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Further 'P ro gr ess tovv3 rd the sat i sfacto ry solution of the 

diff'tcult lJroblem of the d.istribution and. atom1zation 0: the 

injected fuel \',"'2.s made by extells ive experime''ltati0Il viith vari-

ous fu el valves, nozzles and at omizin~ devices . Valuable in-

formation was a lso obta':'ned thr ough nu~nerous! experimental re-

searches on the combustion of oils a.nd the manne r of i ntroduc-

ing; the c ombu st ion a ir tnto the cyl tnder, as 'Tell as on the 

physical procerses of atom ization, the dete~ination of the 

size of the drops, etc . These researches led to the conclusion 

that it is possibl e, even ithout D~oducing ~ eat tur bulenc e 

i n the con:bustion cl'amber and at a ;",loderat e pump 'Jressure , if 

the degree of atomization and the pen e trat ive power of the 

fuel jet are adapted to the shap e o f the comb lstion chambe r 

and to tile dimens ions of the cyl i nde r ("Zeitscrrift des Ver­

eins deutscher Ingenieure, II 1925 , p .1261) . I n order to pre-

ven-:; the ruel jets I rom st r i king agp.inst the piston and cylin-

der walls , the Deutz and. the Au g-sburg eng ine corr.panics b oth 

employed concave p1ston beads and s o re ?Ulated the penetrat ive 

*From lIl) er MotorwafS8:1 , II of September 30, (pp. 049-054) and 
December 10, (pp . 841- 8,50) , 1326 . 
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"Cl owe r of tQ8 fuel jets by m'3&ns 0: suitablv sha,?ed n oz7.les , 

that the oiJ. d rODS waTe bur neci "0 efore reac~1ing -'che -0 iston head 

(F i g . 11) . I n. t'1 i s ray ve r :, good com ustion 'l\fas obtained at 

moo e r ate comnress j,on 'o reesures, a lthough accompanied, et the 

-oiston dead center , ~! a pressure i ncrease approaching explo-

~ ion arid by correspondingly t i g~l. l,'JO rk in 12.' st:!.'esses. 

T11e X:::upp Diesel engine (FiS' 12) works at approxir(,ately 

c onstant coml::us-'cion :Jress"J. r c . 121 contrast !\}'it~ t2e above­

mentioned ergines , the c om~ustion space is relativel y flat in 

this enpine , Not only is ~hcTe no attc"pt to 0revent t~e je-'c 

f rom 3triking the wall s , ~ut it is :Tlade to cic so y elcvating 

the 'TIid.6..le of tne pistor h ead so that the angle of incidence 

0:[ the fue, 2ets , ,'rh iGh at fi r st are Y1early tan ~ential to t11e 

s urface, ~rac:.uall:J inc:'eases during t~e inj ection. Tne Krupp 

Comp3.l1j based this !!1e".:;hod on t:-e eSf'J.ill-:,Jt ::" on that the coni c"ll 

fue l j at is dis-persed. l)y striking tr.e piston heaJ. and is t:l.US 

distr i buted. th rou -::;hout the con~bustion cl'"amoer L'l the form of 

Cl fine mist , I t is mre'. to say whether this essumption is cor­

rec t . Fuel drcDs with a 1 i meter of 20-30 IJ. already have 

such a su rfRc e tenR ion that any f"J.rther a tomiza t ion woul d hardl y 

be effected by t~e ne rly tangential contact . I t ~s more rea­

s onable tc aS8U','!J. 8 that tbe cer:tral -porti,on of the piston head 

remains very hot anG. t i.1erefore vapor i zes, throuch tr.e effect 

o f heat alo~e , the fuel drops rh i eh strike it at a lower veloe­

it' . 'lhe ~f:ficie:ncy of this type of enE" i :r:e j.s lar gely due t o 
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r..::: iving t.he combustion air a clrcular motion , as a} ready proposed 

by Hesselman (N . A. C. A. Technica l IVlcr:lOrandu:ll }'TO . 3l2). This 

ci r cul ar !{l otion of t he a ir around tDe cylinder axis is p roduced 
• 

by a directing surface at the i ntake valve. The circula r mo-

tion Droducecl.. by the intake Btroke continues to t~e end of ,the 

compression st ro~< e and cven during com"Justion, as demonstrated 

by eXDeriments (IIV.D · I. 111925 , D.673) . 
- " -

It is worth noting in 

this c onnecti on that the efficiency of ~he combustion bears a 

ql i te defin i_ t e re12 t ion to the veloci ty of t"je c i rC1,;.la t iEg air , 

as demonstrated by Hint~ in his lecture at the 1922 annual 

meet ing of the Association of Germ .n Engineers in Augsburg . 

As re .ards st~> tj. onary ent; ines, the mechanical and i~-nition-

chamber inj ection methods have proved equally successful . 

I i t1::e :orm.e:r rr.et:J.od is mo re eff ic ient 1, i th reepect to economy 

of fuel c:.nd vE'ryin::; load , the ignition-chamber engine is less 

ensi tive and easier to , end, on account of its 10','ler Dump 

pressure 2nd lower maxim1,;.ffi cO:Tlbustion p:-eEsure. 

We PlUSt ~10W cons ider as to which of the two systems is 

bett er adapt eel f or high- speed -ehicl e eng ines . In this connec-

tion I wish to eliminat e the annular- ':'!nirl me"'Gl~od as unsuitable 

(at leas-: a it has r itherto been uLed in so- called "displacer 

engines") , due to the 10IT pres sure and coarse at omization, and 

because tr_e o_es ired cbanGe in t:t.e ignition timing io not poss i -

b l e under the var i able opera ting conditions of vehicle engines . 

On Jche other l'Bnd , a comb ina t ion of the annular-whirl :nethod 
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and th e M8ch~nical-~~j: ction method can ~e advantageouslY used , 

as will be :'l1or(' ful l y e_-"'Jlc i "lec farthe r on . 

As for ti.18 i c;pj.tion-cbamhcr :nethod, this h2..s, . first of all , 

the exceptional advantaqe of enabling unifo~ functior-ing 2nd 

smooth t::-a.r-s it ion from cor.::presE'io::1 to i g::1i t iO::1 8 nd expans ion . 

The low maxi'TIu~ pre~su res render it Dossibl e to r.1ai\:e the 

dri ring narts rel ativel y l t ght . ~Eoreover , the i g::lition-chambe r 

rr, ethod en2.bles 101'ler pumD Dr eSfu res end. 'jorre spond in[ly lar ::rer 

no~zJ.e o'penings, a oircum.stanoe r!h i ch is very vc 1uable for the 

reliab ility of an e~~in e , on aoc ount of t2e impurities in the 

fuel, "lhioh are una·v·oidabl e .even lJ i tIl the best fi l tering . On 

the other hand, it is more dif:icul~ to regul ate , due in part 

t o the fact the. t the v'all s o f tl:e i gr:i t ion char.1b e r tend to be-

oome coa ted with oil carboD, which cvt orbs a port ion of the 

fu el and ccmses after-comt ustion . ~he enoeavor to diminish 

the hea t -conducting 'TaIls of ~he comtus ion chamber as much as 

p r act i cable leao,s to making the ignition cr:amber as pmall as 

p ossible . This i s accompani ed by the disac.vantage , hO"ever, 

that i t can be bli t poorl y c l eaned out and st il~ contains com-

busti on residues a:ter the charging of t~e cylinder rith air 

whose s:'!lal1 r esidue of oxy en 1 often inQufficient to insure 

i gnit ion . Th i s o.p;)lies , howeve r, only to engi nes in :·hich the 

fuel, c oarsel y B.tomized in the igni t i on ehe-mber, is injeoted 

thrOl~ gh nar r ow channel s i nt o the combus t ion eh8,mber by t"I-J.c . 
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pa rt':'Eil comc"..ls-::;ion ni-';:;h cOl1siierable excess pressure . Recently 

a mod. if i cat ion 1'.8 s b 0 en in t r oCc'lC eO. ill t"he Diesel engines of 

De L 8. Verf,ne Eng ine Oompany anc!. of the Fillk Oor~ora L .on by mak­

ing :::'elativel y 1 r:s3r passQ.ges oet',veen the ignit:i..on cr..am1:?er 

a nO. combust iO::1 chambe r, so tha"t there is no grc2 t 'Ores '-ure d if­

ferenc e oet !eeD the two . These engines , lvhich in gelJ.eral em­

p loy the Pr i ce !lJ.ethod. · of fu el inj ection (fig . 2.3), a.re charac-

t er i z eO. "b T the :"'8 ct -:ha t -:he combust ion sDB.ce, 1"'hi ch is connect­

ed '~d.th the work in~ cylinder by a ide round or rectangular 

neck , is (. iv-id ea. into t 0 cha::nbe r s, ea.ch ':.r ith a fuel nozzle, 

1'.'ho se axes are incl L1ed to the c}Tlinder axis (JI"'iT. D· I . ,\I 1925, 

P . lOS4) . ':' he c.hape of t~cse c:mcbers (conical or re.Jtangu.lar) 

is aC1.8-ptec:. to tlJ.c; s'1ap e of the =uel jet (::::onic:Ll or fcn-SQ2ped) . 

The cJ.ai::l that c. cUD:)le:ne:lta r y a tomizc.tion if:' Droduced by the 

impact o f tl1e tYJO f ~el .j et scan 118 rdJ. y be i1a inta ined, in ·,riew 

of the grea.t sta j.li t ~l of .rery emaI l drops . T:l. e success 0: 

the se engines is (ue rather to the good adaptation of ~he fuel 

j et to t' e COn1oustion chamber, as well as "co the air turbulenc e 

causod by t~.is m2.!lT.er of const ruction. Of COll!'se the enlarg­

ing of the c onnect in o pa8s~oe or neck neces s ita eR a finer at offi-

ization in -':.he' ic;nition c::amber . I ns"c ead of p r oj ecting u:l.ourned 

oil d rops i nto the cOr.ibust:i..on c~1acber to ')e burned there , by 

fa r t"h.e ·=2'."1'ea t er port ior: of the inj e ct ed fuel is al re3.o. T bur'1ed 

in t"'le i g"1. ition cha:nbe r. T:18 a ir enterirg tlle combustion chElrr. ­

be r, lmoe r viol-:mt arri ation produced by the constriction , -or o-
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duces a rap i d a--l(' cOY;-lplete vaDor ization 0 the ~u.el drops, as 

well as a rC .. p i cL p ro)agation of J~h e i 6Il ition 1 a7es a:1c1 the in­

troduct ion of n ew po ::-ti on G of p,ir i nt o the c o:nbust ion zone . 

The ~ood experinental results, whic~ {ere recently obta ined 

( accord ing to a::1 America~l c o:ru1U:1 ica t ion, -'3hc B.::mn er eng i:1e of 

th e Fa l k Corpor~tion attained a nean pressl re of 1 56 l b ./ sq . in . ) , 

have 8uff ic1en-;;1.y demonstrated that tl e moti on of the ai r wh ich 

propa a tes the c ombust ion in th combust ion charnb er i s, under 

c ert e.. in cond ition s, ::lOr e importa.r.. t th2.n to have 'e ry compac t 

c o~bustion cha~bcru with snaIl Drall rueas in contact vi th the 

f la~e . A. en ana lo ~ou s case, rpference is here mad e t o t~ e 

experimcnts of ::licca r d o (Th e I nterna l Co:nbust ion Enf:Si ne , Vol. 

II, p . 88 f1 . ), ~"_o denon t rated that, even p i th exp los ion en­

f ines having l ater 117 locuted va.lv es , i . e . , wit~ relat i vely 

large heat-conduct ino -;all cor83.S, i t 2.S en-;;i rel y p os s i b le to 

obtain excellent combust ion conditions by the fav oraole utiliz-

tiO:1 of t~c vhirling _otion of th e sas eo~s mixture . 

.n.l though i -;; is p o r s i b le to build er:gi:1es s'J.i tabl e for ve­

h icl es on tbe i g:1 ition- chamber ~ rinc iple , I r..e e r -;;beless b e-

l ieve that in fU 'Cu re the Y1echan ical- inj ect i on me-'3hod wil l 'be 

p I'eferrcd . As contrusted wit h tj,e i ~YJ. ition-cha~o8r :nethod, 

the re is b ere on ly a Single ato~ization a nd combust ion process , 

"Jhereby the relations are c1 sa rer and ea s i er t o control. Sere­

by ; t he sau e as in the "tat ionary r:ollov,'-D i ston engines of 

Dcutz end t h e ~~ . A . N . , the fuc l jet is r; iven such a direction 
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[' nd pmJ.et r o.-'u i ve f orce , th1. t it ',)urn s without i r'lDing i n:; on the 

pist on or cyl inder 1,'lCl.lls . Any cont act ,"it:l the r:1etal 1"'all s , 

especi8.1lj --;118:1 -':;hey Gre coated with lubriccting oil, ie to oe 

a,voideci , not onl y on ac:col~nt of the direct 1.1eat trans:Jission, 

but [Llso 0:;. accour.t of the catal~/t i c 2.ctio:'1 of thf' wal l r..".atc r-

i 2l, .'Th i ch accelerates the pyr03er:ic G.eco:-::1posj.tion of the fue l . 

':11e .3:"me is t rue, in e. stil l great er n.e p'r ee , of the contact 

wi th tne oil car1"on :iepos i ted on tt.e t) isto::1 h ead, since thi s 

8 b sorbs t~l.e fuel; caU8 e8 mi s f i r'3S and. 8f t er-bu. r nj_ng:, and grea t-

J.y (Jr.J.ps t'l.e c ont rol . 1 '0 e ~ odern ve~icle ene-ine sser.J.s to b e 

develop i ng mithin tha ~imit represented by t~ese ! iducial lines . 

'1he fact t:1Cl.t tne 'Drob l e:11 has not yet eeen ully sol-Jed , i s 

Clue to trle extraor c. i no..ry dif f i cLll t i es ar i s ing when on e t ri es to 

reach tl:e :;02,1 si:-Jpl y by :'!1aking' Slight chan,:)es in the dimen-

s ions of st t ionary en ,;ines . The succes Sf-Lll development of the 

'1. i p-h- s-)eed cngi ne r:1Ust 'c e ',)a'" ed TCc ther on a horough inr es t i-

~at ioll. of the ~hole urocess , ~ho se indi"idual phases mus t full y 

COnf OI:'l to -sne changed conditions . 

For the ob t enti on of n i gh revolutior. speeds , i . e., h i gh 

pist o;.l. ,-_nd combusti on speeds, tYiO con::litions e re requisite, 

no.mel y , c.'l i ck i gn i tio:l. of the injected fu. el and r a-p id COfJOUS-

-':; ion . As :-eG8 rds the i~i t ion, ~e know ~.:;ba t the fuel d:cops 
.:t.::- . . .j ~ -

inj ected into the cy linct6r receive heat by c onCluct lon :rom the 

hot comures3ec: ai r . The t:' ro r:::ess is very s im i~_ar t o the comous -

tion Drocess in the coal- ciust fu r nece in -estj_gat ed by HU8s el t . 
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Accordi nc to ~ic:"1"::1 (IIV . :!J . I . ,If 1924, p . S4A), the s imultaneous}_y 

oc currinr,:T n C2.t alJcorption by rc~diation SE'.n oe disrcp:2rdsd , 

s i~c e t ile fas nd 11:al l tcmp3r['" tu re c a re rela ~ i vel y low frot1 

the be~inninp-: of t he co .:bu s tion . The heCl t a",Jsorbcd by conc,uc-

tion is 

in "pr.. ich 

I' = r ae' ius of drop (m)) 

II. = vocff i cier.t of heat conciuctiv~ty 0: ['ir 

t1 = 

t = 
.1-

va = 

C = 

'Y --

z = 

( -1,-10-1) l.:cal Y:! 11 C ) 

8P'llJe r a ture of fue: drop ( Oe )) 

ini t ial t:e::1D c r £'tu re of fu el d. :::-op (OC), 

s~)ec ific he:1- t of 1 iqu id (kca 1 kg- 1 0C- 1) ; 

dens ity of liqu id ~kg ~-3), 

ia~it ion ~ime of i rop after jet leaves n o zzle (h) . 

The abs o!'oed hee. t :!.'a ises "'::he t en-Derature of the fuel d rop s 

so tha t 

or 

4- I' Ii fI. (tL - t) 

dz = 
1'2 C 'Y 

3 fI. 

= 4- 1'3 n c 'Y Q- t 
3 dz 

(la) 

dt 
~L - t 

For the l~mitin cO~Qition t = ta fo r 7 = 0 the inte-

p' rat ion 0: tl1is eqn& tion ~i ve3 
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From t~iE equatio~ t~e ti~e z, 

ture .J... 
lJ of tee :uel irop , C8 n "je CO:TOU t sd. . 

~h (' q'.lect icm aE to 1."!J.at tS:;'lDerat'lre is r.ecGs,.a ry for start-

i!!g t:1G i:snitiol1, cannot' e c::r,s"Tered '--ith certain".;y, 80 lon _:-- 8.S 

"'e C'Q not k:101.'; 1~r:letber a subcta ~1t :'..al Dortio:: of the f-~el i s 
f· . 

::::h2nged into tOG ::o r~ of -rano:: 0:: pS stortl: r 'cafore th.e i gn i-

t ion of the crop , or "!nether tl1e 0.1'0"9 "burns in t:1.\.., 1 i'1u id fonT> . 

O~inions di:fer on t~~8 "9o int and no co~plete an~wer can be ex-

:Jected yer~r SOO-1 , 01"in-:-; to t-;.-::. e d:"fficulty of investi '!ating the 

phenoD0ne. experi'lentally . Probably no conuic..eraole amour:t of 

~as or va'.)o~ is :ormed. tefo rc ignition occurs, oGceusG +he 

e..v il :1.o:'e tir."e (a'Jout O. 2C;4 sec · ir. ~"l i ;h- E'-peec.. e:1.r:ines) is too 

short ano. the te"J}Jr'r3tarc at ""..;11e insto,nt cf ip:r:.it:"on i s too 

10 ~T . On til::: other ha:1d, an envelope of yap0r ane.. pir 17ill 'oe 

:f' ormed on t:1C C"~r:r-c. c e of t~le C ro,? r,r t~1C par-tie 1 v[,Doriza t io:'1 

of the ::;01'0 ro l a tiJ e COOp OD 3D""; of the fuel . Tl1L3 CDV clope 

hLlS the 101:·!8S-: -posEible ig::lition ""!;e(::.per .""!;ure end consequentlY 

i gn ites first , Dro6.ucin ~: a su{ cie:l. ir.cre2.s8 i:: te::1~erature of 

the whol e drop ~ '-l1ioh t.hen burn.... i:c1 the 1 iq:.lid fOr1-:1 . Since, in 

this ce.se, :::l:::ost all the he2..t i mparted t o the drop is l i quid 

~eat , t!e i~nition po i nt of ttc liqu i1 itfelf c~n be unhGsita~-

i:c1o;lj ')ut for t in eqv.8.tion (8) . Lv en if this assumption 
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rlo re i ncorrect and c ons iderabl e portion of the ~ rop evapo r-

ated D~eviously, tte 8 0 ~rect nes3 of t he numerical values calcu­

lated from t l, e equation 1.~· oulc5_ be but s li gh";;l:,' affected . Re­

~ardlo8s o~ . ~ e~ ~er tho heat i~9a rt ed to t~c fuel drop is c~ief­

ly liqc.: i d. h e8 t o r pa r t i ell} v-a porization he2 t, tl1e 300ve for­

cula 8~0~S the 3Teat effect of the co~pres8ion ~eMperature on 

the i f;nition i nst8nt . Th3 attain:,_~ent of a h i f~1 El ir temner:=t-

ture is t~e:::,eforc an :2.r:lJpor'tar..t .::1e2.nS f or shortening t:1e i Q':1 t-

Tl18 f! izc of the c rap is st ill Elore ir::port&nt, 

h O"' 3'TTe r, i ts ef::ect on the i [nition speed oe iw?; .Lo inel'ca.,se z 

aceorcling to t~1e s qu ::. r e of the c rop rao.ius . T:1e c o;tJb i ned ef­

f ect of b o-s h factors is s~m':n i n Table I, ,,'Th ieh ;' i v es the i g­

n i tioD deJ. 2 :Ts f or t raps of various s izes at different air and 

i gn i tioD to;'_~1Jer2 -:;ur88 , on -She ;:u::: SUlTIu-:; ion -'eba t t:Jcre is no 

previous '.Fe.p or l orena t ion . 
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I ,-:11 i t ion de:ay i:1 s econds x 10- 1" 

c = O Ll~ 1 1 - - 1 0C- 1 • • ;:) l':Oa Kg , 

"I. = 

\ = 

at .L = l; ~cC)o ; 
-------.-.--.- ---.-~.----.--

I g'n ition Air GS ize 01 c. ro ,] in f..l 
-:::cmpe r2ture -co:':l'pC r8.ture j ~O u ?5 u 

500 1 4·1 35 . 3 
5~0 119 2?7 
2')0 ~.02 25 . 5 

5')0 262 . 5 65 . 6 
5:50 Z1 5 53 . 5 
500 179 4·5 . ') 

5JO 4-72 . 5 }.18 
5 S0 3S2 . 5 ~0 . 5 
300 290 72 . 5 

SOO 
5 :=)0 675 1(,7 
200 ~B l ' _20 

11 

= 0 . 001 :~}~ 
1 0 u 

~ . 65 
4 . 75 
4 . 03 

1 0 . 5 
8 . 6 
7 .1 5 

18 . 9 
14. 5 
1], 6 

27 
19 . 3 

Rcp i d combust io:'1 of the i nj cct ed. f'l.~el i s just as i~portant 

as qu i ck i ,.,~::J i tion · .-i.ccordinc t0 thc nen z e l l a''1 , thc rap ic1i ty 

o f t~1e cO:-:1bustion , 1i::e t~18 spc-Jd of any :) tt.er cr: emi c2-1 1'e('_c-

t ion in c;,..i spe r s ion Sjst CinS , i s p roport iO:1.al to -:ne c:: rca. of thc 

react ing surfa.cc . Th e best :Ta~T ~o acceler"te t~1e cO;"Jbust ion 

is t'.1e refore 'the obt e:1 t ion of the graa test p os s ible rcac t ion 

sur face o~ the to t a l inj3ctcd ~uel, i . e . , the for~ation of the 

d ia:!lctcr . Thc Ld. rect:on t () fol~. ov.· i s p l o. i nly i nC'c i c'1tcd sL cc , 

,cri t h c~.8creE'.s i ng SiZ8, the vol 'Lne of cucr:' : uel drop c.cc reases 



IJ 

wit~, t'.-:G h~ rd "OQ1.·,-e r, but the sl lrfaee 2rea onl y with the sec­

ond pOFE' r . 

AFide f ro"" t::e 8ncm ica2. "C ro e ess, tne r a"9 i o it'T of the com-

01..'.s t iO::1 2. 1.S0 d epcmc_s on the phys ieal oroc e888S ane_ t:1G c if fu­

s ion of t ~1e oxy?;cn . . \ round ev e ry droD a.I: envel ope is fi r st 

throu gh 

'''.ic11 trJ.e fresh pi r ::1Ust oass . A rau i d 6.iffusion is fc:vored 

b~· a 1] :l l1 i ·1l:".! s i zG cf the c rops, as -:e1~ as by a 1Tiole:lt rela·-

tive "'\o tio'1 of tile f'le J. and E, tr. This l ast r6~lirement brings 

us directl y to 3:loth3r i~portant condition , ~am9~y , the most 

un i forrl '('os ;:; i ble Ci.l ' f~sion of the £'lleJ. in t~e cO!'"'lbustion air . 

T~1.ough be for:2"l.tion of 8 ~or .. og enGous :.~ixture of 2i r ~nc-:' 

the VQDOrs of the easil y i ~itibl e fuel'" offers no t-'re~t 0.i::"1i­

cul ty in ex~losion 8n3i~es , Q li~c c ondition is "lot easi ly ef-

~ ected in Jicsel cngi~es . .Vi.~at e _ feet , bO''':Q1'C r, the finest 

Dossible di:1:f1.1s ion of tre fue l in the combust ion <lir has on 

t h e "'hole comtustion Droces s has b86n shown b:- H. bcr l s cxueri­

:'jents (IiZe itsctr i~t f~r 2nQSFandte Chemie, II 1923, p . 661 ) , wlJ.ich 

led to tre i nmort2.n t c OLc J.usion that , in the cO:?lb-Jst io n of oil 

'TaDors '-rit '1 heo re t ically su:;:-fic i cnt air, much CO is ,1':'-aY8 

formed inst c ' d of CO2 , The ~cason for th i s is to be sought in 

the fact that liquid sD rays , cS~ Gc ially ~hen t~e s i z e of the 

sus9cn.:~cc.. drops ~T rics ':.; - e3.tly, are ::Ju cn less uniforo.ly ( i s ­

trioutcd th2::.1 a ~.~ ixture C'f ')"l,SSS E1..c.. rd'Jors . Their i gnit i on , 

r> s 1 i l<e--:: i sc tI, e propa get t ion of t he comblls tio::.1, is tl-: er3f ore 
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s-::' O1"er a::::d rec u i re a a ~::ea, t er exees G of 2.. ir . Al l effort s to 

obtain rCl:p i d cor:!b'.lst ion ""[ i th onl y (1 small ex c es s of p,ir or, 

in other ."or" s , h i C;h re- olution s9aed.s wit h s1":all cylinder di-

mens io!lR , r::us-'c; t~e:refore cuLlir3te in t he ef fort t o produc e 

the ~o s-'c; ~ o~o ~eneous po ssible re ixture of very f i nely ato~ized 

fuel and ai r a,nd to burn jt vc;ry quickly . 

There have been only a fev: theoretical i nvest i gations of 

the natur e of -the atomize,tion of a fu el jet injected at a high 

'Teloeity, and v'e arc denencient on -:;he wo r l: of hydrod.ynamic en-

g i nee r s pho have experimeLtally investi g; ted the outflO~'r and 

tu rbulence ') Tobl en ' i th l!rat er ("Zeitsc:lTift fur angE'l vandt e 

Hath e::1a-:ik u:'1ci ~.f echani:: ," 1321, p . L;.3S) . Kue hn in-Jesti gat ed 

the nd.ture of atomization i n j is a rticle "Ator:'ization 0: Liql..: i c, 

"' ,,( -- . C ' m, If. 'T ' h i'uels L . A . ' ."l.. lsc':".li1ica l l'118r." orA.nc.u;;} _'1 0 . 331) , '.:mt _is atten-

t ion was <ievoted ,:lOre .leo the c.etercinat ion 0: the f i ze of ti1e 

f1;,el drops 's:nen -: 0 t1:e :' ea1 ato,'!) i zatiOl-: problem . Very recsn-'-1y 

Trieb!l i E''f~: hap attsr.:1pted to sol ve t he :oroblem of a-:o::: ization 

and deterrdne '.:1e phys ica l fOL:.:_dations of the i nj ect ion process 

o n t~!e bas i 8 of '~he cClDillary theory ("Del' Eir:b las e- '..lnd 

Eins;:):ritz~Tl)rp'enC' re i D:esel nClEcninen ," Vie!lna , 1926) . 

~e kno~ that , up to a certain c ri t ical velocity, the fl ow 

o f liqu i ds -'c;h rough s:'1a1l tubss is l a::1 i na r, with an approxi:na te-

ly pa ::-acol ic veloc ity cur-r e ov e r the "'hole cro s", section . 'The 

uppe r limi t for t_le lami na r f loDT i s g hren 'o~r the neynol ds f or-

mul a 
c = R v 

d 



:T . .. ":. . C . A . Techn i cal ~~emor2nd'Jm Lio . ~·03 14 

w:1eI' ei !l R :represents conJtant \~rt ic~ is depende:1t on tr_e tub-

ular friction ; v, t he k ineti c viscosi~y of the li~uid ; and 

d , the ci i a"!lete r of the tub e . A":)o-v-e t':1~8 criti ca l velocity , 

o f c:bout 35 m (11 5 ft . ) per 3econd f or fu el " o 1.!- S and cus-

t or~a ry tubular e ro s E.' sect iO:1.s, the:re be::;irs , thro',1gh vi sco si ty , 

a~ incroase of 7elocity in a vo rti ca l p0ripheral layer , ~hich, 

0 :1 leav i :r:g the r;oz~31e , ca;l;s e s the el i~inc;,tion of the ca-;::> illary 

f o:rces of t :J.1e jet cO!Ylponent s . The atom:,z8tion of the jet is 

great l y affectE-d bv the shape of tl-l e noz71 e openL1p' , '7~10E:e 

p eripher2 1 act iO:1 0.ec idecil y c ff ect s the spl i'tt i ng 1...~p of the 

jet . .A s a. :'ileans for obtainin r ver:- fine ato,~izatior, it is 

n o "! sought almost excl usively t o increase the peripteral action 

o f the nozz::'e for g iven cross-Eect ional ~re . s by means of the 

greatest po ssible extension of t:h.e periphery of the nozzle op-

ening and very na r r ow sp ra ying slots . ':Llle question as to 

whether any fu rt~er atoDizat~on i s effected br the frict ion 

o f the jet (as it J. €a ves the no z z l e a~ 2. r..igh vel oc i ty) 2 gainst 

the surrounding c Or.1pres sed ail' , can be arsv.rered nee;a t i vely (at 

1 ea st : or h i ~h o'llt f low vel oc it ie s ar.d sPlall drop s) a.ccord i ng to 

recent researches , Lenh8.rdt' s eJQe:rirr.en-:;s on the :iefor:':lat ion 

of !'Tater d rope at h i gh velocity sho~~'ed tr.at only arous F i th 

diameters 0: r:ore than 0 . 5 mr:: (0 . 02 in . ) ~ ere s o fa r defor.:1ed 

~y f ri ctio~ vi th the ai r as to spljt in two . S~a::'ler drops 

coul d not O~ d efoIT",ed on account of their g;reC' te:r fu r face ter..-

s ion . The poss i bil ity of fUrthe r d~sintegration of f i nel y 
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atomized oil drODS is aJ l the less probable, since their ~lr-

face tension is ab out six t i ces a s gr eat as that of t:':le water 

d rops tested by Lent.:trdt . Even the compression ratio of the 

air has no effect on the atomizA.tton, since the viscosity con-

stan"c of th~ air, ,:;hich is y = o. oc::n 72 accordin G to Len-

hardt, depend.s on ~_y on the tEx~pe:ro.ture end not on the pl'essure . 

The atomization can -oe affected oy the 00"-1£H888 ion only in s o 

fa r as (through the temper::ttt:re increase caused by the compres-

. \ ... , . ~ tl· . . d b r. b t· ..e-Glon/ lIDe SIze or 18 c. ro:Js IS L1crease · y t,"e a sorp Ion O.L 

hoa t or by the forrra t ion of vapor envelopes . It vI ill express 

itself i n a chan~e in its resistance and a corresponding devi-

a,tion from t. e :::;or:pu-sec. c..istance of travel. The reaction of 

the air on the structure of the whole jet caD not, how'ever, be 

entirely dicregarded on th i s account, s ince it favors tt.e sep-

arat ion of t~e closely colle cted fuel drops as they leeve the 

noz zle and the 8')1 i tt L 7 up of the jet ir to ii:eny small er jets . 

I f the jet J.eaves the nozzle in the form of a co~ical spray 

(as is, f or exa~ le, the case pith single-hole nozzles), drops 

a.re t~lrOlJlm off both internally and externally, especially at 

the be i nning of the spray cone · AtQmization pictures there-

fore ali:",ost 2.1'rays sho"'J e. scattering of liery sITall drops near 

the axis of the cone , as likev:'ise on the periphery . 

T:"le s ize of the fu(;l drops is e. f-unction of the presf'ure 

to ~hi ch it is ~150si direct17 proportionel . !Vi t '1 inc rea sing 

pump pressure, t!:1e uniformity of the inciividual fuel drops i n-
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creases YTit:!:} res')ect to s i ze . I f we start '.-'l it h the assumpt ion 

th2_t , un6.er o ther'7i c.e like con6. itions , the excellence of com-

bustion is a funct ion of the at omi zation and that, on the other 

h2nd , the la.tter is i :'1proved by i ncreasing the p'J.mp pressure, 

it is veTY natu r al. to test the fuel consumption of an engi ne i n 

'~enns of the inj ect ion pressure . Such expe riment s Viere per-

fonr.ed by Heidelberg (IIV . D · 1. , II 1924 , P.I047 ) , wit h the result 

that t ~1e fuel consumption was, in fact, Ylearly inversely pro-

p o :..'tion21 to tl:e increase in L ie ir:.ject:on nres8ure, but that , 

above a certain point, the fuel consumption was not affected 

by a further i nc rease in this -p r esEure (Fig . 14). Heidelberg 

o ffers no exp l anation for t:l.is II cons tancy range, II TNl:ich diff ers 

• 'C II , g reat l y ln extent for the sever3.1 nozzles tested . Ducnner pro-

posed a hypothesis , which. , if logically thought out, leads to 

very interest i n results -* He proceeds from tte ~ell-known 

nher..omenon, which has' een cO[,Iobora ted 'cy experimental invec-

tie;ations on the "Jehavior o f c.ir near I10ving projectiles, that 

the coefficient of r esistanc e t i ncreases r apidl y in the 

v i cinity of tl:e 7eloc it y of s ound, cnl y to fall sudde:::11y after 

exceed i ng this ve_oc ity . 3ince he further e.ssu~ ed that the 

fr ict ion of the air a l so exert s an j rn;nedia t e influence on ti1e 

a tOEiza tion , 1:e c oncludes that this can take place best '.',hen 

the exit vel ocity of the ruel j et j s the same as the velocity 

,~ II Be i t rae Z11 den Grundlc f!en d6I' sC:Ul' ellauf encien Halbdies elm o­
to r en ," Falle , 1926 . For trans l ation , see ~'if . A . C . A . Techn i cal 
M 8IDorandu::1S Nos . 356- 358 . 
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of sound . A calaulation of the velocity of sou~~J with the aid 

of LaY)lace l s fOI'Dula 

(in ~hicb P represe~ts t~e pr8ssure ~t the noz~le mouth, ~ 

the density of the air and m t~e ex,orent of the adiebatic 

chang.:; of state), r i ves v.:l l ues for c v:hich wO"J.ld correspond 

to m'~l ti-ples of the inj ection preEsure as T1sas'J.rcd by Hcidelberg . 

If , on the contrary, we ta£e faT granted t!:'le outflo'.[ '.Telocity 

corresponding to -:;he best measured fuel cO:ls"C...llu"!;ion and control 

the exponent !'!l, "e the:1 obtai:1 the surprising ::,eE'J.l t that 

the magnitu6.e of tr~e exponent vCl!'ies for sin[le-nole n ozzles be-

tween 0 . 198 &nd 0 . 246, ac cordin~ to the ki~d of nozzle used . 

The propagation of the kinct~c encrgy in "!;nc tot ai r can no 

l onge r taks Y'la:-:e adiabatice..l l y, "rhen any :1o"'::eworthy t:::-ansfer 

of heat o ·:;c u:-s 'J t eenh hot air cl.:1d the bearer of tLe energy, 

but there vill be a polytropic change of st&te lyi~g ~ar below 

the i otherm . ~ nis view is justified when it is considered 

that the coId fuel is ~nj ected into the hot co:npressed air and 

absorbs tea"!; fro~ its env i rorune~t, t~e arr-aunt of heat being quite 

la r ge, due to the increase in t 1.1e coefficient of heat conductiv-

ity at hig~ relative velocities. 
\ 

" The correctness of Buchner ' s 

hypothesis v'JOuld have to be experime;1taJl] verified . At any 

rate it en:;oura7es us to 3 i'e 'ue cO~8ideration to the he~t 

transi'ere'1Ge bec"feen the fn el jet a::.1 the corr;pr0r'sed air when 

investigating inj ection and. ato:-!1ization pher:.omena. 
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Since the finest po ss ible atomization is an important , 

thou gh not essen-:;ial, condition for rapid 11nd complete com-buB­

t ion, es-pecial attention has always ocen given to determining 

the size o~ tbe droDs . Attempt s to deternine the size of the 

drops d irectly b7 ~easurin6 the d}~a~ic pre s sure exerted by 

the~ on a f lat ~l~te plac~d at different distances from the 

noz zl e 'we re lTade by niehm , under condit ions claim ed to approxi­

mate very closely the condition3 obtaining in the compression 

cham-o er of an e;}g ine . I n nieD:",! 1 s experi~e:1tal Q:ppara tUB, how-

8ve r , the accuracy of the :::'esul twas consicierabl/ impaired by 

the fact th2t the s~r:::,ounding air ias set in ~otion b7 the re­

pistance o f the fu el drops . There were accordingly developed, 

in the eXDerime:n a l C7l inder, a ir flows a::J.d pres eure diff erenc es 

whic ~ ~ere also registered on t~e impact plate . Morea er, the 

a ir res istanc e of the c_rops varied in a hardly det er:~iEable 

manner, 8S soon 2S tl1e relative motion against t::e air acceler­

ated in t~1e direction of he jet appeared, instead of the abso­

lute c o tion against the still air . 

Exte::J.s ive res earches on the direct determina.tion of the 

size of the fuel d rops Fere rr:ade by Kuehn O~ · A.C.A~ -Technical 

Memo randum No. 331 ) . His E'.easureme;}ts were made by allowing 

th e f uel j8t to fall fo r a very short time on a sooted glass 

p l ate by passin.Q' tiuough a shutter held directly below the 

mouth of a spray no z:zl e . The number of the clearly visible 

drops on the plat e eLS found. by counting 11nd ti-J.eir weight Toras 
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f ound by l' eiR:Ding . ' ThiE' 11;ethoc is very C. ifficult t o apply 

pract i cally (as in testing any g iven nozzle), since it nec ess i-

tates complicated a pparatus for catching the d rops. The weip;h-

i::lg i s especially difficul t, because the va!'ious condi tions, 

such as the humidity of the air, temperature, etc . , must b e de-

termined and the 1"re i ght correE'pondingly corrected . _,1oreover~ 

the s ize of the drops thus Qetermined is only tne ~ ean size 

and f urnishes no bas i s for the 1etermination of the numbe r and 

size of the smal iest and largest drops and the ir ~ist ribut ion 

in t he jet p icture . 

Anothe r rnet:'lOd , c'..eveloped. in t:te lacortlto ry of the "Gesell-
II 

scha f t fur Kohlent ec~:mik) " Cot Essen, f or dete r mi ning the siz e 

II ( of the drops, has been EUf2;:.; csted by Hause r a.nd Strobel "Zei t-

II ) schrift fUr techrrische P~ysik,11 1924, p .1 S4 . Hereby the fuel 

jet it.'lTIlediately a.fte r J_eaving the nozzle , is caught on a glass 

plate covered ,i~h glyc erin e . The f~el drops remain lOLger in 

susn ens ion in this liq ,id and can be observed and measured 

"i th E'~ rdc rosco~) e . Sinc e the drops sink slowly to t:1e bottom 

and there run tOGether, the accuracy of the observation is lim-

i ted . No report has yet been mad e o f comprehensive me8sur e-

~ents by this method . 

Much more rel iaole than the above met hods is the one of 

iVglt jen , 1,'lho , i n hi s cl iss ertation liOn t1:e Fineness of the 

Fuel Atomizati o::l in 0il Z::l5 i ne sil ("U ebe r die fein:tei t der Brenn-
II 

stoff!6erstC<.ubung in Oelmaschinen," Te chn ica l Hochschule, Darm-

stadt, 1935 ), p roposed an excep~ionally p ractica l method f or 
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de termini:lg the siz e s of the drop~ . W&Jtjen atomized the fuels 

under conJitions 88 simil ar as 808si b le to those prevailing in 

the engi ne a nd pho to ':raph':)ci the (t rops thus obtained . Start i ng 

,pi th t h e method employed i!l the chemistry of colloids, the fu el 

1i'Tas injectec_ i nto a receiving l::"auid in ~ich it re:nained. un-

chaYlged fo::::, a lODe; time . ':'re 'iispersing liqu id was a mixture 

of 7 0~ dist illecl vva t c r a:::lci 30-10 " ~ueol D, II a. t a rm t ng extract of 

the Colonia l Dye s tuf f o om::>any , :tea rl sruhe . I n or~er t o a pyroxi-

mate &S closely as Dossible the c onditions obtainin~ in the 6n­

g i!le, the fuel was i nj ect ee. into a steel IIbomb, II w:tich was 

parti8.1ly : ille~_ 'It'T i t~ the c.ispersing J. i qu id 2n.d vvhose a ir spa c e 

wa s l{ept , by m eun s of cO!":1pYess ed air, under the pressure pre­

vailin g i n the eng i~ e. Since t~e oil injected into the b omb 

first pa sd th~ough the e OIT.pressed a ir be:ore enter ing the 

dispers i ns liquic. , ceytain effects 0: he fricti on of the a ir 

on t~e s i~e of the ,-_YOPS could be obse rved. T:1.e emulsion of 

the oil and receivinG liquid could then b e examined unde r the 

mi croscope with suffic ient accuracy, whereby not on l y the s ize 

of tbe individ~al drops could be determin3d, but also the p ro­

po rtionat e numbe rs of the d rops of diff ere~t sizes . Plates I 

and II show mi crophotog raphs o f ato1:1ization exu8riments, a -d 

b eing photos of 2. to~izations produced l:y a ir in ~ cction and f-k 

by airless inj ection. The pictures p lainl) ShO'T the effect of 

increasing the inj ection p ressure on the s ize and. uniform ity 

of the drops . Fo r compari s on with the ar t ificial emulsions 
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ob tained by oil injection , P }ate Ie Si10WS a natural eJ'Ylulsion, 

YlE!mel y , cow milk, whos e suspended fat globules hElve aoout the 

sam e s i ze as the finest oil arops obta inable by atomization. 

3ince the combustion u rocess in an engine and consequently 

its 'lIThole st ructure ar e decidedly affected by the choice of a 

ce rtain s ize of drops, a critical discussion of the atomization 

pictures i s of interest . The l a:::.'ge drops , wh ich are nume rous 

at low pressures, decrease i r.. number wi th i :lCreas i r..g 9reS8"'.11'e ; 

the number of med~_um-sized dr09s increae8s; the number of the 

small d rops i nc r eases still e ore; and the at o"l1ization becomes 

['l ore uniform . A cOID'Jarison of Tables :iI ana. I II shows the dif-

ferent i njection DreS8ures required i n ai r-injection and airless-

inj ection engines f or Droducing the same '11eC_ili.'11-sized droDs . 

Tab le II. 

Si ze of drops w~t t air injection. 

Plate I . I njection O"".ltf low Drop 
pressure P2 ve loc i ty 1;7 d is. ·r.~ et e r dm 

Fig . in atm . in m/ sec i n 0. 001 r."nl 

a 7C:; 372 4 . 37 
b 65 345 1 3.75 
c 50 286 1 7 . 20 
d 40 220 25 . 00 
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Tab l e I I I. 

S i ze of d rops wi th airl ess injec t ion . 

Plate I I. 

F i O' , o 

g 
h 
i 
j 
k 
1 

I njec t ion 
pressure P2 

in a t n . 

300 
250 
200 
1 50 
100 

50 

Outflow Drop 
veloc i ty w d i e.meter 
in m/sec . i n 0 . 001 

256 4 . 37 
235 1 3 .7 5 
210 20 . 00 
183 26 . 25 
1 4·9 33 . 7 5 
112 40 . 00 

32 

dm 
mm 

I t is rema r kable that , accordi!1fS to ~Nol tje11 1 S exper i ments j 

t h e f i nest atomi~ation (P l at e I a) , w~ich produced drops of 

4 . 37 f..L d i a.:r.1eter at a~1 i nj sctio:1. pre3Sl.:.re of 75 atm . , did not 

have the a:1.t i c i pa t ed 12. vorab le eff ect in tbe engiLe , wh ich 

showed a t end ency to detonate, 'rv' i th t~'le emiss i on of dark-colo red 

exhaus t gases . ~;e 3.ro t ,l e r e f ore l ed to conclude that, in su it e 

o f the consi de r abl e energy of thc injcctio~ a ir , the finely 

atomi zed fuel i s n o t ca r r i ed fa r eno'lg;h into t~e c ombust i on 

c hamber , but reMa. i ns immed iat el y i n f ront of t he nozzle , i n 

part· caus i ng pre i gni t ions and in pa r t passing out un'::mrned '.": i th 

the exhaust gase.... . I f t:1e c ombust i on of such smal l drops meet s 

with d i ff i culties i n a ir i ~jection , st i ll greater difficul ties 

may natur al l y be antic i pated i n a irless Lnject i on . I t is ce r -

t a in (as ". il1 subsequentl y be mo r e fUl l y expl a i ned) that the 

distrib u tion of ve r y f i nel y a t omiz ed fue l throughout the w1101e 

c ombu s tion space i s )055 i 'o l e o ~lly ,".;i t h the Cl id of suecial au x-

ilia r y ci ev i c e s . One I' et hod c ons i s t s i n e:fect i ng the at omi za-
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t ion throucsh a slli tab} e noz zl e i'lnd pres sure in such a way as to 

yield 2 g:re .ter numbe:.' of C 08 r S8 dro-;::>s in DroDortion to tb '3 

numbe:;:, of fine d· ops · Tn'] latt 3r 1 ill the::1 f'erve as tinder for 

starting the combustion, '.vhile the forner, due to their great er 

momentum, will pcnetrc; te the cO::1pression space and p ropagat e 

the combustion . There will be someti.1 ing more to be sL.id l ate r 

on t he value of this metnod ani its suitability for hibb-speed 

vehicle engines. 

To return to t~e faul ty cO~.1bust ion iD Jehe norrr:al Di e el 

engine at an air-injection pressure of 75 atrros9here3, it 

shou~d be remarked that it is no t neceesa r j to cnnclude there­

from that QYODS of the chosen order of magnitude should be UL­

c onditionally avoidec'. . The expe:riment sim-;::>l ." shor!s that the 

engine 1I\B.S not st ruc t'lra -..1 " suit ed for "To:.'l(ing at such an in-

j ection Dres~ure . I aT:" confident that, t:!rough C2 reful adapta­

tion of the size and. shaDe of th€; combus tion che.mber, on -'ehe 

one hand , and the s'J.itable gu id2.nc e of the fue l jets and air, 

on the ot~er hand, even very fi::1ely ato~ ized fuel can be com-

ple tel y burned . 

Just as the:re is a lower lir.lit to t h e size of the drops , 

there is also an up-pe:r limit . '!'he eXDeri::1ent at an injection 

pressure of about 40 atm . , corresponding to e mean drop diame­

ter of 25 iJ, (Plate I d) showed that a fu-,-l loading of the en­

[l ine Nas impossible a t this low inj ection pressure . A minimu:n 

v.'orking "pI'esf'ure of 47 at:~ . was found to b e neceseary, at which 
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the enp-ine v'orked , however, l'·;ith a high fuel consumption and 

very srr-ok:'T exhaust . This was due to the Goa rse a to:":liza t ion, 

because the lar ~er drops did not have t i~e to i~nite and burn . 

The fac t that the experiment s d.escri bed lver e performed 

with an air-injection engine, does not affec.t their importance. 

It must be 2s8uflled that similar experiments with airless-

inject ion engines would g ive s~milar results, since they lie 

l"i thin the theoJ:'et ical 1 i m its . The incoil1 ;J.let enos s of the com-

bustion of very large drops is to be expected on account of the 

i gn i t ion del ay undergone by drops of this order of magn itude. 

Table I sho's that, even in norp".a l 10YiT-soeed Jiesel engines 

with a combustion time of 0 . 01-0 . 02 second, drops of 50 Il or 

more d.ia~1eter do not have sufficient time for complete combus-

t ion, but leave the engir G unburned ~ri tb tl e exhaust gases . 

Formula (2) g i'Jes information on t:1e 1imiting -"a lue for 

the size of the d ro-p s which will be i ~nited v-ithin a p:ive_ 

time, "hen it is solved according to the radius of the liquid 

d rop . 'e the~ have 
. 

rmax = ) 3 c \ ( 5) 

For a vehicle en ine v. ith a revolution speed of n = 1200 , 

let us ~ake the assumption that the ignition delay mu t not ex-

ceed the Qu ration 01 the injection process . ~ e then ba v e , for 

an injection peri od covering a c ranK angle of 30 0
, 0 . 004 sec · 
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available fo r ignit ion and 

rmax = 8 . 5 IJ., clr:.a·x = 17 IJ. . 

accord i ng to equat ion (5). 

That such a size of drop l'epresents only an extreme limit , 

to be avoided if p0 3sib l e, f ol J.ows fr om tl1e cons i deration that 

the ign i tion period of the oil Qr ops last injec~ed. would extend 

over ano ther 30° . Poor combusti on with a hiSh final exuRnsion 

tem-ocrature 'would be the result of this doubtless excessivel y 

coa~'se atomization . I t is therefore necessary to restrict t he 

i ~~ ition del~y at the outset to the Rmallest Dossible magnitude, 

estimated at about 0 . 000';'- sec . , c o rreslJonding to a c rank angle 

o f 3 0 , and f rom th i s to d.etermine the diameter of the drops . 

I n the above e.-80m-DIe, we I:hen obtain a !!lean drop diamet er of 

d = 5 . 6 IJ. . Hence tnis orde r of magni tude l:!ust be "'1aintained 

f o r the diamet er of the f1...el drops of a high-speed engine . 'ihe 

number of drops of the above- corrputec. 1 im i ting magnitude must 

be kept as smal l as pos ibl e . 

W~ltjen l s rrethod affords the poss i bil i ty of determining, 

i n a Telat i vely Simple mann er, the atomization attainable with 

a ' iven nozzle and a. p redet errnined pump pTessure . We can ob­

tain drops of any des ired magni tude by changi~g one or the otne r 

or b o th of these factors . Thus the purely empirical method 

h itherto em1'Jloyed i s replaced by a rel i able , Much siwulel' and 

cheaper !!l ethod . The fact tbat the injection into the rece iving 
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liquid takes place unde r conditions cor re sponding somewhat to 

those prevailing in an eng j.n e, affords a guaranty that the 

method is suited not only for comparing differently shaped noz-

zles, pwnps, etc . , out also has an aosol ute value, in that it 

closely approximates the actual atomization processes. Since 

.. ," 
\V ol tjen chiefly used cold comp:cessed air in his experiments, 

the conditions may have dev i ated sO;'1eV'rhat fro~ the actual condi-

tions in a combust ion chamber, Que to the fact that the mass of 

t he drops, in j ect ed B,t hi~h velocity into the :10t combust ion 

a ir, is incre sed by the condensation of vapor on their surface 

or that their coeffic2.ent of resistance i s a.ffected by heat ab-

sorption . As to how far th i s is really the case can be deter-

mined by substituting hot nit ro gen for the cold compressed air 

in the bor:1b . 

it h the de en~1ination of the siz e of the fuel drops much 

has already been accomplished since, on the basis of the known 

mass of the oD. drop and its outflow velocity (as computed from 

the pump pressure), VJe can determine the 1 engt i.1 , of its path, 

as likewise its velocity in the combustion chamber, \hereby we 

must, howeve r, a c sume tha t the ~as s and volume of the drop 

have not changed :nuch during its journey . Nevertheless, we 

can always det ermine with suff iciErt a ccuracy mv far fr om the 

nozz le the combust ion c~1amb er is swept . In t11is calculation 

we must allays consider in That manner the velocity imparted to 

each drop as it leaves the nozzle is diminished under the in-
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flueY1Ce of the fr iction of the air . 'Nhile - the' resistance at 

low velocitiec L'1creases according to Stokes! formula in pro-· 

'Jo:::tion to the velocity, it cha.n~es at h i gh velocities according 

to Newton ! c law of resistance 8uproxinately as thc square of 

the velocity end proportional to thc cLon. ity of the ai r and -he 

projection of tho c_rop in t'10 di rection of motion. The upper 

1 imit of Stok(>s I fOI1TIula dep81J.ds on the Reynolc..s llumber, which 

WllS d.etermi?:1cd from Lon::arit ' s experiments on the f ir:al ve10c-

it T of fre'J1y falling l«'clter cLrups 8.t R = 50 . For fue l dro,?s 

with di r.'letel's of abOllJe 30 f..l and a kinetic viscosity of t he 

::li r of l' = 0 .1 5 cr:.2 /sec . , ~'re obtain the lo!']cr 1ir.liting ve10c-

ity fo r the c,pu1 icabili ty of the qUcd ratic 1 [1\'1 of resistcwee 

at ebout 1 5 m (4g . 2 ft. )/s ec . T'.:1e outfl01" velocit r of tho 

f uc1 jet fLl' cxcoecs thjs f i gure . Kue~n's calculations sbowed 

th0t , ur.der ".;hc as s umption ')f a drop hlving a c.ic_!11eter of 

30 IJ. rtnc an jniti(1l - oJ.oc ity of 250 m (820 f . )/ uoc ., it would 

still 11o..\-e a ve10e::.ty of 30 r.1 (98 . 4 ft . )lsec . after 0 . 0')001 

sec . in compreEsed ('.ir Clt 32 atrr . 'The distance traversed dur-

in .< th i ' ti:"'le is a.t fLd:1"c 8 mr .. . Afte r Q . COO~. s econd, the ve-
u " 

locity 118.8 faJlen ":;0 300ut 4 1'.'1 (13 . 1 ft . )/sec . (here Stokes ' 

la!T 01 reEistc..nce LiU t (1.lread.' a.pply) J c nei t"rle distance 11S.S 

inc reased to 16 '''1;'1 ( . 63 in . ) . The rE)sul t of this en lC'J.lc::. tion 

is ha rdly affected b~r t'le fact th:1t -e~rcon ' s law of resistal1ce 

docs not apply in the vicinit: of the ve:ocity of so~nd, but 

t 1)ct t ehl.~nge8 in t~e res is tance , as a1 rer,dy mentioned , take 
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DID c~ l ccorcing to 0 t~1er lCl.I'!s . OL t.:J. king t~1is f c.~ct into cons id-

cration, VIe CO:"10 to an interesting result, , .c 
l.L, in Y70rking out 

the ~jove-~8Ltioncd 31c~Le r bypo~hesis. ~e ~ivs the jet a veloc-

ity gren ter tt.an tl:.e velocity of sound, i::1 order for :t to h2.ve 

8. high penet rat ing powe r '.·'i th 10'7 res istance values . Al though, 

according to ""hat has been 8rid, 2n increase in t:J.e c()effici-

er..t of re s i stance can Droduce no further ator~izatj,on, it does, 

hor'ever, considerably affect t:he attaina,ble C.istar..ce of tra,rel 

of the drope, their deflection fr om the axis of the jet, and 

their variation in volurr.e throu;.;h the absorpt ion of heat. The 

f:;Ost -~avoro..ble distribl:tion of t:he atomiz ed :uel ~et "}'ould 

thereby be !'Vloved a little fartner from the !:ozzle tmvA.rd the 

cent er of the cOE1bustion c~ar.lber and consequently the conditions 

for t~1e fOI'lTI ,tion of a :r~o~ogeneous ~i:;ctu re 1,;,ould t e ir.tl'provecL 

If, :lcC'ording to the ,bove investigation, d::.ops of 30 ~ 

diameter sho '7 such a rapid decrease iYl tr-"eir ini J.;ial speed , 

the conditions ~ill be sti ll less favorable fo r scaller drops, 

a nece ... sary l'equirement for high combustio:l spece.s in \-ehisle 

engi-1es . This would :'~ean that the ver:,' fi"1est fuel drops, 

whic,l are tJ.1e best adapted in size fol" favor2,ble combustion, 

could not penetrp.te fClr enoug:[~ il to t::p CO::1.pTE:,Stled. air in t:1e 

comb-c1stion l'oorn, but l.'lOuld be ;:~ost ly stop''Jed r..ear the nozzle. 

This ":ould result in the 'lccumCllat io!l. of t:he o.rops near the 

noz zle , .... ~1e:re t~ere would. !lot bs enou?;h oxy,;en fo r auick C01"11-

bustion . If this cOYldition does not actually oacur in the de-
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scr i bed :''":8. '0 , i t is cinG to t'te fact ti18, t t~1e instituted consid-

e r a tions '."'Jere based on the m&88 of 0:'11;- one orop and the a",sump ­

t ion of 2n i nf i n i tel y S'r eat ne,ss of st ill a i r . I I: reality, ho"'T-

eve r, yre hG. -e to rec~wn wi th the k i net i c ene r gy of the \ hol e 

f u e l jet, which i i;lparts t o tl:e ;-J i. I' t:'1e mO::1entu"!! of a l l the drops , 

thereby :.'"lc>:':ing it th.e b ea.:re :- of the fue l sp r a y. The er..ergy of 

the jet i s ii;lpart cd so Euch t~~c c e tter to the surrounding air , 

the c 1.o881' '~h8 forr:. i ::1 "h i ch the; ~et ente r s the 2. i r ano the 

8"":"!2 1 L::r th3 cU[1~1tity of fli r, to ':!h i c~ i t ;-nust i :To2rt its 7eloc-

i ty . The Dractical resu l t o f t!:lis ll r gu~ent fo r the constructo r 

is t~1erefoTc to cOr:C.'.lct t"l:le fuel jet so that, i n suite of the 

f i nest 2 t o:.:iz3..tion, the component pa r ts 1.vill b e held togethe r 

in as c l ose a C0::18 ~s p o ssible, and that thi s c one can b e ut il-

ized for 2.Gceler::.tino; or r;l2. i nta i n i ng tLe desi r ed air circula­

t ion . I t is i npocsible t o p roduce 11 per fect c ir cul ation 

throu~hout the whole cor:~ustion crar:~cr, ~s i n the air-injection 

th d . 1 . , 'th l ' .J... • ..c- t' f l " r.'le 0 " , Sll:lP_Y "t;~1 roilgD ~ e .uneu l C e~'1erg1 "0 ... - ne ue Je"t; . 

Ent irel y part ::: ro:'n the fact t:'11lt , in ai r injec-tion , there is 

add cd t o tll.e i:1as s of the fue l the no t r:uch s:-:.a l le r 'TaR s of the 

i nject ion 

e xpans i on . 

i I', the latte r i s als o g r eatl y ·accel ·erated by i ts 

I n order to obta i n a l i ke 8!'.ergy of --:f l aw in airless 

i nj ect ion , PUi;l9 nreS3Ure3 \"ould .. ave t o be errploy ed which 'would 

be m:.ll t i Dl es of those now cu s to:~ary . We ',\'Quld then obta i n B·n 

cx tre::'l el y shor t inj ection p er i od a nd explos-ive c or:bu stion , 

'''h i ch would re su1t i n ove r s tress ing .the al r eady h i ghl y s tressed 

dTiving ~ear . 
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If t he requ i s it e epergy fOT distributing t h e fuel droDs 

ca.n not be fu lly obtained fro::l the fuel jet, some other way 

['lust be found to replace the n i xing action of t he air-injecti on 

method . One of these means has alreR~y b~en mentioned . It 

consists in s o conduct i ng the a-:;omization that, along with a 

number of small drops, a sufficient number of large d rops will 

be -o Toduced, which , .due to their 8'rea.ter momentum, will pene­

t rate far into the combustion chamber and propagate the combus­

t ion begun by the small drops . This nethod rr:ay be sui table for 

s tationary en~ines, although t he production of drops of desired 

diame er, oenetrat i ng Dower, etc . , can be 'but very imperfec tly 

accomp lished wi ":;h the rr. eans novl' available . For h i gh-sp eed ve­

hicle eng i nes , J.1owever, any (fl ethod which d elays the c om.bustion 

process must b e avoided '~ s f ar as poss ible " This rr. ethod will 

therefore b e employed only to a J.imi ted degr"ee and more atten­

t ion will be c onc entrated in t he direction of i mpar ting such a 

motion to the c ombust ion air a.s to mak e it the b earer of the 

f uel drops and thus distribute them th rou ghout the combustion 

chamber . ~ven the f irst compressorl eGs Diesel eng i nes, namely, 

the ~eutz displacer eng ines, had such a motion o f the c ombus­

tion air , '.'Thereby, however, more value Tpas attached to the a.tom­

izing effect of the annul ar whirl than to t h e f orced ci r cu.la­

ti on of t~e ai r itsel f . On l y 0: lat e has proper attention been 

g i ven thi s question and ha s the endeavor be e n made 80 to direct 

the c ombust ion a j_r ti1B. t it ca n b e perfect l y regulated and 



>~~- --~-------

N . A . C. _. Technical ~;ler.lOraYldl.lm No . 403 31 

brought , at a calculated vel ocitj-, to the place of combustion . 

Here it is accelerated by ~he fuel jet, carrie3 away the fuel 

d. r ons d.ur ing the com':lust ion period, drives the corr:bust ion J s es 

ahead of it and furnist,es fresh oxygen until the comoustion is 

C omnl et ed . The circurJstance the:. t, through the violent whirl­

ing of the air , more heat is i~parted to the cylinder v:alls , 

is unimportant, in view of the fact that an increase in the 

revolution speed of veh i cle enc;ines is of much more importance 

than any Dossible be-:ter uti lization of the fuel through less 

heat transmj.ssion. 

In i gnition-chamber engi nes the distrirution of the fuel 

in t~1e cylinder offers no great diffiCUlty . On the one hand., 

it is comDarativel y easy to distribute the fuel sufficiently 

(esDecially when not ~oo finely atomiZed) in t~e relatively 

small i gni tion c hamber. On the other band, the effect of the 

c ombusti on f.!as es, '{{hich are exp ell ed a t a hi gh - eloc i ty from 

the ign i tion c~amber into the cylinder, is to a certain de :; ree 

c omparabl e with the eff ect of the inj ect ion air. Even when 

(for exan1ple , in wide necks) the pressure d ifference betlNeen 

i gnition chamber and cylinc.er is not very Q' reat: the burning 

gases will nevertheless undergo r!:anifold c~anges in their direc­

tion of motion on their way to the '80rkin g cylinder. These 

doubtless produce suf f icier.t tu:,bulence in the combustion cham­

ber and cor_seq~ent ly a good distr ibution of the fuel in the 

combustion air . 
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The production of the whir1ing motion f or J.istributin~ 

the fue l is no t so easy in mechanical-injection engines as i n 

i gn i tion-chamber engines . It ts clear that the shape of the 

c ombustion chambe r g reatly affects the s trength , direction and 

velocity of the ai r whirl s ought . All re ~ent endeavors have 

therefore b e en in t he direction of forcibly mixinf- t he fue l 

and combustion air by means of su j.tab ly shaned cylinder heads , 

p i stons and i ngenious a.rrangE-mel1ts of the nozzles . A comb ina­

t ion of the annular-'.vhi rl i~ ethod (D eut z-B r and i s) v:i th fine a t­

omization was pro"9osed by Bielefe J.d (Fig . 1 5) . The fuel is in­

jected under high p re s su re at the dead center in the finest 

state of atomization and is di st ribut ed by the a ir whirls, 

"wh ich are purposely generat ed as shown by the arrows in the f i g­

ure ( "Auto+,echnik, " 1 92 5 ) ~Jo . l 3, p . 26) . The annular concave 

shape of the cylinder cov er and of the d isp lacer h ead of the 

piston generate a wh irling motion o f the air which is maintained 

durin the whol e combustion period . It is worthy of YJ.ote that 

in this const ruction the j e t energy i s not utilized to a cceler­

a t e the revolving air, but that the f uel i njected through a cen­

tral nozzle in t~e fo rm of a flat circular spr ay, strikes the 

ai r nearly at ri ght angl es and is carried away by it . The 

Krupp Die s el en&1:ine has a n07z1 e wi th several hol es and gu id es 

the combustion air , by mea:1S of a circular IIdirector ll located 

at the inlet valve , in a c ircle around the cylinder axis (Fig . 

16) . By ::neasu rin g t he veloc:l.ty of the circulating air cu rrent, 
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it was demonst r ated that ttle n;ost favo r abl e combustion lay at 

a ce r te.i n d8f i nite 9.i!' veloc i ty (ab out 8 . 5 r:1/sec o in the case 

i n v est i gated ) . At this ve:oc i ty, which, in order of mFlgn i tude , 

a Vrees "\r: e11 \.'\Oi t':l the v2.1ues f ound. by Ees selman in si!ni1ar ex-

pe riments, air molecules l y i ng ~ear the cylinde r wal l descr i b e 

exactly a quarter circle . . I t ma:r be assu:ned that the combu8-

t i on is the r~ost favo r ab l e vihen the air charge during the i E,; ec-

ti on period desc!' i bes the exact aLgle 2t the center w~ich is in-

c l uded betrcen two adjoinL1g jets fror-'! the multiholed. nozzle . 

Fig . 1 7 i s a u i ctur e of t~e mushroom pist on head of the Krupp 

Di esel en~ine at this favorable ai r veloc i ty and p l ainly sh07s 

the strong scattering of the fla:'[les 'o~r the directed air f low. 

(The light spo ts on the Di ston head are deDos i ts o f zinc oxide 

due to keeping the fuel jn ga l vanized-iro~ containers.) T~e 

more l i ghtly b"J.i l t con-oresso rl es8 Diesel e""lgine of the E .A._- . 

( If) "Maschinenfabrik Aub'"'buro-;u r nber g , II in '7hich the fuel is in-

jected ta:1.gentiaJ.ly through two nozzles, ID::ewise has a c i rcu­

l a r air flow a:1.d a disk-shaped combus ion space (Fig. J8) . 

Thi s engi ne has the advantage of leav:ng t~e cylinder cover 

f re e f rom fixtures and enabl es the installa",:;io~ of such large 

i n l et and. out l et va l ves as to suppl y food air charges even B,t 

h i gh r evolut ion speeds . Abov e ell , howeve~, the kinetic ~nergy 

of the fuel jets is "18re f2. o rab l y tl"':;ilized, c",c2.use the t'l~rr:-

i ng moment of t~e i nj ection energy e::f i c i er..tly sup-oorts the 

ci r cula r ai r flow . I t i s impo:'tan t fo r both noz~ne8 , which are 
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'"'upplied by one and thc same prnp, to have the same resistance . 

This is accomplished by equalizing the pipe resistances by 

means of exchangceble perforated plates in t~e distribution 

portion of the :) ipe . The hiFh-soeed tlOro-8tro~e-cycle IhE 3Cl 

engine made by t:~e "Hs,rmoverisc:1e vVa ~gonfabrik" (Fig . 19), 

1 ike-.vi se -"{o rks wi th a circular motion of the e. i:- a round the 

cylinder axis, (1.118 to the Tact tl18t t:18 air, :re'~ious1y CO,'1-

pressed i~1 the crank case, is forced oy a pui table disposition 

of the overf'J.ow Dorts to enter the cylinder in a tanger:tial 

0.irection . Since the outlet valve is located in t~e ~ylinder 

head (contre.,ry to t~1e customary hyo-~1jroke arrangement), no 

disturbance is caused in the spi :-al motion of the air oy 

flo'v em erery of tbe exnE.u.s-t I?P s es . 80 tea t the .~·enera ted air 

Vfhi rl 8 D"Da.rcn tl y nen~ i rt r throu2:hou t the ':rhol e d1..:.ra t ion of the 

inj ection end comb'~stion·')rocc38 · The fuel is inj ected toward 

tll.e cyJ.inder axis throU'-T'1 8 . n027-1e located in the 8icie of the 

c yl i nde r :"lead . 

In addition to t1:8 2oove-CL8C"cri'bed cLe,,-ices, the pate~lt 

1 i t3T[. ture of recent ~rcar 8hm-s a lal'ge :1Ur:1ber of !TIore ar 

less -practical 9roD082ls fo r automatically directin2; tbe C01!'-

b u", ion .i r . OYle iO_C8, recl1rs in man- T vari8tio118, nar' ely, t~e 

~uida.nce 0"': the a.ir column; dri,.rcn -:J~T ,he piston to'-ra.rd tIlE' 

combustion space, bj' the curchlL:e si:'::ap e of th~ cyl i nc.or cover 

in Euch 2, '.ray that its :':CJ7.;iOl1 is re--erseci Bnd fY, iven :'he SEtme 

direction as the fue l jet . Fig . 20 Tenrerents a solution pro-
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Dosed by myself, in iivh ich t~1e c ombustion space i s divid.ed into 

trw chambers , each havir.g the E:1ape of a paraboloid of revolu­

tion . Th e nozzle openings aTe locat ed at abou t the f o ci of 

the paraboloids . As to v,he -ther the expec ted result, namel y , a 

g ood 6. i st ribut ion of the drops (nroduced by ai r v'lh irls at the 

f oci), will in f act come to pass can n o t be safely p red i c ted, 

for the lack of experimental bases . The diminution of the air 

s p ace to be s~eDt by a nozz lo, effected by div iding the combus­

tion space into tro syr.Jm etrj.cal cha:!loers , may nevertheless 

Drove to be a suitable reeans for comuletel y f illing even l ar er 

combustion chambe r s "!i t h fuel drops . 

On account of the i m-;J ortance of the quest ion rega rding the 

e f fect of t _e shape of the c ombustion space on the strength, 

direction and velo c ity o ~ the desired air c irculation, it 

vould be dGsi r able to investigate thoroughly, by systematic ex­

per i ments:, the l ayTS of this v~rhirling mo t ion . I n so far as the 

ai r flow can not be m.J.de vis i ble by smoke , powdered wood , etc . , 

i t m i ~h t be advise.b l e to :-neasur e Ii th a Pi to:: tube the ai r ve­

lociti es in the c omp ression chamber of an exnerimcntal engine 

thro'J.ghout the 'v~101e c ross section of the cylinder. I t should 

thus be possib l e, by the systemat i c test i ng of the whole com­

p re ssion s·oac e to obt in, i n a c omparat i vely short time , a 

c lear p i cture of the ai r c ir culation . 

The conro l i ca ted processes in the c yli nd e r heve been recent­

l y rendered access ible to direct visual ob servation . At the 
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Junke :c's works Ll De ssau , the combustion Droce ss ir. a conrpre :sor-

less vieE'sl eng i"1e was succef'sfully "p1.10tossr2cphsd, through a 

qua r tz wi ndow in the cyl i nder l1e8.d, by means of a st rob oscop e 

(Fig . 21) . T}- ' t -t ' d (F' <)<) "4) "le P 1C UTes 00 a1ne 1S'8 . c.,, " - C-J p 1ai::11y shO'~J 

the scat teri ng of .he f l ame unde~ t he influence of the motion 

o f t h e air ( which is cir cular i TI thi s ca s e) . The full-load 

p ictures ( Figs. 22 - 23) we re taken in point of time , very ne~r 

the dee,d center e.net shortl y a.fter t he beginn in3' of the i gn i-

tion . The re l ativel : 8~all a r.1ount of fue l c.'.lrec?,dy in ject ed 

'-'as b lov,'n f ro:n ~hc nozz l e t o r.rard t'te ri ght by t~e c ircl..:la rl y 

mov i 11g a ir in t he cylinde r. The i gn i t ton ~1ad sta rted at about 

the tip of tbe fu el je I and had then been quickl ] propagated 

bac k'"!ard to t he n o zzle ( F i lS ' 22) . Af"uer O. C'OG") :::econd, th3 

flame had spread still, fa. rthe r (i"i g . 23) . Or. the ot:ner hand, 

F i g . ~ 4 S1.101:J8 t~u finn} p~as e of a low-sPeed cOY'!'lbus tion . r::'he 

corresDondingl y sr::all 1m'v-speed fla:ne had ~ere already mad e 

one r:; omp1 8te revolution in the combusti on a:r and. had been sep-

ara ted t nto seve:'al component flan: es (II I . J. 1. ," October 31, 

J.92 5 , p . 13 72 ) . 

Aft ey the ab ove d.eta il ed d.esc ription of the inj ect ion a no, 

combustion ~:)T O Ce8s ) s omething should a l s o be saie. re~arding 

the comp ress ion ratio s suitable f or vehicl e ~ng ines , a~d on ' 

the shap e of the comoust iO::1 I i ne i n the indica to:':' Cl i a?-,ra '11 . It 

is, of coars e, dcs irabJ.e t o obta i n a d iagra~ wh ich sho~s the 

g reatcst Doss i ble area at low j1a~~ imum and expansion fina l lJ1'88-
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su r es · One way to do this, end. :.lhieh is best suited to the 

nature of veh i cle en~ines , is to reduce the work of compressi on 

to a :"'l ininmm , thereby making i t easier to start the enGine, 

whet her by hand, compre ssed air or electric motor . In onposi-

t i on to this , hor,'ever, i s th e need of a h i gh compression tem­

pera ture for s~ortening the i gnit io~ delay and guaranteeing the 

i gni tion in a cold e~gine and at a l OTI temperature of the in­

f lowing ai r . Ti.le compres8i on temperatu re must , of cours e , al­

ways be h i gher t han t~e i s n iti o:1 temperatare . For the correct 

adjustment of t h e fo:rmer, it i s the!'cfore r:.ecessary to knovv 

the exact ignition temperature of tne fu e l to b e used . Till 

very r ecently, the ignition p oint was restricted to the temper­

a ture at THhieh self- igr.. i tion o ccurs in a un i forr:~ current of 

air or ox:r ~en . Proba l y ehe most accu r ate val ues obtained by 

th i s method are the ones ~iven in Ta~le I~, as &etermined by 

Ott o Alt, Fit :1 the Krupp i gr:. iti on-point teste r (see :r.A. C· A. 

T echnical ~·,~ emo:,andu~11 Eo . 221, - Combusti on of Liquid Fuels in 

Diesel En ine) . 
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T&blc IV . 

Iqnition noin-'cs (oC) in igY).ition-point tcs-'cer and. in engine . 

fuel o il 

Ga sol ine 

ICeros3nc 

Gas oi l 

r.iexiccn 
fuel oil 

Pa r affin 
oil 

Light tar 
o i l 

lIT a p h t l-}EL J en e 
oil 

Anthracene 
oil 

Halte::-mann 
oil 

Tertical­
furnO,ce 
tar 

r 
< 

l 

i 

I 
J 

In OYV2;8n J 

s t ::-ea;n . in I In 
V2 A I 

eng~ ne I 
-- ~.L .J i E::rdro­

carbon 
c rUGible I 

2 75 

2 76 

340 

326 

.11:75 

425 

4·71 

465 

385 

I 
i 

I 
Hexane 

323 n 
363-378 II 

350 

375 

332 

434 

610 

550 

605 

597 

ParClffiD 

Phenol 

~ Naphtha­

:1 lene 

f 

Anthra­
c~me 

Benzol 

Toluol 

Xylol 

Cy:nol 

In oxygen 
st re2~ in 

V2 A 
crucibl e 

283 

246 

590 

493 

570 

563 

530 

445 

In er:p:ine 

383 

34·0 

744 

70~ 

630 

722 

713 

647 

574 

The i gnition terrrpe r3_tu rcs .~iiien for thc engine are all 

nrobabl y too high, for ths following reaso~s. All previous in-

vestiootioDS of ~he 3elf-i~ition te~~eratures are inaQequ6te 

beca'J.se t:1ey were ba ed on tr.e assumption that t:1e i~~i tioD 
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po i n t is ~ s im~l e conception . ~he inv8st i~at ions by Tauss ar-d 

Schul te* c mDonst:r8ted, ho,7Gver, that the Seme oil has differ-

ent i gnition Doints at ci i ffe rent Dressure s and that these i gni-

tion Do int s becor-e'l o-:'er '-' ith i '1crea s inr-: '.Jress'~re (that i s , 

ruith increasing air dcns ity) . In Fig . 25 the i~it ion ~oints 

of S2'TC r Ql. fu els are Dlottec. ag'a. :'ns.t :he D::,essures . Accordin~ 

to the abov~-ncntionod invest i gat ions, the assumption that the 

i fn i t ion er.~p era ture in the engine i s about 1000C h i ghe r t :lan 

in tile ODen i s':L1 ition-Do i nt tester can no t co :?lainta inec. . Th e 

question as to "!hcthc r the i gni tion ~oint is aff ect ed by the 

g rea er r e12tive velocity b etqoen the ir 2nd f uel drops i n 

the combust i on chamb e r of the e~le;i ne st il l requires 9xperii-r:en-

tal eluc id2..t ion . I t is ~oss ibl e that t·te increC.Lsed transfer-

ence of heat froe t~c air to t he fuel d ro:Js no";; onl y shortens 

the t ime required fOT i gn i t ion, but also 101,~'ers the i gr- i tiort 

temp era tu re i t scJ f . In any ca 88 , ho"-,ever) the comprep sion t e:n­

para tur e i:mst, on ~count of thc i gn :'.. tion del ay, be 2,b out sooe 

:b i g-he r than the expe:-irr.ental l y f ound igni t :'..on Doints of the 

fuels . The lo" re ring of the compressi on temp erature, c,ue to 

l eaks (pi ston n l ay in cold engi ne), mu st be accounted f or by 

B. supple:nentar y calcula tion . 

On the basis of these assun:pt ions , we can pass to the cal-

cul a t ion of t he cO;:lpree sion pre C. sure, v'hereby i t must be b orne 
II 

* "TJelJe r d en ZU:1c.punkt und. Yerbrcnnungsvor ;p,ng :2.m Di eS8l motor . " 
Mi ttcil . Cb e:n . Inst . ) Techn , Hochschule , i~erl sruhe, No. 2 , 1924 . 
See a l s o '~ . A , C . 1l.·, Techn i c ,. l .,1 e:'1orancium No . 299 . 
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i n mi nd that a vehicle ('n? i ne 2hou l 'd -;.)8 c'ole t o funct ion ·u.nc~er 

the :'lOs t unfa.vorable condit i ons . I f we assume that i :1 r'inter 

it ,;:ust be able to start at an air te!"1.perE.1.ture of -looe (ls·or) 

and if we adopt 300°0 (i . e . , the ~ean value between the ignition 

tern-oe T2tur es of Alt and of Tc>US3 and Schul te) as the lorie r limit 

fo r the i ~ it.ion terr.:Jerat.u r e of gas 0:;'1, we the:1 have, on t~e 

as suV'~rpt ion of ad i abat ic co!'rprE-s sion, 

( 6) 

I f ·.TI = 1 . 3 i s shosen as the exponent of the cO!"1pression an0_ 

~ = 0 . 95 ~.tm . a8 the initial pressure (for ergi nes up to about 

1200 ~ . P . f:l. J, \1""3 ~J.aVe p = 28 at~ osD~eres . 
"'2 .l.. 

I f 1II.'e c onsider t~ut the cO"'1.pre ss i on li:1e apY)roaches the 

i s ot herm at 10vT revo l ution speeds , d.ue to t~lC> c oolinq: effect of 

t he cylinder ~irallf:j , and t hat , a,bove all , t~1e un3.void.~.ble piston 

l eaks , wh i ch a re more unfa v orabl e i n the si-'[\l l o ores of veni c l e 

tha n in l arger snr;i nss , s t iJ.l fu rtrsr reduse the f ing,l CO~11pres-

sion pressure , 'e ~ill no t then ~e inclined to go belo q the 

c2. 1 cu12tcd. '.'p l ue . I f , r.01'r3vc r, t h i s gene r a.lly h2p-cenG, it cc:.n 

onl y be ~ad e poss~b19 by :1ot req' ir in~ the engi :1e to start at 

s uch lov[ ext c r n::.1.. J.. tC{Jl)c r a tUres "Ii thou t SO~ 8 sp ecial auxil i ary 

dcvice and by lin i tin ourselves to cp l culatin:::- c ...... i t:1 air t empe r-
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atu r es of Eli:" l eas t 1 00e (..JOoy) . At 1 0 :'cr "teriperptu r es , t ~1Cl'C-

f ore , t h e combust j.on a ir r·1Ust be -p re7 i ous l y h ea t ed by e l ectr i c-

ity, o r t h? s t art ~ust be ma~ e ~ith lhe a i d of ~n i ~~i~i c ~ 

C 2 r t ri(ge o r e~. s i l y i'lf1a ::'!na b l e ~(1 , raff i n o iJ s . Tl e F?;rea t effect 

of -orev iously hea tinq: the a i r i s sh01"m by the ca l cul at ion, wh ich , 

2 t an inflo1Ting-si r ":;er::pe ra~ure of ')oe ( 32°F) uader the 8'1.me 

c onditions 28 q,1)ov e , ::;i v e s a fi :1a1 cor:.rpr ession 'OTeS8ure of 24 . 9 

In the ,~r~ run~ ir~ c ont i t ion of tte engi ne, t he i n f lop 

t emp era, tu res of the ai r increas e s;rr eR.. t 1 y and r each 80-900 C 

8. t Lll 1 l oa( . I n 1';: ost cases 3. f i nal compress i on Dressur e of 

2 5 a t:'} . i s l'ega:-ciecl as suff lc i eDt to 8 s su r e the starting of 

tD e eniGi ne n i thou t any s'Jec i a l auxilia r y dev i ce . We C2"n ;;:0 t o 

thi s ext r ei'1C l i''''l~ t , oecal-se t h e c ool in[; e:fect of the ir.j ec-

t ion air i s e l i~ir.at ed . At the small ssfety factor , the ~reat-

e s t 9 0 8s i bl e tightness of the va l ves and u i stons is a prereo -

uis i te CO:1CU t i oYJ. , 

'T' h -C' t ' ~ t · . 
.!._ e J.' I' ne :- :;:unc lonIng , afte r comp r ess i on , (: euenes en-

t irely on the method of i n trociuc i ng the f'.le J. . The pressure 

lin e of t~e i nd i cator ~ ia~raffi wi ll asc end, ~ove hor i zontally , 

or descend , accorci i n t o the timi ng and dur at i on of the i njc c-

t ion . I s f'ha p e i 8 the re fo re c~1. i efl y det eTn i neci by the nature 

of t he n ozz le or by tIle 9UY11p- pr8ssln-a d i agram . I f the fue l is 

i nject ed '.T8ry qu i ckl y at about 40- lJ.sJ b efor e the upue r dead 

c en ter , t~e r e i s an expl o s ion s i mi l a r t o th on e i T:. a car bure tor 
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engine, as s~10wn -oy the po int eel incUea tor diagrams . In j ect ion 

at 35-270 cefore the dea d ce:'1ter 'p roduces, on the otter hand, 

accordino.: to HeidellJerg, a constant-pTe~sure combus-'c ion. If 

the mean pres sure is not allowed to fall telow ~ . 5 atm . , the 

usual value for ~odern carbure~or engines (a necessa ry condi­

tion for vehicJ.e en ines, due to spatial consic'eratj.ons), max­

imum DI'essures of fl,bout 80 atm. are -crocil'ced in a purely ex-

plos i ve functioning . Such a p~essure increase is impossible, 

howeve r, cue to t~e prreat stress i ng of the wo r"ting parts and 

the conseqU8:1t necessary increase in their weight . A constant­

D recsure cO::lOustiOll, si!:1ilar to t~at obtained by 2.2. r inj ect ion , 

is indeed easily attainable L~ compl'essorless DieseJ. eng ines, 

but eXDeriE1ents have derr'.onstrated that this form of the combus­

tion line i s ne ither pra~tical nor econocical. The Blight i g­

nition dela T, una'Joidaole in 8.irlees i n: ection, can best be ac­

c ounted for by a short cons ta.nt-volume comous ion, followed oy 

conEtant-pressure combustion (Fig . 26 ) . This k ind of mixed 

combustion, '.~rhich occurs chiefly in eng:"rles "rith "1echanical 

inj ect i on, Droduces a iflaximum pressure of 45-r,0 atm . , on the 

assum:9tion of a mean electr i c p ress-....:.r e of ab01.;.t 5 . 5 atm., and 

a compression of 25 atm. 

The 'l':aX lr.:U({. 'J:ressurE; of tre working diagram therefore de­

t ermines the si Z G of the connect i np rods, ,'!~ile the dim(;~1s ions 

of the crank sh::lf-'c are determined 1:) the tanbential-nressure 

d ia p'rar.'1 . 1:'1 2. conn ecting rod of circular cross sect ion, the 
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diameter of the rod is pr090rt ional to the square of the maxi-

mum pressure and j.ts wei ght is directly p roport iona l to the 

p res sure . Tt.Lese \-alues throw SO;:1 e li ght on the re ight rela-

tions of :l Diesel vehicle engine in comparis on wi t ll a c2.rou-

retor eng ine and pa rtially determine i ts structure . I n com-

par i son wi th an ordinary ,!'l otor-truck eng ine "Ii th 2. final COn1-

pres sion ureS8u re of 5 . 5 atm . , anc-:' a max i mur'l combustion pres-

sure of about 27 atm. , ie obtaL1, wi th a Jiesel eng ine of l ike 

mean uress~re and li~e revo~ution speed, an incre2.se of about 

GO~ in the l' r eigi.1t of he connecting rods and of about 3510 for 

he crank shaft . Dr . 1; . Ri elun , in his] e cture on. lI~i gh-Sg eed 

* Die se,- Eng; ines f or Vei,1 icle ," del iv ered b efore tI1e Association 

of GeTr.'lan ZngineeI's a A'~ gs'bur g, in 192 5 , ;rives c onsiderably 

Rrr:a11er v3.1ues fo r h:; h.crease in t:1e "eight of tt.ese parts . 

Hi s a ssump tion that the diameter of the c onnectin rod~ (having 

a pe r fectly rou:i.1d c 1'0 _ s section) sho'J.ld. b e prcpo:!:'t ional to the 

fou rt h root of the lnaximum pressure, is based , however, s imply 

on the ir re8ist~nce to buckling and not on tt.eir admiss ible 

compre ss iv e stress . I n t h e dimens i onin~ of tte ott.er engi ne 

part3, the increasinss of t~1e cOrJbustl on pressure does net neces-

c itatc so great wei~ht inc ease s , because the pistons: cyl i n-

deI'S , craYll< case s , e'cc . , nave lTI'J re t~an sufficient strenO'th, 

fo r reaS011 -oerta ini"1g t o the :::U.st i rtf~ aIld finishing . The fue l 

pumps , WhlCh ta~;:e tn.3 p1a ~e of the .:'H_;netOG and carbllretors, 
II 

* 118chne11 .. t:,f ende Die sel motoren f ur ="ahrzeuge , II pub1i ~hed in 
nIT . D. I., 11 AUDlst 29 ,1925 , 'Op . 1125-1131 . 
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aI'e 3bout t1'1'ice as heavy as those parts, so that, all in all, 

-" 
a Di esel engine weighs 30-35;a l''{;ore than a carbure or engine of 

the SalTIe "9ower 81-d revol ution speed . 

Th ere is hardly anything to be saj.d on the structure of 

vehicle Diesel eng ines, since it is fully based on modern car~ 

buretor en ~ ir:.es . Of course the cifferent operating conditions 

necessi ta te corresponding mod.ificC'.tions in tr.Le various engine 

parts . S i nce the reliability of the i gl1 i tion depends lar3;ely 

on the final cor;'roression pressure, much attention s1:ould be 

gi v en to :.Ja~:ing the valves and. 9 i ston as ti CSht as Dossi ble . 

Whi le the former can be u rotected from ha~ful heat stresses 

by the 'C.se of sClitable mat erial and. by cool ir:. g the v3.lve sea.ts , 

the piston, in addition to stronger diMens ionin g of the piston 

head and p iston Din, can be c ade longer and be Drovided with 

a gre2 ter nUE'lber of rings . ite use 0: 1 i ght- r:.eta l pi stons is 

not desira-ole , at J east so 10I'-~ as there is no nar:!lL1I neat 

accunu1ation with cast-iron pistons . .The piston play, which 

Dust ~Je rat1.1er large "ri th alur.:in-:.ll'Yl, on C',ccou::.t 0: the hii=7'h 

coefficient of heat expansion, expresses itself, in a cold en-

~ine , in 1e0..1<s which ~~1ay impair the st.:>.rting 2bili ty. i:oreo~,-er , 

the larger dimensionino of the piston Din and the avoidence of 

inad:l1 i ss ible surface -oreSeures in the Dieton-Din bea ring s in-

volve cert~in structurel diffiolltjcs . 

ThE. f2,ct t~1a t, c!.U3 to i rregul[' 1'i tics in tt.e :;)Ur.'lP , feul ty 

ator. i zution , etc . , misf ires occar a:r:1 that subsequently the 
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t~-::.e 8 0:~1l:;1.~stion of .:'"re"'"Ger 'lu2Y1tities of f'J.eJ. v'it~ excessive 

DreSSU:L'e increase can fo1 1 0111)" , r~ises t~le question of ) rovidir:g 

r safe ty v~l~c ~or evory ~ 1: inje~ . i~~irelv ssidc fro~ t~e 

f2.et , ~lo:'-'ever , that t''1ere is seldom roo:n e :l1 ou [h for such a 

val ve in the cylind..er cover, I ~) elie7e tl:.3.t tl:.e cE1r:o:e r of a 

8uo.ie:1 etron[ Drer' sure increClE e, W1:iC:1 coulei be C'isast rous ~or 

the eneinG, 8~ oal( not be over-rat~d , l:;sca~sc t~c condensed, 

unburncd fue l in the cylind.er "QuId '0 e only 81i q:l1t 1 y ::::oESU.":1e( 

in Cl subsequent i;::;Y1i-:;ion, n:1ile :'ws'!; of it \""oul :1 '088S uno'J.rY18c~. 

i nto t~1e exhaus t. 

T::8 i'~:l:J o ss ib ili t~- of 8r,[cl!~:ing t11e engL1e 3.q;<:~inst e:. e full 

corn~r e8[ io:1 - re~8ure necess i tates the use of reduct ion gea ring . 

I"': is ""' en8r8.11 y :Justo:":'la r y to rDise t ~ e st3. rti n'2' ~~a1ve either 

b - 3.. g') eci rc. :;' l e' 8 r or, t ·~· tter, by tl-:G <::.xic.l s:: i fting of a. cpe, 

shaft -vrov id ed. "i th o. u~ilia~y c(..:', s · I f th::::se e.'J.xiliar~- C"'i~S 

are 80ni c0.1 , t~e VE' 1 V3S in start in f.?' CcYl b s ;)a rti2.11y or CO:"1-

lJlC'tc::l y ope"1c( ..,t '·ill . T:1e ene r gy s tored UlJ i n thc f lY"'Thccl 

in s tar-:;i 110 undcr d i r:li nished pressure tl:en fc:c i1 i tat es throrT­

ing t :1.2 e·1.f?;inc:: into t-:eu. r a gainst the full cor.:pr08sion p res­

sure . T1:0 c O~·:D rcssed-a.i r ::1 ethod of st<::.rting, C1J.stc:::ary n ith 

st~tion2ry cnginec , C2n at cost 'oe US8~ only on such motor 

veh i clGs ':'.S C8 rry CO::lpTE::S s ed-c:.i r cy1incicrs for s'9 ecia 1 rea.sons , 

such 8,S fo r ai r "0 rCl X:88 c: nd ~ ce. r shi ft ing . 

g enerat o r is cS3e~ti 0 1 on a ~oicrn ~otor vshie13, the 8n~ ine 
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is ~enerally sta rted by a r&ther 1ar~e starting ~oto r. Pro-

vision must also be rtJ2.d e for st".rt i n6 by ~~nd in an e:':18rgen-

cy . ( '="0 be followed bv Part III.) 

Trans~ation by Dwi ght ~/: . . 1iner, 
Na tional A(ivisory Co,;n ittee 
for Aeronautics . 
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F i g . lS Ai rflow directors and fuel jets i n the M. A. P . station­
ary ~i8sel engine . 

F i b · 20 Oomous t i on s p ace p ropos0j y Hausfelder . 
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scope 
oc(;usfrncnf 

F1g.21 Junker s apparatus for 
photographi ng the 
combus t ion p rocess. 

Fig.17 

F1g.22 

Mushroom piston head of 
Krupp D1esel engine. 

F1g.23 1.70 before 
dead center 

Fig . 19 Die sel 
engine 

of Hannover 
"Wa.ggonfa.br1k. 

---;> 

F1g.24 150 after 
dead center 

Fie . 2Zj23 & 24 Flame p1c'turea 
(Junkers) 
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Fiu"s . 25 Cc 26 

Pan·,ffi!l8 'Z G{1S oil ....; 6 Cylil1d.er o il 
4 Lubric ::'ut inS oil 

~(~T088118 5 ':Car oline 7 Benzol 

I ~~iti o~ taC?~ ~Btur3s plott31 ~~ei~st pressures . 
(T auss 2:1::':. Schulte) 

Fi g . 36 l ~orma i njicator ci i ag:::-arr: of 2D eirless -inject i on 
Di8S 3l 811.:;in8 . 
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N. A,C .A . Te ohnical Memorandum No . 403 

Plate I ( Air injection). Compr ession p res sure . 30 atm. 

a) Pe = 75 at 
dm = 4.37 Ii ..• -. ~'. ~ ._: . 

~.. ... . < ••.•.•• ..•.. •• ", ..• ~ •. ~~" •. ~~,~ ..... " 
. :&. . .. ' ~fI ' • .•• , • . • 

~ .. ..~ .• '" 
t~,., .· '.' . ..'\'-•• ~.. . . .... ..... <01 ...... ' 
;.... .'" : _ . :.. !"" '", 5 .. ' ...... ~ .. . 
.. ' ..•. ," ,. -' ... '." . 
• 

~ .~ •• r' - • 

. ~ . ~. ' (i;'< " .• , " ..•......•. ~ .. . ... ~ ... . . .' 
. , .. .. J. .,~~. 0: .-". ", • , 

. ~. .... ...... ., . .'. ~'" .~. ' .. ~ •. '-, ,e · ~ 
... , oJ, . 

c) . 

e ) 

p o = 50 at 
dm = 17 . 5.\~ 

clm = 4.5 i'-

Cow -mi l k oream 

b ) pe = ,65 at 
dm = 13.75 p 

••• ., ' . ;'~ ::" .. 
'JI I' ..... t§rJ.~. . 

~. '4"' . • :.-..... .. / ..... · .• 1.' ' . . 
• • • ~ ~: • • ; < ./~ " •• •• ., 
, .•••••• i • . .. ~ .. .. 

'1: '.. . ...... . W . . .. '.... : ... , "" -": -;' '. . .'. "e' -...., S .. e":" • .. ~ . ~- . .:- .. . . ,e
A 

.... .... .... .. . 

•. .• .•• _ •• .• •. • 1'. ~ 
" ... . •.• • ~. '4;(1 . ....• '. " ~. ' .. ' . e • . ~ • . a. 

\ . r,. " ';"!t _. '. ""iI 4 
~ .' •• 'w -s= •• '. . ",:.:'. , 

• ' . • " & e ' 

p o = 40 at 
dm = 25 p. 

f ) pe = 150 at 
dm = 13.75 ~ 

Ai rle s s i njeot i on wi t h 
di Rpers1ng nozzle . 

Plat e I 



N.A.C.A. Technical Memorandum No.403 Plate I I 

Plate II (Airleaa injection ). Compression pressure, 30 atm . 

g ) 

i 

k) 

Pe = 300 at 
dm = 4,37 I'-

Pe = 200 at 
dm = 20 I'-

Pe = 100 at 
d m = 33,75 I'-

h) Pe = 250 at 
dm = 13,75 I'-

pe = 150 at 
dm = 26,25 I'-

/ft·· · •.. -:.~~ . 
• ·~.'1i1~ .~ .& 0; 'J: .~.) 
. - ~.' .' •• C":;..".l. 4 I 
. '·0 .• .•• -.. .. ". _. 

1 ) Pe = 50al 
dm = 40 I'-

15bS A,S . 


