﬁe major etfect of h.,mpt rdtan—. is to change tlw vapor pressgure
of the £uc1 In addition to making the taking of data ot ~65° F
| _'impoauble. it mas.de meonnble obtmmng ccmplete feel rich
limxt curve at 3‘* Other efxects of increasi.‘agg the tmimperature,
alth;:ugh rel-ativcly mlilncrr, ara.l- .
1. The fuel iean iimit branches ai the curve are ensnrhﬂd
1dent1ca.1 -
. 2. The oxyget_\ lean limsit (the bétmm of tﬁe cﬁrve) is lowered to
smaller values of total oxygen content by the 105" increase

in temperature,

VALCATR-5-L18
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3. The fuel nch limit hranch of the curve is moved to higher
fuel concen‘trauonﬂ by this sarne increase 1n temperature.
" The results of using 6 joules stnfed ener'gf on the condensers
L f-eeding the Epirka plug‘sl. as compared t§ thc;.- 3 .j;‘mles. used in the
L ‘.rest of t}ns work were demo-mtrated m serma 6 and 7 expenments.
In general the resull.s obtmned with the h.xgher energy mput
K ‘check thosa obtniqe-d \m.th 3 Joules s;ored e:,nergy within CXPET L -
. lﬁenta.l accurar.'ly .md therefore are not gwen éﬁ graphs. Thelre
-:in a ‘nhght. but r»praduc;ble, tendem:y for the curves ag 140 ¥
to nlmw a wxdemng of t].e rich lirait a5 the c,um nmtwn ap*:ro thegn
k thc atmc;spaeric hne. The conclucicn from this warl_\: is that the
:Iquautity of enexg*y dclz\.rererl to th;: apar];: éluga is above the
-nli.nimuh'x ignitlor; energy for both energy storage conditicns,
..Figurcm 3-i5 Eni 3'..1;‘_-_ gkow the eff'w:tn of im:«rﬁnfr- fiinl AN-
- F-48 with mtroga.n, ct..rbun diexide, and the mt"cgcn c.,.;bou _
dmxtdn mlxturc. at ?5 F and 140 F. The curvee bounding the
) reyion of mﬂammm.mn.arc v;t:ry nearly xdentn.al to thoae qat...:.r ed
with ‘ucl AN F 58 (JP 4) under the samie cand1tmna n.cept that
they are dmp‘ac.ed toward higher fuel concentrations Ly approxi-
mately 0. 3 percent on the fuel axis. Thix hift'rnay be due toa .
dif.ferenca- in the most volé.tile congtituents of the two fuels, sin~e
it hag beeu shown on a laboratory scale that the lightest hydro—

carbona exhint differences in combuzton characteristics,

WADC-TR-55-418 |
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Innrting tests with kcromr‘m (tha auﬂwrued- lub;timte fx;.:r fuel
o AN F-3" (JP-I) whxch was not ontama.ula) were curducted at 140 F
' ;'.T _Lf._with bnth nitrogen a.nd cnrbcm dio:dde inerting rta pmﬂauru
l_’correnpondmg to an alntuda of 50 000 ft. Tke datm. are shown in _
'mgun 3-17, R '
| 'l'ha vapar pu.snurn of ﬂw keronenu uud (a trpical commwcinl
: product) in s law tlz-t it i.a impowibm to get a ﬂmmrmmla mlr:l:ure _ |
with it at cen level and Mﬂ E'. usd only pottuma nf tl:m campleta
_curwa bcmmlﬂzau the r@{;iom nrf Lmﬂﬂmn ,»tion at prcmuxaa COrTa u-'.
. pondmf 1 altitwdas s r.,E lﬂ T0 £t ta 40, GO0 L3 irrclmnivm Trese
two c-ﬁmﬂﬁ;m.m;'vr.-.apht‘:a-ircad with kerfzmim are exsct duplicoizg
of tim&m for fumi fdﬁ* =56 { FiF=4) -r.:r‘adml' the sma. a#g:-ari.zmgﬁl
conditions, Tbz zont uuim to be fﬁvmern {rovn t}:-iu ie tiat the most
. Iirola,tila:-; ‘:c)nmkf.m'::;it.;;» ef thene w0 iuﬂlﬂ heve the same indavanntion
' c}mra&:m1'lati6ﬂ', aven thmigh tht—?}f'ﬂiff.ﬂr in mulecular weight é.n.d.
pbuihiy in other waﬁ from afm fuel to the ather, “
| Fifgu:ra 3;15 inea thm.ﬂarmﬁahiiity iimi.tm of éorﬁ:ﬁarcial-
' : .isop—eﬁtm& {94 percant rninimﬁm ﬁw:—i_ty], nitrogen inerted, at -
'f.'oom ﬁrﬁgﬁ:atura and u;:l lgvel preecsure, with threec joules
per spark plug stored electrical e;xergy. Comparisca of this
curve with that cbtained for fuel AN-F-58 (JP-4) shows that
the two curves zre icentical within ‘he limzits of e:.aperimenta,l

accurzacy. It secins to be standarg pracuice in the petrdieurn

WADC=TR=5F-413
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~industry to _debutanj.ie all aviation fuels, andA tb u.@e isolseritane. |

: -.‘_ or.a p;antana mixture, in ble-nding.thc.n ﬁu:ln to \ra,par.prcﬁaure
i \"specxfxcatmna. Thua;sc exparimantal data indicate that only the ‘
. thta at f.n.cucms in a fuel are u'rporta.nt in that fuel's behavior
"towa.rd 1nﬂammtion iln the‘ fuel l.:mkﬂ. or in storage, since tk;t.y

' .,,-.,__rnake the majcr cantnbutmn to the total vapar pressure at

' ‘temperature:n bulow 150 F _
. Tha rusultn of thcma tests raade with hquxd £ue1 (AN F-;%
_ (.IE!I 4)3 in tha test tank are shnwn in lxg'urpu 3. 19 and 3.20°
| L Thale _te::s‘,s cover bcth mtrcgen and carban dic-:d&.e inerting,
and'wer_e made dt "U F ;n:_f at nea level pressurs. Aﬁ:tc:mpt:
were ﬁm@.e’ to pavform thésg tests at 140%F aﬁd at -65°F; all
. of these .tr;s.l-n-were I"nu go'l'. praguriably h'eca.u‘,um in one case _
.'_‘th'e: fuel va;.-;e:zr pressure was #0 high that the fuel rich liroit was
| K -a:écéaded, ané at d;ﬂ';ﬁcf !‘.ﬁ!ﬁperature the fuel v:i;_:ac-::r' pre Ml:m:"e.-
. was not sufficiently lar ge to attain the fuel lean limit, S:’.z;u:(-.?
.thc_sa e:éperiments i‘n\rc;lvé liquid fuel at ona -t:zm;-zera.mre tho
, fuél vaimr conémxtr-a.tiﬂn i-s a l:o:r.mtzrnt-,; the pércentage of
‘ iﬁer_taLnt {or oxygen) ia the .aply fre'é.compomtion var.ia.blc‘ The
a;n-'munt of liquid fuel, ‘whcthc.r 67 or 87 percent of the tank
volume, had no effect on the rzsults,
In all caaea. the test results show inflammation cu-i.:side f.)f. the

curve previoudly determined withsut liquid fuel in the tank,

WADG-TR-E5.)18
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P These teat -péints' show ;th-én,tl:c.‘ombu.uti'bl_e- rmxtures :.u--'e' zﬁ_dve.d

: ;pproxima.tely to afuel éa-nipo.sitidn' one pex;cdr;t hiél#:rar. and t.v.-:; |

- .aln ox;,rgeﬁ ccmce.ntra.t:iron‘;'a-rlm.;;e-rcl':entt lower, Bﬂth bf theae i»er- |
centages being- baued c;n. the tntal rm.;cture rather than on the
e l':",._:individual component Thua. thh 11q_uui fuel ia the tank a _

__'_gremter an-ount of inertmg is required tha.n when Hq\nd fuel is _A S

) '__not pranm«.’.: A. poﬂslble mcplanation for thw shift in the £ue1 |
~'rich limzt. is t.‘h.at tlm hasic p}.anomenorx in different. when |
liliqmd iu.r-l in present thw:re ic the noamhr_h*y (I}i’ ha.vmb not en]y
fuel v#poz in the fref;hoa.rrl up::u_a, in the tanls, bLt cf also having
’-ir that ﬁpace a ng of uquul dro‘ﬂetn l‘I'ha: wetti,n*f of thz sp;,rk
‘ pl.zgh in th...ne teﬁtm, menhuhea earhgr, indic utz.o the likelihood.
.nf t‘:tﬁ'prem:m:a of auch & fog,_ Suvopenpions of emcll combuotible
| particlios, eider liqmd or soli.d_,_‘in air are well :k-nnwﬁ tq ﬁe
highly flammeable, |
| D‘; _g_c_mclusim__ii . The éqnciuagéns froma the test program car;dazcted
with b.igh-ranar;_%y electric 'ﬂpark_ﬁ'aa igrjﬁan Eéur-ccﬂ.‘.ﬂ are:
1. 'I‘he ignitian of :COtltl’.'Il.'r.l..l’ﬁ‘l::iGn limits deter.‘mi.pled in these
experiments with a .12 1/2-cuﬁic. fm;t ta,pk and a high-
energy ignition source, at rcom temp&-ra';ture. ere wider
than thogze reported hitherte in the Iiterimrﬁ; 'Thi-s.ia
presumaiiv dus to ths difference in expsrimental
cnnditioﬁs, _and is true {ar both pitrogen and carbon
tl-icixide. irerting.

WADC~TR- 155518



21
- 2. Cov_:ﬁpogent ;It;l."a;ti.ﬂca_ﬁ.on or incomplete m_ii:iné; in the gas
phanle-.c-an' -ca'use aérious erfor;a in e-,x.p.erimantal work of
thin type Tim incnmﬁléte mixing r:ould ﬁla; lead to i-egiond
"':'lof local ﬂammnbility even thuug"x the avmu_ge campaaitmn
of a mixture were in the non-ﬂammable rmgitm.
B N '.__:I'Carhnn dwx.idr ila a mora cffcctne inertant then mtrogen.
| . on a volumctri.é baﬁi;. but 1!;.'..55 cffecﬁ,va on a v.ml;ght haniz.
= Mmra.n \of the t%vo ga;él #o interme.diate in gﬁectivemns
' bétween the t-\_r:a:a iaufe gazes, .‘ |
4, ._'Tl.w tleflfactl ni ix;_creﬁiiﬁg Qﬁmﬂ.m. or d‘e-::i:.e:aﬂing thz tota’a
.' pranmu-c, ia to narrow thz. ;gmhcn limits, Increasing. the
altxtude to ValLl'.F‘ﬂ of 40, 000 {eet or highkar aldq ciuses . a
: mu'l.ed decream in (he 'n:rl-r-ncc of the combustion,
5. The majnz'cffer.t of char.gan in temp{:ra:tu;r:: ic to change
" the vapcr.prnssara cr the fuel. |
6, The inﬂanzmtion cnmact‘ermﬁcn of fu,elta- AN-F-58 (J‘P-&)
AN-¥-32 n—ub@ﬁttz.tn (comumercial kermz_cmc). and comxaercial
ilﬂpenm are esseniiaily identical, if vapsr .c.';;:.m-_-c
diif-:rﬁnce.:s .m:e.' taken .in'to account, Fuel AN-F-48 (100/130
grade) has the inﬁammtiqn region shifted slightly %‘.owa.rd
highar fﬁel concentx_'atinﬁ-s. ”
T.. Vhen liquid fuol ia present in a fuel tank that tank muoset be
_more rﬂnplm :1ly inurted than when m:ly a pas phase is -

presert to be in the non-flarnrnable zone.

" ADC-TR-55-418
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- LIMITS. OF AN-F-58 (JP=4) VAPOR WITH NITROGEN
| INERTING AT 10,000 FEET

——— X
- .._ll'}
.-"‘

oY

L
F

2
g

€
r

¢

o>
S
‘o

| OXYGEN COWTENT, PERCENT .~ =

. Q"%[;(f | (O FAN (N Tﬁafﬂ‘;
|i? K O FLAMISABLE

a .
N8 | & NON-FLAWMMABLE

o - 2 4 6 8 10
FUEL CONTCHT, PERCENT

YadC-TP-£5-.:18

FIG. 3-5
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FLAMMABILITY LIMITS FOR AN-F-58 (JP-4)VAPOR
© WITH CARBON DIOXIDE INERTING
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V. GUNFIRE TESTS

o 48

Thin ucnon nf the repnrt dsecribes the experimentsl quxpment.

t.lu exparlmantn raethod, md the rnu.ltu obtained with the teat |

" -'l-.'.ff program using larvica incendluy lmmumuon as the igniti:m source,.

m Exper imcntal Equiurnent The expuimtntal inntallahoa occupied

a fcnce:.l-m u‘na 35 ’eet hy 135 feat, and was composed of the

| !ollowing u.nitn. (l) Targat fuel cell, tn.rgat fual cen am:iamura. |

- .-a.ml tug,ut area cm:loauro or ba.rrluda. (z} Gun inmal]atiun. |

(3) Gaees and .fuul pxapuadm& equipment (4) Innurumemaﬂnn.

. , f.a.nd (5) Fire ﬁghting equ,pment. Enginuering drawingn of tha

- m:.in units and l.uemblima are in the Appondix m‘.‘ thsn rupum.

WADC-TE-:

. Tar_gni. I‘uel Coll uzd Ralmml I‘c;upm-xt. A self-maaling,
" mihtary apeciiicat’iun, fusl cell 2t Zftx 2 ft w8 the tn-.;_rat

tank i all tasts. This fuel enll wau enciessed in an aluminus

alloy housing glravintng &n zirereft virvcture, Fiberglas-pluetic

- mti-chafm_ boards were uced brrwoon the fuasl mgﬂ znd the

enclosing atructsre., The entdro target aszembly wae meounted

on a stand, on whi{:h 21eo was mcum:ed the 1/6 inch sdurinum

'..incendmry fu.nctian pmm. 1 foot ahead of the tarpet tank amd

norrasl to the p.t.‘!‘h of the projuﬁlc .

Thz top of the f}m_l cul}. ex:cloﬂura was a steel co;ver Flate
with # well, fitting down into the opening in the top of the
fuel cell, An acrylic pl&;-ﬁ.r: {Lucite or Plexiglars) window
was installed in this opening to pm.-mﬁ'.t p‘h,uto_gr aphing the

inside of the tanx, A motor- d_um-x sfirrer, and ssrvige

_hflﬂ



e 49
lina! were inﬁmllnd through the windaw
The antira tm:get auemhly wap enclosed on‘ thres nidu
e by a burlcnde de-ignad to ﬁtop bullatu nnd to conmn ﬂru.
' The barriclda ntructure wan compoud o! &n inm.-r wr..l of
6 im':hu of lumhar Iallowod by 3 fcet of gravel mnwed by

-6 inchma of concrnta._ The roof v wu 6 im:hu ef wood The

“ ﬂuor was a cnn:r-u pl‘.n af mﬂmiant capacity to hold amy |

pouiblu liquid upi.l.l. T e |
e Gun Inﬂta.uanun. The gun lnstalh.ﬁon was h:msed in a
nhnt-metml slnd on & concuto pnd.. The gun mount waa _ |
| du, g:md o lwm' oithu- ci the two mmmm:ﬁ aircﬂft
wah,unu uumd 50 cal or 20 ram, T}m dmmmce hetwaen
: gun lmd buget wau 160 ﬁmt. A 24-\'6:& pnrtabla .clhl'ect-
current gemrntm-, and & bora-cighting [t weve the main
mlum'ie-. | |

G-mmu and I‘m:-l Frenwaﬁm Oxygen and n.in-ngan wera

obtaimd in :tamhrd ccmmarcinl high-p?ﬂzma cylindere,
.Theu two ganen were mixed in the desis ed ratio in 8 gas
mhdng tank by ﬁxat evacuating tha tirk, ard then admittmg

' thnm in turn, the total preuure {or partial prospure;
being read on a precirion gauge. Mixm;; cf the gaaae in the gas
mixing tank W accompliﬂhnd hy settmg up -s:omrect;on
vurreats :n it by placing. a block of salid carbon dioxide

on tap of the tank. The gas mixing cank was connacted by

WANS. 2.ECLL 18
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. luxtabla piping. wrlww. and rcg‘..latorn to both thr- 3

- . commarcial Bae cylindera and the target tan', .

Fuel preparanon_eqtupment consisted of & hand.

| o;:erntnd trnnufcr pump for .lo;sc'img the targot tank

'frum the 55—gnum dru.ml in which the fuel wag

- -_recelvad am:l &fuul caol.ing system. Thu caahng

S ly:tem wag cnmgamd of a portuble. motur-driven

B ‘:pump wn..ch circulamd Lhe fue.‘l frnm the tara.@t tank )

through a coil immruud m a ateel d.rum cnnmming

. progeylune Lich.ln'.-ido raﬁrigarmad with Dry Ic&. nnd '

_bmckr to the target ta.mc. In r,Liu Innar thu wn"}ﬂ“

" ature c;af the Iut.l waa :mj taved €o that it wau..-i bave the

' ' deeirod v vapm- preuu:re and conceniration in ﬂ;m g.u

- .pht.sel'.

Insi;rumsnmﬁon.' Tha inst‘umentatmn was tamnnaed

of three unit- { 1) Tha photographic unite, (3) The .

progrm timmr, and (3) Thﬂ bullet velomty muembly

Two camorae were mmd A Fastax hlgh-npeed

motion picture camm:a was mounted on the roof of the

barricade. and trhotographed the window in the top of

the tarpet tank znd the trmb’.ng edge, It wzs protrarted

ADO-TRoS e,

.by a Py’rex brand glass port in the roof of t.m= barncade.

A lt:ndzrd 16 ~m mation pmturc camera was tripod

Irounted about 2% feet in frons of the trget tank and well

218



- to one m&é this un.it operawd at ulaw-umation speed, é*&
Iramen p-er urcnd | _

3 The prr.tgram timar, a duplica.u of that. uaad £or tha
'-park igniticm tests, started and storpned tlm Fastax
camera nnd fu-ed the gun. Fire ﬁghting controls were
alou incorporatad in th.ln endt, _ |

Thn bullat vnlccity timar. umd to make uu.n tha
-1 .Immuniﬁon wu ntmﬂard comiltad of two ga.tum with -
photo..unu ut 75 fcat npn.rt nml a Poti.ar chronogrnph
for maamring the timae recpired for tho hxulet to pres

:,bPMAn tho ﬁatms. :

Firf.t Fi_&h e Loivtaent., A céﬂsoﬁ diﬁxiéu ﬁys-t,.sm. |
cpc ztad by % solensid velve ramﬁmly contrailed,  Whi
the main m:it. Thin had die-;mr iml nonslan L1 both rear |
curm.hrn nf tha hax ricrde, sxd in the fusl cm.l xtne}‘.f
.'I'hin unit pm:wmd adegunts for 1) ’iruu ¢ReounteT: d

" nonn of wkich ware nJ.lnm.d to hm:mms lu-,z_,e.

Otlmr ﬂra ﬁghtmg eqummom wag pm-tablc c&..bun

dimdde e_xtingmane_rn. a Foamite uni:, and {og uozzles.
on ﬁro _1;.60611. '

B. Experiments]l Procedure. All of the gunfire teste wore

conducted under static conditions at se . level archinnt
pre.dure., The temperature of the ligquid fuel waa
controlled to give the cezired - apor preosure, All tests

""DC_TR-f£_118 -
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o
. were ma&u 'm.th ixqmd fuel in th;a bottomn ane-fourth of |
L thel umk n.nd & fuol vapor-oxygon-nitrogen mixture in the
L ':'lruboard -pua nbcw« the .‘liquid o ke R
. ~The projactﬂe antered the vapnr- space in all cuen. o
; and wae not intanﬂmuluy h.mbled A.n lncundim-y Eunction o
| “ pl&h d ll 8-1nch 7.»5-? nlumi.num alloy, 1 foot ahead oi

i tlw tn.nk hmﬂng edge nn.d norml to tha path of tha buuet. o "

. 'wu uﬂgd vith 5B cnl. bullats. Tho hrgnt tlnk enclamre , |
L wu und as thc f\.mctlon pht« !or 20 mm ammunitlon All |
' --‘tdmm wore -in-la m}mt with euudz.rd esrvice ammun‘iisn. :lj.
‘50 cel API-i(8 or au mtn ER1-M9T. o
Thn firey step in a gmﬁrn tect wea to :mamhlu tha
| mmet tank in its enclosure, A_ter ccmplotel.y f.m% it
vdth Hqu.d ml the cover nmdinv thz wirdow was put on,
| ﬂwn the fuel was cnclum, if Dacesgiry, to o tam,r-ura*‘ure
hhw that at which it would h:.wo the der:ixed v.n;mr pre s8ure,
-4t this point three-fourths of the hquid waz FYP 1oazd out,
e gas from the oxygen nih-ogan mixtare is the geo mixing -
tank allowed to flow in a8 the ltqr.w.-. laft, To mlw ths pon
Ma the fn-n-wa.;s rur for #t lzast 30 minutes.
During this firsd mixing all mw&tﬁmnm,tim was§ checked,
and other tegks porfcrmed, The gun was fired, dntﬁ takan,

. apd thx fire poc out if necescary,

-""‘TR’-_SS - h 18
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b_ﬁnﬂfwrrt #f‘fhc fesult; ;f-nnf toot th t§ awzit
“vhlc*mcntlzf thc Tn%tfv fil&. ";;1ltd; sh' 3 'flr“'
ir *no firc' “"sis were d:tﬂr*inrd hj the tire of
1“ur1n1t1cn ?ithin *kf tur et tanr, Ihis time was

uvrluntﬂd bw count ing frezes on the zovie fiix, -od

il :thin; %r:;a.cn the Iilm eipe, “iwxb Do cared in

th:usLnithﬂ <L 3 sueend wLie -vn_ile Ld t he ius tc

or

in c»n.;&r; fllub. uni nyt o cgmb_,ti_n. Luu " I ,i;gs,.,

”g-_,Jall nu1¢_~“th:. t_.thq. & uvcn wLCbﬂJu Vere

Uunn-'1 Lcrﬁ'i t\p “'ﬁ "'C. ‘A““i Pﬂtﬂn "

The COLpu¢i+iGn T vhe zos B5-VGLST Rixtare im the fuel

cell.wgz computed oo the Xnown S¥jeen~-nitrogen ratic,

anl the fuel tenperstuce end TALLE Pprescares  Ipn some

Ca

I the earl& teste the fuel terperature was cetimeted from

vaather reecrds; these data are desipnated Sawproxi=ote®
enl Shoull be in errar oy less than 20 per cont

Reaults gra Di&CuEBibn. The resultJ of the 54w_1 toots
ery Eiven in Viﬂarea Lnl L=2, L~3 and #h. and :uhlﬁs 4=1.

'L-E. §-3 nnd L-&-

hct NL. cé (5C cal A:-F;VB) is qui*s t;plzal of Lany

of the cxperiment te, nmd ‘llu;trﬂuus the ascessity fcr use’

of the Featex cameru to poriray whot Lazpened in the fuel

-cll. Ca this 5h0t there was 2 fairly vicoleat fire, and the

CCﬂ System hal to be uzel to oxtin Cuish it, Exzminction

. tr 110

of the T utux film siowed ne fire ir the tank; 211 of the
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fire wan in tha huy npmce and oatsxde o.f it Appa.rcntlv |
: ;"the hullet, on huvmg thn tl.nk dragn vdth it mfﬁcmnt
o - fuel vapor frc.m t.he tzum. Thui. inertlng the tan.‘atia mt
unm_gh tha bay spacu whould be inerted, tyo, L
| . Al of thet gunfu-e test dat... uith fm:h AN- 1"-5& a.nd :
'AN-F-SZ nubﬂtltum (ccmmrcml keroaene). amd with bnth

o . 50 r:n.’L a.nd 2.0 mm amunitinn im‘.ic&.m t.h.:.t tho cm:\buutim

| or ignition Hm.s are conniderably wider thm tbmla det.er- i
mined for tha gam pha.u om.‘ly wlth e ectric lpm-ks 2e | o
| "':':_i'ignitlon twm-ceﬂ. T‘he ﬂpwk dnta. are uhown M curves :.m.
all the four graphw in tkl uct!m:. | |
I)ue to thc low vapnr prws\u-e of tha k&ro%m ell of
'tht dm .nt*mn wi.t.h x.t ﬂdl ouviuide the fuel lean ..umzt ﬁﬂt&:‘;‘
. mined wi(:h npa.r}rj £mf the gos p‘vme.
'Wi_.th the 20U mim gﬂmhmmm, chats 41, .&2., wod 43 2re
- wbi-thy of :ins:zﬁﬁm:' ;I‘hn:ai.e- are all in ‘.&z mi:&:ﬂe; of tha
.co:xibu,ﬁtihla smm., l.nd }*ut.m ﬁ.ren occurred, 'fﬂﬁm in
. probahly an a:mmple of ﬂm suppuuictn h\r ﬂm mxp‘msiv-e '
cha.rga in the pruj‘actllt.
Fig_uru -4 cvmmﬂrizau ﬂn&: E@ﬂ:e tﬂmtu.wilth
composit._iﬁnz outside the inflarrmation a&ea determningd
- with electric cparka foz ﬂna. fa6 phase only. Tize “fire’
and "no fire' ypouinta dg&?mﬁma ﬁy 'DIrk ignition wit].z
Liguid mﬁ; prewent in Lhie tank are ilh'x) shown on tais gxapﬁ..

WDC-1R-55-418
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Tha crnss—hatched area on this ﬂraph ia the 'enlai-'gement

- of the hngar zone. L\dic.atad by the gunf‘re teato as comparad‘

'-'_tn th:t dutern:d.m:d by lpa,rk 1gn1tmn for tho gau phau.

i Sinca thu gun.ﬁre tn:tl and thn lpark tcell:l mth hqmd fuel

premmt cm.-rulata. this unlargment of the danger zone il _
- .amibmd to the pres:ance of tire hquud Eul rnther thz.n to
| tho imﬂan lumrce. A.n e:plmtian. as nntﬂ!. in tlm preo
' ".‘f'caadhg lect:lun of thil report. h tha ynuible preuncﬁ Gf
a fog of uquid droplatu. . |

For theaa Ma. lev :1 exper i.ments i.t ifs mticaad that hmh

'.'ﬂm fml km hmxt and the facl :i!:h 1mm ire cxtemled CL..t'-' .
'_wa:d The extannion of both lumta becamas g*eatar at
' h.igher nkygan concenu'ations. Thz o::ygan lm.n Lmsir 1 18

,appa.rantly wffgcted byt htﬂ~ if at all,

In Iy h #is it wae observed tfmt the F;bargl&g pl.mizc

anti—cknio hoau'ds were potentml (or &chaal) igmt‘.un snu.rcu.

-~ Even after t:m complcte exﬂ.nguiuhing of & firs in the bay

Bpace, the plastic. and possibly roma incandiu-,r, continued

to emgul Jcr and glow b-wbtly. In t lozct one case this

'_rugnitc-d a hay' space ﬁre after it wag ﬁppa.renﬁy cut,

Cmn.c“.rmm 'I'ha cm.lum,ons from the gunfire tect program

- are:

=506
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l. Tha pre n.t-nce of liquid fue!l in an a.xrcrai't ..m:l tank
Y lt sea level markedly amndn the zone in wlnch
_ Lnﬂmmatmn can talm i:lmcc. as cnmpax ed to the
. .. cade ln whi::h only a gas vhaoe is preaf-nf:. )
S Z..II the fuu.l vapo:r camc&.nirnhﬂn 18 greatm‘ than 11
L _..percant the t.ank is inertad or ncn-—fhmmable.

"'II tha oxygun cﬁnrentraticn is leu than 9 pcru.em:

» [ the umk is i::nzrtcd or nan-ﬂunmbla |
) 4. Gven thﬁugh ths Iucl tmk to cumplcwly tmerted,
L bay lpu:eﬁ mremnding the tanL are Iw.zm dous
-. when -n.c:t im:-tel& ‘ B o
S mx;ﬂnaivs mmmﬂan 103 y. is 66ume C.Eﬂﬂ-a., exﬁngwuﬁ

-1 ﬁre 1‘2: Bt2rig,

WADC-TH- %418
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V. SUPPORTING iNVEsTxGATmNs

- Three mtncnr experimnnul programm {..11 in this catagqry, | 'I‘he
firet o£ thau wagp Luncnrned with deternnning the bunﬁng pre spures B
i":M ruptura dilkl made of lluminum foil. &0 that thase imxpanuiva |
.' .. 'dovlce- could be uud in the spark ignition work 1nnead ef more _
e:rpqnaive. cum:m.:ch.l units. The necond pz;ngram waol tﬁn dnvelr.ﬂ- '-

- ment of an nppun.tu-n Sor me.:nuuring thn vnpuz- prauuu o!‘ hydro-

cnrbcm min:turcl mrer a wide tcmpurnmre r&nga, and than detarmx’.ning’;'_:

- t.hc vam prctmen ni the fualu unad in a.u of the emrimrt&l work.

L nudod for computing tha gas phua compmitian in tlm gm:ﬂra tut ,' Lo

: _-prngram. Luutly. the ralatmncl:ip was mﬂterminad bat'm:ﬂn tb@ :
o ‘_nlect:ric mmrg;y nuy,aliud and that rmwuqd at the nur[ace: of the
- _mu-flca canc!ucﬁ*m ﬁpau-h plvgﬂ which were used in the invant:"a.tu'm.

A., Damf.ﬂn uuxrmlmiﬂm; for Alurainum Fail Runture Din::x _ Tm}'

" safe r@aL«sﬂnn;; of excensive pmmméﬁs caugsd 'u;r comLuaﬁun in |
| the -t.ul t-nut umk used for the mnrk igniﬁ-:m terts was one of | |
. the problems ancau:n.tered fu its dauigu | The req:.itemama of
a laﬁufactury pramm ¢ reliof doo 'm:a wwru. (i ) Thxt it e
.' ‘.rtliahlu. (2) Thm: it bﬁ axtremaly faet actmg, {3) That xt off
N _imt lirtle fiow remtrictw":. and (&) That it b2 euitebie for
‘holding a high vacuum p*ior to the mzpalihﬂrn of presoure.
. These req\drqmentu dicta.,-aﬂ i.h«z. use uf ruptvr.m dieco xnther

- than m—*hanical valvas,

¥ e TR-55- 415
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' Comﬁércial fupmfé-diéi;:n. at a cost of approxirﬁaﬁ!y
15 dollars cach for d.uc d.ﬂd vacuum uupport., ware a.vailablc '
a::;d nuitahlu. th to tha n;tmhor o!’ disc failut-un expacted
' '_'lt was altimatod that t.hena unitl would cost at laast 1500
s dolla.r-. T’herafcre; it wa.m consldorad a good inventment

e J:‘f. to lpand mv-ral hun&rad dollars for zn axperinontal -

i imrontigntion to onahla thc uee o£ d.lca thm co:t but a few cantuh

o ey
1 ..

'J_ ‘_"..-I'ench
Mtwar t.ho mcolau‘y dnlign datn had beun abta.ined they . .
L wera amnded hy Robart T. Fax. Jr. .. az a Mmtar o:[

Bcianr‘o Thaesio prajact. -

| R 'E:p-ari.mﬂmtﬁl Fﬂﬁpmnm. A diagrm of the 'expﬁz;.ijmental X
nsnembl*y {5 shown in Figeie 5-1. Taree test t&ﬁk‘ﬂ wers
u.m;d af 2-inch, #-inch, .md fwinch rominal ci.ameiars
ramp@ctively - The ﬂm:.gm. gripping the ﬂuminum fml wers _-
-. rtanda.xd pipe welding ﬂangea. A circle of 4 mesh IB gaupge
| woJven v_virc _nprean.w_aa used 1:&: a vacuum support, to prevent
' ._r'nvarnul flexure, in t]s.sin‘ program. This supporg ﬁ';s later
| féunc‘l tn-oi_far to0 much fiow reaistance, and v.lfa.r; discarded;
' tﬁiﬁ in u.ﬁn the rupture ;dinc:n were m the "réverse'uhape"
wl-mn excess prle usu;'é was applied.

_ E:g:erirne'nté.l Procodurs, Fcoil tested ranpged in thicknzss from

0. G921 inchue te U, 010 inches, and was available ia two temper x,

4 ALC-TR-53-i;18
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IZS-‘O and ZS-HIB | Fo;.zr t;:;t prc\caduru were ﬁnad {1} Initial
preluure atmmslpharic. prouuru auplicd gradually. (2) Initial
_prauu:'o atmosphartc. punuro applied suddanly, (3) Initial
' 'vacnum. pnuurn appliad grndu;lly, and (4) I=itial vacuum,
Preasure npplied m.uh:lm:uly‘e | . |
| Toltn were Hmlted by thsa ai’r preuure mrailahle to d.iscs

5 thn* mld bu:ut at lnmn thnn 100 plig The m:.nimum burating

'prume for nu:h diuc.. diametar. th.iclman, nnd matarml

was dctnrminnd

Rnu’im amﬁ Gcnchr;s:imm. Figure 5-3 -lhowu\ the rnﬁsulﬁ ;:ubta;ix.;ulll_ :
| with initial ntmmr.n&ﬂc pressuxu. a.nd grr.dua!. prusure risa,
'.Iilnrl rowurea oo ﬂomantm. Other re;ultn were: (1_) Vacuurrn |
'-_'_pmmaing of thedmcn bad little or no offoct, (z) Suddion
' appuca.tiun oi tlm J,or.d had um OF 10 effmt, and {3} Too faw

lpm:imem J:nf temper ma were available to d“mrnm.au the

, eﬂ'ect of tampar. |

- B Vnpqr Preamre Measuromenta.

' Exnﬁrhnentnl Eq‘utmﬁn_. The ex;mrimantnl &gzl I:Jmunl
7 davalopad for t.he measurement of the equjlibrium totz] pressure,
. or vapor preuure, _of hydrocarbon mixtures is ﬂhowu in Figure
. 5-_4. It cmsinta of a sample bulb of \rapbr—ta'-liquid ratio of

5, imm;:rnud in. a Dewar flask as a conrtant te.mpm-rafux¢ bath,

WACUTH-5E. L1 8



Thc laméh bulb: \"l.ll conmr;:ted to a ma.rcu.rypmlauwmutar &8
: -th- pr-nnuru mvamﬂng m:trumant. md hnd ot.har‘ openmgn
R Inr jo!.ning it to a vacuum pump. md curying t.h- thermacoupla :
. loudl. R | |

o "E:porimnnm Mmho-l mmi Renultn. To da:ﬁmn:rata'tha.t' the

h o ,:-_:'.'equ:lpment was canmhla ni ytouiing rnmb.h remltl. ve.lidntion

;?.""!’W‘timnta wara .p\nn with homt&-ﬂ “‘1 1'“"‘“’“’ ﬁ“’“ - i

T -.-'\"r

7‘-_"3';"'-:: nhm in Figun 5-5 -
| Vupor praunu cu,rvu .un za;u mé u-.aelﬁ ﬁne& Q&a .ru.n on h;xth g
| :j-". ‘tha "u !’“ﬂﬁ:ﬂi?&d” luwin, and oa deolctated fual,l .u.-im ovér h
| phoipuorua penmﬁdo. Thsa. gamar&l experimt«zm;l susthod was
' tn firet remicve diaunlw;ad g}ur,:a hy spply 'ing A vacwnn aftor _
-£1rnt cooling the fusl tu a mmpm. atnra at wl.ich ita vapa" [Tessure
N 'wa-_ mglig;blq, and ﬂxan to i:alw mmu.ltannmn preagure mzni -.
t-mperamra rauﬁn:;n over the tnm'mrmura.rﬁxga of intereert.
'. Tnn resulta oi ﬂman dahurminatiuna are lshnwn in Fi,guraa 5-6,
.._.5-7.111-:!.:3 N

e, &n'[ncn Gonductiva Spaﬂ: !?J,uyg F‘mar;'_y Rolmam . Alock of

Murmntian--m the lit&xature r&lnﬁ.*xg to the ufficieuc'y with
which nnrfatn conu!uctive upark plugs ctparem: (Sﬂe section 3
ol this reporﬂ made it nucmm;uy t':\ comiuct nurh &n investi-

' gltion. The converted 14 millimeter automotive m:mrk plugs

- adaptad far use in the immatig,a—aﬁon were pl.nccd i a doubls

™™ T o 8 0



_ ‘&

© . wall Dﬂur nnnk Ior thic purpou and thc JNETTY reluud _

‘ ,“"-'from cingle diﬂchugg’ measured as a prenme rine by

f;-'ﬂ"‘:-Ruthhauur imlicating equipment md oscmolcope. B

T‘v.is ntudy Wll uud s a Maatar of Sciem:e Toesin hy

E--,nu Lichtmnn.

5 : :__ . Em_lpatimnnml Equiwmnt and Ruultl. A di&sl'm "f ‘h“ | N

ch‘cuitry uled is thown in Figure 5 9 and a gumral view | -

col o "of the aqu.!.pment iu Fxgura 5-10

Plettcd in Figurec 5-11 and S« 12 are the impox't:nt |

. renultn of the study. Figure 5-11 indxcatos the amount of

L emrgy rele;md at thaa plug and Fxgura §5-12 the eﬂicxency

of the disch-rge au & Ium,aun ol aupgly condensar voltag*

) It wae cu:;c:ludgd du,., _

: 1. The uhernml ROer LY rel-nsed 0 2 gas hy a suriace discharge -

R uParl- pl-.lg ﬂf the ty*pe uuad in Fuel Igm*mn .,u.du.s iz

- dependent or the c.a.pnc:.tanc:t. supplynz;f, the energy, the

o vgltaga to whic‘:h it i charged and the circuit reﬁiatanca.

2. Tha epark energy is independent of gpark plug film registarnce,
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. 7. VI FEFERDGES -

Coward H. F..s andG W Jonel.:-

"Lin-utl of mxmna.buty of Gaus uul V’apor:" .-

| u s. nuum of Mi. e Bu.lletm 503 (1952) |

Jonel. G. w.,'and W R. ).lhla.nd

e ';j"'Exti.nctinn of Ganolinu l-"la.m-t by Inert Gasau".' o

UAEC-TR-_Z-118

U. S Burenu of lﬁnel—Rnpnrt oi.' Imr 3871 (1946) _ G
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“ LBLP. - 78°F U 82°F 78°F [ 114°F

° TABLESB.).

.85

.- ASTM DISTILLATION OF FUELS

. Fual ' “lsopentane

 Test - - ] 2 3 1

. AN-F-48

2

' AN-F-58

. AN-F.32
_ . Substitute
1 2 ] o2

10% o B2.57085,582.0 . 149

Caw o ezs sno ans e

30% - 82.5 . 875 83,0 178

40% - 83.0 0 88,0 840 193

50% . 83.5 88.5 64.5 208

0% 84.0° 89.0 85.0

70% - 845 90,0 4.0 222

B0% . 86,0 91.5 87.0 235

96% . 89.0 93.0 o7.n 249

E.P. 97.0 103 103 283

Recovery 93%  95% 95%
"Residue . 0 0 . 0
Loes. | % 5%

5% 2%

WADG-TR-5%-138

_'15.2.

166

L

14°F -

182

197

207

216 -

224

234
249

283

97%

1%

::\-2";’1-

201
268
©302

“331 .

395

(4l14

 g9am,

0.5%

122°F 124°F  3°F  325°F

208 379 319 -
- m
| '3'07. 408 ""_.:'"40'5_,. _
":-33:3”_ | 414"
354 '-3.5_»5-:_- |

424 s24

377 376 435

446

443 -

496

1.5%



TABLES.2

. AN-F-32 Subet.

i AN-F-48 U0 CWiggg o

«iicg; j*“'

- SPECEFIC GRAVITY OF FUELS

U TABLII 83

Tesmy.
. . . - (4]
. Isopentana T4 F
. o
AN-F-58 . 70°®
AN-F.48 . - 14%

' AN-F-3Z Subst. . 70%F

. Methed: Westphal Balance

WANCLTR-SS-418

" REID VA®OKR PRKESSURE OF FUELS

lsopentane - - . 19.5 b/in . .

§Lfg- Gr:' _.

. 0.6230

G, 7865

6,7336

10,7977
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.| LIST OF PHOTOGRAPHS

) 1.-- . '.-."ﬁ-; st Tank Insfallat’ion
‘ i ‘Zl. Tent Tank after Insulahun :

3.‘ Talt Tanlr In-tr\.mentanon .

'_’ 'I'empcrmg Tanks

T 1permg Tlnks Innta.lhnnn - ,- 

D Vacuum Syntum '

i Hiaa.t Tr'.uinfer System
" 8. ‘_ G\m M’munt
9. Ta.l'get hiﬂtnllatlﬁﬂ

10, Gu.n Range. - Target and Insruraentation
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