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‘I. IntrOduction.k Developmfnts of air werfare during rocent years resulted
N T ‘in evergrowing roquirements’ for higher performance of
"?ero englneu. As the increase of sir or oxygea delivery: ‘at high altitudcs
by means.of. multisttge end-exheust turbo eupcrchargers required new d051gns,
end since it was hardly possible, con31dcring mass production end Iimited
M[time to re-~design the existing types, the idea erosc of remedying the
.power 10ss ebove full throttle height due to lack of" oxygon by the use of .
oxyeen. or oxygen carrlers.. cl -~

L The requirements for the oxygen carriers were - ‘1«’7"'

= L higher specific output : s

"2. lowest possible edditionel thermel 1oad _—

3. simpler manipuletion, simplified .controls’ .

"~end mlnimum modificetions to engines.
'Whilst choosing end testiné vrrious fuels with these ends in’ view,

0. ‘Lutz end his collaboretors. at LFA (Brunsv1ck) cerricd out some profitable
pioneer work, cond found an edditivc 1n ‘the GM.l oxygen-carrior which
"promised good results. , : : v

After further fevorable m"tor tests w1th the DB.GOl type at LFA |
-Brunsw1ck end- the BMW 132 N typo £t Roehlin Test Stetion, BMW Munich did
-~ 8Ome” spec1el wérk of their own 1n November 1941 on the BMW BOlA and BMW A
801D trin rediel ongines. b L : At

'II Chorical end phveicel chﬁrrcteristlcs., Tho most 1mportant Chemical and
. ' : physical cherecteristies of
GM,l in camperison rith oxygen and air ere surmarized in Teble l. The .-
most 1mportanu charncteristics for engine behpviour which should be noted
81‘&;’."’ T : . R N i i

1.,Thc high percentege of exygen compared

- owithoairy 36.4 wt. 4 vs. 23.3

2. Heet of decompcaiti on about 400 kilo calories
3. Hoet- of vaporizetien 45 kilo celories. :



(Flg 1- Bo111ng curve of GM.17

The curve in flg.l shows thw t*o fundamentally different states for
the carrier or addltlve, T : A

BT

l. as pressure Puel nt ambient tempcrature, and e
ST 2. a8 pressureless fugl in- supercooled state ijffj" K
f*;#»!&‘” « (cold fuel) temperature -88 7°C et 760 m/m Hege i *

. 1In GM.l e: cherecteristlc property whlch should be specially con- i
51dered When developlng plant, equipment accumulators and ‘valves, is the
‘gmell difference in tempereture between the boil1ng point and the" fr6021ng

point-,~_.j R e PR ,m-,‘,v. -

" When the pressure drqps below etmospheric 11quid GM. hes g:l tendency
to change qulckly.into 8 SOlld form R

b Table 1 '

',‘PhyEiee#chemieei propert 28 of oyygen carrlers e
.Ges SN ’Airv' no cxyben L Nltrous oxide
Sp. Gr. gas . O oolazs kf/dm5kf 0. 001311 kg/dm5 0.001078 kg/am®
B DR | S S A ‘ N VSRR
A Rl - 1,18 kg/am® o "1.22 ke/dnd

@ poiling ‘temps. L . e ST
Sp. Heat op g2 0,24lfkcq1/kg90j »0.218 kcel/kgvc - 0.210 keal/kgoC -

S CT), o : . . ) .
Lox o=t B T TR . I o 1.28
oy e et LB
Boiling pt. =~ -183,0%C . ~ -182, 9700 o T -88,7%
Melting pte : —o1858% .. =919
‘Mol. Wbte - 28495  _ L B2.0 L 4402
Latent ht. 50.0 kccl/kg Bl kcal/kg. .45 Keal fke.
JHtoof decomper , 400 kcal/kg.
Gac const. R - 29, 27 B ,26 50 . 1942
Crit. Temp. . - -140,7°C - ©~118,8°C - Co+-37.200
"o Press. - 737 ke /fem? ' ‘_51 4 kg/cm? L4 kg/em?
" sp. Wh. .. 0.3 kg/emS « R
M yol. o B.2B lfkes 2. 55 1/kg. C 2.2 1/ke.

‘ values reckoned At D= 760 m. Hg. o .
v ‘ St =18% . o
" III. Test results witn Q.1 Pressure Puel:

!

1. Odput increese end speclflc output.-~~fﬂ%,ﬁil

The first mein engine tests of the BMW 801A carried out, firsﬁ_on
thse grcund with threttled engine, then:on the altitude test stand et
the spereting heights of prncu1cal interest were intended to- show to

ot extent engine ﬁerformance ¢ould. be 1n"reascd 1thOUL excess1vo
overloadlng. : . ’ ‘ -z

(Fl 8- Output cherectcrlstlcs ﬂ1th GM.l Pressure fuel)

mgw w8 thct the Vﬂluos 1n the teut deyend on the flow of:
Gﬂ;l. , InJectwun of GM.1 tock plecoc before the blcver, sn that » part
of the cubtput increase and the gain. in the pressure-ratio. of the b‘o”er
ceurd be PtLrlbutGd to & fall in-the 1nteke temncreture. : :
o
Wlth a flov up to 180 cfs. the Pddltlonal powcr came o about”
" 500 HP._Whlch would ¢ ;rresn“nd tc an 809 increase 1n the cembet per-
formance of the typa at 10 Xm. eltltude._?; ‘



. The’ specific ‘output ineresss s represerts the performance: obtained-in

" bno second with 1 g. of GM.1, end is shown in fig.2. It shows a slightly
+ when compressed fuel im used with en- increesing flow of -

_felling tendenc : ol . 96 Wikl =
.GM,1 end amounts to 2.7 £5 3.1 PSeS, ' In the meke up .of the specific ' -

———————"
Ind

JOutput'increaso,‘th6;CQnsidérablé,cﬁtputﬂgeinﬁthroughftha‘blowér'es;é,;}uf_
~pesult of the rising pressurc ratic, end the ndventege of imjection . e
* before’ the blower in'comparison with injeetion after:the blover is clearly.

@itions is shown in fig.3. It shows that “the specific output. increass
“with pressure fusl Arcps considerably undcrgtakefnff‘powar1conditionsg;_y
.Tho'influence cf altitude =nd T.p.n, ®AS insignificent. A limited in=

}f;Théidapahdeﬁée:bffséécific‘cdfbﬁ£ inéf¢ésé ﬁh;ehéine”dﬁeratiné?pdﬁ~f 

‘croeso with increasing altitude snd r.p.m. could bo dotermined.- -

. Life tests were carriad cut at 8 to 12 kms. altitude for several . .
~hours up t0 350 BHP additionsl output and e one hour test up to 450 BHP.-
" Owing to thermel overload when using prossure fuel theré wes-inedequate

operetionel safety when tested et stil}“higher,additicnal‘outpuxs.u S

(Fig.3 - Reletion of tho specific output inmereese to -
. engine overating ‘eonditicns when using GM.1 pressure;fuol)’" S
2, Thermel lced = .
. .Sinee, the prineipal problen wes simply‘fo‘increascfthe_performence'
over full throttlc hoight by edditicn of GM.1 it wes t5 be expected that . -

‘in eny casc the mechenicel structurc of tho onginc'wéulﬂ'stend'up.;,*Algo,

_the ineresse in thermel lend in the cambustion.cherbor should not present

bicgor Gifficultics with = sufficicnt inersese of the fuel delivery end
S up:to & certein emcunt of additive et & given height.f'*lt was however .

“édifferent es pg;br@s»pylipacrwcooling, which will be dealt with leter.

. ,_--To.gvoii-ovgah;ntiqgmgﬁ cylinﬁersf#h&ﬁTclimbiﬁg,;ﬁéﬁnter*megsuréswa~2
- hed- 40 bc ‘eonsidercd from ‘fho start.7s in gonersl margin in engine.ccol-
: in€~Was~n°j—t2;bQHdapondﬁi ohie . e Sl

' The course >f prossure Tiss in the cylinder with GM.1-wes-studied '
with e prossure indieetcr. . Ths ccurse of ccrbustions wes. simewhat moro
gven'with.GM.l then without it, sspocielly et high altitudés.;g with GM.1
tho peek prossurc 2t a constent effective output and uneltered "ignition .
was 10 t» 20 pereent higher.  Similerly, with GM.1 & quicker rise-in .-
“'pressurs wes observadl. . K e S o FEN
- When considering the edfed thermal load on the engine when .1 is
" used, the main point of interest is a;comparison'of»usefuljcdputloporating~
under boost, kecping constent tho oxcess air ratio, ignition and the other
werking econditions of the engine. ~As Tige4d shows, ‘the added thermal
1ced as & roesult_of higher combustion temperatures increases with incroes—
ing ingection quéntity of (M.l and smounts t5°15 $2720%, corresponding o
ebcut 50 up t» 150 gfs. flows - This mosns thet the maximum limitiog cut-
put of tho ongine under athormise’ equel cperating conditicns cannot-be as
high as with pure air cporation, 'if tho thermal loed is t0 be constant.

il

pe

3. Course Cf‘CCmbusfibn

' The relstionship between cutput; fuel consumption, end cylinder heed
_ temperature snd excess air ratio.is shown in-fig.5.. It shows that the -
axcess eir retio for the best cutnub ané ‘best consumpticn with GM.L lies
'cnly slightly in the excess fuel regicms - ‘The economy in using cxygen is
_precticelly equivelent to pure eip.operation. . oo o
o : SN ! ' - : e

“(Eig,4v5'Addedvphérmallléaﬂ]whcﬁ‘uSiﬁg GM.1 pressure fuel)



'The behPV1our'of the englne v1th?comnressed
m0eT 4 ).

T 'fwo th hlle notlclng thnt in snite r~f eqnal useful outnut the
cylinder ‘head temjeretura is. ‘higher with: GM.l, ‘sthich is the . result of

the higher thermal losd, and ‘the. frwnﬂblefuel cansumntlon as the: result
of bettcr englnn sfflcaoncy end thc hePt of aecompo 'tiﬂn of Gm.l. 8 ..-:;

Gl 6, furthcr tasts hnvo ved that knocklng tendency
at aqual performances is” notlceably less. whon ‘GM,1-is used: ‘then with’ pure
eir inteke. © The knocklng llmlt 1ies about 0.3 atm.?higher for equel L
excess air ratlos. "It cen be assumed'that"thns ‘ig @he not only to- the "
drop in blo*er eir tcmpeféture duc to-the vavorizetlon of: M., but also
0 tha more erid ignition”end burnine of the mixtura gg'a result-of. the: =+
higher cxygen’ ccnccntrptlon,'51nce the 1m3rovament is greater then can be =
Pccounteﬂ for by the ‘arch in blower: air. tamﬁerature ‘alone,. - However, ’
tendency to- rre-lgnltlon crlnc -£o 1ncrorsoa ccmbustlon tannerrture is
highly probatle and requlres with lerbe amounts of eddltlve the use of
plugs with highor rptings. ‘Later-on it boeams ‘evident that & sneclal
finlsh 1n cylinoers 1s pertlcularlj 1mnort9nt hen GM.l 1s used.

"vAs shownTin flC.

=~

' The exhsust CPS flame then using GM.l sho eé a dlfferent apnearance.
The flame wes somewhat longer ?nd more brllllant anﬂxchgnged,fr om llght

yell W 1nto 11ght red.

With constent 1gnit10n and.- axcsss ‘gir IPtiO the temnerature of tha '
_exheust ges at 100 gfs. flow wes.gbout. 50°C hzcher then with air for
the same final "utnut. o L : L S

4. 1?‘uel COnsumot1on ann Coollng. :.»_:; ’»; . ;1 ff;_f- f’ ",

In tha BMT englnos 11ke any other, fuel c’nsumptlon is edJusted in
the ‘interests. of ccunomy t6 be no highor, both for air combét end climb-.
1ng ‘eonditions, -then is required for. sefe thermal control at-this output
level for the prescribed yeriod. Gonsumptlhn of fuel is futomatically
‘controlled by ‘the BVW rnbulator up o very ‘high.eltituces set to exactly
- the prescerived minimum emount Therofors the. richer mixture for hlgh
- altitudes required by olcer tynus is not-hers.necessary. . Since $hers is. .
& higher thermel load .cn ‘the engine when GM.1 is used 2n increase in the
_‘indlceten fuel consumvtlon is necessery. . Letuelly, as the tempereture=~. o

_prossure- £nd honéht—senqitive mixture controller does ‘not respond o the
"increased oxygzen contént of @M1 compared with air,- theore is, 8&s flg-7 S
shows, & weekening and & further thermal loed insteed of the rellef re=-

,.qulred for GM.l addition. SERE R - R y :

A higher output incroese w1th aLl is p0551blu only with e 31wul e
teneous -edditionel increasse of fucl. flow if the engine wes not previously
sst unnecassarlly rich. Also the. determlnetlon of caol1n£ pressure. -

* @rops and cooling air cross sections ere cnlled for by the fact thet in
modern- engines, in or2er-to get tho smellest. possitle ¢ rcp nPrticulerly
.'when climbing, tha permissible maximm. cylinder hesad temperature is pushed
up. to the limit. As bigger quentities of heat have t0 bo- removod-71th_ﬂh. s

es flg.? shovs, an equlvelent 1ncruase 1n tha cylinder c:ﬁling 1s essantial.-

.

(Fic.7 —j Sp601f1c c\nsumption of fuul end coollng eir fcr
' COmUrSSSud GM.l) A
(Fln.S Comnreosed Gh. in the Do 217)\ o

- .‘_;___.__vfl.;_

5. “liggt tests R "w,"‘:“fﬁif”i ‘“;“"_~~f*f
L R R - U ’
F ll*wing fevorable bench tests fllght tests vith the Do 217 began.
, Normpl oxygen bottles Wwere use'1 as GM.l contalners. Wnen equally full, .



__,-',5:'% o

she. preSBure 1n these contelners verled qu1ck1y with' the out31de air 5

temperature,’ and also et the seme . temperature eltered with the: degree’j

of filling to the" ‘extent th?t by vcporlsetion, strong. refrigeration of.
“the remeinlng EM.l ook’ plece. : The ‘strong dependence of “the flow. of
. GMy1: on. temperature end’ pressure in‘the container. resulted in consider~
_able varictionsin ouvput. Fie.B“shows the brlance in en- "endurance ..
'_test whlch ‘shows this clearly. Output was: mezsured by instrumentss. L
*Increase in fuel supnly wes: secured by e device subsequently epplled to

& mixture regulntor which- “Wes: eutometicelly operated by the GMel: pressure
" when-GMil was-injected, $hus. providlng a: glven ed;usteble amount ofi
-»additionel injection.  In: splte ‘of ths sudden shocklike 1ncrsases 1n :¢¥w
*power output, when: 1nJect1ng @1, over-running of - the engine ‘did not
take place owing to'the eutomrtic sneed’controller.-‘ The unpleasant
results.of the fluctustions in flow of GMil dhlch occes1onelly led to
considersble penk velues, pequired the, fitting of & Progsure: controlled,‘-
. tempereture-insen31t1ve PdJustable nozzle constently reguleting the flow.

Tne engine's. behev1our in fllght corresponded to the eltitude test j
stend velues, ospecielly as far ss Tise of cylindor headtemperPture, s
“blower- pressure rise, and fall of boost air tempereture were. concernod.-
-The speclflc output proved itself to be better then mepsured on the tost
bench. . Siens of thermal:overload began to ‘appeer £s. on the ‘altitude stnnd
when the output ineresse wes over 500/ IP, in - pertlculer rlse in cylinder
hend tempereture, pre-1gn1tion end velve burnlng. ”“ ST .

] Further fllght tests ware carried out in en W, 190 W1th the co-op
’ etlon of F4., -Focke—Wulf. ‘The (M.l conteiners wereinsulnted ‘to raduce
‘varietions in output the ide2 being $0 meintain an ovon flow of GM.l
by mainteining en even. tempcreture. Tho best insuletion- did not give &
"perfect solution, es: ‘docrsase in flow end fell of temperature through.
9fter-Veporlzrt1on 2t the fnteke could neturally not te evoided. -~ The—
‘~improvement of flight performencc of the FW.190° with & BMN BOLD W1th an .
‘qddltion of 70 to 80 gfs. eon. 1 be scen in Flg.9.‘ RN . L

..’ T (Flg.Q - GM.l pressure fuel 1n FV.lQO) -. -

o Speed increass mas ebout 80 Km./hour rt 9 Km.- altitudc. “'Phe in-

~‘creass in ceiling hoight on injection. et 8 Km. wes sbout 1000 m. - I%.
sppears thet GM,1 flow end output . boosting fall befors the equlllbrlum

. 'state of the cells is reeched owing to-the small quentlty cerried. In
order to get en even output increase’ it proved- W1se to £111-up with GNLl
~only. shortly before the flighte ~— - . S g

6. Oporetlonal performencc' S

On the b831s of bench test ‘and flight test resultsy” there was- pro-
posed for the flghter an sddition of 80/90 g/s. GM.1 for 5 minutes et 8Km.'
elt1tude. As is shown in fig.l0 this corresponds o about: 300 HP output
increese._ The height for- switching the .1 on is determined by the
fret thet the thermel loading at combet output ‘and-full throttle height -
‘must not be oxceeded, ~ The effective ongine porformence at ‘the height:

“of switchirg on is’ correspond1ng1y lower then at the full throttle height
owing to the h1gher hc»t output when GM.l 1s used. ' : v

The coollng pressure. h°s to: be 1ncreased by 70 m/m i3 when switch-
ing on GM.1lin. order to mnintaln the meximum permlss1ble cyllnder head
tempereture.y Enrichment oi the mlxture is cerried out by the enrich-

" ment- device alreedy descrlbed, oporetod by the GM,1l prossurc. ~ The .

' mlxture wiTl this be ‘eontrollad to some constant 1ndiceted consumption -
a8 for ‘combet output et full throttle helght w1thout the use of GM.l.
As = result of -the-improvement of the generel onglne officiency by the’
use of GMf.1, & mere favoreble sncc1flc ‘fuel consumption results than in

‘ normel uneratlon, in splto of thc enrlchening’of the mixture. - -t

(Flg.lo - Pover cherocterlstlcs in the ENW 801n rlth comor ssed GM.l)



7. Teet procedure

- It can be briefly seld that the GM.l dellvery w1th prcssure fucl
;ves secured .simply by the flesk pressure “:The- quentity wes. determined
"jby we1gh1ng ‘#nd ‘the: ingectlon by simple "Lochdﬁsen" nozzles with verlous-
.,jdlemeters.;~ Mixture contrul was subsoquently‘by hend.kh Gooling verletlons\;
ﬁﬂ"ere éontrolled by en BdJuSthlu fen. I o i :

ER L

SR In" rd _to uSe fully thu 1ncrease in: boost pressure, the inJection

" took pleco in both: 1nteke shefts bufore the. blover.,¢ As.a result -of the
smell; temperature dlfference betwecn b01ling point -end melting point,. 8‘»j-
‘ftendency to stopnage developed “through G 1 sHov, espe@ielly ‘where- the.kl,
“pipes’ contrected end extended, with' unsultnblc end not. absolutely tight

coeks, armatures ‘end: prlmery nczzles end clbows. Plplng diameters -

‘ohould b gencrously ‘measured taking. 1nto cen51deretlons throttle leek.-:i
‘They were in this casc N.W.10. . The uczzle inJection angle used im o o
‘fitting to the inteke-shafts wes 309 %0 40 0, . smeller dismeters such—?t»,
a5 1.5" m/m ceuscd uneven f£low end icing. The flor of M.l proved with -
fixed nozzles. (Lochdﬂson) £5 bs strengly depcndent ‘on bottle pressure,

» whlch eltered considersbly eccordlng 0 tne emb1ent tempereture end the ;
stete of filling of thu battle. ' : :

Decreese of. pressure end flov 71th dlscherge cen be prevented if:
the ges-phase of the contalner is melntelned under an externel censtent
hlgh pressure.; ! , : i . :
: There seemed to. be no dlfference elther in 1d11ng or in operatlcn e
_vheth r 1nJect10n wes int¢ both. ‘suction shafts simultaneously or only
“'tne. of them, 80 that it is =ssumed that the’ distribution of @Ll S
thrcough the impeller res even. CQntemlneti*n of GM.l wes: prevented by
: 1ntcrpasit10n of BC high urOSeure fllters. _ 1000 kg. contelners were )

tsed for endurencc tcsts. ; -

IV.jTeStmresults «1th cold stert fuol R

, Tests on 1nJect1ng GM.l in: the fluld stete Wlthout pressure, which
. were cerried out by LFA Brunswick, prﬂved that much larger quentities
“could .be cerried &s tha ‘whole leycut wes not subjeéted to. high pressures
“of 70 atm. or more.- .This enebled the desired requlrement for raising:.
the outuut by using GM.l ‘for & longer PuTlOd t2 be teken into consider-
et1on. Owing t5 the 10W‘temaereture of the fuel an improvement in “the :
"83901f10 purformence'res Pttrlbut?blb to incr sed 1nternel coollng. o

2. Power—behev1eur

_ Tcsts alth cclé start fuel were’ cerr1ac out on’ powar boostedSOlD
'ﬁenglnes by BN Nun1ch, in eolleborstion with the. Research Inst1tute for
Driving motors ‘and Motor cers cof ‘Stuttgert, on their benchhs and on
BMET's own eltitude test benches:  In ¢ompariscn with pressure fuel;
SuVGTBl distinct end eonsid derable edVﬂntPges eeme. tL llght. The *
smcoth running ancd ‘regularity of output of the. engine wes remarkable _
" when GMi1l wes .used, better then with normel cperation or oporet1en with
“‘pressure fueck. ‘The speeific.output was as shovn in flg.ll with 3.7 to
-4.PSo s/g., 20 to 30%.-higher then with pressure. fucl. 4s appbers in
“the outeut balance shown in thc figure it is to be attributed rlmerily
.. to the intensive 1nternel coollng through the use of cold start fuel,
:.Whlvh, rs flg.lz ‘shots, results in a stronger cooling of  the- boost air
*"end in‘e larger increase of boost. ﬂrossure.;l Furthermore the 800d~~'»9
internel cooling hes the. rueult that the: temperature "of the: cyl1nder ,
_hosds =% oquel Gihl flow is no higher. with eold fuel then with preesure»
“fuel in: spito of con31uerebly hlghur power output. . .



(Flg ll iufPoner chprrctcrlst‘:s for 11quid CE&]J

(Flg.lz - The 1ncreése 1n the brost or:Asurc and the f?ll

- Ain-the bcostrelr“t*mnernturc ru,f ‘i%%“n of GM. )n

5._Coollng .

Tho qucstlon of thc cyllnder heﬂu cooling v'11:h:i.n wns qultc particu-f
l&rly studicd in tho cold ‘fuel. tests. Fundementelly At ‘can- be stated
“thet. thc hlgher thermal losds mlth GM.l ean’ bc countcred‘by external
cnoling, Ain-the sense of & risc of the coollng 7ressure arop and’ coollng
‘eir inteke es well. as 1nternal cooling by incrcaslng ‘the gmount. of :in-. jf‘f
jectcd ‘fuel or. by both: togethcr. - The effsct of the:two n0551b111tles v
een ‘be' sesn in fig. 15.: The nronortlonel use, Wlll naturally be 1nflucnced S
by operetlng conditions and cnglnc p0351billtlos.».;f:

(Fig.lB - Coollng prcssure dlffcrcnces “with GM.l
»cold fuel, and mochanical enrlchment)

—%Fig 14 -Necessary rise of coollng,oressuro 1ncreasc vlth GM.
. oreold fuel addltive for. equal heed: temoarature, R
' ,,,:v;wfgg_;'ulth constent excess a1r r?tla) :

.\.

(Fig 15 - Endurance tests w1th GM.l cold fuel on BLJ 801D)

, Besed on: our: experience we have chosen to control the enrlchment
in accordance with a constant . excess alr ratio. ~-As relative value; the
‘excess. 8ir’ ratio correspondlng to. ‘combat performance at ‘full throttle~
“altitude was taken.‘ Following “the 1mprovement ‘of mechanical efficiency.
~ this. control gave .2 sllght decline in specific fuel consumption with
. additional GM,1. flow,  The nacessary ‘increase. of cylinder cooling pressure
drop for constant . cyllnder head termperature ‘with thls fuel consumption
controller is showm in f1g.l4. A% high rates of flow an excessive
enrichment to reduce plston tcmperatures is in any casc unav01dable.*,

At 8 to 12 km. altltudes enengine cculd be run for meny hours at
500 HP- output 1ncreese by ‘using cokd fuel without eny: disturbences’ in »
" the engins nor eny signs of tharmal overload. ‘Fig.15 shows the balence
of a series of such trlels., “As in thrs eesg cylinder. coollng rcmslned .
uneltercd, the addltlonel thermel 1oad 1s v1sible by the rise of the S
cyllnder head tempcraturo.-, e .

ERN

4. Fllght test GO S e

: ngh altltude fllght tcsts vlrh e Ju.88 and e 801D englne took place N
&t the Testing bese of "ORANIENBURG using GM.1. cold: fusl. The rosult of
- enhourly moesuring toest vlth sbout &0 g/s. GM.l is- shown p:| fig.16. * The
speed incrense) thanks to M1, wes 90 km/hw. over 10 km. = In-level ="
“'flying this speed 1ncrease brought ¢ ‘considerable increase in cooling.
pressura drop so. thet in conJunctlon with the" internel coollng, resulting.
from enrichmsnt no notérorthy rlse 1n cyllnder head tempereture took place.

(Flg.lﬁ - @l l cold stert fuel in Tu. 88)
It wes notlced thet Tuth GM.l, eng1nesﬁrere runnlng smoother Fhen
b.vlthout it dn flight es ‘well as on tho bench," The time required to‘
‘reech ful1 output TS S-to 5 mlnutos.;,- RO , SRR LR '
Flg 17 bascd on. bench end fllght tests, shows the expectod increase
in combet -and climblng output up to 8-km. &s vell es the. necessary rise
in the cooling pressure . in: ‘elimbing flight and the consumptlon of fuel.“
(Flcrv of G,1 - 50 or 100 gm./s.) : )



" The' desrred reterdetion ofrlgnltlon with GM.l is- provided without i
trouble ‘by. the control gear on. enrichment w1thout requ1ring an additionel{
dev1ce, ‘as’in ‘the mass produced BNW control gear-' 1gn1t10n is controlled ‘

automatically by the 1n3ect10n volume.”p{“’

The retardlng of 1gn1t10n w1th GM.l additlon amounts %o’ 10° crank
angle at" the moment of start1ng, and decreases again at e ertaln alti- =
: tude.v. - L . sl o e I

5. Test procedure

v In contrast_xo_pressure fuel e soparate delivery system 1s necessary‘
when.GMs1 cold fuel is used. It consisted of a compressed: air plent o
o when ‘operating bench or ‘flight tests, with which,. after reducing the
air. pressure ‘o about 4 to 6- atm., dellvery from the GM.l*bottles was
"secured. R , :

> " ———

InJection 1nto the suctlon shafts was prov1ded by a8 commer01al
open rifled low pressurs. atomlsing nozzle like that made by Riehter
‘and K8rcher. = Perfect atomisation Y“ee ossentlal for" smooth running.
Speed varietions resulted with a nozzle dismster over -3 mm. A end 8
"delivery pressure under 2.5 etm. owing to bedly atomised granulated
@1 It was. slso observcd thet Ptomlsatlon was. often ‘less satlsfectory :
shortly. efter sw1tch1ng on, but boceme stendlly better end finer rlth '
~ the increasing cooling of" th; nozzle. ~With larger flows & pnrellel
coupllng of nozzles prOVud itself satisfa ctory.. " The time of rasponse
wes 2 to'5 minutes: eccording %0 the léngth of the ‘fubo. . With. changes
“in output unsven running mey occur, ‘resulting” from’ tho discherge of -
gasoous ¢r fluid GM.1 s1multeneously or eltornptely. (M.l wes storod’
~in light 1nsuleted motol conteiners end wes. fed through 1nsuleted steel
"tubes. ‘It wes nocessery to plece tho velvo AS near es p0331ble to the
' nozzle.'d On thu altitude. test bench, 1f the" dlstance between the velve
" and the duct was too long, duct teceme ieed, 071ng to:the low: pressure
- lying con51derebly below, the trlplo point, thus solidifying the remain-
ring GL1. . Flight tosts provcd thet 1t rPs important to de-acrete the
‘ conteiners thvroughly. : ‘ -

The flttlng f nozzles in the suetion sheft nas arrﬂnged to provide
“the 1argest—p sssiblo ‘eir spece, before the jet met the surrounding walls.
In fitting the nozzlﬂs it was to be: Pbservod that the orifice. of the
nozzle should penetratc to e small amcunt. {ebout - 1 to 2 mm.) frecly into
- the suction sheft and should be well weshed by boost eir, because other-
wise (.1 would dep081t on- the nozzls in- & solid form. - The crumbling
> eway of these deposits led to dangerdus’ power: pseilletions.  The flow -
of GM.1 wes dctermined in thc usuel 'rey by eoa'l_o tanks ox nplibra-l"jng .
curves, - S , v U :

'v. Use s @1 with 1nternel cuoling s

, As Stieglitz hes reported in deterl BMW for a. long while wWere
- eerrying out tests on internel cooling "1th addltlves partlculﬁrly

aleonol or elcahol-weter mixtures, which indlceted possibilities for
'~output incre?se end reliof of thermel lcedlng.

As eltitude bench tests have sho"n, p*wer et altltude wes - ,hus
: increﬂsed. ~ It had new tobe investlgeﬁnd whethsr this method ‘emld
be. ccupled” "1tﬁﬁthe mme using @1, pnrtlcul rly 28 the two methJas @
.respectlvely cenplement ono. an"ther, es fig. 18 Shows.. The flgure
~ shows the results of tests of a BM 7.801D main englne at 10 km. alsi~
jtude, end shows flrst thet when using blnery fuel 8 lerger overenrxch-
ment: Wes po551ble rlthout loss of output “then in- normel Jperatlﬂn, ‘
‘which meens in countoreffect t- the thormidl “averlceding with GM.1,
'\Slmnlteneous rleshol-injection ceused a lerger rclisf of thermal loel
. hrdugh 1nternal ccoling w1thout 1mpeir1ng tho speciflc output 1ncreaae :



:;Wlth GM.l. hus en °dditi)nal “utnut incraase a
“heat cr combustion prnpurt1es'wrs'p0351ble..

fff'(ng 18 - Output of BW so:u) mth or mthout alc:hol rolatvd 0

v As can ba seen from thls f gure en- fdvence “of 1gn1ti“n 1s useful

'vﬁwlth richer scttlngs end this is ne cesssry to?ﬁn'even egrogter: cxtent

- when. alcﬂhol oT weter-nlcohal mixture is. used. - On the: c:ntragy,ﬂyhon
-mGM.l is: used,wteklng ints ececunt the qulck rise of pressura 8 retarded
1gn1t13n is desirsble. t5 9v01d peek prassures, as ‘elrendy noted. ‘ “Our i

;nampar&$11a~$ests and experiencc show thet with s1multanecus 1nject10n~4
“of M1 and- elcohol 8 setisfactiTy compensatlon cauld be expected and____

the sdvontagos—"erc securud Vlthuut spcc191 tlming.

P Alcvhol in;ectlﬂn crn 8187 be used t~ t?ke cera Lf part or all of
th necessary aaditlonnl enrlchment 8¢ thet ‘the Pttachmcnt otherwxsa ;
reqplred en: the mlxture c\ntrol cen b» dlspensad with or simpllfled.,,; 

LT can be further essumed thet 1njuctiﬂn of. alcohwl effectively ;

: ellmlnetes the . deplets ef Gm.l ‘snow. ol the nczzle 1n the suctlon sheft ]

"whlch may leed tg englne troublc. : L R :

Developmcnt and m&untlng "f ngzlcs wes thus s1mpllf1ud end faclli-"»?

‘t?ted':‘ ST e e S T T g

. Qpite recently we beg?n t try 1ncreasing the tekc-off pﬁver bJ
pddition of (.1 cold fuel.- In testing the 801D type en increese of
‘teke-off power for. the type from 1800 HP to 2100 HP eould be renched 8O
far,:- The thermal cnnr’ltlcns for snerklng plugs m partlcular wese

high but w1th1n contrﬂllnblu llmlts.'“" ; _ .

. In order t~‘reance the therm"l l“ﬂ“ furthcr tests were ‘mede using ,
‘GM.l end 9lcoholvsimu1tpnecusly rad: brought the desired’ results, 8s shc*n
4n fig.l9. ' As the alcﬁhcl quentlty wes cnly of ‘the same order es the:
MMl quantlty it is. sxnectpu thet during furthor tests on these l1nes,: B
- better imprivements with 1Prgur eXe shol: quantltics cpn\ba expected.

Thus slcohol cen serve'°ith T to reduct the ‘thormal load:at constent
‘eddltional output or IHCTOES“ thc cutput at canstrnt thormﬂl load.

(Flg.lg - Teke off pover 1ncreaso in BNW 801D Wlth GM.l cold fuel)

 VI. leltlng cutputs Wlth GM.l.'  H'

In vie” of the stpte of tochnlcal cevelvpment of +the equipmant,
- in the interest of. ‘simple subsequant equlpmant end constructional con-

: 331Qerqt10ns, it is pr;p*seu et flrst for the practical appllcetlﬂn, to
provide constent retas et P“dit1on of GM.1 with height . {perheps hewever
“g~stage’ aJdition) “end thus t3 get ‘eonstent incresse. of power. Assuming
sufficicnt cuoling 2nd e sufficlent ‘supply of fuel-tha follm 1nglqucstion ’

erises: ig it p"ssible to. cbtain & higher: additionel output et:high
altitudos when the cutput is low,. cr:in other words, to what exé@nt -
does’ the criglnnl sutputb whlch falls with increesing- altltude, permlt of
‘g1 increase of the output due, t9. GM.1 eddition rithout en accompenylng :
;1ncrepse 1n tha thermel londing.

It wes msnt1~nod before that our tosts wlth large aaditive quan—'

tities gave en ‘ovorloed of sbout BOp when GM.l is used. compared with =~

_jr1r opyratl*n. “If cno:tekes: the pnglne s output at full throttle height ‘
es. the thormally limited ﬂutput thbn for the height at which ‘the. engine's
*lHltlEl povar is Just zero, there. is st111 1th GML.1 edditiﬂn a. p0331ble
_‘output of: sbout’ 704 of full throttle pawer. "Fig.20 shows the corres— - . .
ponding veristion’ of. cutput. at: 9lt1tude gith GM.1 sadition over. full
~throttle helght. - ‘Furthermore. the. figurc shows the verietiuns of coollng
eir pressure end: ‘fuel cunsumvtion cﬂrresnon'1nt ‘to this\iheﬁretlcal
limiting DPOWET. . -



L A steady over enrlcnment et Fltlturcs wps ettrlbuted £ internal
‘cocllng, howover conly wlthln the, rence where . no.. cecrease in® cutput took
“plece. oue tu,rlch mlxturc.j, ‘Tre reellzatlun of -this theoretlcql GM 1.
~oubput - curve vmzl'1 in eny case’ Lenond upon fn- rltltule ¢ontrol of Gi.1
,aac;tive ~fuel". enrichment, cocling alr"prassure drvps and: eventually
elsc ignition. - It is. obvious that the. 8tta1nment of- high COulinP air

: pressures w1ll cnuse dlfflcultlus. ,;Af5‘, R R L :

(Fzg.ZO - Llruts of outeut “f BMW uOlD ”1th GM.I“cold-fuel)

. Thc experimentel velues obtslnc& Wlth our BMW uOlD type ns"drawn
. in this: figure show thet. up -t 6 k. ‘over-the full’ thrnttla height it
wes still poss1ble o follovktha theoratlcsl curve.:~sThe problom for
-eurrent ‘tests is to esteblish -to Wh?t extent et still hlgher altrtuces
“the the*reticﬁl 11m1t velue coulc bo raache :. L

‘JIIbY Prublems fur further nevelopments r

. So far tast results ang exnerience 1nc.n.ca1;c,f3 thﬂt~by 9Fd1ng GM l
~tc high: eltltuie enhines with .end without exhaust blcwers: cver the full
~throttle helghts, alss for perlous of addltlve 1nJect1un, con51aernble
,output increases could be expected end. thet the better performences sC.
far obtained could still’ be improved upon. : In: order 2 ‘obtein this and
‘elso to.develop with good ‘efficiency: ond on e -firmer b951sA ‘the alrea
. proven edventeges cf ‘the @ik 1nJect1un, it secms- impartent. +9 -us.to°
Htry t fulflll urfently the foll w1n: 1mrqrt°nt reoulrements Bl

: l C-rryln" on - of. resaerch on necOSSﬂry )rop rtlus of the-\;:'.
,meteriel of ell perts rhlch come, in contect with Gm.l, the most uffoctlve

insuletion materisl, anl suitable. 1mprcv;ments of armetures.~ Shortenlng_
the : time of rospcnsc w1th GM.l 041 fuel by c“rrospondlng 1mprovements
et thu layout. RN EE . : .

2. Exlurb.ment of thv orecuct1on base. fsr nozzle equlnment 5
ermatures, oiping, metal ‘Thoses end electrical- 01rcuit breekers gs WOll
es. their further 1m1ravemunt.  Ouing to scarcity. in sugply of these :
Vﬁarts, dQVelcnment WUrk 1s con31uerably rctarded. : :

Lo o .

.3 Sun?ly in lerger quantltles of GN; tnnks ot 100 tu12000 kg.
-caﬁec1ty, ‘(M.1 tenk cerriers for repid G 1 suﬂvly and wheele& fllling
“@evices for refuell1ng.‘ . Furtuor: 1ﬂprOVemant in- insulatlon of tenks 1n
‘order to lsssen losses through everoratlon. Ve

: 4. In new enclne types for GM l ~,ueraatlon a mass produced rﬁnch-
ment for the mixture control should ‘be consiﬁered, this-schema. should .
Uermlt when necessary. under +he present stPtus of ‘development & 30%
ixcruase‘ot altitude over the normal maximum. 1nJection yolume, - T
ubtoin sufficient cooling in alrcoollng engines, an increase of 100 %o
-200 ., WeSe’ in t ot Luullng air uressure shoul& be conS1dered. '

: To Pballna t“c above requlrements and to get a further increasée
in the performence: ‘of our engines; especlally régarding the. full
‘.throttle height, ‘we- ‘have sot ourselvcs thu follor1ng problems for the
further development of @il i

: 1. Further output 1ncreasus in ﬂarticular at low initial output ’
by G, 1 -eddition overwlso g/s. to eut&bllSh how near the theoretical’
limiting yalus-we can come, namely et the helght where the effectlve_-
useful power 1s normallv zero, by 9dﬂ1tlnn of GM.l to glvo 707 of therf;
“output at full throttlo hOtht. ) _ L

e

2. Reseerch es to ho" far th ’tﬁérﬁélbloadfat'large GM,l intekes



coul& be counteraCtea _1,m?

e). by ad Justing the ignition tlmlng. ‘ v e
R b) by r8151nb the 1nternal cool1ng by means of
' “a.richer: mlxture settlng

T‘) by adling substences of hlch;latent heat suchjhi
qs alcohol or water-aloohol mixture. P S

L 'F 3. Research on “os51b111t1os cf incrcase of take off power by
:GM.l 1n evalleble blowers. : o v :

PN I

L 4.,Exper1ments to inere aSe tha outvut ‘with GM.l 1n englnes W1th
_exhaust blowers flrst of all &bOVu the full throttle helght..-5 St

Test Rasults Wlth BMN englnes u31ng GM.l aﬁdltlve as oxygen —_—
carrlers were reportsc. - - The. 3oss1b111ty of & cun51derable riss-in
the. altltude, nsrformﬂnce over full throttle: heieh is nroved. to: be
safe in cperation end thermally eontrollable.: In the case cf GM.1
cold fuel the achluvement of a stlll lerfer outﬁut EP:.n can be exPGCted

Discussion

"Held: -As ﬂlready menthneé an 1m?3rt?nt part cf the kncwleuge ebout

St the epplication of GM,1 in BMF end. Daimler Benz aegro.cngines, the‘
Willick =and Pauling deseribed, was geined in close co-nperetion with the
Research Institute for: Aerc Engines rtteched to the Teohnicel High

-School Stuttesrt using their test bench. Thu Institute can cvngratu-‘
.-late itself" on- nroﬁucing scme 1nterest1nL results nf its—orn. .

(Flg.l ~ Engine. data Wlth 1n3ect1rn before
and aftcr the blower)
‘ Flg.l ‘shows the c*mnarlson betreen GM.l inJection befare ane ﬂfter
“the blo"er in-a.DB €01Q type en51ne._: ‘Dedending on GM.1 quentlty Gx-
- the most importsnt oﬁerstlns Aate sru shown in bﬂth casass - The €1ffer-
‘ences are dependent upon the gein in- the blower, which is the result of
. eooling of the intake eir ﬁh\,n the 1nJect10n takes pleace before the”
blower. . At full vep or1zat10n of the 1n3act3d M. 1 quentity before. the
.blover, the inteke oir temperature must fell linearly and similerly the
blower pressure increasos llDBPle.. 'In fact the M.l quentity veporized
tefore the blower decreesas with increasing quantitics of GM.1 cwing to
the short werioi and small heet supply cf. the inteke .air. That is v
the orlcln of the crookec course of the boost prossure.- o

S Wlth inJectl)n thlnu the blorer, the clr ct rise of bﬂest pressure
condit1ons owing t0 epoling is lost. Boost prossure remains unchenged |
until it is affectad by the verietion of the flow qunntlties which move
the oneratlonal noint in the erce Sf the blower. "

Tho alrflow rlEGS "lth 1ncrc¢51ng rmounts ff GM.l with thu‘inaect-
jon before the btlower end sinks comp!? rntlvoly stoeply when the 1nJact~
ion is efter thc blorer. R : _ S

In evary caSu thQ\Gm,l qnantlty is cnmgletely venorized: 1n514e and-
_after ‘the blower, becesuse.-of ‘the consideroble hert in o« cmpression, -end
'therefore the temperatures teken before the - VPlves fell linearlye - -
- The. fell is lerger with: inJection efter the blower, because firstly, .
with felling eir volume the- GM.l-elr rntio ‘alters tc the advanteges: of

the GM.1 itself end sceondly the incresse’ of alisbatic he°t1n~ which
is connectod with the rlse of boost pressure conditions rhen 1n3oct10n



is before the blover, 1s lacklng,‘ﬁ e

R The effectlve nower risa is slnver 1n relatlon to vavlous ratoa ',e
7ﬁT?ﬁETETﬁﬁj‘ﬁifﬁ“*ﬁjéctian-efter—the blorcr -then™ "1thw1nxyct10n bef

the blcwer'” ‘the corresponding ‘cutput increasss, i e._the povwer: innrease
.per uantlty uf(ﬂhl per*unit*cf~time are 1n the flrst case 2 6 to 2 7
“HP-s/g:-£nd-3:0-0 5.4 P S/&';- s B Rk L R

Fmrthar aevalovmynt vas limiteu to 1njgct10n Lefare thv blowor.-~v
‘Néterlng of fuel must bs ac;usted tu the 1ncroasednoxygan flow Phen
‘GM.l is. used in & nwnnur to. c t the best Jutput. ;.”-vf v S e

"‘f¥-{f»f ,7 (Flg 2 - Influence of the mlxture strength)

S This figurc shows the outbut obtplned Pcalnst oxygen excess'} fqr‘*
e DB €01Q et-10 lm: sltitude at 2500 r.p.m. with 80 g/s. @Ll.  For
‘comparlson, the maxinum outﬂut ithout (M.l wes measured alterlng the
pressurs baefore the engine to lee other~1se equal cﬂnd1t10ns. ‘The
- most. favorsble mixture. strength is -the ssme in both cases._ Exhaust
,tempereture ‘and’ tempereture. et sperking plug seats' &re as exﬁected i
-~ higher: with Gi.1 than with °1r JﬁurPtlun, but the runnlnb epPrt frcm
that mes simller. e e o e e _~¢u».‘ ff— -

N .
L e

, In the coursa of axner1men+s the 1nfluunce ﬂf thc 1gn1t10n tlmlng
;;ves elso. lnvestlgated . For this three 2utput courses were cnn51derad
at lO Jm, altltude ith dlffarent 1gn1t1vn tlmlng p01nts. :

.l Normal nerforms’nco ‘ ‘

2, Wlth increesed outvut obtplned ”lth the audltlun
‘of 105 gfs. of @41 :

3. With esquelly incressed output “1th puro alr
ﬁwaratinn obtplned 1th e higher. nrbssure befvre
the englne. : .‘ :

(Flg 3 - Influencc of 1gn1t10n tlmlnc)

=T aﬁvbers in fig.3 th?t the tlming ﬁ01nt for test outvut "1th
GM.1 additive is ebout 10o crank angle . rotarded. Corresponclngly,«
the cambustion: pgek with GM,1 e=dditive. moves with ccnstent dgnition
timing point t5 10% crenk ‘engle advence. - Both granhs point out that .
the course of. ccmbustion is accelerateld by the presence  of free oxyecen
resulting from the freo energy of the Gisintegreting GM.1l. As Tfig. 5
‘further shows, the ciurse of combusticn vlth @L1 ot equel” ignition
tlmlne leads to hléher peek . pressurcs. ' Wherees with the best 1gn1t10n
timing with GM,1 e substentlpl pressuru drop eppeers as ageinst en equal
performance with pure eir, v : : : ‘

‘Fig.4 shovs three 1naicntur eeris vhlch wore all taken et the some
ignition timing points.  One n“ticus 8 stcever pressure rlse end
edvance of the combustion peek in the mniddle diagrem: opefating with
105 g/s. of GM.l additive as egeinst the ¢imgrems for pure eir operation,
one for the initiel output at 10 km. Pltltuaa, the other for an equal
outﬁut as with GM.l,,perstlon. :

, The observed acceleration of the combustlon also 1nfluences the
knocklng behaviour. In order ‘to make -this clear, knocklng measuraments
were. condueted by, meens -of .en FKFS fuel test engine. In fig.5 various

throttle positions end power outputs: are plotted ageinst fuel flaows fer. - -

. _operation w1th or without @L1l. The various knceking limits are speclally
-indiceted.. - One reckons thet the knocking limit with GM.l ?letiV° 1s

considerably hlgher than *hen pure elr 1s usoF

(Flg.4 - InFicat,r card with anﬂ without use of @1
- et fixed ignltiqn timing peint, 35° crank angle befora.
'T.D,C.,. engino DB 60LQ, no. sf revs R =-8.500 min, -
RS altituce lO km.) M o




fand ﬂn the‘other hand by the hlgher speec?of combustiﬂ’

5results in” controlled burnlng of the. knocx _usveptlble r&s:*unﬂq‘
“the ‘¢ylin@ér ‘cherge:- Tels ip i that:
'fthe in@icator cards of & multl- y

K regnrds the;therme »109 “the' . is sed, P
/. mogsurements. of, .piston: temeratures’ in’ Dlesel enélnes aTe avallable.f‘;
'fMeasurempnts by meenu of fus1b1e plugs gavc 35000 ‘at the piston centre "
gpt Tull: losd w1th pure air operatron.,, dlth ‘about’ Ssﬂ outnut 1ncrease ‘
{;due to: supercharglng with' a: blover ‘the- temnerature :rose "o hround v
; 420 G., and et’ equ°1 autvut increase by GM.1: additive to 500 G.‘ These*
.values” 1ndlcate clearly &’ suhstantlally mrre severe rise -of thermal
t loPd w1th output vhen u51ng GM.l.v i S

(Flg.S = knocllng beheviour)





