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PART I CCllCElUfING THE INJ!Crtotf AND CClflUSTI<JI or METllANOL 

I. I!;TRODUCTICN 

·:ii th t'lie rap idl:I risir:g costs of crude oil uncertaini ty o! 
supply, rational econooic cTises and the doubts surro11nc ing t'.r',e 

c:..:ar,F:e~ r<:> >·n.nt t.o •·:orld :.. uel supply will ta%e p::.ace ir:. fu t1;.re 
>="~::.I:: ~·:Jr·-':' ~re9s t'-:e fuels will change froru t::e :::ore c~r..ver:-

tional ~Jcrcca=to~ :~els to alternatives such as alco~ols nnd 

t .... ,is ci'A!".:-:-.:: · .. i.~l :n them create in significant changes as rega
.:r<is :-=::ai-_::: f:.;el specifications(Cetane number,volatility,aroo

a~i.cs, ~3~~~:fic •alue,etc.). 

?.ip;'.-'! ::De'=~ -:::-11ck ~nd light duty diesel engines are not fuel 
to:er~~~.~~~ t~is is particularly t~e case concerning alcohols. 
~c ~-E·:1 t·,2 -:-~t"ancl in a DI diesel engine a dual fuel or a 

glow ;l~~ apJroach is required to overcome the poor ignition 
~~:,.:~t:;,aJsisteii igniti'Jn has to initiate cocbustion.The ip;nition 
:~a:it1,f~e: i~jection,combustion,engine outputs a~d service 
:..ives a:-e ··:li:ily ir.fluer..ced by those below cited differences 
~et~e~~ :~e ~roperties diesel oil and ~et~anol fuels: 

:...~.=--~c.::::;i is ::·:::in:>co!:!.ponent HCO fuel and q_uic:.C:.:; eva;iora~es at 

a a~=gle J~f ined temperature. 
LJie~el ~il is a multicomponent RC fuel and evaporates within 

.. Ef ~:'.ed -::e:-:;"!rature range. 
2.:~e calo=ific value of methanol is 2,5x lower than that of 

3.Uethanol evaporates at a higher tecperature t~an diesel fuel. 
4.The evaporation te~pera~~re of nethanol is cuc1 lower in 

respect of 95~ dest. tP.mperature of diesel oil. 
5 .:.:ethanol :r..eeds -~ •,, i,q;her temperature !or ignition 
6.~~e cetane nu~ber ratio ~iesel oil ~2/methanol is nearly 10. 

?.:he den~it~ of ~et~acol is lower t~an t~at of J2. 
,, ,, " " 

9.~~e coo~reseibility " higher " " 
:~.Ihe ~ressure ~ave " lower " " 

orooagation 
ve~.0city 

11.T~e lubrication quality of methanol is poor and the lub 
rp.1aiit.Y O.i ..;.1e:::;ei oil ia sufficient concerning fuel injection 

,- :; s :~:~. 

-1 
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12.Corroeion attack is oore likely when wit~ rnet~anol t~an with 

diesel fuel. 

As a reeul t of the above cited differences t'1e fo1..l·YYing ::::ust 

'::e consic 0~ed: 

a) ·:~e er.e::gy r".!quired for an i~itable -3ir-f~J~: :-~"'..xti..:::e ·"r:en 

•:):e:rati.:-.F: wit'li met""anol is ~i~'1er b1 :'sct·J:" -:::: . .-··er" con~ared 

~it~ :~e sa~e "uoict" of diesel fuel-3ir ~i~~u=e. 

~) Fer t~e ~se of ~et~anol fuel icjectic~ ~~u~~~~~t c~an;es or 
s~ ~eqst ~ew sPttings will be requir~d to: 

-t""e increased fuelling 
-and tc co!:ipensate for the hip;her fuel cc:"'.1~!"essi°Jili ty. 

c) ~ecuced i,znition quality of t~e fuel will ::or::ally result in 

· .. oree r~c (or/ and TP.'CO) emissions ir. p::ac tic;al J';.)P.ra ti ones 

~ven th~ugh steady state hot tests ~ave 2~0Wil little change. 
~tis is because of cold start,misfire a~d cold operationes. 
Cold operation may have an increasingly sev~re effect on 

~elay period,~isfire and late com~ustion. 
:::.s:'i::-e and span tar.eous ignition or knock ".~ve to be '2xami:c.ed 

"..:nder: 

-conditior.~ of cold operation 

-lo~ partial loads 
-":::::-ansiPr.ts 

• 1 ·~:.i:;.i:a1·· "'ot steady state benci, verific2tion:= ir. labo!'atJI"'J 
conditions are insufficient.Under automotive le.~islative test 
.:::;c: es :·-=c er.:.:.ssions are frequently inc!"e:3eec 'by 25-45r;• 
d) The "equivalent" diesel fuel consumption in service operation 

may be similar to that of diesel fuel alone if ~isf iring and 

late combustion are avoided. 
e) ?oar injection,cold o~eration,~isfirir.g and :on~ tioe low 

rated speed o-peration with methanol may initiate excessive 

wear. 
f) T~e :~wer ~alorific value,higher compressibility and lower 

Pressure wave propagation velocity of n:ethanol ·:1'hen compa

ring with t~~t of diesel oil caus~: 

-~rclon~ated injection 
-different residual pressure 
-~:tered !~j~ction ti~ing 

-st:lall differences in mean inte~ated inject.ion pressure 
-·p~uced ~ax. ir~~c~io~ PfPSsure 

I 
I 
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-spraJ penetration and fuel atomisation ma3 be great].;{ 

i n!lu f!Uced 
~ore leaka~e overflows because of lower density. 

~:. :~e ~~el ir.jection syste~ under consideration: 

:~,e II? ::..ab., to the methanol fuel l~ of the lub. oil ·::as C.~ped. 
If 5eparation and excess of wear are really avoi~ec t~is ~~~ro

a.:::~ [',a:; ·:e acceptable. 
~t~c~t Grawinp;s on disposal adhock measure~ents de;ict ~~e 

::y3~~!!', i..;,sed: 
'!..pl·1::?;er .!ia /J 7 mm 

2. :!'.ax. ~troke of plunger -9mm 

; • st:.-cke :or theoretical discharging 6 mm with tangenti::i.l cam 

4.~o::oon inlet and spill part of 3 mm dia. 

5.dead v'lurne of TDC plunger position 

~r = C.S· ¥'~ 110 [,.,,ml) 
~.~et~action volume 30 mm; (Atlas ~6tr.m) 
;.d~ad volume of the relief valve 800 mm3 cap. 
.:. ...... i~ .... Dr'essure tube .02x600 mm with volu!!!e of 1885 

9.injector dead volume ~goo mm3 
:.:; • ~otal ~e3d volume , .. 3500 '1!!!!13 
11.ratio (re~.vol:tot.vol) 100=0,86 
12.r.ozzle ~oles 3x0,26 mm. 

'!.3.rydraulic needle ratio .03/~6 

7 

n:J) 

14.presetting of the follower- 2,8-3 mm. 
l5 .f·1ellit:1Z 75 mm3 I stroke at 750 nin-1 (camshaft) '."".~8 :oureC. in 

ergine operation. 

III. General apnroach: 

1. Tr.e etart 

1-J~eninli!: 

2-residual 

of injection is cainly influenced by: 

injector ~reesure 
Pa· 

3-c~erat~onal s;eed 
d-injection system ~eed 
5-cam-follower presetting 
6-compressibility of the fuel used 
7-nressure wave propa~ation velocity 

Witb cODTerdon to •tlumol uaually the rHidual pruaur• 
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increase~ut because of the points 6 and 7 t~e start of injec
tior. is often delayed.~iming compensation is easy attainable. 
~1~~ ~r~~l~~s ~~r~ nay b~ expecteC wit~ t~e widene~ s~eed range 

:--~er.="•• -:--~v3r.cer '":as to be ueed.If t.,,e rated s~eec :i.s less 

t._,~::i (or ~!.ue::. to) 200u rpm tie timing ·~ evice can be normally 

avii~~~.T+ s~o~ld be mentioned t~at usin~ advancer injection 
equ:D~ent is ~ore eJq)e~sive and some unc~rtainties concernin~ 
f:i::".::-:=: ::-'-ill. rer.:ain.:,:oreover,with 1igh in-cyli::der peak press
~re~ ~t ~~~~er speeds it is advisable to avoid an advancer and 

-co 1c~e-p: ·. ig':er fuel consumption. 

~eta~ced ti8ing cay be of benefit for :etter ignition and to 
i~cr~as~ )r~ssure if ,because of prolon~ated injection late 

cc::c:..:sti.:>!1 .~'"~es r.ot occur.If so, the best pr3ceC.ure is to shorten 
t>-.'°" .::.~.:-=~ti.on neriod wliile simultaneously r.1aintaining the same
-c1l~~~~r ~e~~ nressure and the same cressure rise (or less), 

~2 t~~~2 ~or diesel fuels. 

!~jec~i)~ ~eriJd depends on: 
a. ~~elli~~ or in1ection quantity 
·,. :,y s:ea :..: sed ( plur.fl;er dia, nozzle -:,oles, etc.) 

Cor.vertir.~ to ~ethanol as fuel injection period is normally 
ver~ high influenced because of lower calorific value.Operating 
wit~ ~et~anol for the same power output t~e engine has to be 

2, 5x. oo::e fuellE:d or with f·1el 2, 5x r:1ore volur:ietri~ally :::etered 

~han tnat which is case for diesel oil;this means that the 
period of injection i~prolongatedHowever,the long injection 
period causes late combustion and hia;her thermal loading on 
the com'c~s ti on chamber walls. This may not be the problem >'li th 
cuned ciown engines.i.:oreover, if the maY. mean effective pressure 
is re:atively low an injection period correction and a remat

ching -::.a;; t~ ·..:~;ecessary. 

~·owever, w'her. >Joerating with diesel fuel at reasonable levels of 
mean nre~sure and conv~rtin~ to met~anol t~e fuel injection 
system ~.?3 to oe rema .;ched .·;;1 t~ fuellinp; increased care must 

-1 
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The loadf!d nart o! the cam increases and so the possibility 
for ver3 hig~ we~ring at t~e contact.surfaces ae Fig.1 shows: 

vk-velocity diag. 

~ 
hk·~lif"t 

I 
'ff! "" 

?if,.l ~elations cam-follower and fuelling 

T Eertz contact pressure 

A 
permissible limit 
1750 U/mm2 

'-f o[CA} . 

' I 

Pie-Fuel pressure dia~am above the plunger. 

'f o [CA] 

In Fig.l point B depicts the start of geometrically defined 
· delivery ; with diesel oil and point C shows the end.;ii th 
me~hanol the end of discharging muat be ~emoTed to point z. 
3et'R~,.,., the point E and ~afe distance must be kept, according 

to ?1~. l. A 

Removing ~he point B on th~ le!t the aTerage discharge velocity 
ddcreaaee and the duration of injection additionaly increases. 
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If B-:S. shows too lon~ oeriod of injection or/and the safe limit 

A is reac!ied is only to do: 

1-increase the ,lunger dia.If i~ is still possible to use in the 

i!'!jection pump. 
2-increase t~e full plunger lift if t~e new defi~ed -·~ms~aft can 

us~d.:~us S-E distance ia len~htened 
3-c~an~e the cam form wit~ the larger an~le 'f (see ?ig.l) 
~-red~ce t~e retraction volume if p~ssible 
::: --:.r,cre~se t.._,e total "flow cross-sectional area o: t'-'e i!:j~ctor. 

-~~ i::: :.s ~articularly important for the nozzle holes, when 
;:ossible,becaude of the spray dev~lopment. 

:t eeeme that t~e most suitable way of reducing the injection 
~~~iod is to use possibilities of points 1 and 2. 
~e~raction volume can be practicall.3 reduced only if: 

-a~~~r injection is avoided 
-~~e injector needle closing velocity is still ac8eptable.?hi• 

~eans that the average pressure reducti~n rate bef or the 
~-.ozzle during the spilling .should be kept at about 150 'bar/l 0 cA. 

-existed ,..value ~as not the ratio hvfdv too small (Fi~.2) 

hv l. T..,e volume retracted -"IV -
I Jr .d2 
I = VR= .hv=constant 

4 

OJ 
¢d~ 

Pig.2 The Piston of the relief valve typ ATLAS 

It After injection takes place a snubber valve may be used but it 
s~ould he matched to the speci.fic system (Fig.3).uia pd has to 
be defined according to the law of reflection.In this way 
backward pressure wave intensi~ can be reduced.The dead volume 

0! t~e s~~~:er va~ve ~as to be kept as small as possijle 
especially when :net1",anol is· to be 1:sed. 

' 

--.1 
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I 

a snubber valve 

aetraction volume 

Fig.3 Snubber valve 

Eack:Word -;:ressure wave [bar} 

Producers: Bosch ,FgM, C.·W, v:s-~.:aribor) 

Lately (See "Steyr" publicatiocs). 
Sr.ubber valve was used As to i~crea~e ~~e i~jection presbure. 
~owever,it is of be~efit only i~ a =2:a:i7ely narrow region of 
speeds.~oreover,with met~anol as fuel,t~e so called "reflection 

charging" may be poorer than t~at ~f diesel oilw 
' 

If should to be noticed that since ~ethanol is a more compre
ssible fluid attention must be paid to reduce the dead volumes. 

~he possibilities are as follows: 

-in the cap of relief valve 
-in tie high pressure tube 
-in the injecto~ holder 
There iR a basic rule: "Reduce dead ·;olurnes in the high pressure 
system

1
as much as possible, but do not increase the flow resist

aucee and do not convert the potential energy into the kinetic 
;.oJe) before the nozzle holes" .The latter ':las to "Je given seri
ousl consideration ~hen working on injection design. 
~~e so called correction wit~ the ~odule of comp~essibility 

/ df" oc.· V · d:f __..,.. "cor1.pressible flow" 

-;~:; o!llY be :reduced by V (dead vol·..:=.e).~e coefficient of 
compressibility of methanol: 
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~ETHANOL ;> ~IESEL 0 IL ( 1, 33 10-9 m
2 /~ 

is the ~ain reason why o~erating with met~anol t~e above modul 
is getting irnportant.::areover,tecause of t~e lower calorific 
value (2,5x less t~e~ t~at of diesel oil) fuelling must te 
drastically increased.~o avoie late combustion,efforts cust 
0e uade to =educe t~e ir.jection period and this may be ac~ieved 
wit1 increased ~~ess~re =ise or wit~ dp/dt in the above modul. 
:hus,~it~ set~anol ~ot~ factors V and ~~/dt,in addition to t~e 

coefficient of CJ80ressibility cause t1e unwan~ed prolongation 
• J 

of ir.jection. 

Aga:n when,operating wit~ met~anol the theoreticall:l defined 
modul of disc~arging 

'°-•t: 

jAt·~ ·d'f (see aleo Fig.l.) 

" ~-plunger cross-sectional area 
vk-instantaneous plunger velocit~ ~~ic~ de~ends on lift presse

ting, cao form and speed is greater than those for diesel oil 

there is no use in increasing only Ak or/and vk,as the increase of 
the disc~ar~ing rate does not always means a grow~h of injection 
rate .~!oreover, it may be that only the duration of injection 
'increases and t\.·en in turn the t'.ier::al loading of the com"tiustion 
c~a::.ber and t'ie speci.:'ic f11el co:isumption. In such a case the 
peak in-cylinder pressure is relatively low and the pressure 
diagram is extended. ·rhis may present a specific problem if the 
engine is getting hig~er up rated. 

In order to reduce the injection period the flow capacity of 
the injector has to be investigated, both theor~tically and 
experimentally.A~ a start the following rule seems to be valid: 

ifz ~At :}+.f-
- = x _.,. ~ ,4, ~ >J 

'\{f /~ 

Vcl and V02 ::tart f~elling and increased resp. 
-""'Al and ~A2!T':e same for the nozzle holes cross-sec.flow 

a::-eaa. 

T~P eiven rule consirl~rs t~e sarne fuel and reasonably liigh load. 
On the contrary, if the fuel is to be clianged, the changes in the 
r:j"'.-r~ire ~o:r,:::i~ior. ;:;:.-: ~· tl-:e ·~Y custion rate c:iust be appreciated. 

-.1 
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Besides that, with low ratings there is nJ reason for the nozzle 

flow area to increase at all. 
injector adjustments can be satisfactorlly accocplished o~1Y, 
with the accompaying flow ~ate ~~Rsure~e~ts.~~e test benc~ 

~easure~ents s~ow Fig.4. 

pressure gauge 

Inj-=ctcr 
valve -

~ilter 
~to.I? watch 

00 f20bar-
4- dm3/min 

p=const. A t•const.=30 sec, ~p=const=lOO bar 
Fig.4 Flow measurements of t~e coz::~ ~oles 

Ji v. O, 1 ·,::!l.m 
;or needle 
.i..ift setting 

~ealing with diesel ergines steady state test bench flow 
rr.easurerr.ents -:::.ay not be Jr:.ni :teC. • .?or -:::~ ::o.:zle alone, injector 

holder,tubes,intake and spilling porta etc. the flow capacities 
are very isportant.?or the nozzle t~e ~ecessary diagraw ?ig.5 

is oz;i7en. 
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E:t!ective flow area ()t~J 

1l 1for t~e matching l---_,_, __ :::..... __ 

needle lift 

/17tU'. {, t 

Fig.5. ?.ff. flow area of the nozzle vs. needle lift. 

IA region I the control flow area is on the needle seat and 
in region II, the nozzle holes control the flow.Here it should 
be mentioned that the geometry increased flow area does not 
mean an increase of eff. flow area.This is especially so, it the 
small nozzle holes are observed.The inlet hole resist411ce anJ 
the hole roughness :iay have a large influence upon the !low 

capacity.Improvements can be made by la~ping as was explained 

in the III> Lab. 

-;; it~ increased hole flo>1 areas t".1e cross-sectio~al area around 
the needle tip has to be checked (Fig.6) at the full li!t. 

' 

---.__~~-A~-total ~eomet. flow area 
~ of the nozzle holes 

Fig.6 Relation of the injection flow areas. 

If the required ratio (Fig.6) is not achieved the fuel flow 
will be smothered at A1 and the some of potential energy will 
b~ lost.Small correction here may produce good results F!g.7. 
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Fig.7. ~he s~all correctior. of 7~e ~~Adle tip. 

IV. Eroposals for t~e syste= C8~sider~~ 

(~atc~ir~ tec~~icuesl 

With ~egard to the measured data collected,the !ollowiL.g find
ings may be o! interest. 
l.Operating with methanol the peak in-cylinder pressure at rated 

power is lower by 20-25% compared ~ith that when diesel oil 
was burnt. 

2.'::i::h.ree nozzle holes and a centrally located combustion chamber 
) 

by means of an intake swirl port form the air-!uel mi.rtu.re 
I 

ignited by glow plug. 
3.~he outJ>ut is relatively low. 
4.No overheating was observed 
5.The in-cylinder pressure di~am is rather stretched to be 

similar to that !or late combustion 
c.L%cess of leakage fuel inj~ctor overflow was observed in 

methanol operation. 
7.The measurements or glow plug surface temperatures are in 

pro~ress. 

8.The teat bench droplet distribution measurement demonstrate: 
-with methanol Sauter mean dia. is less than with diesel oil, 

spray developed under ambient pressure but ~as ventilated 
using a simulated air swirl. 

9.Althougb the pressure diagram streched and the peak pressure 
low and the energy delivered into the glow plug was incalcul
ated;the specific diesel equivalent consumption fuel rate 
cperating with methanol was 2% better than that, for diesel 
fuel.This result,if correctly measured an~ evalute~ is 
encouraging.Hcwever,the in service operation determined fuel 
consumption is o! more importance 

10.No glow plug burning out was observed. 
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11.The engine co11pression ratio .!§ seems to be too low for 
par~ial load range and tor accelleration from zero to full 
load bec~use ot m".sfiring.Because or the manual start, it seems 
impossible to increase it !rem 16 to 18.Sowever,an-electrical 
starting device can be introduced. 

12.As yet detailed attention,to the cold-starting and warming-up 

~haracteEistics has not been given;mis!ire or irnocking were 
not obserYed (at full load). 

13.~o experimen~s were performed when using Silla~~ quRntities a! 
~he vegetable oil mixed with mechanol. 

:4.After ru.ni.ng the engine tor about 200 hrs. the piston chamber. 
cylinder head and cylinder liner showed no cracking or other 

demage. 
:1.king into Recount the above !indings and t~e data collected 

in Section II the t~llowing proposals may ~e made: 
:!. .'~oncoming the nozzle holes a rough calculation showed: 

Although the value ot 13,5°CA for 750 rp~. 3e~ms to be high.it 
m&3' concluded7that with •uch injection time th~ engine may 

opera.ta la:tll,t'actoril,, •· Again, it d·-·trate• the lo··· en.,..; ne o " ,.._,...., .. o- • p wer 
output 
HowevAr it may be of benefit to increase diameters of the holes 
to 0,28 llll.The increase proposed, ranges about 15-16~ in 

eff .flow area but it has to be confirmed with the mea~urements 

iesc~ibed in ?ig.4. 
2.With regard to the calculated plunger li!t for a deliver,. of 

2,8 mm it can be seen that the ratio:6:2,8 is extremelly high. 

Besides that,2mm or the max. li!t must be reduced because of the 
limited Hertz permissiole pressure (See Fig.l). 
j"t seems reasonable to adopt a plunger dia of ~9~ .. 
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3.The SWD o! the dead volumes or the high 

to 3500 ~ and. thia is increadibl;y large 
ered.Tbi• i• especially so because or the , 
methanol. 

pressure system amounts 
ror the engine consid
compresaibili ty or 

aeducing he tube length (i! possible),insertiD.g the relief valve 
spring and reducing the interior dia.!Jeters o! the retraction val
ve cap is likely to reduce ~hole dead volume !or 25~ or to 2800 

3 ) ' -
~.I! the high pr("ssure tul'\e can not be shortened it is reason-
able to re4.uce it inner dia fro~ 62 mm to 1...:..5 mm. because o! the 

low fuelling level.In this way the tube dead volume will be reduced 

by 825 mm3 or by ?8~. 
Hovever,with reduced inner dia. o! the tube the volume retrac
kted meJ not be changed (V:t=const). 
In any way check the tube acc.Fi;.8• 

. - 1.8¢ 

Fig.8 End or th~ tube. 

4.In respect to the fuelling ~r ~ethanol and the system dead vo
lwa~b! only ;o ma3 is ~u!!ici~nt.1! after ilijection in engine 

.. 

operation was really avoided (because or low rate of spilling), 
the residual presaure,although not measured,seems to be too 
high.~ctually,the su!rici.ent ~ozzle leakage overflow observed 
is a good signal of the excessive residual pressure.In this 
case the t'tlel pressure diagram ha~ been shaped acording Fig.9. 

Empf.1nQ 
-----"''Jnjecbor. ' 
---- . --- -- -- --- -- . --·--· 

~ig.9 rtesidual pressure in excess and und~!ined • 
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It may be recoI!lIIlended,wit~ the dead voluoe of t~e ~igh ?=essure system 
unchanged,to increase the retraction volume ty 60:~.~o~e~~r,if the 

dead vol~~e can be decreased (if 's preferable) t~an t~e =elief 

valve ~ist~n ~RY be ucchanged. 

5 .:~eed2.e Jf t".:e injector should be redesi&~neG. 3.cc.J::.-:i::-.. '.=.: to Pig.10. 

(__ x! r--··-

Fig.10 Needle tip proposal 

~~e size X ~as to be defined in agreement with the injector 

-:'reduced. 
:~e uova~le parts of injector have a ~ass in exess,t~e t~ansmitting 

Fig.11 ~he transmiting stick 

~his proposal is given not onl.Y because of t~e needle seat service 
:!fe,out to ''Corona" formation and to over~eating and ~oles coking 

can be ;iroduced. 
6;,'iith increased plunger dia. as well as with increased nozzle flow 
area ti=ing =aY be retarded and removed foward T:C.In t~is way 

the faster burning velocity cf methanol fuel may adopted and at 

t~e sane time late co~b~stion avoided. 
7.3ecause of the lower evaporation temp. of ~et~anol as compared 
with that of diesel oil, ·che pressure in the pump Pl:allery ..,_ae to 

~e· ir.crea3ed anc! t~e ::;ore efficient gal::.ery space clear.ing undertaken. 
Durin~ exneriments in enp,ir.e operation the pressure and tempera-
:·:r"' :-.c"l.:J!·~·~:~nts ~r. ~;::--~ c:3lleri; ;-:ir~ to '.Je reco'.'.lr1ended,as well as 



a looki~g glass, to supervise fuel vapour. 
e.~~ catc~ing t~e injection to t~e specific engine de~ands is no 

~se to be~in i~~?diately t~e running engine. 

~~e ~-::::::~~ure i~ as follows: 
-co~lec-: -:'-e .~ata :ir..d orga:iize the bank (drawin~s,fuel pl'o;ierties, 

se~a::-a:~ :at3 Jf so~e test benches-A nozzle etc.). 
-.is:.r..g c:J::;n.<-:er t~ci.niq_iues,calcula'te t'.'le injection par;;i::ieters :Jf 

:'...:.: :er 0 s~ .z.·or ~ · .. e ;::oss ible combinations 
-eva:..~?:~ ~~e ~alculated data and ~easure the injection ~aramete
rs 0:f t'..,.: 3:;ste::r; c"losen on the pump test bench. 

' -eva:..i.la"te a~a ir:. ':mt with a running engine 

-:...:f' £'~1e1 :··· <Jnges, lo::g term test. ing on the separate bench have to 

c e i r.. c l '.t C. e d • 

(A·c:r...:t 5GC i,se.? SAD-truck producer praxis). 
All t~e i:e~s ~ited above have to be improved in IIP. 
::.a l::cra to-::::y ~-;_u i p:-:ent 71as e:q>lained topz;et~er wi tli the ~easuring 

::-roceC:·.;::-e. :::--ree tooks were ;Jresented 
-:.::~ect:.Jr: .:Ld ~art~::-at:on of: fael 

-~ata ~a~~ 3~d calcul~tions 
. ... . . 

-cro~.:..e--c :~_~.:-nin.g 

=~e diq~r2c~ relating to th~ matter considered ~ere given acd 

discuesio~s Jr~anized. 

..... i..ne 

~it~ diaa,~rawings and interim reports the training was supported. 
9.Spray-ti~e penetration and its arrangement i~ the comb~stion 
c~amber .. are :iostly influenced by injection and by combustion it
self. t:rowever, wt1en converting to methanol, spray-time penetration 

Will be higher and the fuel-comb. chamber contact may increase.The 
latter may not be a problem with rel&tively low loada.Howeve~with 

upratings the ~~at ~elease rate may be poor
7

especially in cold 
oper~tions and with full loada. 

Atomization of ~et~anol may be coarser t~an in the case of diesel 

oil.':'his findin~ may be ur.expected but there is an explanation 
for t'!iis (cougulation). 

~~e ~eat of evaporation of ~ethanol is 1109 kJ/kg and t1at of dies
el 251 kJ/kg or by factor 4,4 more energy needed for methanol fuel. 
?urther,the calorific value of ~ethanol amounts 19.665 kJ/kg and 

that of diesel oil 43.lGO kJ/kg or by factor 2,19 more fuellin~ 
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considering the metering by weight.The result of the afore:enti
oned is a poor methanol i~nition quality. 
r:oreover,the time w~en t~e methanol will be widely applied in 
service operations "t~e ceramic en~ines" oa1 be already in t~e 
series oro~uc~~~~s.I: ~eans not the adiabacity but the isolation 

. 1 

of the coffitustio~ s~a~:er components and t~e ex~aust ports. 
T\ie co!Ilbustior: ~i..3:-ter of Ji-diesel engine isolated with ce:?:'anic 
offers t~e pJs2i:i::ty :or better fuel i~ition quality.In our 
experi~e~ts ~p :~::3~ed only the piston combustion c~aaber 

accord i~,;: - ~ ... ...., .=·:. ..._- •. - • 

ATI Ceramic 

-
7:~.12 Isolated piston co~b.chamber 

(VT~·Maribor - TAM) 

KHD patented ~~r ceramic piston for truck engines s~own in 
Fig.13 , t.<S ini: t•)1; ;;"'ened par"':ially stabilized :: irconia for isola-

tion. 
~ith the piston presented in Fig.12 we concluded t~at t~e fuel 
cetane number could bJ reduced by factor 2-2,5 for the ~I diesel 

engine applications.Thus,in this way energy may be saved and the 
ignition quality irrproved.i"ixing the ignition improver (kerobro

sol) with methanol fuel and isolating the combustion chamber· the 

ignition plug rnayooitted.Further experiments with isolated piston 
bowl are in progress.It may be recom.m~nded that II? alee takes 

the ceramic icto consideration. 
Recent develonmen~e in electronic techniques give the possibility 
of ~easuring i~~~tion ~elay wit~out en~ine modifications and it 

should be possible to use t..,ese as t..,e basis for a new system.It 

may be of interest i.: =et...,;inol operation for larger diesel engines. 

Regard.in.:; ~\.. n .... ....._ '3 
.J ~ ') ~ ~: 0 sel er.;ir,e a nocern i.:-:.}ection system "ias 

-.1 
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to aeet the following requirements: 
~ip;'!'l injection pressures to achieve short ir:jectioc. ::e!'iods, 

effective atomization and ef!ective fuel cispe~t:.on. 
-~riar.~~lar-s~aned ~aw of ir.jection with ~ig~ ~ax:.=~c =a~~J ~r.c 

short e~~ 8~ ir.~ect!o~. 

-..;or.stant c::>L::lc::~ei'.':e~': 'Jf injection, constant i:::~ec:iJ:. ;~--::.. iJC.,a:-.c!. 

constant Gelivery vcluoe as a function of speed at a c~~s~a~t 

--.:. te2dy : e :.:. ·.;e.:-:· v·~ :..:..r:e -:~ _-::-acteristics without :.:-.s:a': :.:.. i -c "'..::s .:L> 

a function o~ ~~~= ~el:!.7ery voluce and speed. 
-Avoicance of ~xcessi•e retractio~s and after ir.~ecti~ns during 

t~e ~~o:e o~e=~tii.~ range of t~e injectior. system. 
T~e most imnort~nt ~~asures taken to irnnrove ~ocb~stio~ o! DI-

diesel ergi~~s are as fol:ows: 

-late co~~ence=e~t of i~jection 

-high cc~~re:siJ~ ratio 

-core e:fecti7e ~ir ~t:.:ization. 

~~e engi~e =e~:ii!'ewents fc'!' lats start of i::ject::oi:. io-ply e.:' .. ~;,.:t-

re::ely s;..ort in.j~cti.on oeriod
1 

to p:!'event co!:t1.4s"tion frci!l being 
s~ifted too far i~to t~e expar:.sion stroke (!ate C'.)~b~sti~n).~~e 
fuel sp=a:; r:o·.": .,.ave er:.oug~ er.erfl,J to per:etra'te t...._e air ::-.o~.' eve::i 

at low s~eede,so larger'1iameter :owls are possible. 

Several parameters of t;..e ~asic comcustion sy3te~ can be desi~ned 
to provide a ~~Jrt comtustion duration with control of the initi
al c~aracteristics,~hen ~igh pressure injection is 3vailable. 

1nese include: 
~ini:!li.za: ion o:' -+-' .. ~ :. f'r. :_ t i0n de lay n~riod '>:-;; i.nc:::-~::ising cospre-

ss ion ratio (-=special l.:; on !:'A engines) control of ir.-cy l ir.der 
2.i.r -·.JtiJr •. :.:-.c: s·:".".:'!."Jl :·f _:,.:el spray properties. 

~~timisin~ t~e :~el-air ~ixing process through t~e use of 
J!)ti:<1ize·:! air ::i'otion,a :.ari;::er number of spray pl.11mes and ~i~her 

-1 
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Sir velocities. 
-reducion of t"ie tail-off of lieat release rate at the er~d of 

combustion by ~inimizir.g t~e amount of wall impingewent f~el, 

by ::!.atchinp; fuel penetration to combustion t;oi'!"l size snd :-.rc

v:.-iir.'1: s~3_,·v c,_;'"::-0ff at t"".e end of injection (See I:r.?.e:-~og-~I:., 
"C'!l,..~~Pr- ... ·"'"'" '3"' ... o) • ""'"'- :"- .., u \-I - - ·- .... - "=' - '- • 

-.---, 

I 



19 

.PSZ-toughened partiall:I stati111zeG. z1rconia-iiilaen Sini.ei:t:<l. 

Products (Australia) 

.Jiesel eD~. 
2 ? 1 ""/ 1 .. - Xri - GD'l-' 

1. 

Fig.13 
K~D-Pa tent 

PSZ C_eremic 

.~'lu 

t.I\=125 mm 
?..atio 1:1 

~l 
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1. Introduction (Ono Syassen) 

Concerning with small engines attention is given to the 

problem of adapting these engines: 

- to burn modified fuel GUalities 

- to use alternative fuels 
- to reduce fuel co~~J.mption 

2. Alcohol 

'#hen using alcohols (Stha.~ol or Methanol) we meet eight 

main problem: 

ENGINE 

!NJEC

~ION 

SYS'i~ 

- poor igzrl.ti.on quality 
- poor lubricatian ability 

considerable tendency to cavitation and corrosion 

- aggression to~ard elastomers 
cunsidera~l~ increase of fuelling metered by 

volume 
- inc~eased :o~p~essibility of the alcohol f"uel 

in the jigj presaure dead volumes 
luw evaporation temperature (caviti~ gallery 

e~viroment, ove=flow at nozzle) 
- low densi t:r 2-"l.d in~reased leakage 

The seven last points ~re mainly related to injection 

eauii?~ent but the following new developements my also be 
consia.ered.: 

oil lubricateQ in pump driving 
measures related to cavitation and corrosion 

resistante elastomers 

compact pumps 

The ~ain problem is the poor ignition ability of the 

engines. In order to overcome this we have 5 possibilites 

at our disposal: 

- pilot igniticn 
doping of ignition improver 

- glow plug 
- spark plug 

- FT-1-spark nlu;;: - nrocess 
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In t1'~ RO•aibilities above cited, there are still some 

likel7 va.iations. 
For the porpose of completition it should be mentioned, 

that "heat isolated engines" with combustion chamber wall 
c temperature of about 700 C are "automatically" disposed 

' to accept alternative fuels. 

PSZ 

PISTON 

::sz~ts..:hened 
-::;lyst~jiJ.ized 
::1rcon1a 

en.HEAD 

VALVES 

x-
i PSZ 

Pig.l Sutticient isolation with PSZ ceramic 

PSZ 

to maintain ?CO 0 c of the comb~ chamber walls 

Altough ceramic isolation m~y be applied, low rated speed, 

startings and cold operation problems still remain. no••ever, 
~uel corrsumption will be reduced and ~low plug service lite 

will be improved. 
All the forementioned ~etrods, for alcohol conversion, 

have their advimtages as well as their disadvant~ges. At 
this time it is not completely clear which conversion will 
be the ~est.U~!ortunately it seems, that independent national. 
solutions may come ( 11 island solution 11

) in dependence of 
=ecources, fuel ::ons 1.i~ption an:! of the rafineriea on desposal. 
lor engine producers ~~d ~arriers :his is no joyful prospect. 
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However, ror very large countr-i~s s~ch ~s: Brasil, India~ 
China etc. a resonable compromise is possible. 

One o! the main disadvantages of the pilot ignition 

svstem was that it had two seuarate ir.jection numns. For 
,, ' - - -

small engine systems it is too exper:3i ve ~ pilot fuel m~tering 
control is difficult and the pilot ir.jector ~ecomes overhe
ated. ~: 1:/i·~ solved this problem ·.,.;i <:h "r: ::-essu::-e d.i.st::-ibuto::-·· 

gr-d installed only one si~gle pu~p :er toth,methanol and 

diesel oil injection. 
MWM - pilot injection system wit~ one single purr:p a.n.d 

pressure distributor is shown L.~ fig.2. :he low pressur~ 
pump 6 (in tig.2) may be oc:united, if diesel oil tank (small 

one) is elevated. 

\ I 
I \.. .._ __ _ 
- -... 

l 

2---$ 
,_ -, 

I 
-r 

' ! 
' 

I I 
I 

I ' 

i ' 
I 
I 

I I 
-~--, I 

1 I I 
- _I __ _., I 

I I I __ ., 

I ;'° r---J 
',' 8 

"'--

~-Dressure distributor 
..... -r 

~-standard nozzle ~older
-m~thanol injection 

j-~ozzle holder for 
pilot ignition 

•!-high pressure pump for 

m~thanol 

~-low pressure pump for 

~etl"'.ar..ol 

6-l:>w pressure pump for 

diesel fuel 
?-diesel fuel tank 
8-methanol fuel tank 

?i.g.2 Only one ?.1' pump serves, by means 
of P d.istri":::iu tor, th~ main and the 

-1 



r 

-24-

The prea.ure distrioutor ma7 be small and airec~47 
com:Lec~ecl with the injector inlet - 2. Instead ot a glow 
plug, a pilot .injector was installed. The pump 4, as betore 
operates with methanol and its "impulsn, by means o! distri-

butor 1, sgrves botr. injectors. 
:he injector 1 ~s "pencil" nozzle may replace glow plug. 

:."ote: becauSie 'Jf th~ <.::::>oli..'1!; problem the injector 3 has to 
be removed as !a~ ~s ~ossible ~lmost to the combus~ion chamber . .. 

edge. 

!ubE: x connec~e:. 

Stanaard plunger 

t 
Injector 2 

CODJle 

a b c 
/ 

Tube 1 
connecteC. 

Ir..j ector 3 -
connected 

l\-f or T:;:;c of ! 

:-standard sleeve 
c-spring 

Fig.3 Pressure distributor, see ?ig.2 

to cut off 

...... 

L
Por pistor. 
a used -

to cut off 

J.A ?1.g.3 the ~ressure distributor is only sketched and a 
more accurate corre91'onding drawing has to be made~ !n the 

design the tallowing shottld be considered: 

- the distributor may be smaller than that shown in Fig. 2 
- the connection "d", "e" and "t 11 may be mutually (along 

the circle) dislocated 
- the connection ''d" rcay be orui ted and the bod7 "g" can 'oe 

twist~d directl~ Jn i~jector 2 
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the dia. or the piston ., a 11 has to be small, its atroke 

short and the whole dead volume iD,as small as possible 
- the role of the spring 1'c ,, is in moving piston 11 a 11 at 

l.S 
3DC, the diesel oil ir.j~ctor starlvcontroled by the spring 

in injector ' 
the opening pressure of i~jectcr ~ h~s to be 10 - 20 ~ 

smaller th9.I! that of injector 2 
the sealings were not considered in Fig.3. 

- deaeratetion and first fillings have to be solved 
- the insert ~ may be easily changed 

Having the pressure distributor and the appropriate 
pencil nozzle we may also h~ve the possibility for comparable 
dual experiments, •..rith glow plug ~d with pilot injector. 

~ere, there is no need to change the cylinder head. 
If the engine hgs some ceramic, see Fig.l, then is pos

sible to cut off diesel 11 fuelling 11 in an appropriat~ w~ 
in warm o~eration. ~hus, the pilot 3erves only for starting, 

cold ope:::.-ation and low loads. ·.;:tis may ba done by blocking 
the piston 11 a 11 •;1i th 11

':! :! • ?o-:- the s~. ~tionary applications 

this could be var.r prorr:isin.g. 

3. General ~nuroach - combustion 

So~e significant features of methanol: 

1. Compered with vegetable oils the combustion of methanol 

is "cleaner" but a small quantity of vegetable oil may be 

doped to methanol for the purpose or lubrication. 

2. Methanol may be produced on a large scale and from rene

~able resources; it may be stored for a long time and handling 
techniques in service and distribution nets remain 

conventional. 

3. Jeing mor.oco~ponent liouid fuel methanol quickly evapo

rates at 65 °c. Diesel fuel nossesses a boiling region ot 
1'70 . ~70 o,,.., 

I ":° ? .J 0 

~. ~ompared with uiesel oil ~ethanol has: 

- ~,-::-; :: l('wer stichiornetric ratio (kg air/kg !'uel burnt) 
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10 X lower cetana number 
2,5 X lower calori~ic value 
4,4 % lower density 

- 4,42 X higher haa~ of evaporation 
5, 54 ~( hi~~e::- cool.ing of stoic:: iometric !Ilixture du~ing 
evaporRti,~rr -:-h::;.n th:it of ~asoline 

5 ~ volume increqse by combustion comparing with 

gasoline 
!:-i/C high and. i.:3 "doped" with "0" \oxygen) 

Our convention.31 diesel figure of heterogenous mixture 
formation and figi~re of fuel spray significance may not be 
applied tc methar.ol. With diesel fuel the f'irst HC compo
nents to eva?ora~e, i~itiate ignition. With methanol a glow 
plug or pilot fuel initiates the beginning o! combustion. 
The quick ev~por3.'ticn or rapid ngasif'ication" of methanol 

forms ~ mere ~o~c~e~ous mi:'!ture. 
~he ig!lition ielay may not be highly influenced because 

of the high he~t of ev~poration. A higher air-fuel ratio in 
methanol operation o~ a higher inert mass pres~nted does 

c.ot allo-..w a hj.:$h decrease of temperature. 'This statement 
in our experixents ~as already been demonstrated. 

Oxygen "doped'; with high H/C ratio, methanol .fuel reveals 
better conditions for oxidation and thu~ for !aster sootless 
combustion. Just having a significantly lower 

boiling point than that of diesel fuel, the evaporation is 
rapid and vapour distribution iJi th~ combustion chamber is 
very fast. The latter means, that here more air-gas mixture 

has to be co::isidered together with the more homogenous 11 f'uel
-oxygen" time contact, than that, !ound with heterogenous 
diesel oil-~ir mixture history. 

From the consequences of the above there is one very 
important point, to be observed; that the more homogenous 
m:i:x:ture accelerates the flame propagation or combustion. 
This "dis~dvantage" we have to use for our benefit. It is 
useful to remember, that for years we've learnt about diesel 

oil, and now we must learn how to live with methanol fuels. 

~owever, some experiences have alredy been collected 

and th0se of ·nterest may ~e reported 3S follows: 
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- with methanol the form of the piston bowl as ~ell 3S the 

intensity a: the air swirl, are not of special importance. 

:'.·:orever, the swirl intensity :nay be redu~ed., so the heat 

tran3fers to the combustion chamber walls. 
- spray :ng.cro distribution is not as impo::-tant e.s -:hat fo-::.

diesel fuel. ~hus, converting to metha.iol ?.nd i~c~e3si~~ 

the fuelling. one or two nozzle holes may be ad.d.ed. t.vi th cut 

3.Il:Y special d.ifficul ties in operation. 'This :neans tt.at 

the nozzle holes may be increas~d (supposing that i€'!lltion 

is not disturbed). 
- with a faster injection rate the optimum timing !'las to be 

retarded out when operating with methanol the optimum 
position for the injection end does not depand on fuelling. 
Burning alcohols in a DI diesel engine may not dc.~and change 

of tirning with the engine load. 
- using the combustion chamber isolation with cerawic and 

high injectiOl\rate of methanol with a shorter i~jection 

pe.:-icd. and with retarded timing",the properties o~ !'!ethanol 

offer the followi~g: 
a_; our drea:: £Jay becomes tri.ith in accelerati:is c.:::i~u.3tion 

:;7 the piston moving down 
b) li€ht engine design -of interest especiall~ fo~ pas-

sa:iger ca= applications 
c) sootless exhaust and thus the catalytic T:!C re~oving, 

it means less pollution including noise effiission 

d) good combustion efficiency 
e) less energy tor the zlow plug and increased glow plug 

service life 
f) upratings with turbocharging without air cooling 
g) less soot emmitted by torque back ~p matching, for truck 

~pplications. The CO - exhaust limit ~t low speeds and 
higher loads may be also increased in methanol operation. 

4. Ex"oerimental apnroach 

1. 'rhe measured methanol specific cons~t:lon rates have to 

je =educed as f0llows: 
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3 J 
10 :: m1t · q Lt· 10 ; m. f g 1 = "'-100 ~ - J .. -( 1 ) 

Pe ,oe. L /c LA/ A. 

:!! • 
• "1. 

- r kg/h 1 - methanol consumption rg,te as !:lcasured 
.... .J 

[ - J methanol waterless 
diesel oil 

calori~ic value r3.tio 

power output as mdasured 

2. For the porpouse of comparison with other engines deve

loped, the c~lculation of the equivale~t ~er cycle burnt 

speciric fuel mass is useful: 

m A ['Ilg/cycle] 
(" ,.;_3 1 
I~' 
~ J 

(2) 

- per cycle burnt fuel mass 

- 3wept volume 

~. ?or the both diesel oil and methanol oper3tion the next 

diagram has to be evaluated: 

LA i r;ltu el ratio 

diesel oil\ 
I 

methanol 

- - - -::::::::-

~. Specific consumption rate (eq.l) 

lGG;; 

SO% 

5J~~ 

20·;-; 

load 

load 

load 

load 
[rpm] n 
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~I (g/kwhl 

diesel oil l 

methanol 

5. Specific consumption rate per cycle (eq.2) 

tr ma l ~ fdm.Jqcie 
! 
I _.,.,... , --- -~ _, , d 
~ ----~.' ... ca 

/ 50~ load 

methanol 

~/ 
/ 20~-~ load 

~-;::/ 

t 

--- diesel oil 

)( n r_rpm] 
-------+----- --- - - -------

~ low rated speed 

6. In the generator, water pump etc. npplications the same 
has to be done along the rate~ line as zollows: 

-t Pe n<WJ 
I 

\ 
I 

/ 
I 

I 
I 

I 

---{ Rated power for 
100° ~ .--- truck application 

80 

/ 

n [[pm) 
--- ---
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?. A comparison or the mean effective pressure be'tYeen diesel 

oil and methanol operations: 

- --- diesel oil 

methanol 

-
500/e I 

-=--- -~ 
I 

the equal power out~ut . -
a" rated power 

:_____ ____________ 1..._ _______ n 
rat~d power speed 

8. In cylind~;r pea_l{ pressure: 

-- rated poweT 

diesel oil 

methan.ol 

n 

9. The following diasrammes are useful: 



£9_.f 

I' -I I 

I 
methanol 

~ -,--, 
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load methanol 

2-0Q~ Pe diesel 
Oil 

__ diesel oil --- .,,,, 

r 

nrrprro 

lOOS ~ethanol (on]3) Pe' I 

n rrpm1 
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10. Exhaust gas temperature: 

11. 

I i3 L-c1 
! - ---. ........._ 

--::::::: 
:nethanol-

__ - C.ie$el oil 

THC 

--

for the sam.e
5
rated power ou1;pu.i; 

100°/o 

n crprrn -

L---~~--------n lf P m1 
~ :0~ rated speed 

Note: because of c
3
Hg!N2 calibratio~ procedure and FID response 

considering TChO components do take: 

7:iC ~ 2/3 THCO 

(FID output) (measured) 

With THCO components ?IJ was'nt calibrated. 

12. 

~CO LlMlT 
~---------~------. 

!. *------- 1 c.~ methanol 
; A ~ 

I 
I 
L --- n J. rpm] 
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With increasing torque back up in methanol operation 

check point A - lowest full load speed 

13. 

4 NO" 
! 

as N~ 

i --- 100% only ------- diesel <lil --I 

I 
methanol l 

I 
L ______ n [rpm) 

14-. 

diesel oil 

~ Soot \ 
'-, 10~ only 

........ 

-- methanol ~" 
n [rpm] 

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

15. The values in diagramms 11, 12 and 13 are not 11 as 
meaaured". Using the data from diagram 3 the measured con
centration in ppm has to ~e recalculated as stoichiometric. 

Without such recalculations the presdntation of only the 
measured data, has no significance and can not be compared 
· .. .;.1.u the other coresponding collected data. 

16. ~imin5 and injection period 

For the one static timing set, we needed tor all the 

experiments 
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r 
I 

~ 
2fflo 

L n[ipmJ 
~~~-tcm::~~~~~~~~~---

1 ow rated speed 

1his ca.~ be done with measu.I"'!!lents: 

- of needle li.f't 
- and with accurate TDC position marking 

needle 
lift "-· 

~:!ming 

in cylinder 
~ressure diagramm 

n [.rp ml 

'.foedle lift is to be constantl,y observed while the engine 

is in operation because of: , 
- certain possible irregul~rities 
- after injection problems 
- oscillations of the needle 3.t low speeds and with low 

loA.ds 
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17. Fu~llin~ in ~n~ne ooerations 

mm3 

cycle --- 100°/o 

--dso 
// 20 

~ith measured temperat"'.ire and pressure of the methanol 
fuel in the injection pu::p supply gallery. Having a low eva
poration te~perature in #~r.: operation (especially with 
single cylinder engine) fuel vapour f~rmed may cause settings 
error. This is especially the case, when both spilling and 
intake sleeve port have g_ co12mon gallery. In gallery then ve 
may register the next dia~am as measured with low pressure 

quartz trar.ducer: 

ev~poration 
an~ condensation 

intake port 
closing 

/~ 

delivery 

Pu=conat. set 

S!,>illing --t- 'f rcAJ 

As regards vaporisation,it may be,that our rack position 

was i..'1 error. 

18. While the engine is in operation is advaitsable to 
check the oil in the injector pump looking !or methanol; 

l~a.kless elemP.nt sets have to be used. 

l 
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19. In order to prevent the evaporation at the injector 
leakage overflow, the overflo~ tube has to be connected with 

the tilter .fuel outflow. 

20. The temperature of the glow plug must 2e observed 3-~d 

the glow plug energy consuption measured. ~n the case of an 
external glow plug power supply its energy must be incalcu
leted in relation to the fuel consumption rate 1.~s was done 

in ~IP). 

21. In cold operation TSC has to be measured as sho~~ in 

point 11. 
In order to check for misfiering two techniques may be 

used. Observing the in-cylinder pressure diagr::im a= with 
:3C measurment. In transient operation misfierin~ often occurs. 

I~ 
// 

L/ 
A/ 

I 
__J----trall5ient 

~he rack position from A to B may be char.ged in 0,1 s bu~ 

the engine may responsed by misfiering. 

5. Fuel injection matching 

Converting to a methanol .tuel syste~ will be influenced 

by: 
- 2,5 X fuelling 
- the different physical .f'uel properties 

The best approach may be as follows: 

A - calculation 
B - test bench, out of engine operation, matching 

C - in engine operation approval 

D - fixation ot data matched 
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5. 1- Ma tchin5-

Having no other input data and converting one diesel 
engine to methanol operation, the best initial approach may be: 

'-f injection 
period of 
methanol 

= ~injection 
period of 
diesel fuel 

for the same rated po~er outputs. 

However, to achieve the start condition (3) and to 
avoid mismatchings, we have first to consider all the 
injection events by calculation. Here we have 2,5 X more 
fuelling by volume, higher fuel c~mpressibility and some 

lower pressure wave propagation velocity. 

The tools in hand are: 

a - plunger dia. 
b - ratraction volume 

c - cam 
d - cam-follower prelift for delivery 

e - dead volumes 
f - nozzle holes cross-sectional effective flow area 

(3) 

The plunger dia. must be increased by about factor 1,5. 
Injection system operating with ~ethanol is very sensitive 
to residual pressure,esspecial~ at low speeds. The results 

may be unwanted poor torque back up. 
It seems resonable to keep up the residual pressure 

level at about 1 ~ 3 bar over atmosphe~ic pressure. 
Accotingly

1 
the retraction volume has to be matched. 

The cam shape and ~specially the max. stroke can not 

be easill changed, it is not provided beforehand. 
Gam-fcllower preli!t for geomet. defined commencement 

ot deliver;r, has to be increa~ad. The limit here is the per
missible Hertz contact pressure of the cam tip (as explained 

L"l Part I). 
Dead volumes has to be decreased as much as possible. 

The possibilities: 

- smaller inr.er tube dJ.a. (see for resistanC'~) 
- s:naller d.e d volume i!: tte relief V'l.l ve holder by insertin~ 
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The second most effective tool, besides plunger dia., 
are nozzle holes. They may be increased in dia. - as first 
attempt - b~ factor 1,2 7 1,25~ Here, depending of the 
geometry- p~opo~ticns and combustion chamber, may be of 
benffit to increase ~lso the hole number (instead of 3 take 
5 without inc~eased dia. or the hole).because of fuel dis

persion. 
It may be suggested at first: to incr'b~se the plunger 

dia. and nozzle holes,to correct the retractin volume as 
well as to reduce relier holder dead volume ("'VR~50 ~ 70 mm3) 

By calculation, all the intluencing parameters have to 
be checked and the appropriate correctons introduced. All 
the input data calculation procedure are in tho two books 

presented. 
For th~ s~ste~ and presetings chosen the pump test bench 

' experi~ents ~ave to show: 

P:r - before the nozzle 
p

0 
- in the system 

h~ - ~eed.la lift .... 
'-f ub - injection period 
A''f z - change in the retardation 

v... - .f'uelling 
,~ 

7ct - injection low 
d32 - Sauter mean di.a.. 

ly - ~ray penetra·;;ion 

Check for a.fter injection and needle lift oscilations 
at low speeds. Check for injection irregulaties of very low 

loads. 
Note: the system means that the tubes and injector must 

be the same as for the engine. 
The above diagramms have to be made tor f'ull load at: 

power rated speed 
max torque speed 
lowest full loaded speed 

Separate has to be evaluated: 

- mean Prr 

~l 
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max Prr 

- ratio 
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ma-"C Prr - 3.S less as bett~r 
mean Prr 
l r;:l:J13 ;° CA] - average inj ecti"on velcci ty of 

fuel 

Attention 2~st ~e given to the nozzle holes, their number, 

space di3t:-1:utio:i. 3.....'1d. cp dia. depend not only of fuelling 

and of injecti::i period wanted. Morever, with methanol the 
spray-ai~ ~oticn history ~t various speeds and at all possible 
loads,~ust ae ~onsidered. This is not because of combustion, 
but because ~~ i3=lition. Spray penetration and dispersion 
depend to .:i. 12.:-;e e:·:tent on the operentional regime. Thus, 
spray pe:ictr::'. tic:::l ~ncreases with speed increased, ~s does 
dispersion. 3wi::-l i1.tensit:y also increases with in~reased 
speed, so we have enough energy for combustable ~ixture 
formation :.t :-:==-::-:•.3r spee..is. Now the position of glow plug 
o::- inj 9ctor p il :>-t; sp :-a:r have to be adapted (the same happens 

·jrii th the c!l :w_;:c8·i. .:'u'.3lling). 

air motion 

---...._ . ----------

~l 
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At low loads and/or at low speeds,penetration X decreases 

as well as air swirl intensi t;y W , thus, at the instant 

appropriate for igniti~n we dont have sufficient methanol 
concentr~tion in the vicinity of the hot giow plug. ~he con

sequence of this is misfiring. This assumes a ~lo· . ..- plug sur

face temperature T~ ~ 700 °c. Thus, air motion test rig 
experiments and spray deviation observations have to be 

complieted. Cnly in this way can we make any decisions con-

ce~ •• .i.ng: 

- the distribu~ion of the nozzle holes 

- the dia. of the nozzle holes 

- the number of the nozzle holes 
- the air swirl intensity need 
- and for the position~ or glow plug and of the injector 

given, to follow the ignition events with regard to opera

tional regimes. 

Only the total effective flow aree of the ~ozzle holes 

gives us the computation, as well, as distance X in dependence 
of tir:ie. 

~owever, we must also consider the application in service. 

'I'he most difficult matching may be for truck applications 

and the most simple for the socalled sin~le speed control 

engineras in power units for generators, water pumps etc. 

I 

full load 

~\ 

\ 
Pc ,_ 1 p 

misfire,_) A 

\ 

B-max.rated or 
rated end speed 
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1..rh~ P=~~de of the line ~ - ti which ranged abou~ 10 ~ 12 ~ 
is not importante to speed shifting. Thus, our discussion 
concerning the influence of the speed variation on spray 

and on swirl develope~ent, may be ommited •. ~hus, we onl~ 
have to consider the influence of :oading at constant swirl 
intensity. ·::tis :ne:-1.s

1 
that we may now increase the injection 

rate and avoi~ the lo~ S?ray penetration at low loads. 
The swirl intensity ~ay be decreased, if needed. At higher 

loads ~g~5 (PA), ~e ~~y expect more fuel surface evapor~tion, 
but ma~e of litt:e i8nortance. 

~ -
This discussion directes us once again towards the 

question of faster injection. 
After negatiations beetwen IIP and ruel injection 

equipement producers (after all the considerations mentioned) 
two or three sa::ple nozzles may be purchased. Here the pro
viding time is rather long. 

In engine ~est ~ench experiments we have to investigate 
timings observing filel consumption rate, in cylinder peak 
pressure, exhaust te~perature and combustion i:rrasUlAritiaa. 

Cold start and cc}d. lo·,,· loads operationhave to be checked. 
Here a hand advar:cer, ~-~ a very usef'ul tool making possible 

the timing alternatio~s as a running engine. With one speed 
control in !r:ethar.ol operation the opti:nam timing for 

all~oads may be easily defined. 
The fixation o~ data matched means, that we are obliged 

- 1 
to repeat the fUelling pump test bench measu...-ments l Vc=V~(n)j 
but now, with standard equipement (test bench nozzle, tubes 
etcG). It is also very useful in any contact with injection 
equipement producer. 

NOTE: because of the short time at our disposal, th~ 

time needed for data collection and tor the experiments~ 
this report is brcl:~n. 

6. Some aspects pertinet cavitation attack 

Operatin~ with a methanol tuel injection system one frequen
tly sutrers from cavitation. Two types of cavitation may be 

e~countered, the first is caused bv the high out flowings 

. ~- -- _____________ _..... _________________________ __ 
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and the second one is influenced by the high reflected 
pressure waves. 

The first t;:pe usually attacks: spill and inlet ports 
of the pump sleeve, plunger helix s .. .-1d the top edge, gallery 

~alls opposite the spill ports, and nozzle holes. 
Just before the commencement of geometrv defined deliverv 

~ uJ 

the outflow intake port area is small and still decreases 
with increased plunger velocity. This results in abrupt eva
poration in the high velocity outflow, accompanied by conden
s~tion. This process can be seen in the next figure. 

(cavitation 
attack bf 
spilling) 

Plunger 

cavit. attack 
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At the position shown pk~ Pn 

Velocity ,.. V ; ( ?¥. _ ?r.) 
?-!ethanol has a low evaporation temperature; 

As a consequence: 

cavit. 
attack 
spill 
port 

port 

~-----

intake 
port 

\ . • l 
delivery 

spill port 

YfCfiJ 

The same happens by spilling, but with much higher 
int~nsity, tbus,the gallery m~7 be also damaged by cavitation 

(as shown). 
The main task in injector design i~ to keep the tu~l 

energy (during injection) as much as possible in potential 
form and to transfonn into kinetic,by nozzle holes: 
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Just because of -the later again the cavi1;ation, but 

now in the injector orif ficies. 
The second tyoe of cavit~tion is closely connected with 

?=essure waves after t~e i~~ecto~ ~eedle closes. ~e re

flected pressure wave developec after injection, if high 
enough, may produce cavit~tion ~t any position in the high 

pressure system. 

Pressure in the system 

t pressure in the system 

I 

i 
I 

L,; 
b :J I 

I I 

l I 

~ I 'f [°CA] 

' ' ' 
,._ 

'C ia 

At cam angle "a" very fast evaporation accompanied by 

condensation "b ". However, ::i~"l.Y zystems in operation showing 
' the same figures, did not suf'fer from cavitation. Only the~, 

if the reflected wave are high, s~ch a process is followed 

by cavitation. 
To avoid the cavitation attack the ve-ry fast evaporation 

has to be av~ided. 

1. The high pressure reflectP.d wave may be reduced by a 

snubber valve. Ju::-ing f•.lel delivery, as show on the next 
figure, the fuel flowes through all holes. fry spilling only 
the hole "y" is operativ and tt.e reflection is smoothed. 

- -- --- ------------'--------~-------------
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high pressure 
tube 

- snubber 
valve 

-- relief 
valve 

hole 

I reflected 
pressure wave 

forward p.w. 

The hole dia. 'ry:' has to be ::!latched according to diagramm a), 

cpy usually ranges aboatcpC.5 ~ cp 0,6 ~m. 

2. Some improvements may ~e achieved by lower plunger eod 

velocity. 

comencement 
ot delivery 

J9 CCAJ 
corrected 
cam 
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3. To prevent the high cavitation of spill ports and plunger 
helix edge a prespilling plunger may be used. 

L. 

ci-a 
,X 

/ 

~uring prespilling the plunger shown decreases max. pressure 
waves. 

4. 3y consta=:.~ p~essure relief valve, the residual pressure 
can ~e matched high enough and in this way cavitation may 
be :3.V0ided. 

IP 

I 
I 

I 

However, the latter method seems less promissing for 
small engines and for the methanol operation. With small 
engines the appropriate p0

2 const r~1~e! v~lve is not so easy 

to develop and the high residual pressure produces a high 
leakage overflow between. the ir..jector needle and nozzle. 

5 •• ~e best way to avoid cavitation may be by appropriate 
matching. Nozzle holes, relief valve, end o! delivery etc. 
have to be adapted to each other. 
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7. Injector - some aspects 

Immediate contact with the com!:mstion. chamber has 

only injector. 
7.1 
In cylinder head 

p~oduction,the clea
rance ::x: may increas~ 

followed by needle 
seizure or/and by 

nozzle holes 

coking. 

_n orG.e= to avoid overhe

~ting the clearance x has 

to Je kept as small as 

:;:iossible. 

i;ealing 

:;ozzle tip 

7. 2. It the seat y is sloping at w hiVi p=essure contact 
takes place followed b~ the nozzle body ~wisting. A result 
may be irregular needle c:osing

1
otten accompanied by piston 

crown melting.(see in the nHxt Pig.) 
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/ 
/ 

/ 

7.;.;, 'ine nozzle needle fit bas to 'be kept a_::; small as 

possible. However, using methanol the l~~~ic3tion in this 

region is poor, therefore the clearance between the needle 
outer dia. and the nozzle body hole m~st be k~pt constant. 

Both needle and nozzle body are carbonized and ha.:-dened, 
but if rest austenit exists, during operation at high tem

peratures the tranarormation of austenit into m~rtensit 
(at /' 150 ° C) occurs; f'ollowed by the increase of the needle 

outer dia. '.:.'he result ma:v be the same as in the case of 2. 

l.'herefore the finished. heat treatment m~;. be proposed 8.S 

follows: 5 h at -60 °c, deep cooling. 

--~-- --~-----------'-------------
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7.4. I! overheating__ still takes place a nozzle cap shield 

may be unavoidable. 

I 
~- --+-· 

cap shield 

/ 

only nozzle 
tip is discovered 

al ..___ nozzla :,cd:,' 

I 
Cap shield is made from ber;1lium bronze or from stainless 

steel. 

7.5. Injector leakage O'rerflow is needed for cooling md 

lubrication. With a construit volume retraction system this 
leakage also controls the residual pressure in the high pre
ssure dead volumes. ·rhe .f'orementioned residual pr.assure 

correction depends on: 

a) operational cl~J.r~.:.·~-:;, r!eedle - nozzle body hole 

b) operational density of the fuel used 

c) retraction volume 3.!1d dead volumes 

d) operati.or.'3.l speed ~d load 

With methanol and with small retraction volume but 

larger dead volU!lle, the injector leakage over!low, at low 
speeds ::L.'1.d full l0;id3, '.'!!~~) "3.!TIOunt to 1,5 ~ of the f'uellin~. 

~l 
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Now we must take into account the low boiling temperature 
of me~nauol and. preve!?t fl.!1'.11 v:tpour tormation in the overtlow. 
To save the fuel and to prevent boiling, the overflo~ outp~t 
has to be connected to a low pressure system, possible after the 

fine ruel !ilter. 
~e ne~ L~jec~or design, prof. Indra invention, clai~s 

faster needle closing ~Y ~eans of overflow ccmmunic~tion. 
~e same was reported some yeara ago by American 3osch tut 
with a residu3.l pr~ssure constant system (p 2 canst.). 0 

:ndra develope~ hi3 ;~je~~or ~or the residual pressure va~i-
able system O!' · . .;i-:;=: the ~on::;tant retraction vohune (7:?.=const.), 

as was predo~ina.ntly used. 

To relief 
valve 

(
vof /,.· ,- decreased over.flow dead 

volume by: inserting 

The result -

overf'low output 
stoped up 

h-increaeed 

: Reliet' val-e ,. Piston 

I hi 
bef crre 

~1th overrlow output 
stopea up 

l 
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Prereguisites: small mass o! injector ~oving parts 
- the retraction height '!h 11 must be precisely 

calculated 
- d.ead volu::ie ;l of must be $llall 

7.6. :he :lass of ·::he ir..jector :noving parts influences: 

- the life of the needle seat 

- needle osci]stions 
- se3.ts high frequency oscillationes and "corona" phenor:2~a 

-needle closi~g and opening velvcities 

~he moving mass amounts: 

I . 
it--mP 
I 

mi hi rrnrnJ 

2 

\ . I - <f [oC t-\l 
~ I ~ 

1he later eq. is valid 1 - 2 and 3 - 4, thus th~ mass m .. 1J 
controls the needle lift. 

With hi6h m .. the :i.eedle lift appears as shown in the 
1J 

next Fig. : 
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!hj CmmJ high 

1/ 

\i-i cl-- fr · -,-,-- equency 

f i;equ.ency 
oscill. 

A 

~ this c;.tse l'!'.!ay come to the "corona" formation of the event 2. 

~he coronq is the annular instanteneus fuel droplet mist. 

7.7 0penin5 and closing pressures 

·:...he .~i~ificance of the fuel atomization in diesel en
gines, J.s ::.:~ tioned be.fore, when operating with diesel oil 
is :::uch :1:0 :-a c'1t sta.ndine; than that found with meth3.Ilol. 
~hus, tte ~pe~ing ~~d closing pressure are also unir:port~~t. 

;,.s ar:. "'!.rf;•.i,-: ~::t for, see the recent "Volvo" findings. 
A~ter lCCO hours testing the new methanol diesel en~ir.~. 

the i~spec~io~ showed a drastic decrease of the injector 
opening pressure. 3efore the long term test, the opening 
pressure · . ..-as :;i.dju.5ted at 147 bar, but after testing it rar.~:;d 

from only between 41 and 118 bar. Thi.a 11e&m that tha closing 
pressure dropped to 35 and 100 bar respectively. With sue~ a 
pressure decrease and ·,o1i th diesel oil the engine could not 

operate at all, and exhaust soot emission would be extreml~: 
high. Thus, the "'lolvo" .findings was still more evidence, 
to 3how how intense ~he methanol combustion might be. 3pray 

dispersion was not o~ a great importance, once, ignition 

was completed. 
~owever, the methanol spray ti~e events have a lar~e 

signific~nce, for the ignition and the stable first step of 
combustion without quenchings, and that in any way under 
all operational conditions. In the eJq>eriments mentioned, 
-+:he "Volvo" engine had ?. pilot ignition or stable diesel 
oi2. ..i..:r,l1i<:ion J.S :..-:1.moort. 
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Undoubtedly w~ h~ve to think over the reasons for such 
an enormus pressure decrease in the space o! lOCO hs. ope
ration. Morever, it should be menticned th~t the opening 
pressur<:: decrease in the methmol operation was also reported .. 

elswhere 

/02 

X2 

__ / 

.J 

1n-cJlinder 
pressure 

_._ needle f ift h; 

spr1ng \ \ t CF hi max 
torce ~I~~~-+--~-

IF. 

Because of the fluctuating spring force in the presence 
of the methanol vapour - mist and contact friction, consi

derable wear at A may be experienced. The leakage over!'~o·.11 
01 is very often accompanied by evaporation. With decreasing 

spring force the point P may be reached !rom where p~I is 

lower than the in-c~linder pressure. If the needle is still 
opeo, the hot gases burst into space ''b" hes.ting up the neea.J...~ 
and nozzle bod:v. '~he consequence is still more evaporJ.tion 



-54-

and an in~re&se of C2 lee.k~ge o~~r!low~ In this case the 
pressure increase in the volume B might not be of any help. 

See Figs. Xl and X2. 
:t is hoped that these fL~dings initiate the idea, th9.t 

the 1.-1h~Jle process :::i..ist :,e e.ccompanied by nozzle cokir1g. :-:'.ow-

e·.rer, this pr-Jbl em :.;ould not be expected with methanol as 

fuel. Cnlj· in the case, where :nethanol - vegetable oil mix
ture was used, expe~iments showed coking of the nozzle holes. 
On the contrary , ,_..,.ith pilot ignition and with small oriffices 

in the pilot injector, ~ostly because of the overheating, 
diesel f~el c0king often occured. To avoid it the following 

may be =ecoE~~nded: 

- the ?ilot- injector is as near as possible to the 
combustion cha.I!lber edge or still better, use bowl 

sack, s.s sh0'.1.'Il. 

bowl sack 

I 
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to avoid large differences between opening and closing 

pressures 
- to keep ratio "y" and to correcte the needle tip (95°~ 

:o~ pilot injector: 

NED LE 
T.n.c. 
h 

:!.max 

corrected 
needle tip 

2 l. A1 
I --

/ 

• • • (y) 

1
/'A [mrrf] ;ff coas-sectional 

ow areas oi d2fl/ft 

I i 
I I /-'At 

~--..._: L needl~ 
lift 

himax 

annular seat 
flow area ~ 

- the polished wall of the nozzle holes and ~ithout inner 

nib shown 

sack 
Tolume 

hole 

l I • 

l_ I ~ 
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- to avoid nozzle dribbling-.... and the phenomena. shown in Figs. Xl 

and X.2. 

7.8 The injector wear 

:;iear 2.n.d its consequences ·..rere discussed in 9. previous 

chapter. ~row, in addition to the report of Pe.fley "Alcohol 
.:'uel ::o:-rosion and wear effects" (Ad-hoc expert ~roup meeting) 

#hile dealing with injector problems, needle-nozzle hole 

~ear ~ight not be o~mitted. 
In the forementioned "Volvo" experiments, a high nozzle 

wear was noticed. In our own experiments we experienced. a 

~i6her leakage overflow after "'50 hs. r~lings. It is ther~
fore advisable to measure the overrlow a:id to get an idea 

o! wear, as shown. 

I Leakage nozzJ,e 
. overflow [mm.'/cycle} 

Ab..: ----o--~ 
L_..__ _ _..___-L----L------' _ ____.1_2 o_· o_ h 
f 20 40 60 80 10fl Tie.e in operation 

Tnew injection set 

On the injector test bench (explained in part I) the above 

measurment have to be completed with two f1.l.rther checkings. 
The pressur·i in the known volume should oe increased 

to lC ~9.r less than the injector opening pressure. 3ecause 

of the leakage te pressure decreases and at 50 bar the time 
should be registered (time .i.'or pressure decrease from 

(Pop - lC)bar to 50 bar). Such test bench ~easurments have to 
be performed a!ter each 100 hs. of operation (see points A 

and ii) • ..:he maasurments on the test bench used calibration 
fluid g,t constmt te~perature ( "'-' 35 °c). In our experiments 

at~ we obtained about 5,3 minutes 311d after 50 hs., ~ ~i

nutes ~e~e ~e~istared. 

l 
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Only a small improvement may be achieved with the 

oressure increase in the volume 3 (Fig. shown in the chapter 
• 
7.7) that the wear in the nozzle leading zone is not produ-
ced with the evaporation alone. 

'3. :r:.~ection numo wear 

B 

81 

I 
I 

D 

Cavitation wear was discussed in the chapter 6. Wear was 

noticed at slid~g A, B, Bl and at rolling C, D surfaces. 

Consequences:. 

A - the r~traction volume decreases, and the fuelling back 

up increases. With still higher wear after injection 
:~~?) t2~es place. 
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B - unstable low load and low speed injection. The fuelling 

U-n--.-.. ,,~;:: ·- ~-.................. fhcft -r.n.,..nnA h~ek un) egneciallv .....--- U.!1 ~..,.,_'-A...,,_..,,, ,---- ---""1-- --- ... " -.. -

at partial loads being more erratic with lower speeds • 

.:il. - requires leakless plunger and very of~en the separate 
oil lubrication. :he leakage at Bl produces a high ~ear 

at C and .J. 
C • the wear because of the methanol - oil mixture is especially 

high toward the delivery end. 
D - because of the ~ethanol - lub oil mixture and wear hight 

changes of i~jection may result. 

Gimilary as for injector, the same diae;ramm has to be 

perfo!:'?Iled (see chapter ?.8) 

\ ~ o:f ~et~a:nol 
! '...,. +~ ... 1··b oil 
~u "J. ........ _..,,,. • 

[ h1 

0 2 'J 40 60 

followed-by test bench ~easunnents. However, the time measu

red in relation to the calib. oil, pressure decrease from 

300 bar to 100 bar. 

• 

In some experiments with methanol the plunger sleeve 
cracks or snlits ~he =eason is still unknown and may be - . 

spliting 

connected with some penetra
tions into the material of the 

sleeve? 

-1 
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9. ·..i:he diesel engine used ror 1:ne methanol t~st 

bench exnerimen~s 

selected for the :ueth:m.Jl a;rplic'.3.tio!"!. ;md r:-=~L ~ s::..:>:::~ speed 

control (at 15CO !'?~) j7 w~terin~ use. 

~;o. of cylL""lders 

3ore (mm) 
Stroke 
3wept volume 

::ated speed 
.:tated power 
Specific poA'e::-

~echnical data 

~ated mean eff. pressure 

?.ated end speed 

~a.tic ::'/l 

one 

15GC ~s 
; ,6765 ~'.;i 

::::.. -c; :_,,.·j 1.:-' ...,,o, __ .. , "'-··· 
- .- - .... / 2 
l- , ::' ,2 .. - ,- 7. 

rv 165·.: 
C,23752 

JI type with toroid. chanber anC. i::.-:;2~-; :.:; .:.rt s ..... irl. .-'hree 

hole:3 injector with q> 0,26 dia. ~iei::-t:.cel .i.~s:...;:::, ':r:iter cooled 

ai.~d with the st~~ng handle anc jeco=pre5scr :~var, Co~p=e

tion ratio about 16,5. 
At first it must be recognized th~t c~nce~l.!lg the en

gine selection IIP made a very good chaise, because of the 

following: 
a single cylinder is practicallJ th~ best ?rototype for 

experiment~ 

a single cylinder engine is inexpensive at first cost and 

in operation 
DI type has the ~est fuel consU!Ilption f iG'-l=e 

it is wide spread engine tjpe 
all the engine co:::ponents, including the i!'l.j ectior: equipe-

~ent were pro~uce1 in :~dia 
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.Engine test:.ng has demonstrated (previo•.is testing): 

1. #itb diesel.oil 

·.i:imi.ng 27 ° ??::JC 
Power output ~ ,;::."'.'~ ·-:.: :;.t l~JC !:";):TI, 21 

D2 oil calo.:-i..:i:: -.;a:::..:.ic .:..i.~07 kJ/kg 

0 ... : 

D2 ·1 d 't ~ - c~ c ~r~ 1 g/dm3 ol. ens:. ~-· :i.'J --'- _, ,~:;c A 

?uel consumption ;;lc.; .. mred by volume: 

~~ 7 ,3 s ~or 50 crn 3 

2 ... i'iith methanol 

........ .; ,...; '"g '1:C o. m-r-. . ~~ .,,1· ~.!..,LJ'y 

Power output 3,:'.:';"'S ::.: at 15CO rpm 

r-:ethanol calc:-i.:' ic 7s_l ·.ie 19. 665 kJ /kg 
Methanol dens:Lt::- 2.-:: .:c ·.J..; O, 794 kg/d.!::3 

?uel consu::ptio~ '-Jy volume: 

l5l 3 fo~ lCO cm3 

" 

·-rhe above me=..sl1.:r:·.c-'."_:::.s .:..!:'1.ic1-te substantial ~e.ins in fuel 

efficiency, ~t:~ J~~=~=~~~ ~ith ~e~hanol. ~owever, the re
sults :iay be :..:i:::.:;:.:.;. ;::-ei. :i.G still being of 3ll essentially 

preliminary :ia '.;ur,) ~:: t~1i.s encourage more detailed measure

ments. 
The calculation of t~e abo·..re ITiea.surementa stows: 

Diesel oil 

Eo.gine test bench fuelling 

Specific consumption r~te 

Methanol 

Engine test bench f~e:ling 
(eq. glow plug en~rgy ~~t of 

consideration) 

Engine test bench f~~lling 

including glow pl~g 

Specific consu:nptior: ... ,i "::-iout 

glow plug 

Diesel oil eq. specific ~ansump. 

without glow plug 

!hesel oil e,... !'"r·~':'i~"'..~ :J'."!.:c;11r:;';). 

i~cludin~ ~lo~ :1~-

2E ,1 mm3 /cycle 

274, 35 g/k~:/h 

53 mm3/c:rcle 

~ 

56,5 m!l'l__,/c:vcle 

c:: 1 c:: =-/'.r'·"" ./ / 0 _,~ .. J. 

241, 6 g/k·.fu 
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3necific consum~. of diesel oil ; 274,35 -= , r;~o 
.... '--,,/ 

Spesific eq. consump. of meth. 256,6 
(incl. glow plug) 

~atio of the calorific values by volume = 2,3 

.?uellins ratio x 1,069 = 2,314 

:h~ ::::i.-:ter comparisons(2,3 ~ 2,34) show that the oe.::isurments 
seem to be quite correct. Thus, with methanol the fuel con
s~~?tion figure shows a 6,9 % improvement. ~owever, it should 
je =enti~ned that the diesel fuel consumption 
s2e~s ~o be unacceptable for DI type, q> 80 r.un and 1500 rpm. 
· ;i_ ti-1 tl:e avearage value the specific ~O?:SU.'!!ption must be 

~bout l~ ~ 15 % lower. 
·~he best approach seems to be as follows: to check the 

~=ocuc~r data conce::?:'Iling the fuel consumption, 5 engines 
~e~su~ing in the factory and comparing the results. If the 
:::o:is1~~"Jtion rate is still so high, it see::::s resonable to re
du~8 diasel oil conSU!Ilption. 1lllis may tha~ be the first goal 
&-i..i the concept of the approach has to be changed. :he follo
·-. :...;.:; :::ust also be considered: 

t'.::e eagine considei•ed is low uprated (p e:;3.X = ::/,; bar) 
- sir_::_:le speed operation (15CO rprri) 

- scot emission by "' 275 g/kWh of .fuel consumption must be 
al.Jo high and this part, can be co:isi.d.ered as "A.ir pollu
tion abatement 11 

- it is no use to adopt the methanol combustion to a bad 
engine 

- energy savings by conventional means could not be o:,..rnitted. 
The application of methauo! indicates first of all the 
fuel alternation and must be complieted with the reduction 
of the liquid fuel eonsur.iption. 

~l 
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The repe_atability of the fuel consumption measurmen-:s 

was elswhere estimated as follows: 
ztep. error 

diesel oil - Yoll.Zle-:ric - stop watch 12 ~ 

diesel oil ~epeler 5 - G ·-:; 

diesel oil 'Q~r weight (simple method) 

diesel oil by weigh-: aut. :?leas. device 0,5 - C,? 

·:::hus, it; may :ie recommended, that .f'uel consumption 

measurements h~ve to be improved. ~e estimated percentage 
ot the fuel saved must be rv by .factor 3 higher than that of 

the repeatibility error. 
In the above mentioned common measurements the glow 

plug temperatures were observed. i'he method: thin thermoco

uple wire - ~ilica coated, to reduce the radiation influence. 

At rated. por.-;er: 

- with diesel. oil, ;lo~" plug surface temperature, 

without glo·.V" ?lt!:?; heating 
- ·..;i-c:i 1:1eth2....""!.0l, Glow plug surface temperature 

with glow ;ilug heat_ing (150 - 210 1li) 

960 °c 

9co 0 ~ 
- with methanol misfire ahecking showed (see Fig. ) , at 45 .~ 

load ~he start of misfire noticed by hearing,at 33 ~ load 

the remarable r-isfire observed,at 27 ~ heavy misfire. 

It seems that the rHcard.o findings are again demonstrated. 

In our case the misfiring probably started at 55 ~ load ( we 
did not measure TRC exhaust or/and in-cylinder pressure traces). 

Here is should be mentioned that our calculation showed 

with ceramic isolation that the combustion chamber wall 
temperature (_without glow plug heating) should be 700 °G 

wit=i. a 35 air-fuel :-:?.tio. ~his means tho.t up to 50 ~ load 

is not need ror glow plug heating dt all. 

The next whole figure is much clearer 
i.:."' 'de are goi::g to cor...:i.ier the previous :r-P :ieasu=ments and 

that: 

- the comparison between the in-cylinder pressure traces for 

the 8oth fuel 
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- the comparisonbet;ween the ex..'1.a·.:.st temperatures 

- and the com?arison ?erti~e~t soot ~~ission 

- marked. points are ~dcardo fi~din~s 

I ~ Power output dil!~l 
! ,.

1 1 
01r 1cor---- j~09__ 1..r ow P ug surface temp. __ 9_6~0-

I - ! 

~~·----

33:-- -
~ 
::::: 

I t 
: ..-1 

! 

~~--
: 600 
~' -5...,0 
' - ' 
.,___; ·-

i ~ 
I °'S cy0 Power output L __________ __., ___ __..__ __ ~ 

sped 15 G'O [ r p m J 1650 27 33 4 5 55 

The appropriate dia;r~ms a~ ~ sho~n on the following 

page. Analysing the diagrams we may conclude: 

- extremly high soot emission in d.iesel fuel operation and 
the soot emission inzensioility toward timing. 3earing in 
mind the low rated mean ettective pressure and sue!:. a large 
exhaust gas opacitJ, it seems that after injection takes 
place. Here, o~l7 the iecrease of the dead volumes tas 

discussed before) or/and the increase ot the retracted 
v.olume, ~ay help. After injection in a.ny case must be 
avoid~d. 

-100 



Exhaust SSO 
temp.· I '

soot 
I 

450t 
.., 
::G :00 . 

"O ..... 
~ 

80 -~ 
~ 

= - 60. -
a> 
~~ 
0 ..... 40. s s: 
~ :J 

20 ~ 

diesel oil 

::::r.ethanoi 

diesel oil 

c.ethanol 

'.ii th methanol 
energy saving 
at r3.ted power 

es~i.':3.ted • 

0 1..------ ---- -... _ ·-- . -+- -- -----

2 5 ·2 7 ~ 9 31 3 3 3 5 7" ! m; ~ g • CA 

1 "'"'(bar] 
60 .. In-cylinder 

pressure 

5C- X, 

40~ 
I 

i 

30t 

20 ~ 

10 ~ 

6. s· ...... ,_ 
diesel oil 

,,. 210 ·;; -gli:i"N "9:_,.._~, i:et~.anol 

ia0 , 150 '.'i -glow '?lug;, ::::.et'ianol 

21°,120 :i-,;:l.Jw plug,methanol 

0-l-\ --4-----+------+-----+-i _ _,__, --'I ~A] 
320 340 3 60 380 ,:.ao i. 20 .:..:.o 

TDC 
~~e ?i3s. are rel~ted to =ated po~er 

~l 
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- very high exhaust temperature ( in diesel oil oper;tion) 

ccncerning single cylinder engine, low ~~~ed o.au low mea.n 
effective pressure. ·Ihis !'inding d.e::lonstrates incorrect 
matching of fuel in.j ection sys te~. -ietter :t.?. :-~:i.ing t.Rs to be 
done, but at fi?st, by calculation (as discussed before) 

- low peak in-cylinder pressure in ~iesel oil operatic~. 
Prolonged injection period and t0o ~i~h residu:tl pressure 
may produce such a figu!'~. Also E. ~ 15 ,5 as coc.pression 
ratio is relatevely low for :;A t:?e. 

~ It seems that the retraction vol:.i::ie is to be too s~all 
related to the dead volumes. ~lith the relief valve filler 
(se r·'.ICO IN'roRNA·£ION ~:J·l - C~CCC, 12, 7-978.) a..'1.d with the 
tube dia. 1,5 mm the figure i:iust :.2 be-l;ter. 

- for the nozzle and intake port used_, 210 W has to be supply 

to the. glow plug. illis conclusion =ctJ be seen in in-cylinder 
diagrams. For the other relations b~~ween the nozzle holes 
injection intensity and air swirl, ~~~ glow pl~g energy demand 
may be lower. 

If the one relatevely lar£"3 pEr~ o.:' "';!:e sp:=-a:J i:::pacts 

directly the glow plug, follow2,~he ~i€h surface temperature 
decrease. ~y low loads the sp:::-a~ ;er.et~atio~ is shorterand 

methanol vapour production may be very low with also low 
rate o! evaporation. 

- peak in-cylinder pressure in :neth'3.J.'10J.. eperation is small 
and shi.fted more from the ·:::DC pC'si ti on. It seems that the 
peak pressure of effective compression is significa.~tly lower 
~hen compared with that of diesel fuel. 'I1he ~=-in reason may 
be a greater heat of evaporation in methanol operation; the 
reduction seems to be abo~t 10 bar. ~he same amotlllt can be 
observed as co:npared with the peak i..11-cyl i~ier p!'essure by 

combustion. 
'J..1he above discussion suggests the need fo:: a higher 

compression ratio in r:.ethano l operation. :::-: ~:?..'7 '::le L"lcreased 

over £. • 18 without any problems for hand starting. ~n any 

way the injection p~::ioa ~~st be shortened ~~d ti~ing retar~ed. 

- Comr3ring the di~~r8MS ~ ~~j 7 (~~se ~4~ ~~ ~ee~S that 
with ..iiesel oil t'.':e -o·,:e:- output ~ust ':;e ;r9'1.te!' thm with 
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that o~ methanol. However, the measured outputs were the 
same. In order to check 'the p( o( ) diagrams the next proce

dure may be ::-ecommended. '.J.'he whole calculation may be easily 

made using the existing computer. 

_he output r~ted torque was the same: 

.. 
i' 
·ePemax 

"'e "' •· Pemax (A) 

Diesel oil Methanol 

0 7". -. 41 ~· 

f'Meclo< : f l'Y!,,~o< 
o -' / e s el o / ( v me ft.ano L 

'l'he instan teneous torque 1t7em.aybe decomposed as follows: 

eff. torque 

gas forces 

It means also: 

y 
• 

energie 
i...---

the same for the both fuel 

or: 

For our case 
, . 

'r(l :: lc>n~ fJ · X 
I 
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For the porpose of comparison if eq. (A) was satisfied.also 

must be valid: 
~; ·4q 

J rlr'l 'de< rb (cl. ) . x' (o< ) 
me f(...Q~c L J f -i-1 o . o me, ..... 

-
J(,.1T'J11.,do<. Jr~ crx). ~ co<) 

d1'e:t..1 01"L I dt'eJel oil v .;) 

1 
i 

- rate of pressure rise (bar/ 0 cA.1 ~ith methanol 
is by factor 3 .; 3,5 lower than with d.iesel oil. ?or diesel 

oil the value of 7 rbar/ °CA1 is unexpectedly highJbecause 
of the swirl and warm operation. ?or methanol 2 (bar/ 0 cAj 
is relatively low and cay increase ~:U l 5 [oar/ 0 c:..} • 

10. Recommendations for at~ending develonement 

The following recommentaticns are given: 

1. All experimental ~ork has to be co~nlieted with standard 
r::easurments (pressure in the e:chc.ust duct, pressure in. the 

outlet manifold etc.). Air - fuel ratio l;.as to be considered 

as stan.dard and with methanol .s.l:;o ?~"C exhaust. 

2. Read out device on the engine test bench has to be with 

finer di vision. 

3. Fuel consumption mesurements only oy weight. 

4-. 'l'he all instruments used, as N"ell as test bench, have to 
be methodically calibrated. 

5 .. Is no use to make the matchings with diesel engine wi·thout 

needle lift observa~ions. 

6. ::and advancer may ':Je ·1e::y :ise.:'·.il. 

7. Protection must be i:nproved (no ~otating shaft streching 

in the working area) 

8. Our goal must be 7,5 ~ 13 ~ better equivalent fuel consum

ption figure as wa.s by M.A.N. with engines 19204FM and 
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9. ~e mus~ ~ake into account that the air swirl means heat 

losses. Thus the air s•.,irl in te:isi ty :iay be reduced. ~;ow if so, 

we could not more operate :::he engine · ... ·i t:h diesel fuel. 

10. The compression re.tio r~ust :>e bc::-ee.sed :i.early by factor 
1,12. This can perhaps be done usir.~ ~ c~lirrder head gasket 
or with the reduction of combustio!".. oi~ar::ber. 

11. Injection peri~ has to ~e shorter.ed and timing reta-."'ded. 

1is can be c!one using a larger p.:u!Lger G.ie .• 

12. Nozzle holes have to be incr~~~ed ~nd :aybe ~ls0 one (or 
t~o) hole more added. It depends of tne whole spray-air swirl 
history but also of the glow plug positi..on. 

It is to be advised that much more than combustion chamber 

i~ the "evaporisation chamber" c:, i:i~erest. 

13. Ey calculation followed 

as test bench matchir.gs the 

to the engine demands. 

• +-1.. Wl. vu 

i'uel 

t~st rig experiments as well 

systen can only be adoped 

14-. '.I'he some engine ci=a·.dngs ;.s ·.all as ~er the injection 

equipement are unavoidable. ·:t 113~ ~o:1tact the engine and. fuel 
eq~ipement producer as soon as pcssible. 

15. It is of interest to make a ?r~gramme how to use the spray 
test benc!l data. Cnly coILplieted ·.·ritn o:;har injection parame

t~rs and swirl characthistcs the sp~~Y data can be useful. 

Here there is a need to divide the injection law into four 

parts and to define: 

- spray distance o~ tip distance 
- spray deviation 

- d - max droolet dia. max -
- d32 - Sauter droplet dia. 

- spray angle 
- injection law per hole a:id the s11m for comparison. 

- influence of the swirl intensity and the air temperature 

upon the atoQi3ation 

- of interest are: 

1. ?i.::-st ~art :i.n ti::!e o:' 

I 
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2. ~ec. pa-~ i!! the time to m~_x amplitude of injP~t;on law 

3. Third part in the ti.me of 3/4 of injection law 

4. ?orth part 1/4 of inJ·ection law (es~eciall7 d and d?2 ). 
• v :iax :-

~11 d3ta collected are only u~eful fo~ c;lc~lations and 

:o:i?a~ison. In the cocparisons ~e can f~llo~ ~he influence 

of ~h8 ~njection parameters ct~~ged (di~. ~~ ~o=zle holes, 

dia. of plunger, presseting follower-cam etc.). 
:,::s.-.ring more data we would. ce able to predict the comb. 

seaue~cies and to adopt m~re accurate t~e Vibe function. 

11. D::it3. collected for the injection system 

:t was arranged that the data collected serves only to 

show the calculating procedure. 

1. ?lunger presettingC,7 mm 

2. ?lll:lger dia. 6,988 mm. 
as ~easured 7 

3. Jead volume totl. 
" 2etraction volume 3C i!lm3 (4' 6) 
;. Y3ss cf retraction piston 3,C5 g. 
6. De.s.d volume of the relief valve hold.er 

?o ~igh pressure tube ep 2 x 6GO !~ffi 
8. Jead volume of injector 

9. ~igidity of s~ring 110 kp/cm 

'765 mm3 

10. :~eedle opening pressure 1 ?O ba= - me th g.nol and 184 bar -
- diesel oil 

11. Angle of needle 61° 
12. ~-:ax lift of the needle 0,4 :::im 

13. Nozzle hole dia. 3 ~cf> 0,27 mm 
14. ?iston of the engine (showed on the next page) 

15. ::eedle r.showed on the next page) 
16. Fuelling at 750 rpm, rated power 

diesel oil 26,1 ~ 27 mm3/stroke 
~ethanol 53 mm3/stroke 
methanol with glow plug 60 mm3/stroke 

:verflow leakage l ~ 1,2 X of fuelling, 

for methanol (0,53 ~ 0~6 mm3/stroke) 
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r-
1 

.__...~----------r~~r 

i 23.5 ~6 

____ i 

so· 

17. i.iozzle holes arrar .. ;e::ant and piston bowl 

M 
M 

80 

Glow plug 

injectoi- tip 

J 



injector 
- ..... tip 
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18. Plunger lift diagram 

l 
- a12e(mmJ 

- 7,874 

- 7.620 

-7.366 J 
- 7. 11 2 ~ 279 4 (m ml 

-6.858 - 2 540 

~6.604 - 2,286 

-6. 350 - 2. 032 
I 

-6.096 - t778 
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!!let~anol 
deli Ter7 end 

diesel .fuel 
del1ver,r end 

350 f [•CA] 

Commencement :t deliYe?'l' .for the 
oth fuel U•ed 

350 3 60 5 10 15 ~G 

Camsha.!t 

I 
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12. Some additional su~gestions 

(A) - :n the engine deveiopment we need ?.l.30 -cest 

~entes perfortled for: 

the pOI?OSe of ~c~pa~ison 

- =o fcllo~ the intensity of paracete=3 =h~~~ei 

- to collect the ba!lk of data 

:bus , we need: 

s~irl intensity ~easurement 
air flow in dependences of ~he valve lift 

experi-

- fuel flow rates measurements: nozzle holes. injector holder, 
relief valve, intake and spill ports of the 3leeve etc. 

test bench fer the PtL.."'P equiped wi~h all inst~u=entation 
required. 

carburatcr test ~ench (as explained) 

l.::i) .:a changed ~::~e pump plunger we are obliged to correct the 
relief valve or !::et"ter, every change i~ t:i~ f!.lel injection system 

re::;uires the change ot the retraction voLun'? •.. e are also ob
liged to :iecrease the systems dead vol U!lles ?..5 -:::..;.;::~ ~s ;ossible. 

z 
I:JVery l::c :nc .... · decreased may help in :na tchir!g. 

( ~; :.e i:ust take care that the approach for the on - line 

exhaust gas analysis •ith diesel engines must 8e defferent 
than that of the gasoline engine. It ofte~ o~cured that in 
diesel oper~tion our instrumentes (after mes~rements) were 

out of order or recalibration showed the sen~i~~vity decrease. 

The main reason for the above is the very fine despersed 
soot particulates which "block" our sensors. 

Is to be recommer.1ed: 

in developement make the Tgc measurement divided from other 

~as 3.:ts.l_73is. In d.evelopement we know that -:he :::ic emissions 

are largest at low load3,but we have not soot emission in 

this region. ?esides that we must heat up the sample line 
fo~ :~: ~~~sur~rne~ts. 

For IliC measurements we need c
2 

oversensitivity correction. 

:hi.3 problem does not arive for gasoline en~iGes. ~t low 

lo'1:iS '1!e ~"::"' ha·J'e r7 f1ctor ~ ~ 5 r'lore air than is needed 
for ,:err.'::: u:;tion, ·...;e -::--,;.r:e;ed tr.e ::J fl :i.:-:ie -:'.-:a:-<i.c ter 3 .. :1d. so 
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tb.e io11iaatiua -\...-----vuc.ue,e~ 

onallit,'. 

A---·~..,._, 1 -
~Q.,;a\f•va...•.: 

,'*' _ ... __ 
v-g. y\JW 

?or THC we need (being operatin~ in 3ootless :one) only 
two till th::::-ee ~lass !ilters ::02 r,3.S e~::..?.~:-:.e~:'·. -~t the filters 

have to be heated. :he temp. is at.out 

· ···· ~ .. ,.... ~"" '""'~s1 _.,...,e .... ts - :er ..... i...;, \.,,-, _·,·-, .,,,,_., .. ___ Ll---· ;..L - ._ 
system ~ay be suggested: 

~L"taust duct 

condeneer 

Ff 

rubber 

glass 'ruoe 

0 0 .... 00 0 0 .. 
0 ---

0 0 0 0 0 0 

0 

0 
0 

Ms sheet and 
around paper 

F3 - glass tilter No 3 

0 

F4 , F5 - glass tilter No 2 
A - 30me wool (~o gl3.SS) for o~servation 

?
2 

- wool filter (as explained) 

I 

I 
A 

rubber 
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'..II) In ~ ~~ w~ must try •iecre.<tse the ratio: 

6/4,5 -- ~~~ realize f/3,5 

correct the tip according the min. 
cross-sect. f}o~ a~ea 

13. Suggestion concerning instrumentation 

test bench for the injector !'le:·; ::'?.tas ::easurements 1 

- needle lift inductive tranducer 3 
bridge for inductive tranduc~r 2 

- stroboskop with ca!I!era 1 
- Oscillosscope storage 2 

~:!C instrument for diesel engines (see ~:: .~ prescrip.) 1 
ther~ocouples ~it 

quartz tr~nducer calib. device 

- precise ?ressure gauge 
- adapter for low in-cylinder pressura measurements 

fuel consumpt. measurements device by we:!.ght 

flowmeters 
- the book from Fristrom and ':Iestenberg 

new compact pump 

hand advancer 
- valve test rig 

- S'Wirl test rig 
piston temp. measureme~t device 

l 

2 

2 

1 

3 
1 

2 

1 

1 

1 

1 

I 
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- ror the needle lift inductive tranducer 

' '7 ' 
'+I I 

)~~--,.-....... -~.....&.--
-· ::> r-f---...-.,__--"""' 

i 

L ~ i 15 J 

I 32 

-I-
38 

I 

the nozzle tc~e~ for flow measurements 

3 x ::J,27 

14. iraining recommendation 

~he three engeeners who have been working with me have 

to be given further training in other labs. 

ww 

s 
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.:3, LJ, M - cities in Yugoslavia 

AVL, TRu - Graz, Austria 

FM - 5allein. Austria 
J3 - f'..rno, Chehoslowakia 
.... - ·."i·s.rsh3.w'.l, Foland 

l. tl'l.::ine e!' J, i·., A ','L, J.:.:, .?E - 3 ·N"eeks 

Fuel injection calctilations, bank of data, evalu,,..t:.::..~ of 

exp. data, ::i;;:paratus for fuel injection testings, ::: <t~i'i:"".~. 

2. .o::tlgineer S, /, A 7L ·-· 8 weeks 
Calculation of combustion. processes, method of ch~r~cteristic~, 
heat transfer, evalutions of in-cylinder pressure diagrams, 

experi~ental ~pproach, matchings 

3. 2ne;ineer t·I, LJ, rliG, ·.f'll - 5 weeks 
Combustion bomb set ur, registration of events, control of 

processes, evaluations of the data collected. 

:::n the case ot af:Ereement (. IlP, JNIDO - "CN::lP) the propo.se::-s 

need 2 ~ounts in order to: 
- CT3..ke ~ne detailed programmes 
- arr':\!:.~~ the visites in the institutes mentioned 

15. Conclusion 

IIP is a well organized institute with high educated 

men.who are cooperative and have a solid knowledge o~ t~e 
fundamentals. ~he young engineers are quickly able to master 
a sophistaced approa_ch to engine developement. ·.::here see~s to 
be no any reason that the methanol project may be poor elabo
rated. Forever, the project can be supported only if the appro

priate experts ~ill be send in IPP. 

IPP has many scientiata end higly educated young engineers. 

~owever, engine developement is a new subject for II? and the~e
fore. the pr.o.ject requirests have to be supported .... he need 

for support is pertinent to: 

I 
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~---,------·----A-~~ Y.t: Vt:.l.U,V~lllt:U w ~}/}/.._ vc. .... u 

- measurement techniques 
- collection of some exp. data oerformed 

- engine design 

~oweve~, suppo~~ ~~ ~lso needed in rel~tion to the pro-
5ra.m.ming of engine processes and ~o the collection of the data 

used in the engine developement. ~ere al50 only again proved 

pr3ctical progra..n:.~in~ • 
.?inally, it should. be ::entioned, that because of the lan

guage IIP needs also a ~ood selection of the back€Z'Ounds of the 
i.ierman literature U·:z~, _ ... ~:, ·.:.•echnische Berichte). 

~he profile !o= tt.,_; .i.'·Jllowing expert has to be an engineer 
with the good develope~8nt and lab experience, who also revied 

constantly the corespon~ing ~uropean technical journals and 

reports. 
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Appendix A 

l. Sauter .. ans diameter (without swirl impact) 

)- 10(; r_r] 

[!f 1 
instantaneous fuel Ot.< t-::'low veloL.i ty 

Prr = 300·10~ (!J=2] - !nstantaneous pressure before 
the nozzle hole 

P: = 40·10 5 [~/~2 J - instantaneous in-cylinder pressure 
5~ = 840 (kg/r.iJJ -·:J2 fuel density 
6"h = ·a,02s5 [:~/o] - :D2 fuel surface tension 
~f. = O, ool 74 2 (l~s/m2 J - ·1iscosi ty 

~ v = Pz = 4o. (O'S -= 
RTz Zit ·too 

= 27, 17 [ t'/ml J - instantaneous in-cylinder air densi t:; 

8alculation: 



l 
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2. Spray penettation (without swirl impact) 

2o 
---- == 01 0Cl~Jf-5" {5 J 
360 Q2.oo 

60 

~ 'f - ~ °CA] - crancs:-~aft 
!1 ;-: lil [ . -.i.1 - rot. e!!;i:::: 

db = 0,4 ~ as ir. the point 1 
v~ = 248,9·103 ~~/s as in the point 1 S: = 240 kg/m3 as in the point 1 
~ 3 

~ v = 27 ,87 kg/I.!l as in the point l 

Calculation: 

(In the book presented vb dioension was in error) 



.... 
-g.&,-

3. Fuel input data gf interest for i~~ction calculation 

Sound velocity 

[ ~:/ s 1 
Modul of elasticity 

l •.~/~-1 
- I ~. j 

~odul of co~p~essibility 

--r !!l 2 /:~ J 
s:i=face tension 

(:~In] 

comnzessibility of oet~anol 
compressibility of D2 

D2 

1380 

9 1,68.10 

0,595.10-9 

O,o2S5 

-:- 0,0290 

= 
, --3 _,)) 

0,595 

Methanol 

= 2,24 

ll80 

9 0,75.10 

1 --- io-9 , ) )) . 

0,021 
-=: 0,0226 

Compr~ssibiiity of the methanol fuel is by factor 2 higher 

than that of diesel oil D2. 
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KAtBEMATIC 

a -sound velocity 
- cross - sec. flow area of the 
~igh p=essurc tube 

- plunger cross-sec. area 
- lenght of the high pressure 

tube 
- coef icient 1:>f compressibility 
- distance between the vapour 

cavities 

- nozzle flow area 

- injector flow area 
- mass of the injector moTing-

parte 
- instantaneous sleeve inlet 

flow area 
- mass of the relief TalTe 

moving parts 
- relief TalTe flow area 
- pump rot. speed 
- cross-sec. area of the reli~~ 

TalTe piston 

- needle seat area 
- cross-sec. needle axea 
- max. cycle number 
-~the rigidity of the inj~ctor 

spring 
- the rigidity of the relief 

valve spring 

- Integ. eten. 
- modul of elasticity 
- preloading force of the injector 

spring 



l 
PT, PT2, FT3, 
FT...t t;'~s "'..,.,6 ., ·- , -· J F(t) 

., .. 
-o..;J-

FTL, F~LJ, FTL.n,t F(t~~) 
FTLJ2, FTLO j ~ 

?VO Fv
0 

Fl 

HI 
BU:A.X 

EX 

FV 

IK, !Kl, 
LK, LKl, 
ma 
PB 

PBO 
:PISP.IB 

PU 

PO, POI 
PZ 
QB, Q:El. 

JK, JKl, 
Lll, LJC, 

~i 

hioax 
hk 

\ .. :max 
hv 

P!) 

PBo 
Pois 
Pn 
Po 
Pz 
dVu~ 1 bl 

d'f 

- cross-sec. I - I :"cr;1ard 

dirested wave 

- cross-sec. II - II for.vard 

directed pressure wave 
- preloading force of the relief 
v~lve spring 

- number of the fuel vapour cavi
ties chosen in the RP tube 

- needle lift 
- max. needle lift 
- plunge.r lift 
- max. plunger lif't 
- relief valve piston lii't 

- integer variable 

- pressure in the sack volume 
- start pressure in the sack Tel. 
- evaporation pressure 
- pressure in the gallery 
- residual pressure 
- in-cylinder gas pressure 
- the filling cavities change 

in the injector_ 
QKL, QKLl C.Vp~ 1 kll - the same for relief valTe holder 

d'f> 
RO 
SIG1.!.AK 
SIGMAO 
~IG?aal 

SIGLLA3 
VB 
VCI 
vc 1 vx 

~ 
~k 
~o 
b'-1 
~3 
vb 
V,... 

I,; 

vk -w 

- fuel density 

- step functions 

- injector volume 
- HP tube volume 

- relative plunger velocity 

- ~elief valve holder volume 



VPC 

VPCBl 

VPCCl 
Vl'CKLl 

75R 

VVK. Z, VVK. Zl 

vvtan 

-•. ·1 

·1iIO 

WII 

"iiIIO 

';'iT, ·;iTJ, V:T2J 

71TJO, '.VTO j 

'WTL, WTLO, ~ 
'i1TL2, iVTL3, 

W1J.'Ll, WTLI 
x 
XEUD 
XGR 

v v 

p:::: 

VP~,cl 
VP:!,kll 

vkmin 

WI 
W!O 

WII 

wIIo 

W(t) 

:x 

'f kraj 
'f'gr 

IP 'fp 
XIlO, Xlll, XI12, 
X:Il3, ll2,X:I3, 

XI4,XI5.XI6, 'f 
XI7, XIS, .II9 , 
n,x2 
y y 

YlO,Y20, •• Y70 y 0 
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- volume of t~e c:1Vi ties fon;;ed 

in the l1? system 
- volune of the cavities in the 

injector 
- the same in the ~ tube 
- the same in the relief valve 

holder 
- the whole HI> volume 
- the in-pump volumeover the 

plunger 
- the minimum in-pump volume oYer 

the plunger 
- fluid velocity at I - I 

- start fluid Yelocity at I - I 
- fluid v~locity at II - II 
- start fluid velocity at II - II 

- reflected pressure wave at I - I 

- reflected pressure wave at II - II 

- the distance coordinate 
- end of the cycle 
- the boundary for removing the 

effectiTe deliver,y end 

- ata=t of the cycle 

- cranwhaft angle 

- unknown magni~~dea to be calculated 
- the start values of the unknown 

magnitudes 
- the impact force on the injector 

needle 



GP.E 

Apo 
I I~·-D r-r.r-..,, , ..::..1.. , ~-~ ' 

U.~OD, n.:m;, 
lliOI:xR, n.~01;rRl, 

IL.:Cl-~, I!..Q~;2, 

ISTE?,ITEST, 
IXAi IXSA,l, 
LV,?J,?.il 

liJED 

ID. 

PTLI 

QCIKLUS 

QC 
QK 
RV 

DERY 

PTli 

qc 
qc/A'f 
• 
qc 
F v 

dy/d 'f 

--c-1 
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- the- pemisaibla Mtbod error 

- tlw re•idual pr•••ur• error · 

- inte~er variable• 

- the number of diff. equations 
- the div. number of the RP tube needed 

for residual pressure calc. 
- the instantaneous pressure amplitude 

at distance li 
- fuel injected per cycle 
- mean injection velocity 
- law of injection 
- t~e force influenced on the relief 

valve 
- the first derivation of the variables 



1 -86-

NOT&TION 

Ac - cross-sec. :10·.-: area of 5.P tube 

Ak - cross-sec. plunger area 
- Cross-sec. are~ of t~~ relief valve piston 

"""'-·. 
- cross-sec. ne~dle area of seat 

Al - cross-sec. ste~ needle area 
a sound velocity 
Cob the rigicity of t~e injector sprin~ 
Cv the rigidity of the relief;valve spring 

E - modul of elasticity 
Fob - preloading force of the injector spring 

Fvo 
F( t), 

n 

p 

Pk 
Pn 
Po 

Pois 
Pz 

- preloading force of the relief valve spring 
F(t - ~ ) - pressure forward waves at I - I and at 

II - II, resp. 

- needle lift 
- max. needle lift 

- plunger lift 
- lift of the relief valve piston 
- position of the relief valve piston at the closing 

time of the needle 
- the retraction lift of the relief valve piston 

- lenght of the 'RP tube 
- cavities ciatance in the HP tube 
- lenght of the vapour cavity in the HP tube 

- mass of the injector moving parts 

- mass of the relief valve 

- pump rot. speed 

- pressure 
- in-pump pressure 
- pressnre in the gallery 

- residual pressure 
- fuel evaporation pressure 
- in-c~linder gas pressure 

Pr, 'PII - pressure at I -I a~~d at II - II, resp • 
• Qg - injector le8kage overflow 

qc - injectcc qu3ntity . 
Qc - le~ cf i~jection 
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Yb. - ia.1action vol\m& 

V · - BP tuba vol\18& 

Vkc - purnpe VO~-...:·.·:.=-_ I •l- 1 :::1 ) • _ 1. oV"er ..... c p ... u. ~~r 
v,_1 

·"-

V-;-.x .. - volun:e of .._.,_ C' ... :uel v::pour cavitie3 
volur::.c o:- +"'- -I.. • - -:·.: 171 V:lpour c:1vi ti.r:s .. ,.. 

.I.--
i""..io ..... :.~. j f:.L. t:J= 

" •: ., II II ill t!'!e ~ tube ·-
II II II II " in the relief valve 

holder 

- the change of t~e vapour cavities in the injector 
II II !I II II II in tr..e TI? tu.be 
II II II II II " in the relief valve 

Vs - volume of t~e :::? syste~ 
v. - needle velocity l. 
v,_ 

A 

Vv 

- plunger velocity 
- relief piston velocity 

holder 

".'/ ( t), ;::(t + * ) -reflected pressure wave at I - I and at 
II - II, resp. 

velocity at I - I and et II - II, resp. 

- modul of COQpressibility 
- calculation time step 

- eff. flow area of the oriffices 
- eff. flow area of the injector 
- eff. flovr area of the ale~Ye inlet a!ld spill 
- eff. !low area of the relief valve 
- fuel density 

~ o• G'-1, ~2, b3 - step function 
- cranckshaft angle 

'fku - cranckshaft angle at the injection end 
'f'pu - cranckshaft angle at the injection start 

'f vAv1=0 - crar.cksh3ft angle Flt the relief valve closing 

l 
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HA%11DlATIC MODEL 

1. Runge-i~uta. method 

l. The cont. eq. in the pump: 

'fli: [AA-~. 9·,,ArJtf { Cf.-fnj-b .. y..4.,)'/; (p~-f1) ' -
(1) 

~. The cont. eq. in the reliefe valve bolde;..: 

3. The force eqv. eq. at reliete valve: 

which can be written as follows: 

and as: 

. . . . . ( ~) 
3{,o 1t ()'. 'JU., 

(4) 

4. The eqs. for velocity and pressure calculations at I - I: 

1 (s) 

F{i) =- ?x - Po r W {t) ( 6) 
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S. The coat. eq. iD the injector volume: 

6. The force eqv. eq. of the injector: 

mi dit.,· ...,, Co6 4; == (A1-A)C)Jt_ + A.x·-Da - 1-ub 
cif t r!. I Q 

which can be written as: 

d1I,· -=-{(A1 -AJ<JPF +Axfa-f-ob -l; l'o,] ~3 · · · (l) 
c:l'f - 3'o"Jl.m,· 

and as: 

7. The flow through the orifficies and through the sack 
is the same, which gives: 

~ 

('3) 

tJ ~•Ao) ( ra = ~A)a . fx -pi-)+ P.z. · · · (1C) 

8. The fluid velocity at II - II and reflected pressure 
wave: 

f 
C{ ~ 

lV ( f-t- ~) - Po - fE + F ( t - -:. ) 

9. The connection between the coresponding pressure waves 

at I - l and II - II: 

( 11) 

( f2.) 

. -· (f3) 

tv't-t)'f = 
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10. Tbe injecciou lav: 

. . . (ts) 

11. The integ. law of injection: 
V' 

1 1 .(2 ' 
2e :. 16011. (} 0 Ai.) V .f (ff - Pi:) · d'f 

,. .... 
. . . { f{o) 

12. The residual pressu~:e: 

. . . ( 11-J 

where: 

" ~ P7i + Pz + p;; 
: ,., - ... (fl) 

11 -r 2 

. . (fo) 

13. :Emergency eq.: 

G-0: -t 1 -for PK.~ ?n 

bo =--1 for ?IC .( p,, 

b,t:: =-t 1 for ?r. 4' fr. ( t 1 ) 

S"-:-1 far· PY.. <Pz 
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!br all other caaes 

for all other cases 

If the residual pressure ;as less than than the fuel evapora

tion pressure: 

. . . (22) 

tte calculation ~ethod s~oul~ be changed. 

'.L'!Je quantity of t~e cavities ~ay be defir.e6 as follows: 

ar.d has to be distributed equal!' to tbe coresponding volumes: 

\/, 
V .. c. v .. pa, c = Vs · po -

In this case instead of eq. (2) the next eqs. should be 
used: 

d~~~1' = [ fi~ CJ.v1h,) Ii /?•-Pr J 
1

+ 6", Av Y-v ]~i... 

dpz -· 0 . ~ tJ 
ol'f - J /-' £ = ro1·s 

if lNa.s : ) 
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However if vpl,kll > Vp¥,kl • are going to U8e eq. (2). 

'l'be vapour cavities in the HP tube are divided in • parte. 

. . . (~~) 

T~e cavities distance anou~~ts: 

('26) 

where: 

_ 4 Vpe,c1 .. (~=1) 
- ' 

-' "Z -c.Ac . u 
Because of the very low residual pressure the flow 

velocity at the distance z=l (till the first cavity) m8l' be 

written as follows: 

'W c l = _g_ F (-t - {_ ) 
I as ~ 

- .. (21) 

At the same time is valed: 

During the cavity filling the reflected wave will be 

generated and directed foward the I - I: 

i': ( t + fr ) 

The filling time of the first cavity (lp~) will be defined 

as follows: 
f1t., 

(29) 

Jr= ( f- ~ ) df = 
... (3o) 

-lp7 
as: 

(3t) 
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But calculating vith the pre .. ure propagatiou tiM together 

it vill be: 

(32) 

The proceeure is t~e s3rr.e for tte all othe= c~vities. 
'.Lie total propa~a ti on time t'!=ou f ..... , t'::: F.I tube vii th 

cavities amounts: 

... (3~) 

~he forementioned procedure was for two phase fluid (air 
anc liquid) ~ut afte= time tp~ the following calc. procedure 
should be continued onl~ with ane component phase (liquid). 

For the case with the cavities in the injector instead -

of eq. (7) the next system should be used: 

dVpi,b1 : W!l. Ac. 
d l.p 360 1-i. 

df F 
di./' :.0 j 

if is 

HoweTer if VP~, bl ~ Vpc,b than the calculation will be 
continued in using the eq. (7). 

The fiff. eqs. 1,2, 3, 4, 7, 8, 9, 2a, and 7a are 
of type: 

y 1
• f(x,y) 

and may be solved with RX - IV and with the changeable step. 
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INPUT DATA 

' ~Ap 
4 Im~ 

3 

2 

1 

45 50 55 60 65 70 'f{°CA] 

Fig. 1. lnstantanous cross-sect. flow areas 
cornunication in-pump volume-gallery 

-1 
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INPUT DATA 

. "4Av 
[m rrfl 

3 

2 

~=30 mm
3 

1 

h/W =1.06 mm 
~v [mm] 

1 2 

Fig. s l nstantan eous cross-sect. relief valve 
flow area 
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INPUT DATA 

02 . 

AP=100 bar 
t =40 °C 

h; [mm] 

0,05 0.1 0,15 0,2 0,25 0,3 0,35 O!. 
' 

i:;4 s Cross-sect. nozzle flow area 
(cs measured with I IP sample) 
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I - , ., / ; ""; l"\I"' tin n 
Fig. 7 LU VY t1'j" 11 IJ ~""' \.IV I I 
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65 
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365 360 

fuel 02 
n=1500 rpm 

.g. 

(01 

12 

1.1 

10 

365 'f [°CAJ 

'f [°CA] 
.___ __ ----------·---
345 350 ,..,.., ~~./;' ..... 5~ 

)·J~ - • ~· ~ 

,... 10 r-19 .. Sau~er mt:-·2r: .~:n.(d 1 z) J '3prc.y 
distance (ly) and spray cone (-v-) ~or D 2 

~l 
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Fig.11 Fuel-comb. chamber wall 
time contact for 02, only sproy 1 calculated 
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'f(°CA] 

.so 55 . 60 65 70 

method RK 
fuel: methanol 
n =!50 rpm 
q.c=49,4 mm'lstroke 
Q = 65,4 bar 
0 

10 t 
I 

0 I 'f (OCAJ 

1.·s 50 55 60 5S 

Fi~.12 As for Fig. 71 i11ethcnol. 
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