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. . . pre-heater of 45090;;1hot'inj§cti0n}5‘ R
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Introtvotion - Propertios of the safety fuels.

S *-The:expression‘ﬂsafetyvfuel"fhas never yet been clearly
defined. If I am to produce a*comprehensive~report”onfthé'efforts
made to adopt safety fuels for use in engines, I must Ffirst. ,
- attempt to define this term more exactly, - ~ . . S
o+ The "safety" of a fuel réfers princinally to its resistance
to burning. A fire in the fuel supply of an aircraft ean coms
about for several reasons,fsuch;as_ignitioq;pn ho§~§xhaust~pipes,
“short.circuit«sparks,-impact‘onicrashingjfor’thrOugh shooting up -
by any -of the various tvpes of incendiary and explosive ammunition,
- The less the tendency of a fuel to burn in the face of: these means

of ignition, the higher its rating as a safety fuel. The higher
boiling point of ,the gas o0il of our Diesgel engines, is already g -

- good: safeguard catching fire on crashing;‘uWithfgasolines‘attémpts
were made,-above all in America, to obtuin a "Safetylfuelﬂ‘with_*_
- equally good protection against fire on czashing’by separating the.
low boiling'components»andjby”treatment;with‘gelatine,f A similar
fuel was deVeloped-in‘Géfmany;in the 5% la of I,G. Thickened .~



gasoline, formed by the'addition of acia aluminiom salts, was
tried‘also,ghof"courseﬁtﬂapstartingfbehaviOureofethéseﬁquTSTTTT

FWithﬂtheirIhigher*bqilingfpoints;[is;ﬁnSatiSfactdry;féspeciallyﬁf
in'Winter,#andﬁp@ptectionﬁagainstjfire;iS;limited;w;anefof‘;f~.;f*H
‘these fuels: provides adequate safety 2gainst shooting up, -As the
injtial ignition effect on shooting up 1s considerably heightened - .
bygthe-detonationjquthegbhllets;gWhichfcausé?pronounced‘aiomiSaiian,i
and.by,the:impact;withathe;iuelhinftheﬁcoﬁtainer;ga*realASafetyg;i5<.L
Euel,shOuldjhaVe;,insaadition fdfaghighyboiling.pointqand high .~
flamewpoint,‘asagreat;azv1SCasity€as¢possible;r;I;G;!s.worklonfthgp
systhesisfbf;high“grade;sparkbignitiqnﬁaero;gngineafuelsiled'to‘, :
the;dﬁmé;opmentfabouiﬁ;Q504oﬁ:suehvg%highleriscouS'fuelitthughﬁ o
polymerisation OfHISobutyleneﬁ04Hg;3g$ﬁisjwaSggiven‘thﬁfoodé:name'~v
7% 900. - Viscosity-can be" g according to.the degree of ¢ . -
polymerisation;-an&“ca“ AUSQQ'inLPEﬁatfloo9C:fuel;temperature.K;
by.appendingﬂanaindeXQhu ber to the number 900:  thus 7% 900/5.0 .
indiCates~aavuscosity*bfﬂSOE_atJlOOOC,_1Thisuviscos1ty,was fixed -
~as the lowest limit *rom theupointfof”vieWCszsafétyginvaircraft'gj
fuel tanks, as the result of extensive;fi:ingﬂtests;Taboutjwhich :

my colleague W, Schmﬁtzler;will,make*a*separate,report.'jFrOmythe’,

point of view of delivery from.the tank to the ine wever, -

it is probably that -this viscosity represénts the highest - S
'contro;lable;limit;;,lt shouldybe_statéd‘for.thqgsake of comparison
- that our‘lubricants.have-about;Z,QQEtat 1009¢, v BRI

- v Theimore+fdels}§aﬁiéfy’saféty*ré'”irements,‘which.are_now )

_,ever,more;exacting~as,weaponSMCQntinue< develop, the harder it"
becomas-to.bringfaboﬁtjtheir effiqient‘co qmptionvin,the‘engine.-g

.Since the*idea«of_usingyfuelsHWith“high'boi ing points ina - . .

. carburettor could be,dismisSed,vatithertime;o ~the re-building of

- the German Air Foree' the Technical Department, with speeisl . -

-cansideration_toithefpossible'use-of safety fuel, at theiiﬁstigatiOnvf

‘of 'H,!Sechse, specially_recOmmended'fuel¢injection., But ‘even with
direct~injeotibn‘the_problemiof‘forming‘mixturés with 77 fuels .
is fraught1nithndifficulty,yﬁWhileﬂspark ignition of - tndecomposed

3 TZ'fuelﬁhasvprodUGed‘completelyﬁunsatisfactory-results,“the'VRing" ,
process developed for I;G.jby’PenZigfpartially»0vercame, by L
ignition with R~fuel, the ignition troubles so familiar in fuels
With>high'boiling,points;_.Through the‘ﬂse_of'R-fuel,=therefore;¢
~the work on safety.fuels;tin:particula;LTZgfugls,feomes Within the -

“'scope of the present sesSion'on‘tWGFfﬁéifaperationfgf’aircraft¢ o

_ _;;;pespigejseveral@yeazs;efpintensiveﬂnork by ‘the Technical Test .
~ Statiom of "I G. in Opau, my own institute in Gatow and at times = -
the.machinery;labor&tory‘of TH Dresden; as well ss industrial "~ -~
-development by. BMW, Junkerg, andeaimler—Benz,-only'partial; o L

- solutions, have been Ffound. These nevertheless serve to indicate -
more‘clearly‘the'technicalarequirements for using 17 fuels in -~
aero-engines, An attempt follows to draw. & comprehensive picture
~from the numerous reports available, and from the latest results -

~of our tests.. e A T e .

)

' “A.  Preparation of TZ fuels -

, -+ Table 1 shows the vhysical znd chemical properties
of TZ fuels, L E S e e e I .
coos 0 .While the -calorific value and specific gravity are
Within-the normal range, flame point and. viscosity are congiderably
‘higher, Onelobserves~$he'dependence_to a certain extent of flash
‘point and- fire point on viscosity,: The'theoretical-prpducts_of;.“_
;,thermal‘decomposition,aregSet qutﬂpelowf R T SRt U

: '*'2 ‘ '



' Flg.
fuels accordlng
_such as -lubricati

1 shows

to: Ubbeldhde compared ‘With some ot

ing: 011s

and eoal tar 011.-5_;

In tests by the I G.
gines; one. ‘arrange:
~heaters llned With ¢

automotlve en

curves of TZ‘ﬁ'
-other. substances,
gas oil Dlesel saie#§~f“'l TZ goo, G

the V130031ty temperature

before the war up to 1957 ‘on
ment -was to deliver: the fuel 1nto

atalysts where it was. decomposed

‘to''a’ Dreat extent at: about: 550

00, and p

regulator to the-
consumptlon were:

-adequate- for-moto

otherwise- normal ‘engines

satlsfactory, and the—

assed as gas via a gas 7:3
e. -"While power and
degree of control.was.

r-car e

ngines, the decomposer proved to be dls-i

‘proportionately: large,

‘the tendenev to coklng was too great and
ts too short. T A

the llfe of the cataivs

4

: ' Short tests by I G.
1ngect10n automotlve Diesel en
100°C the performance was almo
the hlgh knock-rating of the u
leads to the conclu31on that w
~higher. polymers components whi
liable “to knock. are formed 7

' phenomeﬁon later om.'

(Flg. 1 VlscOS1tv—Temperature curves)

i

on' 1% 900/1 7 in an indirect

gine showed that ata: temperature of
st as good as with gas o0il, despite -
ndeeomposed TZ fuel, - This observatlon;
ith the partial decompos1t10n of the .-
ch are easily -ignitable and therefore -
e shall have to refer to thls !

. that a lar
- for a spar

: Bearlng in mlnd the control requ1rements

ge -volume of decomp051t10n equipment woul

; 1t appeared

d be uHSU1table‘f

‘ only ‘towards the thermal prevarstio:
improvement of the mec

hanism of mixtutre formation,

-ignition aero engine. So our first tests were directed.
n.of T% fuel with & view to.
Comprehen31ve,

tests led to the estab

lishment of the conditions required of the

~fuel on the one/hand

» and of the nozzle and the whole 1nJect10n

system on the other,

Table I - TZ 900 data

for ach1eV1ng/good mlxture formatlon.'

or Trz-Isobutylene

B Fuel tyne : _
‘ | TZ 900/2 TZ/ 9oo/5 Gas 011 B4
Spe01f10 Welght at 20°C 3) Kg/cm3 086 086 084;_,» 075

Holecular weight M 400 Lo 550 170 - 102
Calorific value Hn cal/Kg ‘ 10500 110300 10090",. 10450%
Flame point - = O .~yl90 © 73 -under- 15
Fire point - o e °Cg ~190. - 210 B5 WM . .15
Boiling Point (beginnlng L L R . E

. of decomposition) - =90 = B0 mgy 150 42

;Visc031ty at 200¢ - Op 85 ‘275;' 13 -

Lewm 5000 - - Op ‘ 14 55 o l 0 L.

; mooowag0%e. < OE L. 20T 500 . e
Heat of decomposition = - l/Kg L soo 300 - _ oA
—Vapour-pressure Reid S Lg/cmz e 0 e— = 0 . 0 1l w05

- Cetane number v CaZ = - 12 4\»,,12»_a 50 A
Octane number OZ e 95 s 95 20 .87

hia g _ o . , ¥
_emTheoretlcai nroducts of decompos1t10n of 1 Ro Tz
= Isobutylene ¢, H 430 1 Hn-: 10850 Kbal/ﬁg Sp 1 -£0C
or Di- ~Isobutylens CoH 6 2151 = Hn 110470 Kcal/Kg Sp : 102
Ro18 2H24 lo7.1 an110410”KEEI/ g 5p 3 180°C

Voo

S -



2 - omtaiag proportios of pro-hested 14 suel)

oo OWing %o its high viscosity, cold TZ fuel when atomised -
‘dOQS'n¢tgd; perse§sufficientIy{ﬁ[Fig,ﬁzgdemonstrateS{this;facﬁ;ﬂ”fﬂ
Therefgregprerhéaﬁingfappeared€in6ispehsabléjuntilf8}ViséositY“?]ﬁf
: equalitofﬁhatgofzgaSAOilxwasﬁxeached;xvaenaatghighermﬁempgraturés;.
whichtto;all&appearancesUShould«haVQ»prdduced]parfect'miXing*onf;".
direct -injection, it*was;impossibleweither?by?spgﬁijr;Refueliwgit;
,ignition‘togrunfthe~enginersatisf36torily;w'Theﬁreasdn*is;the“faet~;

‘thattthe‘hgilingijint;is:high;wbeing;abovetzsoOGTsaimhaﬁwthgffﬁfﬁfﬂ*
‘atomised:fu9153beingfhotter:than\the‘air-ingthe.cylinder,ioon&ensesr

onﬁthevwalls;»and;in1thevformgofy90qt;fandfsome“chefand;lubribating;

0il dilution, isllostpﬁd{thefcombustion%pfOcessﬁﬁfIﬁjeCtibntofithgj,5

maln_ﬁuel;supply—gxwthe}en@ﬁofgthe‘compreSsionastrokegis;ndt;&_;J;,m,
effective since there is then insufficient time for evaporation —
and -formation of the mixture,: = .. - T T s
~ ... . These tests thus led us of necessity to impart to the " -
fuel, by;preeheating;Vtemperature;above,the:1owerylimitﬁ0f~boiling;
that“is,aaboveJSOOQC.“wOnefcannot‘exaCtlyzspeak]qua'boilingfrange,
*for.Tz,900;irgtherwone¢shouldrspéakgqua range of'decomposition, -
‘as.the;substance[déCOmpoSesfdirectly'at.highntemperaturesﬁinn<L -
practice without a boilingﬁcurve;»TThe*need;forwhighepre—heating
of “viscous substance in-the -injection system created a series of .
-new problems, which are diffieunlt to discuss separatély because’
they aregso>inter~¢gnnédted\with gach other. - .~ ' oo

I Will neme here only the principal.-omes:-

to déliver visdoﬂs‘fuéisfto;thg.injection"_]

1. How, _ ,
. pump and injection system. -

.- tke pre-heater.

2. Type and placeVoffpreQAégfihé; ¢6nstrﬁction5qf _‘5

8. Torm of nozzle for syraying highly hested,
v ,decompOSing‘fuels, SRICHETE SV C T
4. Cdmpbsition:df fhekaécomPOSitidh'Proaudtér6f‘th§ﬁw

, 52 JCorié1atingfp1ace pf,injectién}ahd_ﬁimébeéﬁtkihf7
’4gcylinger;in_cqnnectiqn Wwith ignitién.pf.R-fuel,”
6 tFinding optimum.pfésgugemcqﬁ&ijibhé:;knockﬁiimit;J’
- and performence to determine the nature of the .
~regulation of pre-heating end ‘injection. - .
.My collesgues Todt, Herbrich snd Matthes have cleared up
‘some of these problems by extensive tests, so that I can here give
a surmary of all the results obtained so far. LR :

1. Delivering viscous fuels from tank<to eylinder, °

S ..o “Despite its great‘viscosity,Icold‘TZ‘erl.could.be;fed-
in and delivered at 200C by normal Bosch injection pumps, - Thig-===
‘was dueto its low vapour'preS§ure. It was necessary to adjust:
the initial pressure in the suction chamber to at least 1.5 atH, ,
“Through its own friction the pump sets up a working temperature of

-about_VOQC,;and>sp reduces visqosity;: ‘ e

o mhe high_ﬁiscdéify‘aiso‘raiSes'the prob1§m:§f delivering
the fuel from the tank to the injedtion pump. Whereas: the -high * -
"VQPOUI’PTGSSﬁIGjOf gaSolineﬁdoes'not;permit any.suctionipr38sure;



‘and we therefor’ se centrifugal—tvpe tank pumps TZ operatlon
demands, especlally‘at hlgh eltitudestand in Wlnter e dlsplace-
ment—type Yank pump,-e.g. a: slow-running SCrew. or: screw-plston
pump, even though itss vapour pressure may in practice b_tneglected\
In congunctlonVW1+h ‘this, we require pipe. ‘lines. 'of ‘three" tlmeS»the
-section require I'r“gasollne, e.gy 40 mmy internal ‘dismeter. .
‘instead of 25 mm. n-this way speed and” resistance to :flow ‘are
creduced.- As'long =5 it is possible “to. run these pumps of? the
“engine; it would be: desirable: that the pumps Work’ 1nefflclentlyg7j
80.88 31mu1taneously to.pre~heat the T2 fuel through turbulence¥-¢
energy. -The- firm-of-Bosch has’ developed’ such g dévice, coupled
”w1th the 1n;ectlon—pump,,1n motor-vehlcle tests on TZ fuel“**"

: e It should be ment;oned here thet as far as shyslcal ‘
structure is concerned TZ fuel ‘is an- excellent Tubriccht) “free ;,
_from: deposif‘formatlon. ...... We . may: therefore hope in the: Iuture to -
‘have a combined lubricant and fuel, Theii- the volume required: as

a fuel at any time could be drawn from the lubricent clrculation
after the scavenger pump at:-a temperature of about 150°C. " But.
this’ only accentuates the. problem of filtering and: de-aeratrng
the'0il in order to ensure the efficient working of the injection
,pump.A As 77 fuel, when used as & fuel, decomposes. on.reaching a - -

certain: tennerature, and so. 1oses itse 1ubrlcst1ng properties, . - A

~the limit of loading for TZ as a lubricant will presumably be:a
-1ittle below the - ‘velue for present day" 1ubrlcants. After extensive :
initial tests by I.G. on a Buw 172 oil-testing engine, it was . :
;declded to widen - Lhe basls of experlence bv tests on- other englne o
tvpes, and on maln englnes. T R S e

P

A certarn amount of nre heatl g before the pump naturally
‘_facllltates injection gnd prevents pump peak oressures from -
. becoming -too high, - Eccentrlc cams are -used- as’ far as noss1b1e R

instead of steep cams -for reducing peak pressures, esueclally if -
the 1n3ect10n plnes ‘are. long, ag shown bv the measurements 1n ‘

‘,'Flg. 5. .

oy Whenever 1t is st111 at all poss1ble at hlgh pre-heatlng

“”tenperatures to control the injection ‘by: means of the pump plunger,_
-itis: necessary touse- closed nozzles and to mcintdin g re31dua1

" pressure. in the line at least equal to the saturated vavour
_pressure for the hlghest occurring temperature. If the ruel
disintegrates,. it is only- possible to maintain control for as long
~as there are- components present at the residual pressure selected
which have  higher boilin ng points, so-that. they -can dissolve the _
products of decomposition. The flgures for water up to the :
eritical” pressure were included, in eddition to those for safety =
fuel, Fig. 4 shows the results of tests to determlne the effect

-of residual pressure. . _

IR Vibrations in the 1ong 1n3ectlon plues requlred for the
pre-heaters did not hcve a dlsturblng effect ss the vrscosrty
of the fuel damped such vrbratlons. I

(Pig. B - Delivery: pressure ‘pump of TZ- 900/2 0. gx 20° C
measured at- the pump end of an open pressure plpe ¥
: 2500 mm, 1ong) T - -~

(Flg. 4 - Determlnlng the best pressure for TZ dellvery)

L Arrangement and Iorm of the pre heater.p;

The only pos31b1e heat source for pre-heatlng or the fuel
in an. aero engine is the exhsust . gas. energy, as, especially. fcr co
complete decomposition it is a’ question of really large heat
quantlty, equal to qoout 57 of the calorlflc value of phe fuel.



. On account >f the Inadequate‘control of the svsten““'“
p;e-heater ‘cannot: bQ_é;ytEd before the inj-ction pump, unless . .

‘pre—heatlng is esrried to the point at whlch extenslve decotp031tlon
roeeurs, =nd the decomu051tlon products-are them cooled down to i
TOOM - temperature ‘again. In‘spite of an" ‘initial pressure of 4 atﬂ,&“f
‘the .pump fails at a fuel temperature of 200 °C through evaporatlon i
»1n the suctloa chamber.u__a“;/ : : ' S B R

_”“'*~ The best place for’ thc pre~heat1ng ig therefore between -
the’ 1n3ect10n pump &nd the nozzle, It then folloWws thot the’ total
—votume: has"to“be—ﬂtstrxtuteﬁ—tetween”the—1ndividual“cv7inaefs——anﬁ—“
. that the ‘pre~heater must be built inte—the exhaust pipe, with due
con31derat10n for back pressure and cabin’ heatlng.A In this way _”
-The plpes carrvlng prepared fuel and therefore danzerous in: repard ¢
%o ‘enemy action, can be reduced to a- mlnlmum end the quantltles
1nvolvea become 1nSLgn1flcant.-~jy~h o y---» S -’-7

The dlmen31ons of ‘the” pre- he uers are connected W1th the
groblem of ‘heat. transfer.-/At tqut there were ‘insufficient data
on the-subject:  Heat transfer deneads on the pautern of the -
~injection, with the fuel statlonary in the pipe for longish e
- periods between the. short. delivery: stroked. It elso. devends. on
‘exhaust gas temperature, on speed of flow, on the. phvs1cal S
- properties of the fuel’ belng hee ted,‘lts v130031tv in uartlcular9 =
‘and finally very much on the diameter of the pipé, which determines.
“the.speed of flowi Flg. ‘5 shows -calculations from the results to
‘determine the’ length of: piping- required: the héat output 1n each
case was 1250 Kcal/hour, sufficient for a 2- litre cylinder - . -
~operating at 8 at. m.e.p,-and-2600" revs/mlnute. _Phe. basis was-g- -
77 .end temperature of 300°C ‘and normal eylindzrical 1n3ect10n pipes -
without indirect heating surfaces. \ We aré aware" ‘that .at these TZ
- temperatures small) dismeters are suuerlor malnly on eccount of
the earller change to turbulent flow.' S : . L

= : The envlne tests, Whlch have yet to e dlscussed G
p01nted to the’ de31rab111tv of 1ncreas1ng the fuel tempers ture i
. %o 450°C and finally even decomposing it completelv at 800°C, v
In order to-exploit to the full thethuivﬂer in short pre-héaters
‘at an end temperature of 450°C, we successfully 1ntroduced 1ndwvcct”
heatlng surfaces on the gas 31de. A similar-attempt on the fuel.
side, which is even less favours ble to heat tra nsfer ralsed the
flow res1stance excess1ve1v. : : .

(Flv- 5 - Calculated temperatures 1n pre heaters at constant
heat 1nput) , ‘ :

(Flg. ‘6 = Structure of various nre-heaters Whlch Were
.Aw;‘ 1nvest1gated),-f.‘. , .

Flg. 6 shows varlous forms of pre-heater used- and 3
developed by ourselves, with their working data. Thoze ‘in the
form of square—sectlon screw threads are hard soldéred after being.

. copper plated. They were produced . in co-operetlon With R. voa
Linde, Munich. While these pre-heaters are only intended for end -
temperatures of 450°C, those inténded for- decompos1t10n must of
course be 1alger by at least 80%, with a view to the 1ntroouct10n

..of a heat of decomposition of 300 Kea l/Kg. But a pre~heater of

- even this size ‘could be accommodated in- the ‘exhaust- pipes, or in.

© the exhaust manifold in the case of exhaust gas turbine oueratlon.

- I will now discuss the questlon of’ temperature regulatlon in R

__connectlon Wlth the en 1ne tests. R _

The questlon of the coklng tendency of tube pre~he°te1s"f
B has StlllJIO be cleared up. Whlle at temueratures up to 47500

- 6 _:47,: -



'none of the pre—heaters cohed up durlng operﬁclon de nite
many -endurance runs, at 600°2C end ebove they often bename qulte il
‘'suddenly: choked ‘up by a tiiek- leyer of coke ‘and were thus rendered;
‘unserviceable, ~As & hydraullcally controlled nozzle, Which has Sl
‘still to.be discussed, makes it ‘possible, in- contrast 1o the &«
‘normel closed nozzle: working on ligquids to-go over to & unlt
‘which works: on vapour or. £as then with the addltlonal ‘heat -
“transfer: eoklng .ean - occur in. the 3re—heater. "In the same'wa v :
~dirt—in the pressure pipes can promote coklng by catalvtlefactlong]
- The,‘coking. tendency became less pronounced after we had: cleaned:
“.the- pre-heaters ‘before: use by etchlng ‘ot the 1n81de, followed " bv
_Bonder1S1ng. ‘There is/no doubt that’ coking‘is also" 1nf1uenced

~by ‘the difference An. temper ature between tube walls end fuel,

-and by the' tims fspent in the pre-heater, -Whereas for partlal o
decomnosition at 4500C. hlgh Wall temperatures ~that is, large oo
“indirect heating surfaces ‘are.an advantage in the constructlon -
of ‘short vre-heaters, for comnlete decomposition the wall: +
temperatures must ‘be- kent lower, in order to avoid coklng Thus

. large indirect heatlng surfaces on the exhaust gas s1de are not
recommended.'; o : . s : . S e

‘..» 3

7“73; Shape of the nozzde For. 1n3ect1ng hlghly p-afl‘
‘ decomnos1ng fuels.,*‘- e

: To obtaln date for the 1mportant nroblem—of tne nozzle
shape requlred Tor. 1n3ect1ng highly heated or even decomnosing -
fuels, thorough investigations: were made,. involving spark. photo-"{
graphy*of the jets. - Fig. 7 shows photographs of the jets at: ‘
-different" phases of the-injection process, and: above all with the"
.substance at different temperatures, Although with the substénce
&t the same v1scos1tv as gas oil the atomisation was the so ome.,
‘after atomlslng TZ ‘the particles are not further ‘reduced ‘in size,
.as-the low' vapour pressure. . and -the. ahsence of- a.temperature S
dlffe;ence between the air ond ‘the fuel means that there is. no - -

- more vaporlsatlon.; Pre- -heating had therefore to be raised.-sbove—:
the lower boiling limit, so as to’ brlng about the. dispersion of the

“jet from within. It was shown here that the form of -the- jet.

- depended on the shape of the. nozzle,.hnd also very much on the

fuel temperature. - Fig.' 8 ‘shows thig’ plalnlv,4 it also shows a7 -
~dependence on the injection’ pressure, The conical nozzles also

< proved very efficient when Worklng~on TZ, -~ If -the. fuel is heated

" %0 above the lower boiling limit, then as a consequence of>the.
vapor1s1ng of ‘a part of the llould issuing from the: nozzle, & ..
thermal dlsper810n of the jet augments the mechanical dlsper51oﬁ2 """""
‘We studied: pictures of the Jets of homogeneous liquids such as .
‘water and propane. heated above b0111ng point, in order ¢ elucida ato
“the thermal dispersion of -the jet. As: temperature rises, the form
" of the jet and its ronge become more independent of ‘the. shane of
“the nozzle, ‘and are only dependent on the thermal condltlons of

E the 1n3ected llQUld.» L . ‘ . e

(Flg. v - g atomlsed with medlum pre-heatlng

S hlgh 1nject10n pressure and Wlde cone anple)

A The 05s1b111ty remeins, however, of- 1nfluenc1ng ‘the form
; of the Jet by v rylng the angle of the nozzle plntle and “the sW1r1 .

: The thh fuel temperatures nat urelly make great demends
_on the functioning of the spring-loaded, closed nozzle. The need
for malntalnlng control calls .for. nozzle ‘opening pressures of =
“about 200 at. end.for. strong springs. -~ In-non-spill nozzles these
1ie 'in the peth of the fuel, and so dt temperatures-above 400°C ..
thelr sprlng constant decreases and the nozzles 1n3ect erratlcrllv_

Wl
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,OW1ng to ovaporation of the luel.”ﬁTo remedy thls condltloﬁ

~znd- to. eliminate  the" long injection delsay caused by the - long .
‘heating plpes Ve developed &:hydraulic: nozzle controlled: by cola
D7 fueli Accorolng 40 @ short rewdrt by Zimner, he used a. e
, ne01a11y controlled: nozzle in his-7% tests for. Junxers 4n: 1959
"Fig. 9-shows. the slow: svstem and’method oficonstructlon of our
jhydraullc nozzle.,va'~,¢ PRI : S

Bf- Dependence of lorm of.the Jet on 1n3ect10n ;
: prebsuze,~temne ature and shape oI nozzle)

S The length of pipe between the pump ﬂﬁd the nozzle 1s_&'a
10 . greouer ‘here than in ‘normal. enplhes.; The -passage: of the e
~substance throngh the nozzle is also” shown in-the dlaerc 1 sneclalﬁ
Timportance attaches to the. 01081ng of ‘the control’ cross-sectwons Uli_
and U The closing. surface for Uy must’ ‘elvavs be smaller than” i;‘
thet %or -Ug, ‘as-otherWise the nozzle. needle-will. open, as-soon as’
the first wave. ol Gellvery pressure’ reaches ‘the valve, whereas.© ©
this vressure. wave. 0nly reached the on tlet of the: nozzle alter'"”“
‘passing’ through thé pre-heater..: _The best sizes; ‘having. rerarﬁ to
tlghtnese, are 0, 4 mm.\for Ul and 0, 5 mm. lor Ug..', EARIE R

L S If pre—heatlnﬂ 1s 1ncle°seo untll partlal decomﬂ031t10ﬁ
oceurs, and is not’ followed by cooling, :care must-be. taken that
leakage ‘losses at Uy between two injections do not couse the =
nozzle to re-open involuntarily: through the ‘increase heater ..
oressure caused-by the heat transfer. This is-'done in a practical
-marner-by emptying the pipe between the pumpand the-nozzle
completely after each 1n3ectloﬁ;7—Tnls is-in- contlast to what
is required in medium pre-heating. The' tlghtness of Uy can be e
;Qtlll further improved by means of a non-return valye R in the
pipe leading to the pre-heater, = Fig: 10 shons the time 1ntervols
for nozzle opening at different 01031ng area The ineidence '
gof the pressure wave, 1llustratwng the lag ceused by the long-
pipe of the. pre-heatel, is also showWily: .. The- unloadlng of the part
of the\anection pipe carrvlng the cold fuel cen be ensured by
means of a speclallv construeted non-refurn volve ~so: that the .
characteristic curve:.of the pump. remsins constant ~the right s1de
of the picture shows ‘how this valve is conetructed The. flrm of "
Bosch were kind enough to give us everv ‘assistance in congtructing
.theése valves accordlng to our design, so that it has since become -
‘possible to produce hydraulically controlled nozzles whlch work o
safely at fuel temoeratures up o 600°C. R, SRR
: : If heatlne is carrled to the poiat nhero T? 1s completelvo
decomposed, there is no longer any reason to deliver the substance
which has: been reconverted into isobutylene, %to the engine .in thls
hot condition. - If the decomposition-nroduets are cooled’ down-
again after the pre-heater,: now uorklng as a_decomposer, this™ . -
31mp11f1es tremendously the operation of the hydraullc nozzle, and -
does away With the. necess1ty of*renov1ng t preszure from the. ‘
pipe. In this. coogling process there is'n eed for a Speelal cooler
to act as a heat changel, as there 'is no ‘need to cool down to the
point where the decomposition products -are comoletely llquelled.r
It is probably" sufflclent if the pipe between the pre-~heater and.
the nozzle is provided With coollng fing, and if it is exnosed’

%o the stream of coollne eir, « Phis” coollng also- reducee the
specific volume of the. decomnos1t10n ‘products to such a point = .
that it is possible to operate with the ‘same nozzle. cross-sectloqs ,
.as for llqu1d fuels and With- moderate 1a3ect10n Dressures. L

4 Comoooltlon of the decomo081t10n proﬂucts of
. the heateo fuel.-

Before rev1eW1n@ the englne te tsfwith?Safetj~fuels;flet_



15 gongiderfor & moment the composition of the Jecomposibio
‘products of the heated fuel. The T7 volume was heated in a-
~8pecial pre-heating test installation to a constant temperatur

ain;eaéh?caSétand,délivéred,throughTihé.noimélfB6§Ehﬁﬁnmp;k%Afferj

-being ejected from the nozzle it Was collected, condensed by,
gooling, and the gaseous components were Liguefied by low-

‘temperature ‘cooling, ;. -

(Fig, 10 - Time intervals of the hydraulic noszle,
T 3,;”andutheypnlpadingfyalve)_(a.;,'.s T

1 0f 12-900/5)

'i f (Fig;“ll 4;Théfmaifdécoﬁ5051ﬁi“

~,';:{-,;,'Fig;fllJShows“the'effectmof;tempexaﬁure{onjthe}recovered;‘
“decomposition products. = After studying this, one realises that -
even'at*pre;heating“temperaturesﬁof;éooocfand345090%thQQGOnsumption_
Pfigures:recorded[ingthefengihe;Were unsatisfactory,:as at this -
~temperature only 20% of the TZ fuel is converted.,  Whereas -
fﬁdecomposition,jWhen“it”reachesdthe_stage*of.liberating“iSObutylene,
has then produced a gas*which*hasfa?goodrknockerating,_tests on:i . .
1knook—rating:enginevof‘the”I.G;;showed‘that the low and high = .
- boiling components had a motor method -octane number of 79,  They
‘are thus the cause of the poor. knock-behaviour of Tz fuel prepared
‘by{pértial'debompdsitiqgi;mThe,eaéily,boiling_comPOnents;¢0nsist»,'
bf“a‘muitiplicity’ofihigher'olefines}falso small volumes of -di~ -
and tri-isobutylene. The highiboiling_cdmponéntsiconsistfoffhigherr
olefines and higher-polymerS'of.iSObutylene;ﬁgThe_residue.haSQ*;_ .
roughly the same properties as the original product TZ 900. ‘The =
- components with boiling points up to .+20°C were gaseous, Their -
~volumetric composition is shown in FPig., 12, Boiling curves of the
proportions distilled at three different pre-heater end temperatures.
are shown in Pig, 13, S e T e
4 - - (Pig. 12 - Thermal decomposition of TZ 900/5) . =
o (Pig. 13 - Boiling-curves of T% decomposition products)

L <. The composition of the products of decomposition so.. . .
kobtainedvmust*depend,japart:frdm!the,maXimﬂmftemperature‘in‘theff'
pre-heater, very much on the time: spent there. - Thus for exsmple,
1f the other factors remain -unchanged in the test installation-and =
the;volume;per“strokefisEredUCed,to_20%;gi_that‘dglivered_in;;;fﬁ_WW
Fig., 12, then at 585°¢ the gaseous fraction is already raised - = -
from 40% to 58% through the increased time spent by the fuel in -
the pre-heater, HNow that the hydraulic nozzle has been produced.
one need have no hesitation about exploiting this phenomenon by
increasing -pre-heating to a certain extent, B

. We have not yet mede an”éxéct‘anaiyéis'pf”£héf ,
.decomposition products,gfu_* e e e SR

1 nith B-fuel ignition,

' B. “Engine opsration on TZ fue
.. The methods of delivery of viscous safety fuels have =
- occupied the greater part of this report, representing as they .do
“the most difficult problem in the adestion of highlyvviscousjfuels.,»
- Naturally the physical and engine tests which our work. involved = .
Were darried’forwardaalwaysfin~conjunction,with_eaqh_other. The
~large number?’/ of more or less unsatisfactory engine tests mede

.k

~4) See IKA Report Ho.6 on I3 engine tests, 1.7.1941.



in. the beglnnlng, When the‘TZ fue “we Apre-heated' P :
lower boiling . limit, need not be’discussed ‘here,  'But We Will"
'report on, some; tests made at pre-heatlng ‘+temperatures of about
4500€, and -on the latest work done, W@lch involved: the most:
fextens1ve poss1ble decomposition’ of TZ. - The earlier test engines
were 1-litre Fiat DVI. s1ngle cylinders; while We -now ‘use; 2—11tre
-Jumo 222" s1ngle -cylinders. and_S-lltre”BMW 801 slngle-cyllnders
,both W1th 2 DVL crankcase..»' _ ' P _ _

1.~ Englne tests Wlth.alfuel temperature of 450°C*~
‘ ETTer the preeheater (hot 1n3ect10n)

S e g i the nlng" process, so al o 1n the TZ process
;1£ Worklng on' R-fuel dignition; 4t is necessarv—to use‘ a’ higher
compression.: - After 1nvest1gat1ng the ranges between B Sl s 5
-and 9,5, .we selected a’ standard’ compress1on of 7. 5 for’ thls ; :
‘series: of tests, ‘although higher compression gave better consumption _
~because-of- the—knecqug—tendency of - heated TZ fuel, The starting _'“‘
‘behaviour is already-a problem with R-fuel at chamber: temperatures
below #50C. TIndeed, R-fuel: startlng, 1ike Diesel engine. startlng,‘
requires ahigher speed to ensure adéquate compression temperature,
“Intengsive development is requlred ‘here.: Starting with R-fuel is
an-advantage in TZ operatlon\ as. durlng the first two or ‘three -
minutes of the run-in the 17 Ffuel.in the pre-heater ig heated. to
’such a point that 1t can be used bv the.englne immedlatelv.l. .

, : I? 1t should prove poss1ble 40 work economlcally on .
completely eecomposed 17 by means of sparking plugs, starting -
- would require an auxiliary starting carburettor Supplied with :
- 'gasoline, or injection before the blower thus maklnv it noss1ble v
. to start by means of & special’ “fuel: even at low external temperatures.v
But it might be 1mp0ss1ble to supply the TZ fuel pipe with gasoline
‘because -0f the inserted pre—heabers while the transfer-from: -~
- gasoline to TZ2 fuel could hardlv be made W1bhout caUS1ng v e
‘“dlfflcultleS._ T I NN T T

: It was establlshed thet at pre~heat1ng temperatures to
45000 the easily knocking liquid decomposition products whigh then
appear. in lerge prouortlons lower the knock llmlt to an up- o
des1rable degree. i , : : '

. : on the other hand 1t is probable that 1t is these A
comuonents ‘Whiech, as-~ already mentioned, make Dles“I‘operatlon
p0331b1e at all, Flg. 14 shows two power cuxrves for 'a Jumo .222. .
v31ngle-cy11nder englne at compress1on ratlos of 7.5 and d 8.0 0.

(Flg. 14 - Jumo’ 222E" operatlng on T% and R. v
: Influence of ‘compression rat10)~«;‘, e

CAL the selected boost pressure of 1, 26 ats., the knocklng
'1lm1t was already reached at 10 at, b.m.e.p., and only 20°C suctlon
air temperature. CAt ¢ 7,5, uging the same arrangement Wlthout
boost; a b.m.e.ps 0f gbout 7,5Awas obtained at:a total heat - :
onsumptlon of 2750 Kcal/BHP hr., With B4 and spark ignition, and
.the other coanditions-unchanged, the engine produced 9.5 at. h.m.e P
with normal- aspiration.. Since at: 45000 there is still. practlcallﬁ”
80% of: undecomposed TZ fuel fuel. consumptlon 1s excess1ve, and
p01nts to heavy‘condensatlon losses. -, o R
el _
It should be added here that in our 31ngle cvllnder tests
on lubricating 0il consumption and suitability of oils for 77
operation we nesarly always observed as a result of. condensed fuel
an increased volume of oil, but. never & reduction 1n the supply,
u.although there Were external sources of 01l loss. There was no

LI
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evidence-of- dllutlon of 1ubrlcat1ng 011.;rom 1ts v180091ty"’no”'
' wag the circulation of. lubricating- 0il: impaired, snd the pistor
rings 'did not Qtlcn.' This is: certalnlv exnlalneﬂ'%v the good
‘lubricating propertles of 17 fuel as already mentloned.”gThe
faulty comoustlon was eV1oent lrom the smoky exhaust o

fnmo 222?31ng1e cyllnder eagine operauln 0
_Influence of compression ratlo and
u-fuel volume on power) ' e

' Flg. 15 reveals the pronounced denendence of the Pnock'/
11m1t curvesmon—%niake air’ temperature at a constant boost - T U
pressure of 1,26 atu._ The fall in usefulom.e D, ig. nartlculurlv
strlklng ‘at {; 8.0.. The m.e, p. values at 45000 fuel temperaturefﬁ
are -indeed very- low, congidering the. mlnlmum cir temperatures of
80, to 900 whlch are, usual todayua;, A S A

' In our Work on- TZ 900*we also exam1qe& the queatlon of
whether combuetlon -and " hence power end consumption, can be—- -
Cimproved by 1nc:e331ng the proyortion of R~fuel, The right elde
‘0f figure 15 shows thet an increase in"the PFoportion by welght

—~of P—fuel from 10 to- 134 ‘hardly reised the m.e.p. and only -
improved the economy by an 1a31gn1flc;nt amount, . The main’ tests -
were therefore conducted: throughout with about 104 weight of -
‘R-fuel., As with gauollne TZ operation was' still possible: w1th

. 5% welght of R—fuel but only w1th 8 eharp fall . in m.e.p.

o g Flg. 16 shows the dependence of- temperauure on consumntlon
T;aoaln for ¢ : 7.5, and it is interesting to see here that.the : -
hlgher air Leﬂpel tures con31deraoly aid the- mlylng of the 17
~fuel, which is at.450°C, with the air,. 'Thus, consumption is "
almost constant along the knock limit curve, 1n contrast to the :
values fo¢ the. mlxture loogs at. 20 C.,,,;, > o o
(Flg. 5 = Jumo 222 81nv1e cvllndnr with 77— R-oneretlon
‘ Effect of alr temnerature on nover and consumptlon)

: S To counteract knocblnr at medlum pre heater temﬁeratures
‘we have tried a great many e"pedlents.l TLeading the heated D7 fuel
‘was of no avail, s the enti-knocking effect of -tetra-ethyl leag

-—is almost completely lost owing to the high depree .of ore~heat1ng.w
Ieading the R-fuel—to—the extent of: 104,.equel to 1eadlng the
“entire fuel 1#, produced an antl-knochlng effect, it is True, but,
-as might be expected, reduced- the ignitability of P-fuel out of -
all nroportlon.. Therefore, it 'is malnly through the treetment of
the main fuel during supply that the. X nocklng behaV1our is ’ .

;1nfluenced as described in the work on" the complete deoon3051t10n'
of TZ to 1eobutvlene.” S . l,o.; S :

_ Also ~further co—oneratlon W1th ChemlSuS lS urventlv
requlred to ralse the knock 1at1ﬂg of sa;etv fuels., o :

. o (’z. Bnglue tests with TZ fuel- in an advanced steve
- .. . ...of decompos :Llon W1th accomn*nylnv cooling. of 3
- the fuel. . o it NEEE

, After successfullv orlnclnv about extens1ve 6ecomnoszt10n
of 7% at about 800°C in the pre- heater Wwithout constant denaer of
- eoking, new engine tests were made With the same equipment on a —
- BM@ 801 single- cyllnae The experimental set-up shown dia-.
grammetically in Pig. 17 differs from the ‘wreceding one only in
that it hss after the pre-heater an extension which is exposed
~to the-cooling air stream =nd acts as areooler, | For the. rest, we S

~used the hydraullc noznle us before, s0. thut onl? two: pumns Were

1 - - ]<
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‘hecessary for the Plng Drocesu;”ond”the addltllnal ports eon81sted
kof the decomposeruanﬁ cooler.. g i :

' - ,LlCtUle llco shows the flrures,for me .p.‘ nd :
frel ted data., ‘These. results are within the mormal rance of ‘pure
,gasollne 1n3ectlon ‘engines.. The . tests are: not vet completed- as
regards the question of the ‘optimum: size of “the nre—heater for .
complete decom3051tlon.; Tven thouzh the knocklﬂg tendency
/dlmlnlshed -considerably When there was. a- greater degree of -
oecomﬁ051u10n, it was still too high, and at §: 7.5 it otxll
‘does not:&allow operation up to: tahp—off power.. Also, with® :
relatlvely small pre-heaters of -about 4 m. ‘pipe, lenpth the englae
tlll too unstaule, und not fle 1b1e enough ST

(Flﬂ. 7 --Consumwtlon and tenperatures in R=T7
S oneratlon - extenﬂlve 6e00ﬂpou1t1on of TZ)
RN ' Coklng did not oceur in. tbe pre-heater even after ”f':‘
several hours in operation,-but now. coking. conld be observed at
tlmes 1n the cooler ibr Whlch tbere is'no. proper explaﬂatlon.,

‘ The tests show at any rate uhlt nlven eXuen81ve
‘decomn031ﬁlon of 7% a way can be lound of oneratlng an engine on
v1»cous saletv fuelu. L : . :

Dlrectloa° a° to control

. The lole001nv matter conteined sevezal referencps to T
the questlon of conurol. It should be mentioned here that two
volume ranges and two- 1n3°ctlon tlmlng ranges are rgqu;zed For the
R-fuel 1n3ect10n ‘pump.. . The start.: requlxes 60-80 mm® per stroke-
with injection: beglnnlng at 359 crank angle before top dead centre,
and, throughout the remzinder of the operating range 14/20 mm ner j
stroke ‘with injection beginning 1oo° crank angle. before top dead ‘
centre. The TZ.pump, on the other hand, would - be 1aid out normally
‘like any other. 1n3ect10n nunp, with volume according to. the
attainable  power and the consumpition, .and with injection timed
for 2700 to - 3000 belore top dead ceatre for partial: uecompovltlon. ,
: : - injection timing wonld-be- i —i
practlcally constant at 2000 .erank -angle before toy dead centre,
which would probably: be adequate in view of the 1mn*oved fuel
supnly, less tlme belng required for mlxlng.-. S ,

. . ”he ploblem of llndlﬂg a control pr1n01ple for the nre-'
heater or ‘decomposer is.s matter of some difficulty. Ve have
“seen that good knocking- properties are achieved: only through = -
extensive’ “decompocition, but. that ou- comnleue 6ecomwos1t10n a :
slight increase in heat leads to ‘coking of the decomposer, There- .
fore the ‘permissible- temperature varletlon in the exhaust ‘decomnoser
- is'so small that it will be impossible to menage without some = .
control arrangement. This raises the questlon whether the.
.vadvantage coaferred by R-fuel of operatlng on & ﬂreuter excess of
alr can Bb exp101ted E palt load. #' . Sl

: v Vhether comnlete decom)o°1tlon wlll muhe 1t possible
to opercte entirely- with svarking plugs is a question which be-
settled by further enzgine tests, in conaunculon Wluh the questlon

: of 1gn1tlon at high altluudes.' e ,

4"

C. Coal tar mlddle 01ls in the suark 1011t10n englne._:,

: The use of thhlV v1ucous safetv _uels 1avolves &ﬂl
eons:derable modification and in the présent state of development
prolonoed tests Wlll be nece°sarV. A% the request qf\thq_Ge:man«i
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CRiT Hlnlstryf'prellmlna;y tests wers made to dete:
. the use of. thln_ :

;nermlt urog
cenvlnes.,

such as -uis'

-80°C boost air temnera ature and ‘a boost. pressure py.

tenks.

~ment work

-though compléte,lmmunlt from shootlnp*

fJe used an unreflned coal tar m;ddlev01l;g
formed in the’ 11qu1u phcse stage of hydrogenatlon.. As
attempts to. ‘use’ cozl tsr 0il in ‘a'normal Diesel engine have. falled_

90 far, we: ‘expected to encounter great dlfflculoies in the .spark
e"jlgﬁltlon engine.” 'The méthod. of: uuvplv for the fuel again used an,

. heated pre=hegter, which could operute'at 011
S up o 5009C. W1thout coklng.ir. o

L xThankd to the exce¢1eat antl-knock “ropertles_oi.co 1

i1, we: ‘Were ‘able to. achleve kﬂock—free m. e.p.?slo; 10 at.”at’
22— 8-90 mm HG,~'—

iuolng an unmodified BV 801 operatlng W1th spark 1on1twon ; o

consumption belng admlttedlv very bad at 260" ﬁ/Bhp hr, ,FVen 1f

~this. figure is converted for' fuel. of 10,000 calorific value, o
235 g/Bhp. hr., one: obeerveo a: con31aerable condensutlon Toss: of
ﬂunvaporlsed fuel, TGQUIDLHP in. dllutlon of the lubricating 011
“end- after about 6 hours,r1nn1ng eyce°31ve foullng of - the nlston
-.rings, and riag. stlcklnp._ COHQUMUtIOﬂ was rather more satlsfactorv
coon: R-fuel 1gn1t10n, and the mie.p.'s attained were somewhat “better,
“but ring sticking still occurred after a short while, A~ centrally

‘placed nozzle -snd a -dished »iston crown Would counteract the "fuel -

- condensation, but are provably out of the question in aero-engines,
‘because of ‘the need.they wounla oreate for Geveloping. new: tvnes
imerely to 1ncorpora$e.a."ha1f Lth measure.;_yqe. i

”hf The se tentaulve teSus onould be oontlnued W1th one of
the coal tar middle oils; from which resin and coke- fbrﬂlng o
phenols have been sevarated, . S5till more attention shoula” “be - nlven‘

‘-here to.the question of fuel veworisation in the- cvllnder becuuse.
..of ‘the dilution of the 1uollcat1ng 0il which is 'so Dbad a e
’characterlstlc of ‘tar’ 0113. :As=the: tests are by no mpans _
-conclgded Veﬁ thev have only been meauloned Verv brleflv 1n thls

L Teporty . L R e e e G

Summurv. e"e;;'~,:”_'/f '

I have trled 1n thls re)ort to vlve a survev 01 the -

eproblems Ainvolved in the use . of sa¢ety Luels which it is the twsk

of development Wwork to solve, and of the Way in which we. havé gone -
about this task. We agree W1th ‘the-authority on fuel questlons
of the German iix Ministry, ‘Hexr Mécklich, thet we have not. = -

-succeeded to the extent of being able to supply the motor

1ndustry with tangible data for an)llc tion to distinct eﬁolne
types. Nevertneleus we believed the time had. come “to inform a ‘
-large circle of’ ezperts ‘0L the ‘vegults of “this. work, and throw_g*
them open to dlscuselon, s0. a8 to create’ unoerstandlng of the -
engine modifications' necessarv if safety. fuels are to be. 1ntro—

duced. The work done shows that the accessories required would

not make excessive - demands on veight and space, ~certainly ‘much
less than is. requ11ed lOI adeqnate armourlnn of aerIaft fuel 3,T

E ' mhe advantepe 0¢£ered bv safetv fuels to ﬂlllterv und
c1v11 flving is so ~reet as to warrﬁnt vurther 1ﬂteae1ve develop—:
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