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IGNITION AND FLAME DEVELOP MENT IN THE CASE OF 

DIESEL FUEL INJEC TI ON* 

Ey Otto Holfelder 

SUMMARY 

To inv e stigate the proce ss of i gnit i on and combusti~n 
in the case of spray injec t ion in t o heated air, a new form 
of app aratus is developed a nd t he tests carried out with 
i t described . 

Photo g raphs of th e spray b efo re and after ignition 
a re obtained at frequencies of 500 pictur es per second. 
Large windows in the bo mb a llo w uno bstruc ted observation . 
P ressur e s and temp e ratures a r e simultane ously recorded on 
o scillograms . Infor ma t ion on t h e i n itia l conditions, igni­
t ion ti me lag, period of comp l e te combustion, place where 
ignition starts, a n d ~ enera l cour se of the combustion is 
obt a ined . 

Di f ferent types o f nozzl e s co nnecte d in various ways 
t o t h e pump a re inves t i g ate d , and differ e nt fuels tested 
a n d co mp ared under cond itions of no turbulence. Tests on 
t h e e ffect of turbulence are b e inb planned. Study of the 
c ombustion process is made using precombustion chambers. 

The tests giv e first - hand insi ght i n to the phenomena 
o c curring in diesel fuel injec t ion , wher e actual engine 
c ond i t ions are simulated as far a s possi b le. They enable 
t h e inv e stigation of the i gnition proper t ies of various 
f uels to be made and the data thus obtain ed are probably 
d ir e ctly applicable to the behavio r of f u els in the diesel 
e n g ine . 

*ItZ~ndung und Fl a mmenbildung b e i der Diesel-Erennstoff­
Einspritzu ng . 1I Forschun.g sh eft 374, ] eilage zu Forsch­
ung auf dem Gebi e te des Ing eni eurwes ens, Eand 6, Sep ­
temb e r -Oc tober 19 35, p p . 1- 25 . 
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I '. IIJTRODU C'i' ION 

The rapid l y increasing application of high- speed 
diese l eng ines has been accompanied by correspondingly in­
creasing r equirements in power out put and running charac­
terist i cs put upon this type of engine . It is only when 
it atta ins eff i c i encies and running characteristics com­
parable to those of the spark- ignition ene ine that the 
diesel eng ine will be able to co mpete successfully with 
the f ormer and may then b e expected to find application in 
the field of automo bile and ai rplane engines . 

The efficient use of the fuel through go od inter mix­
ture with ai r is a p rimary condition for attaining high 
specific outputs and this is all the more important at the 
higher speeds, with the correspondi ng shorter combustion 
periods . The pressures in the cylinder during the process 
of ignition and combustion determine the r unn ing charac­
teristics of the engine . Most of the investigation ~ork on 
diesel engines that has b een dono in the last few years 
dealt with the prob l em of injection, ignition, and combus­
tion and has great l y deepened our knowledge of this sub-
j ect . 

The v a rious methods that have been used to obtain a 
g ood time and space d istribution of the mixtur e have been 
comprehensively dealt with in numerous investigat ions. It 
has been shown that to obt a in th~ optimum power output, a 
uniform atomizat i on with high penetration of the fuel and 
uniform del ivery of the f1.lel by the pump are of first im­
portance . This holds true for the case where direct injec­
tion is used as well as for the case where a predombustion 
chamber , supercharger , or turbulence chamber is employed . 

The variation of the pressure in the cylinder depends 
on the time of ignition and the manner in which combustion 
proceeds . Both of these processes cannot be regulated by 
varying the strength of the ' mixture alone ; they are affect­
ed by the physical and chemical changes undergone by the 
fuel before combustion . The first investigations on the 
subject were therefore concerned with tho determination of 
the curves of boiling and the p oints of ignition of the 
different fuels usin g special test apparatus . It soon ap­
peared , however; that these inv estigatio ns could not be 
used to form any definite conc l usions as to the behavior 
of any two different fuels in the engine since the processes 
in the engine are subject to quite different conditions 
from those obtainable in the combustion apparatus . 

.. 



• 

N .A.C~A. Technica l Memorandum No. 790 3 

. The question whether the f uel, or at least the greater 
part of it, is vaporized or i s gasified just before igni­
tion , has always been a matter of dispute . The start of 
vaporization dep ends very much on the si ze of the drops as 
well as on the loca l temperature. Since all of these values 
are subj ec t to large time variations and no method free from 
objections has b ee n devised for determining the size of the 
drops , the computation of the amount of evaporation even 
when the g reatest care is used can only be roughly deter­
mi~ed . According to present - day views and the investig&~ 
tions of Boerlage and Broeze (referenc e ~), ignition occurs 
with the fuel in the vapor phase or some intermediate phase 
between the liquid and vapor. The entire fuel charge doe·s 
riot nec~ssarily vap oriz e , but only a par t of it. The view 
held forme rly that the whol e of the charge was gasified 
just before i gn i tion was shown to be unacceptable. The 
gasifying of the fuel is equival e n t to a cracking process. 
The oil gas arising from this process is less inflammable 
than the paren t fuel and gasifying should therefore be 
a void e d as much as possible. 

In addition to parti a l vapori zation , there apparently 
occurs a dec omposition of the fuel through oxidation of 
the hydrocarbons, dur ing which uns table peroxides are 
f ormed. th·e decomposition of which favors ignition. This 
theory of pe roxide fo rmatio n is no t yet well developed. 
This much, however, appears to be certain, that although 
the perox id es themselves accelerate the ignition process, 
the add ition of materials that have a tendency toward rapid 
pe roxid e formation does not aid the process. Accordi~g to 
t h e results of I. D. van Dijck (r eference 3), the tendency 
of the oil molecules to decompose at high temperatures is 
the most imp ortant indic a tor for tho ignition efficiency 
of a fuol . 

To compare the ignition prop erties of different fuels 
for the diesel eng i ~e the cetene number has been used; it 
gives a better v a lue for the ignit ion lag than that ob­
taine d by the use of i gn ition-point apparatus . Unfortu­
nately, ceten e is ~oo expensive for use in engine tests 
and other suitable materia ls of similar kind are not yet 
available. 

The most accurate information on the fuel behavior in 
an engine and the effici ency of it s atomization is obtained 
by th e d irect measurement of the ignition lag in the en­
g ine or in combustion bombs . Much useful inform~tion has 
b ee n y i e l ded by the se meth ods in the last few years. Dif-
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ferent i g nition tim e s and i g nition lags have been obtained, 
depending on the me~hod used for their measurement. How­
ever , all are agreed on the definit i on of ignition lag as 
the period extending from the be g in n ing of injection to 
measurable ~gnition . 

Th e sudden ste ep rise of the p r e ssure on th e pr e ssure­
time diag ram, as g iven by an indic a tor h a ving as little 
in e rtia a s possible, has been us ed f or the determination 
of th o start of ignition a nd the measurement of the i gn i ­
tion l ag . In oth e r experiments iO::lization p a ths and the 
photocell have b ee n applied to indic a te th e approach of 
th e fla me front at definite p oints in the combustion space 
a nd t h o ignition lag has thus b een measur e d. Spectros co pic 
mo t~ods have also b e en used for th o same purp ose. Finally, 
sensitiv e thernocouples placed a t va rious points in t h e 
e n~ in o hav e boen used for the sarno purpose. Owing to the 
in e rtia of tho apparatus use d , all the s e hl ethods a re not 
free fro m objection . An accurate method f or the det e rmi ­
nation of the ignition and combustion p rocess e s can only 
be obtained by d irectly photo g raphing the flame. 

The work under considera tion was taken up in connec­
tion with the investigatirnns which the author carried out 
on the fo r ms of spray inject e d at hi gh pressure . The pur­
pose is to invest i gate not only spr a y forms during injec­
tion into a bomb containing hot compressed air, but also 
to observe the ignition a n d combustion through direct 
flame observation and simultaneous stroboscopic p hoto g ra­
phy . Oscillograms of t he temperat u res and p ressures in 
the bomb were obtaine d , using piezo e lectric crystals as 
pressure indicators . 

Since all other methods f or the observa tion of t h e 
flame formation wer e indirect and n ot en tirel y reliabl e , 
it appe a red t o us that a larg e expenditure of time a n d 
prep aration was justifiable . The p lann ing a nd construc­
t i on of the apparatus was b egun in Apr i l 19 32, but in vi ew 
of the numerous difficulti e s met wit~. no reliabl e d a ta 
could be obtained until the end of 19 3 4 . In the meantimo 
th e ro appear e d th e first reports on s park-fl ano p hoto g ra­
phy obtained at the N . A. C. A . in the United States by A . M. 
Rothrock (references 2 2, 5), who emp loyed a s p ecial t e st 
e ng ine . Sinco his apparatus did n ot i n clude a stroboscop e , 
his photographs showed u ncl ear light strea ks whos e b orders 
indicat e d the flamo path . Horeov e r, th e disk-sh aped com­
bustion chamber of 22 mrn (0 '. 86'6 i n .) width a nd 75 mm (2 . 95 

-------------' 
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in . ) diameter was too small, so that the fuel drops were 
impacted on the w i ndo~s even befor e ignition o c curred and 
th is r e ndered the spark photo graphs unclear and ill-defined.* 
Furthermore, an elect r ic motor was used to drive the engine 
a nd it took some time for the combustion chamber to warm up. 
Self ign i t i on was not much improv ed by warming the cylinder 
walls to 95 0 C. wi th preheated g lycerin. The ignition lags 
up to valu es of I second mea sur ed by Rothrock indicate that 
h is apparatus only imp e rfectly simulated the conditions in • 
a diesel eng ine. The first fl ame pictures for the diesel 
e n gine Der e obtained by Mad er (ref erence 15) in Germany as 
far bac~{ as 192 6 . Sinco , h owever, he had to work with ex­
p osure per iods of about 1/ 3000 second, his pictures are 
a lso qu i te unclea r. 

Bird (reference 2 ) was the first one to photograph fuel 
sp r ays in c ombustion bombs . 

II . APPARATUS AND PRELIMINARY EXPERIMENTS 

After the experience gained from using injections into 
co l d compres se d air, it app ear e d to be desirable to use 
bombs with hot a ir and relatively large combustion space 
wit h large and b road wind ows so as to afford free and un­
h inde red obs e rvat i on of the combustion proce s s. The nor­
hla l c ombus t ion chamber of the diesel engine itself could 
not be us e d for th i s p ur p ose as the means of observation 
would have b een very limit ed . In ordor to obtain clear 
and re liable data on the i gn i tion and combustion process, 
the compressed air in the bomb has to be uniforD~y heated. 
The cotho d of a rtifici a l outside heating of the bomb walls 
as used by Neuma nn (reference 19) and Hartner-Seberick in 
their experiments was not empl oyed since the radiation frOD 
the wa lls of the bo mb would lead to an uneven ter!!perature 
d istribution in spite of turbulenc e. Heating the air by 

*In the N. A. C.A . publication referred to here (reference 
23 ), the conclusion ~resented was that under the low temper­
ature conditjons existing in the N. A.C.A . combustion appa­
ra tus for th is p~rticular series of tests the injected fuel 
f irst vap oriz ed and then if combustion did not take place, 
reconden s ed not on the g l ass wa lls of the combustion cham­
bo r but in the a ir in th9 chamb e r , so that the fuel was 
again i n a l i quid conditi on as extrenely snaIl drops. 
(N . A.C . A. Edito r ' s n ot e .) . 
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means of prec ombustion of the mixture of methan e , oxygen, 
and nitro gen , or hydrogen , oxygen and nitrogen, as pro­
p os od by We ntz e l (ref e renc e 29 ) and von der Nahmer ( refer ­
~nce I S) , mak es the a rbitrary determination of the start of 
inj ec tion a nd the initi a l cond i tions in the bomb d i f ficult . 
Tho incidental fo r mat ion of the CO a and HaO vapors and 
th ei r effect on the co mbustion "more ov e r has to be ac c oun t ­
ed fo r . 

l~_~~~~~l_~~~~~~~~~ . - A v e rtica l single-c ylinder 
MAliJ - d i e s e l engi ne of 320 mm ( 12 . 6 in .) bore, 480 mm ( i"S . 9 
in . ) stroke (2 , 355 cu . in . ), 22 0 r . p . l . , a n d 50- horsepow er 
output wa s used . The output was measu r e d by a directly 
cou~led d . c. dynamomete r . The diese l eng ine c ould a l so be 
drive n from th e outside by an electric motor . Th e appara­
tus an d conrie c ti ons wer e so ar r anged that the diesel en­
g i ne could b e u se d a s a compressor wo rking at reduced speed 
of a bout 100 r . p . m. Thi s appa r atus had a lr eady b een brief­
ly des crib ed in 1932 . Th e i gn i tion did not occur in the 
e ngin%-J-tse lf"; !n stead , the engine - combustion space was 
filled as f a r as poss ible by a plate p l aced upon the pis ­
ton and a cylindrical con bust ion chamber was put in place 
of t he ai r inl e t v a lv e . 

F i gur e s I to 4 show a ske t ch of the appa ratus used and 
indicate th e a ir circuit th r ough the diesel conpressor a , 
th e bomb b , and receiver . 

An a ir circuit wa s arran ged so that as littl e heat a s 
poss ibl e wa S lo st in the passage o f the a ir fron the bomb 
to the cylinde r exc ep t what TIa s lost th rough conduction at 
the wa lls . In a ddition, the a i r in t h e rec e iv e r wa s elec­
trical l y preheated sO that ste ady conditions were attained 
i n a short time . 

S e ver a l compre ss ion st rokes were required to obtain 
any des irab le pressure in the c ombust i on bomb because of 
t11e la rg e voluDe of t he cO r.1busti on space compared with the 
d isp lac em e n t v o l uDe of the e~g ine. An a u xiliary valve g , 
comp ensated the compressor for any air that may ha ve been 
lost during th e pumping strokes "an d exhaust . As soon as 
the correct pressure has been r ea ch ed in the bomb, an elec­
tr o mag net r e leases th is valve and by ho ldi ng i t op e n, a l­
lo ws the compressor v olume to co mmunic a te with the out side 
ai r . The co mp ressor wa s then r unning li ght an d the bo mb 
was d. isconnected fror.1 the "c o np r essor by pressure valv e c, 
and was ready for the inj ect ion. 

• 
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The f i nal temperature in the b on b may be controlled 
by regu l ating the fl ow of the a ir and the amoun t of the 
p r e heating . Speci a l emphasis was la i d on the regulation 

7 

o f t h e temp e r a tur e in the bomb in spit e o f the difficul­
t ies that wer e met wi th, since temperat u re exe r cises a mo re 
i mportant influence on the combust i on than the air density . 

In s p ite of th e water cooling, s t r ong heating of the 
cy lind e r could not be a voided so t hat pa r tial evaporation 
of the lubrication oi l a nd the danger of .o il e xplosions 
mi ght have been expected i n ad d ition t o th e danger arising 
from the highly compressed air mix ed wi t h oil vapors in 
th e bomb . To avoid the c ontaminat i on of t he a i r in the 
bo mb with the evap orated lubrication oil, the latter was 
r e p laced by colloidal graphite. No t ro u bl e fr om this 
s ource was found ~hen graphite lubricat io n was used . A 
safety valve set for 60 atmosphere s aff orded further pro­
tection a gainst sudden rises in p r essure . 

~~_1h~_~~~£~~~~~~_£~~£.- In d esign ing the bomb, a pri­
mary consideration was tha t the sp rny co mi ng from the noz­
z l e should as far a s possiblo a voi d cont a ct ~ith any walls . 
Fro m p reviously obtained results on spray speeds, penetra­
t ion, a nd co mbustion pe riods, it was de cided that a com­
bu stion spa c e of c y lindrica l s hape, a bou t 400 mm (15.75 in . ) 
lo ng and 100 Plm ( 3 . 94 i n . ) in d i aBote r ( 1 91 . 6 cu.in.), 
would fulfill the n ecessary condit i ons . Due to this rela­
t ively large combus t ion space, th e pressure was required 
t o be built up in severa l stage s . 

The weakening of the cylinde r wall along its length 
r e sulting fro m the inset of the 30 0 mm ( 1 1 . 81 in.) long 
a n d 40 mm (1 . 57 in . ) wide obs e rvat ion wi n dow k, was cor:l­
pensated a s f a r as p ossible by reinfor c ement around the rims . 
( See fi g . 1 . ) The entire bomb was made o f one piece of 
s t e el, 45 k g /mm 2 ( 64 ,000 Ib . /s q . in. ) st r ength . Great dif ­
f iculties were met in the choice o f suitable glass for the 
wind ows . Preszhart- g las of 3 5 mm (1 . 38 i n . ) thickness was 
f ound to be unsuit a ble on acco u nt of i t s i nner expansion 
a nd Se kurit - glas of 12 mm (0 . 47 i n . ) thickness was final l y 
c hosen . This gla s s p roved to be an exc e ll ent choice, be-
i ng able to withstand continuously the p r essure of 60 at­
mosp heres at a temperature of 4 50 0 C. Onc e the glass did 
break with e xp losive f orce; it s mashed into blunt pieces so 
t hat the dang e r for the bystander s uas less than would have 
b een the case had Preszhart - g l a s been used . After the first 
e xplosion the entire bo mb was surro u nded with a sheet metal 
s cr e en as a fUrther prot e c t ion. No wind o w cleaners were 

J 
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required on the inner sides of the windows since the fuel 
spray did not come in contact with them and thus did not 
obstruct the c l ear view . 

The nozz l e ho l der with rep laceable n o zzles was fixed 
in a water - cooled jacket a long the axis of the cylindrical 
combustion space . The ent i re bomb was firmly pressed on 
the cylinder cover and held by tension rods . 

The by- pass va l w d, was placed in the upper end of 
the bomb . As this va l ve was constantly exposed to the hot 
air stream , it had to be ~de up of special heat - resisting 
material . The opening of the valve and hence the size of 
the cross- sectiona l opening of the throttle could be ad­
justed by hand by means of a fine screw . In this way the 
compression pressure a n d the temperature could be con­
trolled . By moans of a lever arrangement, this valve 
could instantly be closed olectromagnet i cally when the de­
sired charge in the bomb was obtain ed . 

A safety valve n , which could be brought into action 
as soon as a pressure of 70 atmospheres was exceeded, was 
likeTIise connected to the bomb . In a hydraulic pressure 
test made at 80 atmospheres, enly slight elastic deforma­
t ions could be observed, but no pe rmanent change in form 
was found . Connection to a usual spring manometer allowed 
continuous observation of the pressur e in the bomb . Sev­
e ral shor t tubes al o ng th e bo mb axis were provided for the 
ins e rtion of the thermo coupl es . 

Accurate pressure measurement s were obtained with a 
quartz indicat o r (fi b ' 5 ) and r egiste red o n an oscillo­
graph . Various forms of indicator were experimented with, 
during which it was found that changes in the zero position 
and sensitiv i ty were b r ought about by expansion of the 
housing as TI ell as by variations in t he fo rm and elastici­
ty of the pressure menbrane at high temperatures . Follow­
i~g the suggestion of S . Ueurer, the fo rm of indicator 
shown in figure 5 was f i nally chosen . This indicator does 
not a llow the zero point to be shift e d ,vith expansion of 
the housing , The entire p ressure Was taken up by a th in 
copper membrane b . Th is indicator was also found suita­
ble at the high temperatures . 

The entire bomb was not heat insulat e d on the outside, 
but only tho conne c ting p ipes . Since the bomb was not in­
suI ate d , itt 00 k abo u t 80m in ut e s for the co mp res sed air to 
reach the ignitio n point . Several metho ds were tried in 

• 
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order to reduce the time . The bomb was at first fitted on 
the inside with asbest o s-like p lat e s of " Europil" with lJeu­
s ilbe r coating and the t i me for heating up was thus reduced 
t o a bout 50 minutes . It wa s not found feasible to provide 
e lectric heating between the mica and Europil plates. The 
best insulated material was found to be a cylind er of sheet 
meta l e nameled on both sides , p l ac ed in th e bomb cylinder 
a t 3 mm (0 . 118 in.) separat ion. 

Q~_X~~li~.i~~~iQ..~~- The experi ments were designed t o 
s imulate present - day ' veh icl e engin e s as far as possible. 
To hav e made too many changes in the apparatus for the 
p urp ose of obt aining better observation, would have falsi­
f i ed the whole p ic ture of the combus ti on process as it a c­
tually occurs in an eng ine. For the se experiments a Bosch 
p ump , type PE IB 100/100, was chosen a s this is the pump 
used for most vehicle engines. 

I t wa s now necessary to redesi gn the pump so as to 
de l i ver a single injec t ion of any desired quantity and at 
a ny des ired speed into the bomb chamber . 

Th e fuel pump was directly coupled to a d.c. motor 
whose speed could be varie d betw een 250 and 1,500 r.p.m. 
A control rod actuated by an ele c tromagnet regulated the 
a mount of injection for any speed of the pump. An addition­
a l magne t brought the r egulatin g rod back to its original 
p os ition as soon as the requisite fuel quantity was deliv­
e red . I t was not found adv isable to replace the second 
magnet by a sp r ing since this would have put too great a 
load on the first magnet . 

F i gure 6 sho ws the ar rang ement of the fuel pump and 
drive with control magne ts . The current for both magnets 
was taken off sl i ding contacts o n rings around the pump. 
By mea ns of a n int errupter arrang ement current was suppl i ed 
to th e magnet s during a s ingle rotation only. Figure 7 is 
the d iag ram of connec t ions and will be further discussed 
late r on . 

A heavy flywh ee l was fixed to the pump shaft to " ive 
a more uniform charge del iv e ry . This arrangement worked 
satisfactorily at all speeds and cut-offs as long as care 
was ta~en to s ee that the pipe b etween the pump and fuel 
valve was always filled and was under the closing pressure 
of the needle va lve. 

J 
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some time arid oaking some Binor changes in the apparatus, 
uniform ignition was obtained in the bomb . The work of 
constructing the photographic apparatus was then begun , 
taking into consideration the i ntensity of the lig ht of 
the f l ame . L i ttle would be ga i ned by n aked- eye observa­
tion on account of the very sho rt times involved. 

Pictures were first taken with ordinary photo graphic 
apparatus . All sun l i gh t was cu t off from the bomb, a 4 . 5 
aperture diaphragm being held open in front of the objec­
tive . A sing l e picture was taken of the ignition and COE1-

bust ion p rocess us i ng the light of the burning flame it ­
self . Figures 12 to 15 show photographs of two magnifica­
tions thus obtained . The shape of the burning spray can be 
easily rec ognized , though it can g ive no infornation on 
the p lace of ignition , t i me of conbustion, and path of the 
flame . I n fac t, any attempt to interpret these pictures 
in grea t e r detail would lead to error . 

Some interest i n g facts may ne vertheless be observed 
from figures 12 , 13 , and 1 4 . These pictures were obtained 
at temperatures near the i g nition lic it . Within this re­
g ion of tenperature a mass of burning fuel droplets could 
be observed by eye . On these photographs the paths of 
these drops appeared as lines so mewha t resembling a comet 1s 
tail . The light intensit y of the d rops was so f ee ble, how­
ever , that they could not register on the stroboscopic pho­
tographs that were taken later on, although they could be 
observed by the naked eye . 

To obtain a large number of photo g raphs, the apparatus 
shown in figures 8 and 9 was used af ter other forms of ap­
paratu s such as the L i ndner - Schlieren were considered . 
The Lindner-S ch l ie r en method , using spark photography, 
(reference 12 ) , wa s n o t employed because only seven pic­
tures could be taken for each injection and, besides , oth­
er difficu l ties in th e way of uniform il l umination were 
met with . 

~~_Eh~t~~~~hi~_~~~~t~~ .- At th is point it was de­
bate d whether or not it was advisable to buy one of the 
forms of apparatus put out on the ma rket and thus be spared 
the trouble of developing new apparatus . Several important 
objec t ions were found , ho we ver . For a picture frequency of 
500 pictures per second and the co~bustion period estimat ­
e d as 0 . 08 second, about 80 cm (31 . 5 in .) of film would be 
required for each pro c ess (reference 6 ) . This small useful 
film length required a roll of film of about 40 m (131 . 20 
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f t . ) length in order to taEe acc oun t of the starting and 
s topp i ng of the film. Be s i des, at the a bove-mentioned 
f re quency, the p ictures obtained would be very much dimin­
ished in size and would not all ow o f clear magnification . 
For the se reasons an endless film band on a rotating drum 
(reference 14) and not the usual type of film roll was 
used . 

As no suitable appa r atu s of this type to meet all of 
our requirements was on the mark e t, it had to be newly de­
s i gllcd and built in th e Dr e sden Uachine Laboratory. The 
ma in spe cificati ons were theso: 

1 . Picture frequency, a bout 500 per second. 

2 . ~umber of p ictu res for each injecti on, about 
25 to 30. 

3 . Pictur cs to be reduc e d no more than 1/4 the 
natural s ize . 

4 . Greatest po ss i bl e defini tion up to speeds of 
10 m ( 32 . 81 ft .) per second; illuminated 
po int expo sur e about 1 X 10- 5 seconds. 

5 . Illuminatio n to be restricted to the film drum . 

6 . Cut - off of illumination to be possi ble at any 
po int on the Qrum circumfer ence. 

Fi gures 8 and 9 show th e apparatus. It consists es ­
sent i al ly of a slo tted d isk a, rotating up to 4,500 
r . p . m.; f ilm drum 0; light cut-o ff h; rotating dia-
p hragm g ; and the opt i c-al sy stem. All part s are firmly 
f ixed to two channel beams and held in the optical axis 
o f the bo mb window . 

At first it was p lanned to hav e the disk a, made of 
dur a lumin , but this wa s found to b e unsuitable on account 
of slight dist or tions and expansio ns. Th i n-sheet metal of 
uniform s trength, as wel l a s pa ste board, was also tried 
but Do t h were simil a r l y found unsuitable . It was finally 
de cided to have t he d isk made of 0.8 mm ( 0.0315 in.) thick 
Nqvot ex p ressed in b e twe en t wo p lat es . Eight slits 1 mm 
(0 . 0394 in .) wide and 100 mD (3 . 937 in .) long were cut 
a round the c ircumference and de termined t he pi c ture fre­
quency and light- exp osure time. Th e disk required a It­
h orsep ower driv i n g mo tor . 
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At the housing of the disk is tho round axle box n, 
joined to the fi l m drum 0, by a bayonet catch . The fi l m 
drum is dr iv e n by a spec i al motor Q, at speeds up to 
1,150 r . p . m. The dr u m speed must be accurately adjusted 
to the d i sk spee d to av oi d any ov e rl appi ng Or too much 
separati on of the p ictures . Special highly sensitized 
doub l e- coated supe r - agfa- Rgntgenfilm was used . 

On th e s i de of the disk facing the bo mb is the dia­
phragm g , actuated by an electromagnetic release mechan­
ism sO a s to adm i t li gh t during one rotation of the drum 
only . The photograph ic apparatus was synchronized wi th 
the inje c tion apparatus by means of a third controller 
drum on the p u mp shaf t. 

In order to obtain complet e information on the whole 
combustion p rocess, p ic tures of the spray before as well 
as after i gni tion were desirable . These were obtained by 
means of silhouette photo graphs similar to those used in 
spark photography (reference 8 ). As great difficulties 
were found in synchro n izing the spark illumination, an a rc 
light tak i ng 20 amperes at 40 v olts was employed . Extend­
ed photometric experiments, w i ch were c onducted with the 
fr i e ndl y a id o f A . Weise , showed that a li ght intensity of 
as much as 150 , 000 lux c ould be obt ained by conc entrating 
the light rays from the arc thr ough two condensing lenses 
of 150 mm ( 5 . 9 1 in .) and 30 0 mm (11 . 8 1 in .) di ameter , eve n 
after account had b een taken of all the light losses . To 
obtain a good s ilhouette on the film, an exposure time of 
0 . 000002 seco nd wou ld have be en sufficient , whereas in 
practice a pe riod of double this tine was provided for . 

I t wa s necessary to reduce the light intensity of the 
a rc so as not to block out the light of the burning spray 
itself and thus spoil the p hoto g raph . This was done by 
placing a strong g re en filter between the a rc and the bomb . 
Figure 1 6 shows a photo graph of the apparatus . I n the fore ­
ground may be se en the large condenser, next the bomb , and 
the housing for tho disk . Fi gure 10 shows the set - up of 
the entir e apparat us. 

III . FEASURE .ZNTS AND CALIBRATIONS 

~~_~~~Q~~~i~~_Q~~Q~- .he co mbustion bomb is set in 
p lace of the in l et v a lve on the diesel engine , which is 
us ed as a compressor of 38.6 liters ( 2 , 355 . 5 cu . in.) dis-
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p l aceme nt volume . The rema ining nonuseful volume in the 
d i ese l cylinde r abov~ the p is t on and in the valves amount ­
ing to 0 . 91 liter (55 . 5 cu . i n .). The t ot al volume of the 
bo mb amou nted to 5 . 512 liters (336.4 cu.in.). The compres­
sion ratio was theref ore a bout 1/7 . After three strokes 
of the p iston a p ressure of 54oatmospheres was reached in 
the bomb. Te mpe ratures of 400 to 450 0 were reached at 1-
atmo sphe r e p re s sure af t e r r a th e r long preheating of the 
bo mb with the relief valve ke~ somewhat opon. After five 
or s ixocomprcsston strokes the temperatures of about 450 0 

to 570 a t 20 to 40 atmospheres gage pressure were reached, 
d ep ending on the amount of preheat ing of the bomb. The in­
j e ctions a nd c ombustion occur red at the se initial condi­
tio ns. 

For reasons of safety the combustion pressures in the 
bo mb should not exc e ed 60 atmosphe res . This condition de­
t ermined the max imurl1 amount of fue l spray that could be 
used without g iving rise to excess ive pressures. For a 
pressure of 20 a t mosphere s, the quantity would be about 
7 50 mg , a n amount that could not be delivered by the pump 
us ed at t he t ime. Combustion wit h large excess air there­
fore to ok p l a ce in the bomb . Sin ce, however, the air tur­
bu lence was slight and the spray c one occupied only a small 
p ortion of the a ir space in the bomb, the excess air in the 
spray was a ctua lly less. Th e volume of air required for 
co mbustion depends on th e p r essure and temperature accord­
in g to f ormula 

To P 
Vo = V 

Po T 

Po = 10,000 kg /m2 ( 2 , 048 . 2 Ib./sq.ft.) 

To 283 0 
K 

For c omp l e te combustion an amount of fuel ], 
j ec tod into the bo mb, whe re 

1 13 = Vo - ---
Lmin 

f (P,T) 

could be in-

Whereas the tota l volume o f the bomb space is 5.5 liters 
( 335 . 6 cu . in . ) , th e sp ray its olf 0 cupios a much sna110r 
volune . FrO D ex~er in ent, it was found that tho cono angle 

. - 0 
of the spray had an average va lue of 20 and a penetration 
of a bout 40 cn (1 . 57 in. ) . With these values the volume 
of the spray was co nput ed to 00 about 1 . 6 liters (97.~~ 
cu.in. ). 
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Figure 11 shows th e amo unt of fuel spray into the bomb 
as a f unction of the p ressure and tempe r a ture for excess 
a ir coeff i c i ent A = 1 . The region to the ri ght of the 
temperatu re lin e s r ep re.s ents the region ' of excess air A > 1 , 
and tha t to the left of t he lines is th e reg ion of effi ­
ci en c y o f ai r A < 1 . One s e t of curv es refers to the 
bo mb vo lume, the other to the spray volume . The pre ssure 
incr er:le nt 

.6p = Pz - P l (kg/cmZ) 

is c omputed fr om the amount o f fue l injection Q,E = E Hu 
(k c a l) wit h the aid of the equation 

Assum ing the value of 1 . 35 for K 

u me of the bo mb in the equatio n, 
27 . 0 E. 

and substituting the vol­
.6p comes out equa l to 

F i gu r e 36 sho~s the v a riation of the pres sure incr ease 
.6p wi t h fuel charge E. On t he same d iag ram is a lso shown 
t he decrease of t h e exc ess air coefficient with increasing 
char5e A, and Az r eferr i ng to the t ot a l bomb volume 

and spray- cone volune , respect i vely . Th e rise in tempera­
t ure in the b omb a f t e r i gn i tion is c easured by consid e ring 
th e a~oun t of air a n d fu o l i n the bomb . The heat of the 
air in the bo mb of vo l ume 5 . 51 lit e r s ( 335 . 63 cu . in .) is 

tl 
Q,L = 0 . 0 65 P l/T1 [ Ov] tl [ k c a l] 

o 

According to Rosin, for ea ch k ilo gram o f fuel with exc ess 
a ir 

Vmin - Lmin = 0 . 268 X 10-
4 

[mol/g] = 11.1 - 10 . 5 

= 0 . 6 mm3 / kg ( 46 . 71 cu . in . /lb . ) 

Th e amount of heat after combus t ion is therefore 

and therefore 

t~ 

P tl 
o . 0 65 T~ [ Cv]o t l + 1.0 E _ _ _____ L ______________________ ~- [O ~ 

~~ 10- 4 [0] Vz 0 . 065 T + 0 . 268 X E 
1 V 0 
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Had the excess air b e en neglect ed, th is equa t io n wou l d not 
be suff i c i ently accurate f or low fuel charge s. The com­
puted values of t2 are g iv en in f i gure 36 a s a fU n ctio n 
of th e fuel charge B . If the bomb v olume b e co nsidered 
as the combusti on sp a ce of a diese l e ng ine c y linder, the 
l a tter wou l d have a d isp l acement o f a bout 75 l i ters 
(4,576 . 7 cu . in .) at a compression r a tio of 1 6 . For A = 
1. 6 , 3 . 4 5 g (0 . 008 lb . ) of fu e l could b e bu r ned for each 
~orking st r oke . The bomb would th en corre spond to an equ iv­
a l ent 2 - stroke- cycle d i ese l en gine of 350 r. p . m. and 400 
h orsepower per cylinder . Th e a ctua l inject e d f u el quant i­
ties, amounting at most to 270 mg, corresp ond t o a cyli n­
der output of ab out 31 horsepower. 

~~_~~~l_i~i~~~~~~~- The p erforma nce o f the Bosch fuel 
p u mp was f ir st investigated ( f i g s . 37 to 39 ). Figure 37 
g ives the lift curve of the pump as a f unc ti on of the cam­
shaf t an g le a, with different cu t - off s. F i gu re 38 shows 
t he d ischarge volumes at different cut-of fs at 300 atmos­
ph e r e s injection pressure and spe ed s o f 300 t o 800 r . p . m., 
where Vr is the computed v a lue, Vp r t he measured value . 
On a ccount of the length of the de l i ve ry tu b e of 2 m (6 . 5G 
f t . ), i rr egular i ty of the d is charg e cau sed b y o scillations 
in the tube was somet i mes o bs e rved and could n o t entire ly 
b e a voided . The computed ang l e s and t i mes fo r the pump 
discha rge at the different setting s a r e g iv en in figure 39 . 
Th ey a g r e e fairly well wi th those ob tained fr o m the ~hoto ­
g r a phs . Bosch valves giv ing sp r ay angl e s of 4 0 to 8 were 
used . 

Q~_E~Q..~Q..g:~:.~~i~ __ @J2.~!:'~~~~ .- The f ive e sse n tial requi r e­
me n ts for this apparatus have alrea dy been men tio ned . F i g ­
ure 40 sho ws the exp osure tine s fo r d i f fer ent strobo scop ic 
disk s p eeds . Three differen t times a re di st ingu i shed ( fig . 

40) : tJ. = ~~ determining amount o f film bl a cken ing, 

t2 = Ali_t_Q~s determin ing the d egr e e o f de f i n it ion, t 3 
Vs 

~9:. __ ±_9:.H. _"±_~~ 
Vs 

t o ta l exp o sure time de t e rmin ing p i cture dis-

t ortion, where Vs is the disk spe e d , vf is the film 
drum sp e ed in me t ers per second, and AB is the slit width . 
A s p eed of 3 , 250 r . p . m. for th e disk i s r equ ired to give an 
exposure t i me of 1 X 10 - 5 second s . A defi n it e speed of 
the film drum must correspond to a n y s pee d o f the disk in 
order to h a ve an even p icture dist r ibution on the film . 
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Th e re l at i on is 

= 3 . 56 nf (r . p . m. ) 

wh e re b = 1 . 5 cm (0 . 45 in . ) is the distance apart of the 
photo g raphs on the fi lm , rf and rsm the average radii 

of the drum and slits . Th e relation is g r aph i cally shown 
in f i g ure 40 . There were eight sl its in the disk at an 
av e rage separation of 23 . 9 cm (9 . 41 in . ) . The time t w ' 
re qu ir e d for the light to pass from a g iv en p oint on one 
picture to the correspo nding point on the next picture , 
an d the p ictur e frequency v, are g iv e n in figure 4 1 a s 
functions of film d rum s peed nf ' The degree of def ini-
tion a nd amou~t of distortion in millimeters a r e a lso s h own 
on the same figure . At the usual speBd of 900 r . p . m. , the 
photo g r aphs obtained were suff i ciently sha rp, the dev i at ion 
from a sla r p image not exc eeding 0 . 15 mm (0.00 6 in . ) . The 
distort ion of a bout 0 . 6 mm (0 . 0 236 in . ) was within talera ­
b 1 e li 1'1 its . The c 0 mp uta t ion s VI' are car r i e d 0 u t wit h ref e r ­
en c e to t hat i m est l ' t z , an d t 3 • The d e g r e e 0 f de fin i ­
tion u, and amount of dist ortion z, brought a bout by 
tha raotion of both object l a n s and film drum were comput ed . 
Assuming a n ave r age valu e for the spray velocity and a com-
bus t ion sp e ed of 1 3 . 5 m/s ( 44 . 3 ft . /sec . ), and a size dim­
inut ion of photograph of 0 . 22, U o = Vo t z (mm) where v o ' 
the spray velo c i ty, is 3 , 000 mm/s (9 . 8 ft . /sec .). The 
corresponding value for uf is uf = vf t z ( mm ) . The dis-

tortio n zo' due to mo tion of the obj e ct lens is Zo = 
Vo t3 ~ and the d is tort i a n zf' due t o film motion, is 

z f = v f t 3 ( mm ) . 

Th e size of f ilm d rum and opt i cal arrangement allowed 
28 pictures to be obtained on th e drum circumference . To 
avoid doubl e exposure and all o w for the proper action of 
the light s hutter and the inst antaneous li g ht cut-o f f, 
o n ly 26 pictures ·were taken, of which 14 to 1 6 were suffi ­
cient for int e rpretation . 

I T. PROCESS OF I GNIT IO A-n COMBUSTION AND 

I NTERPRETATION OF PHO~OGRAPHS 

The test wa s c onducted i n th e fol lowing manner : The 
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engine used as compressor was preheated an hour or so until 
a temperature of 400 0 to 450 0 was r eached , and the charging 
process then begun after closing th e by- pass valve. After 
two to three compression strok es there was a further rise 
i n temperature to a bout 550 0 with gage pressure of 25 to 30 
atmospheres . Further increase in bomb pressure did not ap­
preciably raise t he tempe rature. There was observed, on the 
contrary, an appreciable drop in temperature, explained by 
the fact that after two or three suction strokes, fresh un­
preh ea ted air was drawn into the co mpress o r. Horeover, the 
heat conduction and r a diation increased at the larger den­
si ties so that the additiona l heat of compression was not 
sufficient to cover the increased heat loss. It was not 
co nsidered advisable to improve the heat in sulation of the 
bomb because of p ossible injury to the glass. When the 
temp e rature had reached the desired value, the injection 
and p ho t og raphic apparatus was brought into action. The 
pre ssures and temperatures in the bomb were read simulta­
neously and in sev e ral cases also recorded on the oscillo­
graph . The flame was likewise obs erved v i sually. The en­
erg y set free in the confined space in the bomb is con­
verted into a sudden pressure and temperature rise which 
soon dies down after the heat exchange has been effected. 
After combustion the exhaust gas i s allowed to escape by 
opening th e by-pass v a lve in the bomb, closing the air valve 
in t he compressor, and opening a fresh-air valve of large 
cross- sectiona l area in the manifo l d. After the bomb has 
been scavenged and the bomb h as reached the proper temper­
at ure, it is freshlY cha rged with air for the next trial. 

Figures 17 to 19 show photographs obtained with gas­
oil injection . The picture fre quen cies ranged from 300 to 
50 0 pe r second according to the s peed of the film drum. 
They we re obtained as negatives and theu copied. Original­
ly obtained at a re duc ti on in size of 22 percent, they are 
here g iven reduce d to 15 percent of natural size. Figure 
66 shows a case of go od combustion with average ignition 
time lag . Th e start of combustion appears to be at the 
edge of th e spray at its upper t hir d port io n. A green fil­
ter had b ee n used to obt a in a clearer picture of the spray 
by its own light . The f irst three pictures are silhouettes. 
The intensity of the darkening is an indication of tho spray 
densit~ and de g r ee of atomization at different points. The 
u~e of a definite picture frequenc y makes it possible to de­
termine the flame speed, ignition lag, and period of combus­
tion. There is another very imp or tant characteristic to be 
0bserved in the photo g rap hs and-that is the schlieren forma­
ti~ due to differences in density of the combustion prod-
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ucts . Using approximate l y para llel light r ays , these vari ­
ous densities appear as d a rk lines . Beginning with the 
f if t h p icture of figure 1 7, the outlines of the sp r ay show 
marke d sch lieren for mat ion. The succeed ing p ictur es of the 
s a me figure at the ir upper p ortions show up part icul a rly 
well the d ifference in the effec t of the li ght on pure a ir 
and exhaust ga s . Since the air in the bomb before i g ni­
ti on h a s no appr eciable motion o f its own, the line s ap ­
pea r only on the spray i ts elf . The appearance of schlie­
ren format i on is of pa rt i cular imp ortance whe n the light 
of the f l ame is weak and not s uffi ciently effect iv e o n the 
f ilm. In this c a se , however, the ign i t ion la g may still 
be determ in e d by the appearance of schlieren formation on 
the ph 0 to g r ap h (f i g . 21 ) . J3 Y u s i n f~ a sp e c t r 0 s cop e inc 0 n­
n oction with flame photography , still more tar- reaching 
c onclusions may be drawn, particularly wi th respect to 02' 
CR , and OR r ad ica ls . 

The choice of col o r and th i ckness of filt e r was a mat ­
te r of considerable imp ort ance in this connection . Figure 
18 shows, fo r example , a photohraph obt ai n e d with a blue 
filte r . In this case the flame p ictur e s appear as s il ho u­
ettes , showing the light from the f l ame was l ess ef f ect iv e 
tha n tha t which filtered thro ugh from the a rc . Such p ic­
tures a r e quit e unsuitable for d is tingu ishing the nonburn­
ing from the burning spray . (See a lso fig. 33 . ) For th is 
reason, a blue filter wa s not g en e r ally used . 

Figure 19 shows t 'la t s ch li eren do not appea r at a mis­
f irin g , only a silhouette being observable . At the end of 
inj e c t ion the bo mb space again b ecomes pe rfectly transpar ­
en t . The v i ew rema ins clear up to the last p icture , al ­
though a considerab le part of the injected fuel has mean­
wh ile evaporated . This ~hows that the streak for ma tion 
do e s not orig ina te from th e evaporation of the fuel. Nor 
are the streaks affe ct ed by th e color of the filter . 

V. INJ3CTION OF GAS OIL 

The a ppa ratus could be us e d t o tes t the suitability 
of different diesel fuels by a reliable obj e c t iv e method . 
The American fuel oil t a sted had a lower heat value of 
10 , 014 k cal /kg (18 , 025 B . t . u ~ / l b . ) and specific we i g h t of 
8 87 kg/m3 ( 55 . 3 7 lb . / c u . ft . ) at 20 0 • 

l~_lg!!j,J~_i\?-~_:L_~~_~~<!_~Q.~Q.~ .~tiQ.l~_~~i~g_~_~Q.§..~h_~~_~<!l~ 
Y~ly~_t~~f~~<!~~~L'- F i gur e s 20 t o 25 show photographs ob-
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tained using a Bosch valve type DN4S1 wi th 4 0 spray angle. 
Fi gures 20 and 21 were obtain ed at the lower limit of kind­
ling temperature . Whereas figure 20 still shows a bright 
flame, figure 21 shous that the flame was too ueak to af­
fect the film, though still observable by naked eye. In 
this case the i g nition time lag was obtained from the 
schlieren formation. Figure 20 shows quite a long igni­
tion lag after whic h the flame spreads nore and more doun­
ward . The flame shows a rather distinct outline which in­
dicates that the spray had not yet reached air that was 
ho t enough for the trans i tion to the state of combustion 
to be very noticeable . 

Figures 20 and 21 1ike\7isc sho\1 up the effects of 
l arge differences in the amount of fuel injected. During 
all these tests the fuel cut - off at the pump was varied so 
as to obtain a relation fo~ t.e effect of amount of fuel 
charge on ignition lag and flane formation. From all the 
t est s it was found that by cutting down the fuel quantity 
to approximately one-half, that is, from 270 mm3 (0.0165 
cu.in . ) to 140 mm3 (0 . 0085 cu.in.), the ie;nition lag was 
reduced about 10 to 15 percent. These values, lying with­
in the limits of experimental error, did not make it possi­
ble to obtain the des ired relation. The probably increased 
i gnitio n lag with quantity of fuel charge may possibly be 
explained by the fact that the degree of atomization and 
distribution of the f uel became worse with increased fuel 
charge, and the larger fuel quantity requires more heat 
enorgy from the air for iGnition. The brightness of the 
flame is, however, considerably greater for the larger fuel 
charges as comparison of figur es 20 and 21 shows. No appre­
ciab le effect of increased injectio n pressure above 300 at­
mospheres on the ignition lag could be observod. 

Figures 22 a n d 23 were obtained at higher bomb temper­
atures and show smaller ignition lags. For figure 22 a 
pintle valve type DN 12 SD 12 was used, allowing a particu­
l ar ly uniform atomization of the fuel. The spray form is 
therefore somewhat different from those shown in the other 
photographs . It is a fact worth noting that the flame 
spreads very quickly from the outer edge of the spray to 
the core, bursting the core to a certain extent. From 
this it may be concluded that the atomization was very fine 
and uniform at the inner part of the spray cone. At the 
tip of tho spray, on the other hand, tho atomization appears 
to have been coarser since it took longer for the flame to 
arrive at the tip . Compa re with figures 17 and 23. The 
same phenomenon was observed also in other tests uhere, 
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on acco unt of the oscillation s in the tube, the nozzle pin­
tle was almost closed for a short time so that the spray 
was thinner and the inner p or tion of the spray soon reached 
the conditions for ignition . I n no case, however, Was t~e 

flame found to start from he core . L . Breves (ref erence 
4), on the basis of his ionization tests on a Krupp- Lioodag 
two- stroke diesel engine, assumes the p ossibility of igni­
t ion at the spray core . He employed nozzles of 0 . 3 mm 
(0 . 0118 in .) bore . The tl eory of L . Breve s, that the rapid 
heating at the flame edge leads to decomposition products 
which first ignite at higher teraperatures, could not be 
tested since it was not possible to measure the very small 
ignition lags (0 . 00087 to 0 . 00150 second ) neasured by his 
ionization meth o d . The reliability of this method is, how­
ever , que stionab~e since not only the occurrence of igni- . 
tion but also any strong temperature an d p re ssure c~ange may 
b e indicat ed by the ion ization . Figure 23 shows the flame 
starting at the outer edge of the spray 3 cm (1 . 18 in .) be­
ne~th the nozzle opening . Only 21 cm (8 . 2 7 in .) of the 30 
cm (11 . 81 in .) long observa tion win&ows were illuminated 
by the arc lamp . Onl y when the f lame had penetrated a d is­
tance more than 23 cm (9. 06 in . ) fron the nozzle opening, 
which occurred for large i n ject ed fue l quantities , was the 
rest of the wi n dow illuminated and the e ntire width of film 
utilized . 

When the bomb tempe ra ture is increased by compression 
to about 550 0 C. , igniti on lag values of about 0 . 0025 sec­
ond are obtained, of the same order of magn itude as those 
obt a in ed for the running eng ine by othe r mean s. Here, too , 
it is clearly s een how the ignition starts at the edge of 
the spray . Apparently those parts of the spray which are 
most finely atomi ze d a nd lose their ene rgy of Taotio n soon­
est, rapidly taking up heat from the air, ignite first . 

Fron these and the recaining photographs, it ~ay be 
concluded tha t co cDust io n of the fuel sets in at sone in­
termediate c ondition between liquid phase and gas phase , 
starting mo stly at the spray edge, but also , under condi­
tions of unusually fine atomization , at the inner core . 
No doubt part i al evapora tio n as well as formation of gas 
occurs i n addition to chemica l reaction with the oxygen 
in the air . This conclusion may be drawn from the fact 
that the spray at it s outer edge becomes transparent before 
i gn ition, as shown on many photo graphs with both large and 
small i gnition lags . The transparency may be caused by the 
evaporation as well as by increased at omization and disper­
sion . The assucption that co mplete or extens i ve evapora4 
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t ion takes p lace b efore ignition c an ha rdl y be accepted, 
s ince as Tausz and Schulte (referen ce 27 ) · have shown igni­
t ion may Qccurwith the . fuel .drop at 200°, whereas the drop 
complete ly evaporates at a temperatur e of aoo"ut 400°.* 

Figures 24 and 25 show clearly how the pr ocess of com­
bustion, for ' ~ho rt ignition ~a gs, is controlled by the in­
jec t ion . Th e temperature in the bo mb ar is ing from the com­
bustion is so high that the additional inject~d fuel ig­
n it e s a l mo st immediately after enter ing the combustion 
chamb e r . As soon as the fuel is cu t off, no more flame is 
observed ncar the nozzle opening . Even the interrupted 
f u e l flow caused by oscil l ations in the lo ng fuel pipe may 
be Dade out on the first photo g raph of figure 25. 

In this experinent a s well as in others a slow rising 
of the center of the schlieren toward the ' spray direction -
t h a t is , upward, is observabl e . This motion takes place at 
a sp ee d of about 1 m (3 . 28 ft.) per seco~d. This change in 
d ir e c t ion may be 'expla ined by the fact that the main part 
of the cODbustion occurs in th e lower part of the bomb 
spac e, cau s ing the burned gases to flow upward to equalize 
t he pressure . When the combustion took place in the upper 
part of the bo mb, as in f i gures 17 and 22, the motion of 
t he streaks was in the opposite d ir ectio n. Tne very dark 
center of the schlieren appears always at the place where 
a particularly large quantity of fuel is burned. Uniform ' 
schlieren may therefore be take n as an indication of goo d 
atonization and vice v e rsa. 

Th e experim~nt s with the Eosch spray nozzle show a 
s trong dependence of i g nition time lag on the te8peratuTe . 
In th e absence of turbulence, the air density, 

PL / 'Y = ------- [kg m3 ] 
L 29 . 3 TL 

and the oxygen concentratio n 

c = o 

-_._---------------------------------- ---~------------- ------_ .. 

*Wentze l (refe.rence 30), assu ming certain coefficients of 
heat conduction, co mputes the t ime o f evaporation of a fuel 
drop of 0 . 01 mm (0.0 39 in .) d.iameter at 550 0 air tempera ­
ture to b e about 0 . 0005 sec'o nd, much shorter than the usual 
ignition lags in the eng ine . His assumed coefficient of 
conductivity appears, however, to have been to o high. 
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proport iona l to it, were of consid e r a ble imp ortance . A 
l arge oXYGe n concentration apparently favors rap id chemical 
reaction q .it e appreciably . Th e obs e rvation of Neuman n 
(r ef erence 2 0), a rriv e d at fro !":! theoret ica l consid e r ation s , 
tha t li t h e h i gne r the oxyge n concentra.tion the lower the a ir 
tempe rature may be withou t increasing t!le i gn ition lag,1I 
appea rs i n our tests t o have be e n fully v er ified. 

The va riati on of i gn ition time lag with air density 
and te mp e r atur e is shown in figure '42 . Th e cu rv es are 
separat·e d by 30 0 t empe r ature differences . Since no accu­
rately det e rmined t empe r ature for ea ch curve was possible , 
the a ctua l tempe r a tures a r e g iv e n at each p oint . . The p oints 
stil l f ur the r remov ed fro m the cur ves may be ascr ib ed to er ­
rors in measu r enents and th e c ho i ce of the var i abl e fue l 
charge s . It may be s ee n from these cu rves that decr eas ing 
th e tempe rature is mo r e effe c t iv e i n in c rea sin g t he i g ni ­
tion lag than decreasing t he a ir dens ity. Again, it should 
be noted tha t the se valu e s h old good on ly for undisturbed 
air and even tempera ture d istribut ion in the bo mb . 

~!.._Q.9. .@.~~§..~i:.2..~-'-p_!,_~_ §..~_~~e_ §.. ._c9.::.~d._!. ~IE-"D_ ~.~~!. u.~§l)l . - Th e pre s­
sure curve was obtaine d with the quartz indicato r shown i n 
fi g ure 5 . I t was fi r st test e d and c a librated for stati c 
p r essures . Th e oscillograph loop was likew ise cal ibrated 
so that measurements on the pressure c ou ld be ob tained. 
Th e p ressur e s indicated by the quart z indi ca tor we r e fou n d 
t 0 be in d el) end en t 0 f the temp era t u r e s . The t u bu 1 a r vo l t -
mete r wa s connected in the same manne r as in ear li er expe r ­
i men ts in the Dr esde n laboratory . The mo t ion of the v a lve 
p in t le record ed on the osci ll o gram was o b t ai n e d by mea ns of 
an o the r loop , u til izin g the change in ma g n e tic fie ld of a 
magne t i ~ loud speaker , whose armature wa s connected t o tho 
v a lv e p i ntle . Th e differentia l curve of motion, n o t the 
pintle l i ft it self, was thu s obtain ed , which was a ll that 
was requir ec. . 

Two oscillo g r ams are sr own in fi g ur 0 s 43 and 44 . The 
corresp o nding pho t o g raphs a re gi-vcn in f i gu r e s 24 and 25 . 
S i nce a quartz i ndicato r mca sur o s onl y differenc e s in pres­
sure , the compression pr e s sure just be fo r e inject ion, was 
t aken as ref e r ence p r e s sur e . Thi s pr e ssur e was dete r mi ned 
for eac h test by d i rec t measureme nt . The indicator was 
con nec ted through a re lay wh en the bomb had attained a suit ­
ab le p ressure ard had been di sconnect cd from the co mpre ssor . 
The s li ght dec r ea se in tempe ra ture and p r e ssure bet wee n 
ti me of st a rt o f igni t ion a nd s .ta r t of recording is to be 
attribut e d to h ea t losses occurring in be t ween. On all os -
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cillo g rams, strong jags or dents may be observ ed. These 
have nothing to do with the pre ssur e i n the bomb, but obvi­
ously arise from mechanical and acous t ic disturbances. As 
they are strongly magnifi ed they ar e p articula rl y noticea­
ble, though they do not affect the validity of the pressure 
curv e . The period between the lift of the pintle valve and 
t he s tart of de flection on the pr essure curve, is the ig­
nition lag tvp as determined by t he quartz indicator. 

Th e per iod from tho beginning bf tho p res sure rise to the 
p oint of maximum pressure is the co mbustio n period t B• 

Th e temperature rise is similarly shown on the oscillo­
g rams . A hi ghly sensitive ther n ocoupl0 us ing thermoele­
ments of one of the noble metal s was employed, making high 
magnification unnecessary . By adjusting the zero line of 
temperature before i g nition, ' and then connecting tl1.e thermo­
couple, the temperatures during the combustion were indi­
cated . The thermocouple was calibrated b~r comparison with 
another thormocouple a nd millivoltmeter in a series of bomb 
tests in which t he slow cooling of the a i r was observed. 
Nobl e metal elements of 0 . 1 mm diamete r were employed for 
the thernocoup le whi ch was p laced about 20 cm (7.87 in.) 
froD the nozzle opening . Th e e le~ents TIere not sufficient ­
ly sensitive to rec o rd rapidly varying temperatures, sO 
t hat the maximum tempe rature t naxo of about It2500 ind i-

cated on the oscillogram is not the actual naxir:mm tenpera­
ture of the flaDe . * Similarly, the ignition time lag 
tVt indicated by the s~dden rise in temperature is not , enp 
a true indica tio n of the actual tine lag. It may be seen , 
a t any rate, that ' the steep rise in temperature during 
conbust ion is follo17ed by a sin ilarly strong tenperature 
drop after the h e a t exchange has b een effected. The tem­
p erature t2 that Was calculated fron the amount of charge 
wit hout taking heat losses into account (fig . 36), was 
reached about I second af t e r i gn ition wh en the tenperature 
had begun to fall . Due to heat condu ctio n at the large 
bOLlb surfaces the temperature, and with i t the pressure, 
falls off to the original value rapidly only 2 or 3 seconds 
af ter i gn ition, according to t~e amount of fuel injected . 
Figure 45 shows the ignition time lag tv' time required 

-------------------~----------~-----------------------------
*E . Schmidt (r eference 25 ) made sieilar t ests on a precom­
bustion chamber dies e l eng ine, usinG the same diameter TIire 
for his thermoelenents, and declar ed the naxinuD tempera­
tures thus obtained to b e f a lso . 

----~------------ --
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f o r coebustion t
B

, and p ressure increa~o· 6p, as ob­

tained by tho differont ~ethods - that is , by the flane 
photography , tenperature, a nd pressure, as function o ~ 

fuel charge . For ono and the s ane e~periDent, large . dif­
f e rences were obtained for the i g nition lag by th e· ·differ­
ent e ethods . The scalIest and Dost a ccurate value is g iven 
by t he flane photo g raph . The p ressure rise lag s a little 
behind while the therDocouple l ag s very nuch behind q..nd 
g iv e s a false value for th e ignition lag . This is espe­
cial ly true when s~all fuel charge s are used, in which 
case it takes sone tiDe for the fl a~e to reach the t h er n o­
o le~ent and it therefore rece iv es heat by radiation instead 
of b y direct co ntact . 

For ceasuring the tines of co mp lete combustion t~e 
r ever se is true . The ob servabl e flace appears for a 
s h ort e r t i me on the photo g raph than the correspondinG p res­
sur e rise on th e oscillo g rams . The.p ressure ne thod is 
doubtless l y tne core ac cura te, since it is p robable that 
n ear the end of c oebustio n th e fl ane is no longer briGht 
en ou g h to affect the fi l s . The spectroscope n cthod TIould 
provo very usefu l in th i s conne ction for yielding Dor e ac ­
cura t e inf o r nation on t~e co e bustion . 

The pres sure d epends i n a defin ite way on the anount 
of · f uel injected . The conputed linear pressure rise is 
not attained , however . As shown in figure 45, the caxinun 
pressure for sna I l fuel charges is well under the co nputed 
v a lue, due to large hea t losses at the wall . For ~i gher 
charge s a higher maxinuD pressure t'ilan that corresponding 
to the conputed value using the p olytropic ind ex n = 1 . 35 
was obtained , the difference anounting to about 0 . 8 at mos­
phe re . 

~! __ I.5.~ i t i~~_l~~_f~I-_~t~~lQ.=-~I-i[i~~ __ ~Q_~ ~l e • - T '1 e e f f e c t 
of t he atomizat i on and disp ersion oc the combustion were 
Dore closely investi gat ed, using a Bosch sing le- orifice 
p i nt le valve of 0 . 5 mm (0 . 0 197 in . ) diameter, type DLOSV 
244 . Fro u previous spark pho t ographs it wa s found that 
for equal fuel quantit i es the sing le-orifice nozzle gave 
somewhat longer injec t ion p eriods and coarser atomization 
than the other type nozzle. Two p h oto g raphs obtain ed with 
this nozzle are g iven in fi gures 2 6 and 27 . Figure 26 was 
obtain ed at rela t ive l y lOTI te~perature but high air densi­
ty . The i gnition starts rather slowly ·and with such fee ­
ble f lame that o~ly after the sixth p icture ·is the forma­
tion of schlieren observable . It is a notewort hy fa ct · 
that this nozzle has a strong tendency for after injections, 
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a s s ~o wn by tho aft e rburning in fi gure 2 7. The strong ly 
drawn-out inj ection of f i Gure 27 c learly indicates the pos­
sibil i ty of regulating the co mbus ti o n p ro cess by means of 
injection . Also, i n. th e se tests t he i gn i tion starts at the 
out e r e dge of the s p ray. The i g ni t i o n lag for various ini­
t ial temp eratures and air densities is shown in figure 46 
wh ich is similar to figure 42 exc ept tha t for the same 
t empe r a ture and air d ensity the ign i t i o n lag is longer. 

1~ _1!l.i~Q.1.iQ.~ __ §:.b..~i~_~1._~~_i ~~9-_f-~ .J21_§:.1.!? • - The spa c e a v a i 1-
a ble f or combustio n in an eng i n e i s se l d o m as large as that 
in t he bo mb so that th e spray comes in c ontact with the 
walls before it can full y develop . If the wall is too hot, 
crac k ing of the fuel may take p lac e . I f the wall is cool, 
t he i gn ition may b e delayed. Eesides, the impact may some­
t i me s cause the mi xture to beco n e co a rse r and less unifo r m 
t h an it would ot h erwise be. 

On l y a p reli mina ry attempt t o simulat e engine condi­
t ions was Lad e by p l a c i n g an impact p late of 5 cm ( 1 r7 
i n . ) wid t h in t he bo mb a t 10 em (3.9 4 in . ) distance from 
t he n ozzle op ening, a nd obtaini ng photo~raphs, with t h e 
oth e r con d itions k ept t h e s ame a s be f ore . Fi gure 28 shows 
t h at t he a to mizat ion was in nO '.vise impr ov ed by the presence 
o f the p late, nor wa s t h e i g nition lag decreased. The c om­
bus t ion of t h e fuel a t th e i mpa ct p late goes on very s loW­
ly . I g ni t i o n st a rts a bove tue r egio~ affected by tb e i n­
p act p lat o . Al t houg h t h e fl ame f o r this photo b raph wa s 
ueak , b e i n g ne a r tho l o wer l i mit o f ignition temperature, 
t h e crowd i n g of the schl i eren i n t ho neighborhood of the 
p l at e e vidently shows tha t t he larg est p o rtion of the 
spra y e nerg y was dest ro y e d by t he impact so that conbustion 
t oo k p l a c e rig ht ne a r t h e impact plate . 

Fi gur e 47 s hows t h a t the i g ni t i on lags are larger 
wh e n t h e impact p l a te is used, no doubt due to the result ­
i n g de cr e ased finene s s of t he a to mizatio n. These tests 
c onf irm the well- k nown r e qu ir encnt for efficient combus­
t ion, t h a t the ato mized p articl e s should as far as possi ­
ble b e p rev ent e d fro m co u ing i n co ntact with any walls, 
pa rticularly if t h e s e ar e at the s ame or at lowor temp era­
t ur e s than th o air . 

5 . Motion of t h e sl2.r a v du ring combustion.- The sp ray 
t ip 1 ;~:;;;-the-;;;-;;l;--~ t -t-b~;-~~igh ;;;10 ~itj;-~;;-rresp ond ing 
t o the injec t ion p ressure, but soo n n eet i ng the high re­
s istance of the air, s l o wg do wn co nsiderably. Elsewhere 
we h a v e considered the veloci t ies of non burning sprays 
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(reference 9 ), and the results may be app l ied to our case 
for the sp r ay before i gn i tion . These speeds were obtained 
fro w a ser i e s of photographs and are g i ven i n figure 48 as 
a functio n of the depth o f penetration . 

The sp r ay tip is ac c ele r ated by the sudden local pres­
sure rise oc curr i ng at the instant of ignition . The spray 
v e locity then rises or remains approximately constant dur­
ing the c o nbust i on, afte r wh i ch it falls off very rapidly 
to a value below tha t cor r e spo nding to a nonburn i ng spray . 
Dur i ng c ombustio n the sp r ay is thrown about here an d there, 
dep ending on the local co ndit i ons . If the large number of 
possib l e ways in wh i ch the burning may go on is taKen into 
considerat i on, the d is t ri bution of the test points on the 
diag ram is sur prising l y ~ood , so that the conditions in the 
bomb chamber, where there is n o turbulence, are quite well 
represented . 

VI . SPRAY I NJ E CT I ONS USI NG GERMAN BROWN COAL-TAR OI L 

The apparatus i s pa r ticu l ar l y well suited to the in­
vestigatio n of the propert i e s of the different fuels . An 
extens i ve re s ea r ch pro gram ha s b ee n planned for the purpose 
of invest i gating different fuel oils, especial l y those p ro ­
duced in Germany . OLly pa rtial resu lts from th e data al­
ready o b ta i ned will be given here . 

A var i ety of Ge r man unrefined brown coal- tar oil con­
taining c r eosote wa s first tested . This fuel could be 
used satisfactorily in hibh-speed pre combustion chamber 
diesel eng i nes , as l o n g as proper means were taken to heat 
the pr ecombust i on c hamber . The fuel has a lower heating 
value of 9 , 359 k cal/kg (16,845 E . t . u . /lb . ), a specific 
wei ght of 9 1 3 kg/m 3 (57 I b . /eu . ft . ) at 15 0

, and a boiling 
rang e from 1 93 0 to 360 0

• The pe rcentag e sulphur is 1 . 03 
pe r ce n t . The colo r is deep b l ack . Naked- eye observation 
of the flame showed that the l i ght instead of being daz ­
zling white as i n the case of the ga s oil, was of a dull 
yel low i sh- red c o l o r which finally assumcd a bluish tinge . 
This light did not produce a g ood p icture on the film, the 
flame o n 1 5 photo g r aph s taken with this light being barely 
reco gn i zab l e though o bse r ved visually . Further investiga­
tion is p lanned us i nG more color- sensitive film . 

The sp r ay photo g raphs (fi g s . 29 and 30 ) show the con­
siderab l y larger i g n i tion lag s obtained ~ ith this fuel . 
Fisure 29 , obtaincd ~ t 505 0 , shows the ignition first start -
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ing in the fifth picture after inj ection has been complet­
e d . The flame seems to sp read slo wly to the other parts of 
the spray not exp losively , Figure 29 is not so rich in 
contrast a s the othe rs so far obtained. This was due to 
t he formation of a thick ashy deposit on the bomb window, 
af ter every 30 tests, or thereabout. Figure 30 shows the 
c learer photo g raph that was obtain ed when the deposit waS 
removed . Rais ing the injectio n pressure to 500 atmospheres 
t o improve ato mization did not p roduce a shorter time lag . 

Under the same conditions of temperature and pressure 
a n i g nition lag value three time s as large as that obtained 
for the ga s oil was obt a in e d for t he brown coal-tar oil. 
F i gures 49 a nd 42 provide a clear c o mparison of the two.* 

VII. SPRAY INJEC TIO N OF A MIXT URE OF 

COA1- TAR 0 IL AIID GAS 0 I1 

Further tests we re ma de us ing coal-t ar oil. Although 
the tempe rature in the bo mb was raised to 560 0

, which was 
the h i ghes t temperature attainable, in no case could igni­
t ion be started by using pur e coal- tar oil. The fuel had a 
lower hea ting value of 9 , 0 00 k cal/kg (16,200 B.t.u./lb. 6, 
a specifi c wei e ht of 1,044 kg /m3 (65.2 Ib . /cu.ft.) at 15 
a nd a boiling range of 2 10 0 to 360 0

• The color was deep 
black . The reason for the failure to ignite may be under­
s tood from the fact that the i gnitio n temperature of the 
p ure coal - tar oil as determin e~ by Jentzsch, was above that 
of the ga s oi l so t h at i gnition mi ght havA been expected at 
a temperature above 600 0

• Th e fuel appears to be, however, 
a lto g ether unsuitable for spray in jection as was learned 
f ro m expe riments on a Junke rs diesel conducted at the Dres­
d en ma chine laboratory . 

A mixture of 50 pe rc en t coal - tar fuel and 50 percent 
ga s oi l was ~ herefore used for these experiments. With 
th is mixtur e reliable i g nition oc curred at 440 0 , but still 
wi th unusually long i gn i t i on la g s. The gas oil did not, 
therefore, ac t as a k indling fuel having its own ignition 
lag, but only serv e d t o improve the igniting qualities of 

* I t should be noted that wh ile the brown coal oil used in 
the se exper i ments is unsu it able for engine fuel, other va­
r ieties of the same oil often g iv e equal or shorter igni­
t ion time l ag s than g as oil . 
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the mi x ture in order for i gn ition to oc cur at all at the 
t empe r at ure used . 

F i gure 31 shows a photo g raph ' obtained for t h is mix­
tur e . I g nition does not start until after the end of the 
inj ecti on pe riod, t~e combustion then continuing almost 
s i mult a neously a long the who le spray length so that com­
bus t ion is comp l e t e d soon e r than would b e the c a se , for 
e xanp le, f o r an equal quantity ga s o il wit h short i gn ition 
l ag . This decrease in the combustion pe riod with the con­
se quently steep pressure r ise a c count for the strong knock 
in an eng i ne using fue ls of low inflammability . If the 
i gn ition lag exceeds the injection per iod, regulation of 
the com~u stion by varying the inj ecti on is nat ur a lly im­
poss ibl e . 

F i gure 49 shows t ha t the i g nition lag curv e s for the 
mixture a r e about t he same a s those obta in ed for the unre­
fi ned brown tar- coal g as . Inv estigations on the different 
fu e ls a re being continued . 

VI II . TESTS CO ND UCT ED ~ ITH PREC OMBU STION CHA MBERS 

Extensive tests on diesel engine s using do me stic fu ­
el s have shown that c oal - t a r oil ( ste ink ohl ent ee r o l) could 
b e used eff ic ient l y in eng in e s p rovided with precombustion 
chambe rs by introduci ng s mall c hanges in construction . 
This is due to the fa ct that the air a lr eady heated by com­
pression r e ceive s a d d itiona l heat on coming in contact 
with heated chamb e r wall s, so t ha t eve n those fuels that 
i gn it e with dif f iculty ar e ignit ed without excessive time 
l ag . 

Afte r the failure of ignition with the p ure co al- tar 
oil iLjection, the i dea oc cur r ed of uti lizing the favor­
able acti on of p reco mbu s tion chambers on fuel s of this 
kind . The se tests ar e sti l l in the init i a l stages, but 
so ~e a cco u nt of them will b e g i ven he re . 

Two forms of prec o mbustion - c ha!~-Dc rs were developed, 
the inside dimension 3 c orre sp o~d ing to those used for the 
Dai ml e r - Benz e nb ines . (S ee f i gs . 50 and 51.) The p re­
chamb e r of figure 50 sho ws the usua l Daimler-Benz construc­
t i on . It is directly scr ewed on to the cover of the cyl­
ind e r bomb . Th e insertion of an adjusta b le heating coil 
in the p recombustion chambe r made poss ible the inv e stiga-
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t ion of the start ing of the combustion p roce ss . Figures 32 
a nd 33 show photo g raphs obtain ed with the precombustion 
chamb er of fi gure 50 . The outlines of the preheating cham­
b e r are observed in both pi c tures a t the upper edges of the 
photographs. F i gure 32 corres p ond s to the initial burning 
process in a relatively cool engine. The air in the bomb 
was at an initia l temp e ratur e of 285 0

• 3y heating the 
coil for 30 seconds , ho weve r, strong ignition was obtained. 
The sec ond photograph of figure 32 alrea dy shows a strong, 
deeply penet rating f l ame , wh ich gets shorter and loses 
br i g~tness in th e succeeding photographs as the pressure in 
the chamber decreases . In suite of the moderate fuel Quan­
t ity of 70 mm 3 (0. 0047 c u . in:) , the p recombustion chambe r 
a llows the combustion to be s~read over a longer time than 
would otherwise be the case . The pressure in the engine 
therefo r e rises less steeply, but the conversion of the 
heat energy occurs at lower efficiency . 

Fi gure 33 simulates cond i tions in an engine with strong­
ly cooled precombustion chamber , for exanple, after a long 
idle run . Since the heat ing coil is not used, i gnition is 
l ong delayed and g iv e s rise to sma ll incr ease in pressure . 
The fla me first appears in the fif th photOGraph, appearing 
da rk because of the blue fi lter tha t wa S used in place of 
the g reen . The flam e is still more d rawn out along its 
length . I t must be bo r ne in mind in connection with bomb 
tests that the d e cr e ase in pressure in the main combustion 
spa ce does not Occur the same way as in the engine by the 
motion of a piston, which clears t he precombustion chamber 
more qu i ck l y of the burned gases and therefore shortens the 
burning periods. The values for the combustion periods ob­
tained in these tests wit h bO Dbs having precombustion cham­
bers should not be applied directly to the engine as they 
would always lead to erro rs . Using fuel quantities of 100 
mm 3 (0 . 0061 cu . in.), so newhat larger than the prechamber 
wa s designed for, peri ods of coobustion of as long as 2 to 
3 seconds ! duration ~ ere observ e d by eye . It is therefore 
clear t~at the s e values should be used with the greatest 
caut ion for co mparison . 

In order to simulate conditions in a warm engine, a 
second precombustion chambe r (fi g . 51) was planned. This 
chamb e r was strong ly heated electrically, to assure a pos­
itive temp e rature drop between the ~eate r and the air. 
Otherwise the construction follo wed that of Daimler-B enz . 
Th e inset a (f i g . 5 1) was drill ed w it~ 30 holes 1.5 mm 
(0 . 059 in . ) diameter each so as to secure a larger heating 
surface for the a ir streaci ng in and out ~f the prechamber . 
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Th e amoun t of heat i ng could be regulated and the tempera­
' ture measured b y' a t :!1e r moc o uple using noble- neta l ele­
ment s p l a c ed in the inset 5 r:m (0 . 197 in .) bel o w its upper 
surface . 

Two photos raphs taken wit h this prechambe r are shown 
"i n figures 34 and 35 . They show the combustion per iod to 
be much short e r than wa s the c a s e with the unpreheated 
chanber . For figure 34 the hea ting was regu l ated to g ive 
an average te;uperature in the prec:!1amber about equal to 
the te~perature at the end o f compressio n in the bonb . 
The a ir density in the prechanber was t"lerefore equa l to 
that in the bonb . As a resu l t of the h i b h tenpe r ature the 
i gnitio n wa s very intense so that the first photograph of 
f i gure 34 already shows the burning Dixtu re cOrling out of 
the p rechanber . The force of perclssio n of the charge 
hurled into the bomb is not inconsiderable , the flames es ­
caping from t he p rechamber ope ning at a speed of about 25 
ro/s (82 ft . /sec . ) and nai n ta i ning this s pee d durin~ the 
0 . 00 7 second represented on the first four photographs. 
After the ma i n combustion s hown on the first fi v e photo ­
g r aphs , the re nay stil l be obse r ved a 25 Dn (0 . 98425 i n .) 
long weak fla ne coming out of the pre chanber . Because of 
its low light intensity the flane appears as a silhouette 
on the phot ographs, but naked- eye observation confirms this 
afte rburning . 

Heating the pre co nbustion chanbe r to 505 0 and the bo mb 
to 450 0 , tha t is , creat i ng a 55 0 tenpe rature difference and 
hence a difference in dens i ty in t~e bo n b and chanber, 
br ought about a Duch n ore i ntense i [;nit i on (fig . 35 ) with 
rapid co n bustion and ha rdl y any afterburning . The pre­
chanber was , to be sure , charged with 2/3 the fuel load, 
in th is exper i~ent . The even f l aDe distribut i o n in the 
bonb indicated excelle'l t u i xi:lg of the fue l in the pre­
ChanGe r . Co np let e e li r..1 i natio n of afte rbur n i ng would be 
achiev ed by p roviding d ir ect ly f or a ~ressure difference 
i p rec hamb e r and bo mb al lo win g a rapid p assage of the 
fuel froD chaDber to bonb . 

The i gn ition l ag could not be deternined fro n the 
prec onbustion chanbe r experinents sinc e the star t of i n-
jectio~l i nt o' the pre c ha:-1be r co uld not a s yet be ino.icated 
on the filn . Th e u s e of a heated prec~aDbe r of this k i nd , 
howeve r, is suitable for the esting of heavily i gn iting 
fuels unde r c ondition s a~proxinating those obtainod in the 
eng ino . 

Translation b y S . Reiss , 
National Adv isory C o n~ i ttee 

for A e rona ut i c s • 
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f. 

".-

release magnet 

Section A-A 

(a) Upper part of the diesel engine 
(b) Combustion bomb 
(c) Delivery valve. 

B 

B 

(d) Relief valve used during bomb preheating 
(e) Suction valve 
(f) Electrical preheating of air 
(g) Auxiliary valve for releasing the pressure 
(h) Fuel-injection valve 
(i) Pipe leading to receiver and cylinder 
(k) Observation windows of Sekurit-gla~ 
(1) Thermocouple 
(m) Quartz indicator 
(n.nl) Safety valves 
(0) Intake manifold 

Fig • • 1,2,3,4 

~~ 

i 
Q) 
III 
«1 
Q) 

..... 
Q) ... 
~ 

.Figures 1 to 4.- Drawings of combustion bomb. 
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4 

(a) 
(b) 
( c) 
( d) 
( e) 
(f) 
(g) 

(a) Elastic sleeve 
(b) 1/10 mm copper membrane for sealing 
(c) Piezo-quartz crystal 
(d) Electrodes to amplifier 
(e) Fine adjusting screw 

Figure 5.- Quartz indicator for combustion bomb. 

( a) 
(b) 
( c) 
( d) 
( e) 
( f) 
( g) 
(h) 

rtJlF'7"~~~~ ( i) 
(k) 
( 1) 

.......... l • ..r-J:~lP<:=..J) (m) 

(n) 

Bosch fuel pump 
Motor with control starter 
Flywheel with tachometer 
Injection-control rod 
Magnet for filling 
Magnet for cut-off 
Stroke stops 
Maximum pressure meter 
Fuel strainer 
Interruptor for injection 
Interruptor for cut-off 
Interruptor for release of 

Figure 6.- Fuel pump w1tA (0) 
magnetic control. 

photographic apparatus 
Sliding contact adjustable 
for release of 
photographic apparatus 

Sliding contact for 
control relq 

e f g 

Switch magnet to 
Control relay 
l.ia.in release key 
Control rel~ 
Electric motor 
Switch magnet. in 
Fuel pump 

b 

c 

d 

-ftl-H "----t:-:! 

h ,i k.l , 
Control 
C)"linder 

oscillograph (h) 
( i) 
(k) 
(1) 
em) 
(n) 
( 0) 

m 

Switch ~ets 
Switch magnet, out 
Pump, in 
Pump. out 
Camera 
Instantaneous shutter camera 
Bomb by pass valve 
Compressor air valve 

Figure 7.- Hook up for control rings and switch magnet. 
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a. 

o c d 

(a) Stroboscopic disk 
(Novotex 0.8 mm) 

(b) 8 slits in disk 
(c) Housing for disk 
(d) Protective plate 
(e) Shaft and bearing 
(f) Driving motor for disk 
(g) Rotating diaphragm 
(h) Light cut-off 
(i) Release magnet 
(k) Driving gear for light 

(1) Support of disk 
(m) Main support for apparatus 
(n) Axle box 
( 0) Film dram 
(p) Bearing and drive of axle box 
(q) Driving motor of film drum • 
(r) Tachometer 
(s) Objective-lens holder 
(t) Object! ve 
(u) Opt ical bench 

cut-off 

Figures 8 and 9.- Photographic apparatus. Picture frequency, 550 per 
second. Shortest exposure ttme, at 1 mm width of slit, 

T1 = 0.75 x 10-5 seconds. Stroboscopic disk, 680 mm diameter N ~ 4.500 
r.p.m., 1.5 hp. driving motor. Film drum N ~ 1,115 r.p.m •• 100 mm 
diameter, width 120 mm. Pictures t natural sise. 
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J 
Section I-I 

Section II-II 
(a) 
(b) 
( c) 

Observation window (m) Control magnet for fuel pump 
Injection valve (n) Coupling 
Appliance for measuring (0) Flywheel 
lift of valve needle (p) Driving motor 

(d) Manometer (q) Tachometer 
(e) Fuel pump (r) Arc light 
(f) Suction valve in compressor (s) Condensers 
(g,)Delivery valve in compressor (t) Green filter 
(g )Air valve (u) Objective 
(hY Overflow valve in compressor (v) Rotating diaphragm 
(i) Overflow pipe (w) Light cut-off 
(j) Thermocouple (x) Release magnet 
(k) ~rtz indicator (y) Stroboscopic diSk 
(1) Safety valve (z) Film drum box 

t>O 

Referred to total bomb volume ~~ Figure 10.- Set up of entire 
:~ 6Zone' of i----+----r-" V=!i.5Z 'S;; c.o apparatus. 

J air de- Air ,g §...: 
fiQ ficiency ~ ~ • 

J .A. <1 ..... :! fa' 
JO'/------+- f-~~~~-~~-~ ~ k k UO~ as U III 

P. 
CI .. ~ 

~--+-l Q)Q) 

~~e 
~ ~ 'H 

~~'---"d\'-I..£----+- ~ 0 
o Q) 
U ~ Q) 

o 0 
~----.,.L-+ __ ~ il!!/...c---I ° U CIS ..., P-

o CD 
<dO 

1--'+.fH--¥~""-=:::~- Operating ~ N ~ Figure 11.- Volame of air Vo 
of fuel ~ ~ as and :fUel charge :B 

f-,-.,.,.=-"--t--4-............. ; pump ~ ~.8 (A = 1) as a function ot 
',..."." 14 .J1 'IV gfiJIJs 50 ~ pressure and temperature. 

Terminal compression pressure 
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rlg. 12 rig. 13 Fig. 14 Fig. 15 

IllS. 12 to 15.-
name photographs ob­
tained with the light 
of the f'wtl sprq it­
self with ordinary 
camera, with shutter 
kept open. In the case 
of fig. 15 the camera 
is nearer to the bomb. 
~ir density 12 to 14 
kcI~ , temperature 
400 to 4500 , amount of 
tael 230 mg. gas 011. 

Figure 16.- ur8Jl&ement of phot ographic appara­
tus and bomb on the diesel engine. 

Figure 17.- Test No. 66 
using gas 

011 V:s=190 mm3• Injec-, 
tlon pressure 300 at. 
Green fil ter used. Co1D­

pression Pc = 38.5 at. 
gage. Temperature at 
end of compreSSion tc= 
415° . Specific weight, 
of air 'YL = 19.0 kg/ma 
V=415 pictures/sec. 
Ignition 18& tv= 0.0072 sec. 
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.. 
Fi gur e 19.- Test Wo .22 

u.1~ gal 
011 VB Ie 270 mm3 , PJ: • 
300 at. Gre~n filter 
ul ed, Pc • 40 at. gage. 
t c = 3800 "L • 20 . 8 
kg/m3 v· 445 pic­
ture l /lec. Miltire. 

! --

Ylgure 21.- Test No.59 
ul1Dg gal 

oil V:e • 140 mm3 , Pc • 
23 a t. gage, tc = 4600 

'VL -= 10.7 kg/m3 ,v. 415 
pictures /8ec. tv • 
0 .0155 lee. 'fhe schlie. 
r en from the leventh 
picture on anow the 
. tar t of combusti on. 

ligs. 18,li.20.31 

Figure 18.- Teet No. 63 
UB~ gae 

011, VB= 190 mm3 , PE= 
300 at. :elue f11ter 
used, p~= 35 at. g888, 
tc = 445 "L::; 16.7 kg/m3 
v=415 pictures/sec. 
tv::; 0.0067 sec. 

I 

I 
Jigure 20.- Teat 110.25 

u,inf gal 
oil, V:e • 250 mm Pc· 
32 at. gage, tc .405~ 
"L • lS.1 kg/m3 V· 366 
picturel/sec,tyaO.0125 
lec. Flame Ipreads 
slowly over spray which 
was only slightly pre­
heated. 

ligur el 20 and 21.- Fl ame picturel at lower limit 
of igni tion te~erature. Gas 

oil Bu=10014 keal/kg. " • 887 kg/m3 , PI • 300 at. 
Speed of fuel pump np • 345 r.p.m. 
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. ............ ~R."i~ ... "I11'1 •• ""~ Figure 22.- Test No. 83 
using gas oil.VB=l9Qnm( 
pc-24 at.gage.tc·520°. 
~L • 10.2 kg/m3.v= 390 
pictures/sec.tv=O·0075 
sec.Injection with 
Bosch valve type DNl2-
SD12.Ignition proceeds 
rapidly up to core of 
spray. 

23.-Teat No.l50 
lle1ng gal 011 VB-l90um3 

Pc·29 at. ~e.tc=5250 
VL • 12.5 kg/m3 v. 415 
pictures/sec.tv-.OO314 
sec. Ignition at edge 
of spr~. en account of 
the large quantity used 
the burning 8pr~ pene­
trates a distance grea~ 
er than the artificial­
ly illuminated observa­
tion windows. 
Figs.22 and 23. Flame 
pictures with small 
ignition lag.Gas oil 
used,FE = 300 at. 
Op • 345 r.p.m. 

Figure 24.-Test No.147 
3 using gas oil. VB=240mm 

Pc·29 at.g~e3tc=5600, 
~L=lO. 25 kg/m • v - 415 
pictures!sec.tvc O.0029 
sec.!ime for complete 
combustion tB=O.OO23 
sec. Maximum pressure 
from oscillogram Pmax= 
35.4 at. gage.Maximum 
temperature indicated 
by thermocouple tmax = 
12700. See fig.19. 0 

Jlgure 25.-Te.t No.155 
3 using gas oil,VB=270mm\ 

Pc=34 at.gage.tc·5450. 
~L c 15.2 kg/m3 .v c 415 
picturel/sec.tv·0.0024 
.ec.~=.021 sec. Pmax= 
40.9 at. gage., tmax • 
12200. 0 

Figures 24 and 25 . - Flame pic tur es at small ignition lag using gas oil. 
PE = 300 a t . np. 345 r.p.m. 
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ligure 26.-Te8t Bo.95 
uaing gal 011, V:a=l~ 
Pc·40 at.tc=470 'YL -
18.3 lq,/m3 ,v-390 pic­
turea/aec.tv.0.014 .e~ 
Very large ignition 
lag.After injection 
clearly made out on 
fourth ~icture. llame 
not very luminous. 

Figure 27-Test No.l03 
using gas oil,VB:27~, 
Pe"40 at.te=530~YL=17.0 
~/m3,V=390 pictures/ 
sec.tv •• OO25 sec.tB c 

.028 sec.The injection 
is very much drawn out 
lengthwi8e,tE=·Ol65sec. 
(50 ~ longer than for 
No.l55 where the same 
fuel quantIty with oth­
er type nozzle was used) 
In addition there is 
a.fter burning. 

Fi gs.as and 27. - I njec tion with BOlch single orifice needle valve. 
Orifice diam. 0.5 mID. type DLOSV244. Gal oil used, 

PE = 300 a.t. ~ = 345 r.p.m. 

lig. 28. - Injection against impact plate placed 10 em. from nozzle open-
i~. Gal oi l u8ed . ~ & 330 at. Dp • 345 r.p.m. Teat no. 77. 

VB c 240 mm3 • Pc • 47 at., tc = 490°, YL = 21.0 kg/m3 , v c 415 picture./ 
sec. tv • 0.011 aec. The unheated impact plate neither improved the ato~ 
lzer nor reduced the igni t ion lag. The combustion of the parts of the 
spray Itriking against the plate proceeds very alowly. 

'---~~--~~--~-- ----~ 
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!!f.29-Test No.l20,VB=l50 
,Pc=30.5 at.tE~505°. 

'YL=13.35 kg/m3 ,v=390 pic­
turea/sec.,tvc .0115 sec. 
Although the ignition lag 
i8 not too large, the co~ 
bustion is slow. llame on­
ly slightly luminous. 

7ig.30.-Teat No.l26 
uaing brown coal tar 
oil,V=240 mm3 ,pc=38 
at.,tcs445°,'YLc18.1 
kg/m3 ,v c370 pIcturel/ 
aec.t. • .0175 sec. 
Ignition occura long 

iilllIii ........ after injection. 
ligs.29 and 30.-Injection with brown coal tar oil 
~.9360 kcal/kg.,Y-.913,containa creolote,aulphur 
1.03~, Pi - 300 at., • 345 r.p.m. 

lig.3l.-Injection ot a 
mixture of 50 ~ pure 
coal tar oil with 50 ~ 
gal oil. Coal tar 011 
Ru-9000 kcal/kg ,'Y-l.04 
gas oil Hu-lOO14 kcd/ 
kg ,Y=.887. PE s 300 at. 
npc345 r.p.m. 
Test No.138,VB-250 mm3 , 
Pc • 34 at.tc.5l00,'YL c 
14.75 kg/m3 ,v =370 pic­
tures/,ec.,ty • .012 
.ec. Atter the ignition 
lag, inflammation occurs 
almoet simultaneously 
throughout the apr~. 

lig.32.- Injection with prechamber ot the Daimer-Benz type. Telt no. 
53 uling gas 011. 'B=70 mm3 .pcc 30 at.,tc=2850 'YL-18.3 kg/m3. 

Green tilter used. 30 second. preheating with heating coil carrying 
33 ampere.,v = 250 pictures/sec. The burning spr~ escapee with high 
velocity from the prechamber, but then slows down and the combultion I 
is spread over a long inter.al. 

~~~----~--~----~------~~~--~--~~ 
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:rtg.33.-Telt No . 57 uaing gal oil. Blue filter.VB & 70 
mm3,pc • 30 a t.,tc • 380°, YL = 15.65 tg/m3 , 

v. 250 pictures/sec. Without heating to .imulate 
.trongly cooled prechamber. Small pre • .ure in chamber. 
In spite of amaller fuel quantity, it took a longer 
time for combultion to be comple ted. Blue filter make. 
it difficult to diltinguiBh flam. from &Dadow. 

rig.34.-TeBt No.157 uaing gal oil. VB.70 mm3 ,pc & 30 
at. tc • 440o'YL ... 14.30 kg/m3 , prechamber: 

tK & 434°,YL = 14.5 kg/mao Heatl~ coil took 180 watt. 
v ... 415 pictures sec. Green filter Uled. 

11g.35.-Teat 10.164 using gal oil, green ftlter. VB • 
45 mm3,pc = 22 at. tc ... 4S00 'YL & 10.4 kg/m3 

prechamber:~ ... 5050 ,YL = 9.65 q/m3 • Heating coil 
took 250 wattl.V. 415 pic tures/.ec. 
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Figure 36.- Computed curves of 
pressure increase 

~p, temperature, and excess air 
ratio as functions of fuel 
charge B (A2 refers to volume 
of spr~t t2, ~p, and .\1 to 
entire bomb volume). 

I Il , Jp..A Referred to total 
I bomb volume 

-r; , ..lz , Referred to spr~ 
cone space 

--~~~~--~--~~--

Cut-off fY control setting 
~1I-r1l~~~=F~~~-r~~ 
~,~~-+-+~~~~~~~~-
i'~~~~~~~~~~ 

h'K=t:~~~~~~~ 
/ -4~~~ 

Q~LJ~~~~~~±-~~~~~~ 

37.- Plunger lift versus 
cam angle. 

Figure 38.- Volume of charge VB 
for different 

l-4 
1001----1------+-----7"""1 

- regulator settings. Vr computed 
value s, Vpr actual val us s 

<m--+-- """,,, -----:...~-+---+___j-_+-__l obtained for n = 300 to 800 r.p.m. 
and 300 at. injection pressure. 

Q J D 9 fZ 1f 11 11 mm 14 

Control setting, R 

f 9 .8. 
Control setting, R 

Figure 39.- Computed value of 
Ipr~ angle 42 

and time of fuel injection tr 
for different settings of 
governor. 

ligures 37 to 39.- Characteristics of Bosch fuel pump PE 1B 100/100. 
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r.p.m. of stroboscope disk 
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./ Vu I'- r--. t-----... -
tl = A.B Determines the amount of 

Vs film blaCkening 
t2 = .A.B + CD Determines degree of 
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t3 = EG+ GH + HE Total exposure 
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picture distortion 

VB = Speed of slotted disk (m/ sec) 
vf = Speed of film dram (m/ sec) 

F1gure 40.- Time of exposure as a 
function of stroboscope 

disk speed. 
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Figure 41.- Time per picture tw, 
picture frequency v, 

degree of definition U, and dis­
tortion z a s functions of the film 
drum speed nr; uf, 110, Zf, Zo pro­
duced by motion of film and object 
lens respectively. 

Figure 42.- Ignition lag time. tv 
for gas oil at dif­

f erent densi tie. '1L and tempera­
t ures at end of compression t • 
:rue1 charge per stroke of pump 
V:s=l50 to 250 mn3, Bosch-Zapfen, 
nozz1e,spray cone angle 40 , 
inJection pressures 300 at. 

e~~' ligures at t est points g1 ve air 
Co~~ temperatures in bomb before ignition. 
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Figure 45.- Ignition lag tv. time for combustion to be completed t~ and 
pressure rise ~p. Comparison of re8Ulta obtained from !lame 

pictures and oscillogram. tv flame. tv pressure, tv te,erature, ignition 
lags determined from photographs. quartz indicator and hermocouple re­
spectively. t~ flame. tB pre8sure, time for complete combustion determin-

,:f.. '1m.,. IZ70·C ad from photographs and 

f'ressllrt! 

-

~ Test No. /47 quartz indicator respect-
ively. Ap. ~Pth, pressure 

~1M~~~~~~~~ ri8e a8 determined by 
quartz indicator and as 
computed from amount of 
fuel delivered respect­
ively. \ 
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Test No. 155 
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figures 43 and 44.- Variation of pre8sures and Il,NI .--------..+--...... !::::.­
temperatures c1ur1n& comlnultion. Z 
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'figure 46.- Ignition lac tv for ga.. t. 
I ,., 

oil at d1fferent air ligaro 47.- Ignition lac time •• for 
ull8itles 1L and temperatures at end gal 011 with inJection 
of comprelsion t. V}!. 160 to 250 againlt impact plate placed 10 em 
zmn3. &8ch lin&le orif1ce needle trom valve openiDc, for different 
TBlve 0.5 mm 41a., injection prelBUre temperatures t and air den.1tie8 7L 
300 at. :Figures at test point. give &sch-Zapfen nozzle 40 cone angle, 
air temperature8 in bomb before injection prelsure 300 at. VB. 
~1tion. 160 to 250 mm3. 

J 
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Distance of penetration, S 

Figure 48.- Velocity of spr~ 
t ip at different 

distances of penetration. 
Injection pressure 360 at. 
1L = 19 lrg/m3

• Bosch single 
orifice needle valve .5 mm dia. 

o--Brown 
coal tar 
oil 

.. --- Coal tar 
oil+ 50~ 
gas oil 

~~~--~~~I~-~q.~~~-~q.~~~--~~s 
t. 

Figure 49.- Ignition lag t1mes 
tv, for brown coal 

t ar 0 il, unret1ne~ and for 
coal tar oil + 5O~ gas oil. 
VB = 150 to 250 mm3. Boach­
Zapfen nozzle 40 cone angle, 
i njection pressure 300 at. 

Nozzle holder insert , 

Figure 50.- Prechamber of the 
Daimler - Benz type. 

( a) 

( b) 

( c) 
( d) 

Inserted piece with 30 
holes 1.5 mm dla. 
each to secure good 
heating of air 

Thermocouple for measur­
i ng temperature of 
i nserted piece 5 mm 
below its upper surface 

Current leads 
250 watt heating coil 

Fi gure 51.- Preehamber similar 
to Da1ml er - Benz 
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