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COMBUSTION VARIABLES IN-FLUENCED BY FUEL TYPE 
 

COMBUSTION EFFICI·ENCY 
 
I 
 

ALTITUDE OPERATIONAL LIMIT 
 

FLAME SPEED 
 

EASE OF IGNITION 
 

ENERGY PER UNIT VOLUME 
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to-Mo.7 
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VARIATION OF COMBUSTION EFFICIENCY 
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INFLUENCE OF BOILING POINT ON COMBUSTION 
 

EFFICIENCY AT ALTITUDE CONDITIONS 
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EFFECT OF FUEL TYPE ON FLAME SPEED 
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HIGH ENERGY FUELS 
 

BORON 3,340,000 

';:' 
.....,'.. ALUMINUM 2,250,000 

o.a~;;~1 

GRAPHITE 1.989.000 

l-ETHYLNAPHTHALENE 1.204,000 

GASOLINE 840,000 

1 2 3 4xl06 

BTU PER CU. FT. FUEL 
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Coo~~tion Research 
 
( lor !ir.t A~l Ic~ection) 
 

October 8, ~ , and 10 , 19h7 
 ,. 
b7 ¥alter ! . Olson 

Part of tl:.e pro~a:'l of end-ne r e ooearch in E'er-erel at t~ !-ACA 1s 
co.bustlon r esearch in par tictLl.ar. There are tvo , cO!1:"l1::1en tary, !!'.B.,il)r 
objectiyea in t he cosbus tion reaeer ch program, one o~ v~ich is to l ea rn 
the basic -chydcs ~n~ che:nis t r:r o! b-uning , ane. Ute ot!"ler o~ ,,~ icr. h 
to l earn the perionsnc e characteris t i cs 'a!ld desig:1 cri t erione of 
com~tion chambera fo r ai rcrr f~ ga. tnrbines, ra=je t s ,.rockets , a~d 
other :?r opnlsi ye deTices. We want to n nt out ju9t what l:atroens ""hen 
fuel end air r eact, and ve ",-an t to find 'JU t hov co:lb".ls ti on e.a.;-:be!"s 
operat'e , and how they shouJ.d be deBilmed £!) that they will ,,?erate in 

- the _,. that it ded r ed. In or~er t " bd ieat e . the <?ene reI na t-.lre of t he 
WACA ' s program on eocbustion r esearch ve ~~al l i llus t rate with a t ls 
~~.sl?n of relear~~ on co~bustlon ~~anber8 f or a ircraft eas ~~rbl~e8 . 
!hat ii, t he perUcula r ease f or the co::lbu6 tor of t:-, e gas h r bine is 
being selec ted fro~ the broad combusti on r esearCh pro~~ t~ .i ll~st:-ete 

for 70U the natnre of that broad pr ogrec . 

• The combustor is the yery heart of the aircraf t gas t7~ rbine er,g i~e. 

SftOlUli I "f It 11 here that the c!-.ec ieal energy stored -1'0 in t he ~'l£'l is r e l eased. 
C,e..te.r (» as ldnetic ene r (g t o opera te the en("ine ant to dr i ve t he al~lane . 
F-)"O !'hIS.!iers tc.a t is a ro t-ava,. Tiew of the ~s tnr'oine 'J. se~ P!! a ___ 

I ~ , ~ tar je!, can be u led to sho~ ho.... a co=~ t1on c!-...acber "",r!:s . Air 
 
bek , J Iltor h col!?re ued by the COI!I?r~8S0r a~c. j)8 !lses into ,the co;::cUEtJ> r. ?a. r t 
 

tAeJlDlsifi of th h air enter s the upstre8.::l end of a fla:ne t-~be or :a,tV:P. t in the 
co.bu.stor throllgh csll holes in 1'1:.e '-121 111 of t!':e ~?_;e t-.loP. or bas?:et. 
7uel h spra~ed i nto the air, Ignited wi, t h ?. ~rk p l ug , ar.d 'Douns 
continuonal,.. me rest of the air that has er.tere~ the co ::bu.stor 
paaael through :1o re holes fart~er e.own s trea:n in the bas7.et, ob::es vi t h 
the b-~rning gaaes, pIlh out t he fiac e , and brings t£_e te-::->eratllr~ of t he 
~s down to values tha t can be tolerated by th e c ladi ng in the sta tJ> r 
and turbine. O)em'lnstrate.) 1'hat is hl)v t.lte co~bustor works . 

re a re a number of r equ i r ecentt! on th~ coc~~s tiOD ~~mber . It 
bas to r e l ease a lot of hea t in a ~l vol~e ~1 in a a,o r t p~ce of 
ti~e. Heat release rates in cocbnetors fl)r jet e~~~es are about 
100 U .ee t he rah of 70ur comedic f"8. s bu..."'"Jler. On ~is:- V'y he r e iF 

_le of an an~ular-tre co:bu.s tor ( l 9X3) . ~!s is a rinF 0~ !uel 
nozzle.. It i 8 located a~d the ~ft o~ t he ~,rine .hi~. oc~~~1~ 
thi s podtion. (reaonstrate.) 'lh> ! lp.J::e tnbe ")!" bas.::P.t ~its on to t:-." 

e1 nozzl e s e.r.d the outer casing fit s OT~r t he !lF~e t".lbe or bas~et . 
( Xor e d.an. t ratioc . ) Judg1~ f ro:a tJ:e r ate a t v!1ich : 8bvel e~ c 
last winter, tilt_ psrtica. l.P r co lllbo.18 t!on cha:-:"!:ler v,,)".lld ::eat abO'~t 
650 ..~ch hooaes . No t only m st the eo=:.bus tl ')n cha::be r have a hi~ he 
release ra t e, but the !lame II1s t be t'tabl e ane. efficip.nt OTer all 
eonditions for which the eo::abu,tor 18 r equI r ed to opera t e. In 'othp r 
vorr!s, the fire should Do t go out and all of the ~~.!e 1 tr.'3U.E be ~l~ed 
no _tter a t ..mat speed or alt i tnc.e the engbe runs . ':'!:e ter.rF-rat-.lre 

\ -~ 

http:efficip.nt
http:psrtica.l.Pr
http:partictLl.ar


- 2 


distr:a~ti'n acrO:F tt~ ?~tlet ,~ the C?~cust?r ~~s t ~ollow e tesired 
t " r.., ?r ...,roflle, ln o~er tha t t::e bladin~ in the s tat " r and h r bine 

not fail . In ~~cr wl) r e s, . t he stat or and turbine bla~l~ I houle ~ot 
be ~lc~ectee t o extra~~ir~ rily h~ t zones or cor es of gal. !he pres~~re 
put int) t~e air strea~ ~7 tr~ co~reSlo r sh~~ld no t be lost !r)~ t he 
air strea::: as t£.e air f lo.F t!: ro·~~. t:". e cO:::Cue tIJ r, if t!-.e oyer-a ll 

erfor=.e.z:.C e of tr.e eLgbe is ~I).t to be l ope.i red . Ane. £111811,., of 
course, :?-,e CO::::t'.H! tor Shl)·llf. b? li~. t, ~rable, p!'".c. should ope rate 
free of car boz:. de~sit s , e tc ~ Tte c i g probl e~ of tCe ~~rbo ~et 
cO!:lOue tor i E to lee rn ho.. it O"!lera t ea an:::' t he:1 to learn how to d eai gn 
it to Dget the r equire::e:1ts .tou t o,~ tl ined . 

A ~ an eXBt:r:)l e of t."'1e sort of t~i~ tr.e t the !V.CA i@ !ir.d l ng O"'~ t 
a bou t tow co=b'~s~!'"s ope~ te , l e t ::e cite tr.a t in 1:£.e Altl tu:' e '4''i nd 
'rl.mnel it 'ot'2.a learned. t !".8 t a t·cl.rboje te!:gine vO'~le. ~o t !l7 t o hl2her 
ar.1 }-.i~ter alti tu:'es inee!i:-.i t e l,. . It is !1~ t a'~I?ri si !"_~ to fi r.e e 
ceillng on an e::gine ; bu t it was learned ln the Alti tutie 't:1nc. Tunnel 
t he.t t:~e ceili!:? 0:1 tur b')j et er.g1.n es ~s i l!l}1'Jsed b7 the cooc-~~ t~o n 

I ==eciately t r.e:: it becaca necesser,( to isolate t t e co~~sto r 
'=!l~ne, to s ~t it up in 2.r. e~erio~tal blc t in B"~ch e way 

t ha t t.~e condi t ionp I)f eltltuc.e ene e~?i~e ~eed ~~l~ be sl ~~lated 
f~r t~e co~bueto r, e,-~ t J S~l~' its pe rforr~nce in ~etail in o rder to 
l earr. tJ:e causes, pne. t hul to learn the cures for the co :nbuB t :on
izlroosed alt i tude operationa l l1!:! i t .. 

An in.talla.t1o~ of t his sort 1& behi!'..c tl:.e panel beart on yoou r 
left . ~jo t e t he 1Ar t:e ductine fo r JroT1di~ l r:le t al r a t various 
te::J?er->t-.lres, "")resl!"'.l.!'es, ar.d f lov rates , the extensive inetrwnentati'ln 
a t i~le t anr ou tle t 0~ co~~~sto r, and t he large e~aust ~lCt f~r 
~ lculat ir.g the low "")ressures ~f h1~. ~l ti t ·.lde . : do no t kno w of any 
facllit7 ln t h l£ c');mtry tha t could ha ve given tl:e col:lplete picture 

f c0~buF~?r ~rf~~~nce Je~ltted b7 ~.e f acillti es riit t npre ~ t 

teie la·:;:> r a toI': ' . Ie.e t ';une ! r:-.ade an ext en F:ive tl)Ur of t J:e ai rcraft 
~s t-~rb 1ne l~dug t~y 1,- !r~la~d ar.d nowhere in !ngla~d ere the re 
facil ities f o r t~ ~tin~ an1 eT.aluatlnF a~d ~~1~71n? ~g1ne s ~nd 
co=?,ner: ts ,~ er~ine s t !:ia t can even begin to cocpare .... i t h t !:o s e ~ f 
t r..e !:ACA. 

F'·(j · 5"1 
T':lh C'lrve"l11ustrat !" s a1 t itude opera t1 ,nal li:nl ts. Sho'r.: here 
 

1s ~ ~~ve eivid l!1~ t~~ e nz i~e s"!leeds Ene. altitudes oe1 0w w~ich er. 
 
~ei::e ca~ operate fro~ th~se ab')ve ~hich t e e e:lPL~e can~ot opeT2 te 
 
because of fa11u~e ) f t he co~~~stion "")r oc ess. (~eoonst~te . ) ~ne 
 
e~.ct ~o~iti0~ I)f tte al titude o"")e r? t~onal li~lt curve ~ith r eenect to 
 
al titu~ e ls, of c?Urse. ~l:ferer.t ~')r ~lfferer:t P.n~~p s ~o r e ifferent 
 
co~bt~~tl1)n c:-_e-b"r~ . ':'te ca rve 1! ~.era.c t erl~tic , however, o ~ a ll 
 

'l!'-:-0 ~ e :' 1?~f'"1n Q Q . 

f,"CJ· ~2. 
'.:'0 see ?:o ...· tte co~bus tion pro cess brinzi . ' ut tte se al tl tn~ e 
 

p~ratlonal 1~lt8, refer to t tis ~n whi~ it! ..,l o t ted 
 
co=Cust)r te=~er~~~re rl ~ e ver sus 
 If t !:e t hrot t le 
 
is opene~, ~ae: -e i r rati~ is ir.crePse ~ . :-. r1 t tle 18 o"'Jen 
 

b~ 
 



.. -. 
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l-air ratio bcnaae4, tha t.-paratare ri.. of the gaae. 
tiM ......tor aboal4 mcr••• ~ th1e liDe called 

W .. a1H aov u.t the ~n. r equire. ttll. .. 
t JAR-.rt_ to operate (~tra'- with ·'-Perature r18e 
"p' M I ). If .. 811Ciae ia operaUn« a t a ~ aDd alti tude 

1Ualtl. to ..... U. a4 Ule throttle 18 ope, the t~ra.tu.r~ " riae 
On1. IacreaM alae . GU'n _ ell a. thi. OIle tilic:h TerT nearl 7 
........... ' tMo"'Hcat' CMn8. (p.on.t ra'e.) If the engine h 

a ' a h~r alU ta.de . ere tM concUUon. of the air at 
to ....butor are le• • f aTOrable for the coawlltion 

tIlro tUe 1. opeaa4, • CUrTe ach a. thill nerl one ~ 
--.l,. I t i. DOt" hare 1ba t te.perature rille reache. a Baxt.:o. 
Ia. .. illutraUoa u aad tIl18 azima 18 jud -ou.dl to .operate the 

idM: t1aere i. 110 '-Perature ri•• left OTer with 1il ich to accelerate 
-eta.. .. if 7ft ca i-cine that .oaeholf the e~ine could be 

to a .Ull h1&'l.r altitude cere condttil)n. at the inlet to the 
o ••tor an .'i1l lea. fa~rable to coabuUon, thi. carre VO'lld 
nIalt. ..ta here 1ibat Dot -oadl t e.perame ri.e can be obtained 
to .. .. -clDa. In r e • • reb with the coabu.tor, it,.. allO learned 
.... . eoa4itiou of air at the coaw dor inlet cau.ad 1I1e.e .... riou• 
.... of oltta1altle '-Perature ri.e. In mort, the conCitil)~' of tr.e 
air a' the W.' to the coaba..tor 4eteraine cether or not the collbuBtor 
wt11 tuU_ .atfici_' '-perature to operate the engine. Vhether or 
_, .. ......tor fuDhhe. mfficl8Dt te.peratare to l'Ull the engine 
4dend.ae. ....ther the eD«iDe 18 below or aboTe tt. alUtat.e operational 
Ualt. 

!he fonco1Bc Illaltratad the IOr t of thi n« that the !'J.Cl 18 
" ..,.« n' about bow coaw.tor. operate. low l~t u. l11udrate the 
.tare of the 4..1111 criterion' that are ~elnc learned !or coabu" tors. 

Qa 411p~ ura are the Mmlar coabl1etor alr~ delcribed and" a 
.....". coabuto,. Ia &Il enctne ach Ii' the 3-33, or I-W) , engine tat 
,.. ~ 4ilplq'e4 till. IIOraia«, there are a maaber of CAD-t1J)e eoabu.ltorl 
~... an.. the ul. of tile eD«1De between tile cOliprellor aM turbine 
""'-4 of tile ' 1D«le 8Jl1ml er coaba.etor. Be.-.rch on a ..ber ofI. tu tor. 'both of CIlIa tJpe aDd mgmlar t~ and of both U. S. -and 
e.-a orilla, b41eat. that In80far a. CAD t,-pe Tena.. anmlar t7P8 
11 •••c.nel Ulere cia 110' appear \0 be 41.tlnct ad'fllDta.gee " r ch
at...... acCftbc 41nct17 to OIle t 7])8 in preference to the other• 
.., i., ta the pra..t . tat a of the an, the can t,-pe aM. annular type 
.....ton mow equal pot.attaUV for tuta.re denlopaent. !bat 11 
_. 23.. of au-d..lip rule b t the IACl ha. l_rne4 • 

.. of t1ae t.,ort.at thmr . \0 know 1. ja.et how to pend t the air 
 
to n... tbrcnIcb the .tl. of the nase tube or baabt, that h, just 
 

..." the air nov 1te 411tri1la. ted .l~ the l~h of the flame 
 
er ... b " IT-t..Uc rae_reb on thh point hae beeo ~one by 
 

- t.c Ittf__' .erie. of coa"",.tor ~.t.. In each .erie. the air 
 
a.. Sato the OOIIlIutor ....bt •• -ned l7.teaatical17 frOil ba.ke t 
 
~. Oa 411plq are thr .. ba.ket. \aken from one of the..

5( 
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series (21.C-~~>' In tete ~rt1cu12r aeries ~leven bas-:etp in all were 
involvec. ~~ese t~ree 1llu~t~te t~e r.~~~re 1f tne ~rk . In tte :iret 

e 
 ba8~~t it is n~ tec t~zt a~ r is ri2tri~t~~ ~t~er aniformly !~~ the 

inlet e:1d f)~ tr.e ~ sr.et to t!".~ 0'1 tle t e~d. . r.::'"!:e alti t'~ce onere t il)!,.al 

110 i ~s for t~is bast::et are sr.own in t !".h !ie'~re of a lti eIr ~ versus Fr~. 5] 

eng1.~e s?eed. ( :e:;:onstrate ~asi:et :.. I ': •• 18 next casi.:e t stows BO oe 
0: t:le ai r bloc?::ed I')!: r. t trle. ".lnstre8.M P~J. I)f t:.e bas~e t . '!'}-.e 
ltihr e lioit!' for t :: ir tasjr~ t ' are el1 €t tl: =-l~er . (r«lonstrate 

basket E.> I r. t~ is t nird basket 1s illustrated a ee s:gn r Ile learned 
fro ::! t t.i 2 series A.~d fn!:! other lioile.!' s""ries ')f bas~:ets investigat ed. . 
(Je!:!Onstrate ba~i.:e t C. ) T~e deS1Er. r~le ~l lustratec her e i s tha t 
about 25 pe rce~t 0: t ::e a~ r !lovin? i~to ~.~ co ~~~ct') r should be 
ar=1tted f r ad'.:..Bl ly, A.:-.c. ~n about !-...c.lf o r :"I)re of t1:!e coz:ibusto r lenrlh. 
!;o te ·r.')',; t!".e progression of s:-'Eill ho l es froJ!l the inlet e~d of t h e 

~e t ~o~n t o ~~e ~ l~rle 0: the bas~e t f ollows tr.is des ign rule . 
eltituee I bits of t '-:: i!! basi:et are, of course, tCe !:liz~ st of the 

- p les ~elected . 

~e!e ot her tbree Cas"':., ts are ! '1r t!1 er llluetrat i ve of "eslgn 

i nfonr.a tb:: t !'-2 t is evohing froc !iloCA reseerci: . mese baske t ! are 

000 !!e~~~tP ~~ ~~e ~~ll an~la~ bas~et ~.~wn on your left (1913) . 


eef;:e.: t h u s ed :'eca'He in ::,.any cas<:'s it is !!:o r e co~ven i e:'l t to ·.'l r t 
wit:. e e:-R!l 'L"l.: t. Ir. t re :1r et e:r;a='O~ e select ed f rot: a le. r e e nrulbe r 

: eerr.e!1tal ba.sl:et~ invee ti pated not~ ' thet air flo,,· is f e i r l:- unifor 
fT~!:l ir,::~t F?'".d to '),;.t!.pt e::c 0: ti;e besket . Ir. tJ:l e next e7.8.!:!ple t r.e 
air :10·.: i", !' tn1 1mi fl')!"::: c;'.! t t he J:?le e are s!:!aller , r eS'~l ti ng in 
;;:') re ~res sure f roT) a?'".d. t i:e refore :::;')re tur1nle!lC1:: ~::. o:'xing i~8Ve 

t::e oa£~e t . 7"cis · e7.8!!::.le has s14-.tt l;:- l:i~pr p.lti tu:: e opereti o!'.8.1 
11:::1i te t~""'!'! ttP. fi:'st ?~e j"..let !:Ir,o",'!!. . r::"::., tr'mc:!. e witr. t r. i e secon,.l 
e71L.-:-l<> i~ t!:.a t we {".eve increRsed tE,e presl!"~re :' r:>p , c.~ it wi 11 be 
recal le~ it is r esire~ t ') kee~ nre ~cu rp- n r l)p low i n or der t tzt the 
over-all ':)e r:or.:-.ence ? : U".e er.clr..e not be i C":'lB. ired . ':":1. i5 t !:i r c . 
fr')~ tt<> s ;~e peri~e s::1~tte des i gn r I le of adr.lt t ing 25 pe rcen t of 
the ?ir in rzl f or ~ore ')f t !:e baeke t len~ tr. a~lied . Zce holes 1 
t h ie bep~<:'t ar~ su:~icipn tlr la r ge eo tha t its pr es~re lo~~ is low , 
aC,)'lt tte ra::le e F f or t t e : i r s t of t h'?se tJ:ree seg::<>I: t 6 . ~.e p..l titude 
o~ratbnel 111:11 t e are tl:~ :: i$e.. t f or t.~ ie bas~et ':If t!-. e t!'-.ree . 
l nterp!' t:'np'l:' P!!t')111".n b7 c ela:-il:~ ad..~:'!:IsioI'! ') ! tile reoon":a r:;- ';; ~ 
c ilut10n eir to t r.e baske t ve h::ve ~;'lShed O"~r £elvee 1 !:.t ~ anot h er 
~roc!.e=. z.~e:,e is 1n t !:is bae~et (~~~le ;) no lonee r ~!ic~ ent 
~e or ~ istar.ce f or ~o~ ~ixing of the 2a~eB l eavi!:.£ t!:e co~bu Ft~r , 

a :-.d ~~e te:-~"'ra~lrf' c!lt ri o-l tl')!1. lit t he outle t of t ..... e c')~ruf!t0 r i ll 
(r;i t e norr.lI:~f')rn a!'J !"'.a:: ce r et r i ::len t al to tr.e Efe of ';!':.<> e t atl) r and 
turbi~~ tlacir.r. ~t ~pens ~~t ~e cust invest iga t e ~~ys and neBn R of 
aC=.ittine ai r tr.rou?h tt~ baske t vall so tbet it vU : e l r well an 
". : 11 n roduce a j r eferred O"~ tlet t p.l:"".J€'rp..tur" "is tri bu ti:>n . S".lch e 

MF"T, ir cur!"ently 'm-:'eTwa •• • 

To learr. ~rt!".~r tt.e na ture of the ~tire d:a!n ') : "Croces~er ?Oi~g 
on :!1 t J::.e c or:b\la t')r, tt~ i nd.ividual p r1ceslI"s I)f tl:e ~·~e! Mra:- a"l." 
!':e eTa.">Or l zati'J!l of t::e ! 'lel ~.,ra:-, tJ: -= co!:!~sti,)!l itself, and thp 
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••trea=a a r e being i .,lated i n bes~c resear __ 
e%per~ent. f or indiTidnal stud~ . ( Dem~na trate on figure of ~et 
~ne. ) All of these i ndiT1dual at~iea a r e required in order ~~ t 
the enUre pheDoaenon of co.bu.s U on can be under stood !!lor e cocpl et el ,
and: ~. better utilhed for fl1,dlt proJN.hion. 

We haTe DOW illutrated for you. the nature of the cactus tion pr oP.'!'. 
at the JUCl b7 dhc:uadng In .oae detail the perforr:ence chare.cterhtic8 
and a f _ of the dea1gn criterion. for t~e collbus tor for aircraft ,q:al 
tarbln... In order 'to . how ,-ou vba t tau would see should :ron look in t o 
a tarboJet co.bu.tor while it- i . operating , ¥.r. A. 0, Tischler will 
pre.ent a colored motion l)icture. -Mr. ~hchler.~ 
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.. - Com~~stion Research 
 
IF,,r Fi r s t nnual I nst>ec tion
." ~ Octobe r 0 , and ll)~ 1947 
 

...:. 
 

.... 	 by Adelber t O. Tis~ler 

In or- er to illustra te tile appearance of tne fuce In a turbo j e t 
co::;.b\lsto r a s t !.e alt1ta.c e of ~e engi ne i s i ncr eased, c :>lor ed ~o t!on 
picture s of t~e ~l~~e i~ u :e c9~bus tor were taLe~ over a r ange of 
s~llatec e;~lne s~eecs an~ alti~lces . ~r.e co mJUs' o r setup used to 
obtai n t~ese p~tofTa~ns I s t na t I n t he acjo1n1ng t est cell (~'~5!) . 
':':.e ca=era post tion vas dOYnstrea:l of tne cocbus tor loold.n~ u p8tr 
tcro'.lgr- t~e er.eust duct t o see t .'le fiaoe in tr:.e cocc'utor baske t ; 
conee <s.u e~ t1y, t:::. E combusti on a"1>ear s in t :-.e photog!"'a phs 8S an annula r .. 	 rin g o~ fla ::e. 

I. 

~e ~I)tion pictures ~ere ta~ a t in l e t-air con~ tion8 t o t n e 
COl!lC18tor vhiC£. s ir:ro.late-t operation a t a fi xed e~ne s -:>eed anc over 
a !'2lls e of a ltitudes, co s i nc lcated by tn,= do t s on t!:e al t i tud e 
operating lloit ctart . The f i r st s cene vi II ahow co.~~s tl"n a t an 
altitu'; e of 25 ,000 r eet and Bucceedine: s cenes viII S!.ow combus tion a t 
al t ituc es incre2sing i n s t eps of 5000 ~eet up to an altituf. e of 
1;5,000 feet. Tee s econc. l as t scene wi ll S..ow c om:,us ti on at an 
alUt'r'e "f h7, OOO f~et wnlcn is .~~ t bel ow t.'le altituti e lioi t of 
operation fo r tLis par ticula r en~ine and t.~e l a st sc en~ viII show , -
ope r a ti on aoove tne al t itUde l i mlt . ." 

At a~ altltur. e of 25,000 feet tne flaoe In tne cocouFto r I s very 
steady ~ nC I t s col or l s oranpe- yellow, s i ollar to t.~e co lor o! a aa tcn 
or canc le fla~e . :he coc : ustion effici enc,y a t tais al t ltu~ e , yell 
beloy t~ e a l ti tur e llmit, l e 99 per cent • .. 

~.e l arge ro ~ f' vhica appear to cross · tne :lac e radia l lY' a r e s-:rmo r t 
e tl"'~t8 for t ne ex.~.a'18 t cone of t!:e e!"~~e. '?!:.P ':')8nc i l-ei%e r or:.e are 
eX."'.a·~c t-ga8 t henocou,l ee a.'ld ?ressur e- to~be Instl"'.1menta tion . 

t 30 , 000 f ee t alt i tu"e t~e color of ~e f~e ls ~ellow. ~ne 
comoustion efficl e~cy hae descr eaeed to ~b percent . 

~ 

At 35,000 teet alt1 tn-e t he fl~e , thryu~ s t ill su:stantlally 
yellow, if' t : n#!ed vi t~ fleci;s ot cl ue f la~e. .fie co :::custion e:r~i c ie!'.c . 
is !". ~ .' onl:- ~1 pprcent." .. 

At ..i) ,W f eet tile coobustion efficie!'".c;r i s 85 pe r ce:l t a.'ld -he -
bhe colorer :1.a - e h :;>re ~omlne!":t . I-ote tll.lit ~e tee a ltituo::e 18 

"' j "f 	 

increase':' t:': ~ f: a::e apnear s T)ro~r~C'C' lvel~ !IIo"" e 'olue en~ tr e co:::~p tionI.., .. effi ciency c. r o"Cs of~ . ':, .b is e:".pre.c te r !.r t l c o! br:o.~r t P:1p' i !" E"
. c~c=u~t i ~n ~t :I~=~ co l o ~ i s !":ot nec erear i l y ~'l incicat10n o~

' 

CO::CUR tlo~ .. ! : 1c i e;.C7. 
'-'I 

At 1..5, 000 ~f- et a:::y ~'elll)" : 1<-1"el are al r-ost e!:tirely ab l! e~t; tr.e
)/>-'0 

CI)~C11s tion e!": icler.cy is 70 nerCFnt. -~e ::::u e color 18 p111l1lar t o tna t 
e Ftic g' t!- nrn~!' :"1.a:- e. :·~or e 2:: ': !:ore tnte!:C' or: 

~ ... ;.~ ticea :le at "aC!l ') !" t.c..e £"",-c ce.£81'7el . 
nl?L; r al ti~u · ~• • 
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..... .u. 47, 000 feet, .1Uet below tile alti tut' e U.U of operation, tne 
f lame 1s al~os t entirely blue and fllckerin~. The co.~tlon efflcienC7 
is 65 percent. 

At 48,000 feet alt1 We the air pau i D« throut;b the c~buetor·, 
cannot. be heated tnlfflchlltl7 tt) I!IftlntaiD en~ne speed r e,.rdletl "- of 
the fuel floy. At thh 81 U tude the ent:ine h~ . exceeded tbf' coabu. tion 

I • 
u.'Oo@ect alti tud e operating lillit. The f lam, i, blue and ..e~ ull,tAble 
and pulMtinr . The 'Ohoto"ratils MOW the flpJlle leaning dow the . 

~ ~ exhftuet (uet towrd the CIUIMIJ'8. 
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deJlOnatrat ed 1. ODe DOW 1D ule on a l erTlce turbojet engine . 

yariable-area DOSZle 1a an experiJllenta1 tTpe deligned and 

built at th1a t..boratorT . 

baYe DOW adjusted the t10w rate to each ot the nozzle. 

to a tlow ot 50 poundl per boar , 1Ibieh i. the a1DiIIua emp10,.ed 

iD actual .erTiee OD the tixed-area DOsz1e. The ditterenee 

iD a toa1satloD between the two 1;8 N ad.i1,. apparlllt. You will 

Dote tbat t he pre••ure to the tixed area Doz~le is .0 low as 

to be .carcely iDdicated bJ the pre.aure gage. 1'he pressure 

to the yariable-area Dosz1e, howyer, i. DOW at 50 POUndl, a 

pre.1ure high eDough to produce good ataaizatlon. I haYe now 

adJulted the rue1 flow to each DOzz1e to 150 pounds per hour. 

You will DOte t:tat the atomizati on ot the tixed-area nozzle 

ha. blproyed but that its presaure :tal risen Iharp1y to 

70 poaDds an hour. !be pre.sure to the variable-area nozzle, 

howyer, !JR. ri.en oD1,. a te. pounds •. I bave now adjusted the 

1\1e1 now to the two nozs1e. to a now ot ,00 pound. per hour• 
•

You will note that the preslure to the tixed-area nozzle haa 

now rl_n to 150 pOUDC1. per .quare inch while the prelsure to 

the Yariab1e-area nozzle ~s again on1,. risen a tew pounds. 

!be advantage ot the .Yariab1e-area nosz1e tram a .tand

point ot t.proyed atamization baa been known aDd recognized . . 
b7 worker. i n the tie1d ot jet-engine deve10~Dt almolt frca 

the beg1nDlng. However, the lnhereDtl,. poor Characteristici 

ot ftriab1e-area nozzle. as metering devicel have .tood in the 

_,. ot their p1icatiOD.__ .___ 
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!he importance of good .etering cbaracterlatlcs can be
'" ... ae.n b,. reterrlng to the panel aD 1Ih1ch w. ha.,.e t he e ••entIa1 

teatures ot the rue1 .,..te. current1,. used on all t7Pes ot ~t , ,. 

engines. The tuel tlow. tram the thrott1. val.,.e to a IW11told 

-. tran wbleb 'the t~.l 18 cUstrlbuted to the several DOzz1es. 

• i . 

~ 

The tlowmeter. connected In thi••odel would not, ot course, 

• be present in an actual ruel ..,.ste.. The manlto1d suppll.. 

~ fuel to all the DO zzl•• at equal pressur•• and It 1. the 
,. 

t"unctlon or the Dozlles to control the rat. ot flow at .ach 

pressure such that the now through all the nozzle. 1. equal. 

!he nozzles IIlUst theretore all be matched to gl.,.e the __ rate 

ot tlow at equal pressures. '1'hi. requires close work e.,.eD wIth 

tixed-area nozzles and Is relatl.,.e1,. impo.slb1e with varlab1e

area nozzle. because or the dlrticulty or matching spring rates 

and tlow coerticients over the wide ranga or area•• 

.. will Illuatrate this point on the panel where we mve 

three variable-area DOzzle. connected to the .an1to1d aDd a 

tourth line running to a need1. valve. The needle .,..lye rill 

be used to stud,. the ettects or "'&ration in nozz1. resIstance 

during operation. 

The throttle valye wIll now be opened. You can readI1,. 

aee the une.,.enne.s ot the tuel dIstribution. We wIll .ark 

the fiOWlleter po.Ition tor future retereDce. Row, let u.... 

the ettect ot a yuiation in Dozz1e re a1l tance. 1'he need1. 

valv. baa DOW been yuled .,..ry alightl,.. Aa 7 C!U _can re_adl1,. __ 

8ee, only a slIght variation In needle-va1ye poaitioD reaulta 

f 
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in a yerr great cbLnS- 111 t he distribution pattem. It the..
nl18 tanee ot one noz z1e I bould becCIIle yery low through an 

operatloaal detect or through a leyering ot a ru.l liDe, as .. 
al&bt .ocnr through battle dBJU.ge; the tuel pressure in the 

~ . 	 .anltold caD drop so l ow tha. t the flow to the remaining nozzles 

will be stopped. we can readll,. see thil bJ opening the needle 

yaly. to fUll open. From tAla demonstration, l.t can be seen-
that the yarlable-area nozzle, while being desirable from a 

_atandpoint of atoll1latlon, could not be used In a ruel sJ8tam 

lla1lar to tmt currentl,. in UM on jet enginGs. 

In order to use Yariable-e.rea nozzles, therefore, it will 

be Dec'lsarr to cCllltrol the rate of flow to each nozzle, thereby 

elt.1natlng the requlre';nt far good _tering characteristics. 

'1'h11 can be dOD8 bJ subltituting a flow-controlling device, 

which will take the place of the aanltold.. e have designed 

aDd built luch a device at 'this Laboratorr, wblch _ will 

demonltrate lbot-tl,.. Thls device, .blch we have called a 

tael-distr1butlon control, will now be in.talled OD the panel 

in place of the .anlfold. 

1Ih11e t he chalge 18 being -.de, let us ret'er to this 
FigI)ye sr 

cbar~.A Here we have the pressure-flow relatloDship of the 

fixed-area nozzle and the vanable-area nozzle that you have 

just ••en d.onstrated. Por the rixed-area nozzle, the 

presSure increases rapidly as the tlow rate increases. This 

rate ot pre saure Increase 1. actually proportional to the 

- - . quare of t be-1Dcr.a•• in n.ow rate; tba t I s ,- It the-flow --

rate 11 increa.ed to trice t he orlg1nai value, the pressure 
\ 
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~~ 	 Is increased four times. If the flow rate Is increased to ... 
four t ime s t he original value, the pressure is increased 

16 tim,s. Some projected engines wIll require flow ranges 

of 100 to 1. With a fixed-area nozzle, this would require a 

pressure rIse ~r 10,000 to 1. 

The var1able-area nozzle gl.yes us a flow-pressure rela ticm

ship which is a straigh~ line, as shown on the chart. 'l'b.1s 

enables us to cover wide ranges of 1'uel-flow rates not on17 

nth good atomization but without going to excessive pressure. 

- ) WIth the fued-area nozzle, our system must be deslpd to 

operate with the h1ghest pressure required at the highest now• 

This highest rate of now, ho1l8ver, Is encountered on17 at 

," sea-level operation. Because a jet plane is designed primari17 .. 
for operation at altitude, the e~ne is operated most ot the 

• 	 time at considerably lower fuel flo.s. Therefore, in spite of 

the fact that we DIIlst carry with us a high-pressure ruel s7stem 
"! ) 

with all its difficulties am dangers, we are operating far the 

most part as though we lad a low-pressure system witJ:l all its 

disadvantages fran the standpoint of atomization. With the 

'"' variable-area nozzle, however, it is possible to 8Oj07 the 

.... benefi t of high atomizing pressures at low nows nthout running 
... 

into excessiye17 high pressures at high flows. To tul17 take 

advantage of this, the slope at the pressure-flow line IBUst be 

amall, SODJeEat as- shown on the chart. Becauae of thia, aJl7 

sl1ght yariation in nozzle calibration, tor example, as indicated 

b,.- the -light-line Curve , Nsul-ta In--yerJ- uneven- d1-.trlbutIon ___ 

when the nozzles are connected to a manIfold 1Ih1ch supplie. 



- 7,.. .. 	 
' 

~'" ..-1 prea.ar.a to aU tm DOszl... '!hi. baa atread,. be.n bome 

'" oat lD tm "-aa.tratlon that ,.ea ha.. ju.t •••• 

It. r.1 .,.atea on tJ» paM1 baa now been cbaDced and tbl 

4l.trllnltica-ccatro1 d •• ic. baa been aub.tltut.d tor tm .aD

Uold. ~ throttle . a1.e wl11 now be opened and the po.lt~on 

.. of the n oat. in tbe n~ter. wl11_~piD iDdicat. the 

......... or UDeT811D8.S ot the dlatrlbutlcm. 	 ....
",.011 CaD 

the 4latrlbution hu been ...t1,. bpro.,d. aDd It ls appar.nt1,.'. 
pert.ctl,. 1ID1tcra in .plte ot t~ uneT.n r.sistance. ot the 

ftrioa. 1IGSa1e.. let.rriDg asaiD to tbe n..dl••a1•• to 
,,, 
I , 	 

.~atlDs ohm•• III DOSzl. re.istmce. ,.ea rill note that the 
 

_841••a1" caD be adjut.d at will wlthout aD,. change iD the 
 
, ' no. in 	talat llDe . Yea will DOte tbat as tbe r.alstanc.- ot the 

,..-. 
_e418 n1•• iDerea.... t:bI c ODtro1 autOll&tlca11,. iDe"a••a tbeI· • 

I 
~ .. ........ in t mot liD. 1D order to ..lIltain tm dl.trlbutlOD 

altom. In M.1-.oale operation. a .,d.1 of tbi. cOlltro1 

, , III ecab1Daticm With tba __ DOss1•• u..d iD the d_onatration. 

, . a!Dta1Ded b di .tribution to a j.t englDe with a _xl... 
 

.. • 
 
cIn1atlon troll pert.ot 41atrlbatioa in the ard.~ ot 2.5 perc.nt 

onr the full raap ot ••a-1eY.1-.tatic operation. 1>ur1Dg
'" ~ 
 

.... t:be.. t ••ta . it ... toaDd tlat a ,..arkable .a•• of atarting 
 

.< 
 .. obta1D.4 With tId.• .,stea. In addition. it was tOWld t!:at 

U. lIIpro.e4 atoll1s!-tiOD re.ulted 1D a r.duction 1D fU.1 

J, eo"-lIIPtion• 
 
<C ADo,blr ••rr IDt.reat1Dg phU. of control that haa gl'OlrD 
 

1'roIa Gar work with tid. derlc. 1. in regard to protectioa agaiDst 
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lJ.De breakage. It •• appareDt f'rcm the earlier part or th1. 

deaoaatratloD tbat with fUel .,.ate. of' the tJPe curreDtl,. iD 

1I8e, the breald.Dg of' a .lDg1e 1iDe such a. lI1(lbt be cauae4 bJ 

battle daaage, 1IOIl14 pat th8 engiDe coap1etel,. out or operation. 

Comaecte4 to the 4i.trlbution coDtrol at tb1. poiDt i. a ...11 

~ I ya1ye which operate. on pre••re. aupp1ied to it 1»7 the control. 

'lbe purpo.e of' thl. n1Ye 1. to .but of'f' tbl now iD thi. liDe 

111 tm "eDt that the pN.8Ufe drop. below the .pec1tied nllle. 

It 1. po••ible to hook up .uch a ..lye with yariable-area 

Dozzle. becall.e 1D u8Ual operatioD the liDe pre••ure. are 
, , 

I, 
alwa,.. at a rea.oaabl,. hlgh yalue. 

I will DOW break tb1. liDe b,. palling oU the l"Ubber 

.ection. Yoa will Dote that when £he line i. broken th8 tuel 

... now in that liDe ft. t-41atel,. abut of'f'. '!he f'low to the 

,, ~ re_ining nozzle. reaalDed UDdlaturbed, and the engine although 

deprlyed or the operatlOD or aoe or ·the burDer. would .tlll 

, , be capable of' _iDt.'D'ng f'11gbt. 

'" \ 'lh1. c CIlclude. the deJllOD.tratlon, and I hope that f'roa it 

,.OQ will haYe piDed .o.e 14e. of' wbat CUl , be accc:.pillbed with 

• J auto_tic control iD bipJlOYiDg the operatlcma1 ef'rlcleDc7 of' 

~ , aireraft-propala ion .,.. te_, aDd of' iDcNa.ius their .aret,.. 

... '" 
- , 

B. Oold 
 
9-29-47 
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CONTROL FUNCTIONS 
 

TURBO-JET 
 

FUEL - OXIDANT RATIO 

EXHAUST NOZZLE AREA 

TEMPERATURE 

POWER 
 

REV. PER MIN. 
 

PROPELLER PITCH 
 

TURBO-PROP 
 

RAM-JET · 
 

• 
 

.. 
ROCKET 
 

C·I.185 
10·24-47 
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ATOMIZING NOZZLE CHARACTERISTICS · 
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lie Uad by all to iAJa of tbe1r 1Jld1Y1d11al, ,1ea1 snb

1.-. 

to llburt,rate, lArt. .. taD 1he ccmd1t.1DD of Jm"••,1cHne. 

re.-rch tr1et. in par. .,1d1. been dD_ with " wp» ....at:.. 

CD 'ms of a rotatfDc d1at OD 1IIl1eb ." Ja"8 • 8IIIa'1Cal. I'1cIW .. 

ball. . It .__ obriDu tile arWt. t.bat it. .. _cee 

taad~talJl 1D order to r • .,lr. the .:1... lit. and coatracl1.crt.1.ou 1D 

~tile fieU of friction. -.(~ 1IaI"t at the laborat.ol7 .. br 
. 

tbe utillsation of toc18 ncb &11 .1IctroD &ad I-s-q d1ttract1OD 

electron ecope to PDllitiy.q 1deDtity th. GDDd1.tbm of ...~ 
..... iDYeet1pt1oD. - ,. 

,~ ~te of Pt t.1II"bW ..-. plaat.a, 

~Jcal..q .... coDd1t or high ~atare 

.. 8U'f'ace ru.. atalaiftq sbNHed iD ..... to 

• ' lep _7
1acl1ll1lld 18 

DIndedI. 

_til 

.1'...... 



in the experimental investigation . 

black oxide F~OU fo~d 

Fe 

!nei 

t'WC oxides cf iron. 

SPeed increases. 

range ot speeds . 

s 

.. -3


el.iainary investigations here at the labor atory have indicated that solid. 

films ot the Tarlous iron oxides can be associ ated with good or bad 

1 properties and, in conseql.4ence, f1 of this type were included 

It was fcund that a natural tUm of t he 

on run-in or "well conditioned surfaces; r ed oxide 

f aces, that is, on surfacf;s lIhich bad shown 
F;!- ~h " • . ' 

J 

.t failure . The first cbart" Shows the r esult s o~ dry steel and. t hese 

The dry steel curve ~ teat friction decreases as 

1'he rrict:!.onal 108s in HP increases sli6htl:;r over tf.is Sa.:o1e 

i90Il of the curve of steel 2.'11 !'erri c cxide (Fe~ 

that the l"e not, in gener al, beneficial from a fr ictior. stand!XIir.t 

over the entire ran£e of velocities and definitell not so. beyond approximately 

4(;(;() feet a llLinute . Ferroso-ferri c oxide (Fe~DL.) , on the ott.er nand, shows a 

very beneficial r esul t in cO 180n to both dry steel and Fe20:? over t~ 

!ltire range of velocities. ~hese results agree lrith those of the ,freliminary 

investigatlon. 

p-eviously JLentioned, the conditions of hi2:.~ · t, atures in the jet 

englnes wil l r equire a supplemental or a dry l ubrica:lt wl'Iich cculd be cest , 
applied in the form ct solid surface films. ! s tud;y ~f the possible l ubr icants 

was made and their }ilysl cal and cheaical properties ot :r.ost interest are indi
" Fit· S7 

cated in this next chart." The items Dr cost int erest are the melting poir.t 

cecause cf h temperature conditions, the hardness of which shear s+,Zength 

is a !unction, the cr]Stalline s tructure, the form, the orientG.tion, the 

1lity in both water and acids, the chemical r eactivity and the tenacit 

or ste_l. On the basis of scme of their preViousl y indicated l ow tesr..:>erature 

friction Properties the following materiale were considered: molybdemm-disultide, 

7/ 
 



tungsten~sulfide, graphite, lead iodide, and silver sul.!"ate . A r eview 

of their physical and chesr.!.cal proPerti es shows +,rat lea:t iodide and silver 

sulfate tdght be unsatis'factory beCGuse tl:eir meltir.g points were too low; 

• • the)" were therefore eliminated. ':'ul'l6ster.-disulf1de is 7er-j difficult to 

obtain and it was therefore elWnated. 

~e only co:lpounds left were molyudeuu::-disul!ide and graphite and it 

.1ri.ll be see:l t hat these ho , besides having righ I:Ielting points, showed 

excellent characteristi~s with r es,t)ect to properties affecting the .friction 
• 

process . Tbey 1:0th had 10 ... hardness a nd conse~uent 10... shear strength; the)" 

'., 	 both had the l aminat ed fo~ of structure and both were general q insoluble 


in many fiuids. J.he molytdenum-disulfide had a decided advant age in t hat 


its chemical reactivity was higher than that for graphite which means that 


under conditions of inCipient surface !'ai1ure some chemical acti71ty could 


~"'e place ~ !': ight delh.] this failur'9. JJ.so another very important propert7 

d:i:'fer ence was that the ter..aci ty for steel was !d.gh for 

a:ld it was low for gra;Jhite. This ·characteristic is ve1".y llI;:x: rtant in fila 

lubricants which are ineffective it they ar'9 wiped fran t he ~fac6 . 

~ 

F{g. f8 
The next Ch<:rt"ShOw! t he structure Of. graI'hite as determined t:0a t he 

electron dittract.io:p pattern indicated. The pattern as stom indicates vf!!r7 

.~ 	 

highly ~eterre1 orientat ion . The structure is laminated m& it eaq tor 

surfaces to slip with gra;rite betwee:l them because of the slip planes in the 

graphite. indicated carbor. atou are l ined UP layered form and an 'inter

jretation or the electron diffraction .,..atter~ enables us to draw a sketch 

of the graphite or: the surlace of t.~e steel. 'I'he d.1!fraction ~ttern tells ,-. 
us that ~ th'9 layers are lined up parallel, in ge~eral, to the surface of tbe 

steel. important poL'lt to be otserved !.. that there is DO bonding ot 

carbon aton.s to the steel. 
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..-face• ., hay. t wo beariD&- lMcI8cl b7 w ight8 iA t he t ara ot ...18 aDds:ft4l ntA-....~ 
• oa a~ IIDatt. 1Ihich i_ ooat.ecl 1Iith JIo&.l at ODe of the beariDJ 

»cat1oDe Oaq. 'or ct.outzaUon par'}108U the rotatiY. -)INCl 18 loIr. 

BDth t'J,J1Ibe8~ haY. cora ..apped annmd tbe1r p.-1Jl187 leedfDg to tile 

w 1gbt._ 'DCUcatecl. Tbe.. -icht- eerYe as rutra1n1Dg t~ to keep the 

.....18 tn. tarD1Ds with the -batt.Ja t he tr1ction torque ~...- to tbe 

pofDt 1Ihere the r estza1D1Dg torque 18 e%Ceedeci the wight_ 111.11 11ft. Beat. 
• 

1I1ll be appliecl to the two bearings b7 _an. ot gae ba.mere sud the ord1Da7 

bJdrocarbon ~iC8Dt Wrl.ch J.e oow present between the 1AIl"tac. will be 

driYal oat and d.ecom~eecl. Because ot the lack ot adequate lubrication 

"Ulen, t~ bearing at the unt.reated location will 8tart to taU. .. tile 

tailDre beco.,s .,re and .are }rODOUDCed, t he tr1ct1on tarqae 1Iill iDc~. 
a"ld the restraining w ight will be l11't.ed until it str:lbe the stop. .. 

..i sar. or wel d1.n£ ot the bear1llg to sbatt takes p lace, the card wUl break 

and the 1Iheel 1rlll rotate with t he ".batt.. 

11111. -this bearing at the oon-tzeated location is tailing because ot 

1nadeqaate lubrication, tbe bearing at the treated location 18 r ecelnDg 

_pp~ntal l ul:ricatlon !ro:a the tila ot 1Io~ ill spite ot tbe tact that 

the oU 18 dri'ftD out by the beat. As JreYiousq eilown, the 1lo8 is unattected 
2 

teq llJX:P c (?SXd r) 8ud it baa low tri ctioDal 

Jftperi,1es at high -speeds and loade (which correspooda to h1gh- rmrtace" te. 

.,...tur.s) • This bear then will 
" 

coot1lme to ran .aotbq 1D spite ot 

cont:bmed beating. 

http:l11't.ed
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11'US we \1U\'e & ! r 1ctical de"XInstration of t.he ef!'ectivenees of a 

.~u le:jelltn'l lu'- ric.J... t .at hi~h ot-'3ra~:lnr te:l~~ratures . ease rsnember , 

s for purposes of illustration only and 

is " I) t, to C J • .stru reco'lUnendation that bearinl's be operated under 

" 
se ons . 

In su:r.r.w.ry , 1.he lu,ric41t ion, friction , a nd wear :')l'urlems in the gas-

r e 'lrcke ,cwn into b.:.s ic f acl ors irvo lved . The 

. c _, !cered 'l 'th those b..."ic :actors and t.r.e ITimary 00 
-. 

.i '3C t.ive dot-er inp. t hc fund~.len: 2 l r.lec'1a!1isms of failuro in order that 
.. 

this 1\1O'J':;""Icn1,.<1' may be a.plied t o the ~olution of practical 
 

ro ' le.";ls . In th as- tur i nc eagi'le , f IDce we tire confronted wi tL (r'(tr emc s 
 

0( the 0 Jrat!:I. conditi.ons of ~y'>ed s , loads , and. t e.i1~ratures, supplemental 
 

'f' lubr icntiorl ;n<i~r • C n.:!ce ssary and t i5 su p;-- lc;nental lubrication car De fur 

ni~'(' ... or oolid !:Urf a '0 f~ l.r!ls CO::l,osctl of r.1d.terials inherently suited for · 
 

n$t.ratcd , rosult s of ba5ic anal=> f'('~ '111 ex "IP.ri.mcnial 
 

Cc t ) \j 3"1lied to t he solut1on of problems of tlJis nature • 
 

.. ,..,..... 

J1 
i I~ V 1/"7 

• 

'-1 

'< 

" 
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PHYSICAL CHARACTERISTICS OF GRAPHITE 
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PHYSICAL CHARACTERISTICS OF MOLYBDENUM DISULFIDE 
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FINE CRYSTALLINITY 
 

BONDING TO STEEL SURFACE 
STRONG SULFUR TO STEEL BOI\~D 	 C.19871 

10·2.·.7 

F'J ~y. ~ 

S~o ~Cen2en"'~'" en~en S S lAo: ~+o~ ~ 
5 5 5 5 555 5 5 5 5 5 5 5 5 5 	555 
Mo Mo Mo Mo Mo Mo Mo Mo Mo Mo Mo Mo 

5 5 5 5 555 5 5 5 5 555 5 5 5 5 5 



./ 

-lJ... 
lJ...W .10 /MoS 2 

o 
() 

0' 
o 

I 
LUBRICA

I 

1600 
I I 

3200 
I I 

4800 
I I 

6400 
I I 

8000 
I 

SLIDING VELOCITY, FT/MIN C·19670 
10· 24· 47 

f '9 "0 ~ 

• 
- ,..~ «.. A.; -\0- .. '-r . t ' ~ "1 .. : ,~ i 

-

FRICTION AT HIGH SLIDING VELOCITIES 
 
(SOLID LUBRICANTS) 

Z 
0 
~ .70 
t)-0::: 
lJ... .60 
()-
~ .50· ~ 
z 
~ 40 I. .......... 
lJ... 
o 
t .~O 

STEEL 

Z 
~ .20 GRAPHITE_ c-'" a 


	03f Fuels Talk (1947)
	03g Combustion Research (1947)
	03h Lubrication Talk (1947)



