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ABSTRACT

Title : Establishment of suitable technologies for the use of

methancl in two stroke S.1. and in C.I. engines.

Proiect: DP/IND/82/001

Objecctive:

Object of this six weeks experts activity mainly consisted in

1) provide guidance in the definition and assistance in the reale-
izatcion of fundamental combustion studies aiming at the under=
standing of the parametric dependency of typical combustion
phenomena related to the use of methanol in I.C. engines.

More specifically : (aj)ignition characteristics of homogeneous
methanol/air mixtures by hot gases, this problem being related
to the combustion in two stroke engines under part load coa-
ditions, (b) spark assisted ignition of methanol droplet spray,

this phenamenon b lug rmelated tao C.l. »n@gines using alcohol
injection. An experimental rig tor t'ese studies has been des-
cribed and discussed with the research group of IIP's Engine
Lanoratory in Dehia Dun.Construction of the hardware has

be=n started. Guidance for assembly and operation has been
provided. A parametric trials progranme has been outlined.

2) Tiaining in fundamental combustion aspects, mostly related to
engine combustion. 27 hours has been scent in lecturing to
research st3aff of both the Engines and Industrial Combustion
laboratories on theory and experimental diagnostics of combus-
tion «inetics, self {ignition, steady state and traansient flame

propagation regimes, pollutaat fomation and solid fuel come
Sustinn chemistry.

Main conclusions and rscommendations:

1) The construction of the experimental rig saovuld be implerented
Startiang the trials should prescnt no special problems.Other
fundamental studirs related to me thanol combustion may be per-
formed using this rig as a basic equipment.

2) Training in the field of both fundamental and applied combuse

tion problems may usefully be updated at other occasions.
}) scme melatively simple but {nteresting in situ visualization

techniques should be scheduled in the very next future, di-
rectly in the engine, using already existing equipment.
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INTRODUCTION

The Indian country intenc to develop alternatives to petro-
leum products. Takiag into consideration the possible alterna-
tive rfuels for each of the major petroleum consumiag sectors,
the most efficient way to solve the problem seems to be to find
replacement fuels in the transport sector. This means finding
suitable altornatives tor use as partial oc total replacement
of gasoline in two stroke englaes and diesel fuels in compressian
ignitilin emgines.

The choize of methanol {s very attractive as an alternative
fuel Lf the technological problems of its utilisation are over-
come . For the purpose ot tutcrne application, the Indian Insti-
tute >f Petroleum (IIP), therefore, proposes to concentrate
on using methanol in diesel engines and in two stroke engines.

At IIP work on two stroke engines using methanolegasoline
blends or neat methanol, as well as on the use of methanol in
four stroke C.I. engines has been initiated. This work is pri-
marily conceraed yith engine performance without major modifie
cations of the existiag engines,

It is the aim of the profect activity to carry out detailed
research and development work on automotive and stationary

Ceolieengines and small two-stioke engines, allowing wider applice
ation of alcohol fuels in the countcy. '

Such 3 study should cuver optimization of various engine
desicn parameters, design of new fuels introduction systems, etc.
Therefore investigations in the following areas must be under-
taken: fuel injecticn, "gnition, engine cocmbustion, engine
exhaust emissions, lubrication, wear and engine design, including
fielc studies.

Subeastivity: The optimization of methanol fueled two-stroke
sparx ignition and four stroke compression ignition engires, and
especially the improvement oOf specific technologies developped
for efficient use of methanolneeds the understanding of the
Parametric dependencz of some typical aicohol combustion pheno-
mend such like: sparx or glowplug assisted spray ignition, ignite
ion by hot regsidual gases, mixing patterns of fresh mixture with

hot residual gases, aldehydes faormation.

To obtaia that kind of infommations, the yse of experimental
test _rigs, operated Qutside the engines si very suitable, since




the effects of different factors (pressure and temperature hise
tory, mixtuge streaght, droplet slze distribution, etc.}) may be
stud:ied therain in an independent way using single parencter

variation, contrarily as in the case of the engine, wheres it is
practically impossible to change only one parameter at once.

A fursther advantage 9f such experimental test rigs is, that they
allow a much better diagnostic of the phenomena, e.gJ. by optical
visualization.

Although indispensable to understand the combustion phencmena
related to the use of methanol, the results of these fundamental
stydirs cannot be simply extrapolated to what happens in the
engine. Therefore, they should be completed by viagyalization
studies applied direct]ly to the engine to check their appearance
under real operation conditions.

Finally, the adequate interpretation of the findings gained
in btoth the fundamental rig studies and direct engine visualizate
ion studlies, suppose the research crew to be well trained in the
funcamental knowledge of the basic combustion aspects

In 1984, the “Institut Prangais du Rftrole” (at Rueil-Malmai-
son, near Paris) has been approached by IIP and asked to provide
assistance for the realization of this subeproject. It was
decided by mutual agreemenxr that Dr.G., de Soete, head of the
Department of Pundamental Combustion, would act as a consultant
in <hat matter.

[n June 1984 Dr.B.P.fundir from IIP spent several weeks at
the Freanch #Petroleum Instituts , to take intormmations concerning
the precticsel modallitics and to outline the general form that
activity might take . During the dlscusslons between Dr.Pundir
and Or.de Soete the following was decided on s
a) The construction at IIP of a general purpose test rig, suit-

able to be used for a large number of parametric studies

concerning methanol ior methanol-hydrocarbon blends) ignition
and combustion, at different pressures and temperatures,
having total optical access for sha.owgraphy or Schlieren
photography.

Construction of the experimental rig should be scarted

and reguired optical parts (laser, windows, lenses.,..) ordered

SO a8 to b= able to start the first trials at the arrival of




Dr.de Soete in Dehra Dun.Actually, due to different reasons,
the research crew of IIP's Enqgire Laboratory has not been
abl2 to start this preparative work before the arrival of
the expert.

b) II? should contact UNIDC in order to obtain the mission of
Dr., de somte to Ili* as a consultagt tor a period of six weeks,
at the end of 1986. The consultants task should consist in
(1) giving guidance for the projected experimental trials,
(2) training of the research people in fundamental aspects of
enqine related combustion and (3) quidance in selecting
appropriate methods for in-situ visualizatfon inside the

engine,

As to the attainment of these three original objectives of the
expert's aczivity: (1) he has written a detailed description

of the experimental test rig, cof the measuring methods and of
the research programme to be followed related to two practical
probleas occuring in the onset of combustion of methanol in

the engines, indicating also further use of the rig for the
study of other related phenomena; he has discussed the experi-
Mental mrthod and the construction of the rig with the research
SClentists and the heads of the ditterent invoived worshops.
The manufacturiag of ~he experimental rig has been started

and could be operational within sme months from now. (2) Abmut
27 hours lectures have been dispensed to train the research ciew
in fundamental combus-ion aspects. (3) Discussions with the
fesearch scientist have been held on fundamental combustion
phenome=na a3 occuring in engines and on pracrical needs of

in situ visualization metnods of combustion within engines.
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RECOMMENDATIONS

For the benefit of optimization of typical technologies
related to the use of methanol as an alternative fuel for
two=stroke spark ignition and four strocke campression ignite
ion engines, it is recommended to the direction of the Engine
Laboratory of IIP to continue its effort for making approp-
riate fundamental research in the form of parametric studies
effectuated in an experimental rig, under conditions aporoache
ing as close as pcssible to the ones prevailing in the en-
gine, but still allowing for singjle parameter variation,

in order to vield good understanding of the dependency af
the combustion phenomena with respect to the important
factors.

More particularly, the parametric investigations on (a)
conditions of hot gas ignition of homogeneous methanol-air
mixtures, and (b) spark assisted methanol sprav ijnition,
as outlined in annexe 3 of this report, should be started
and implemented as soon as possible. Construction and equip-
ment Oof the experimental rig, Jdiscussed in detall with the
research scientists during the expert’s stay, have already
been started by now and should normally enable the first
series of trials to be started in two moanths or so from now.

The execution of this parametric study as defined higher,
dces not seem to present difficullies other yhaa those
which ITP’s Enqgints Laboratory is able to deal with., How~
ever, in case ot emergent and unforeseen needs, further

assistance, e.g. from the Prench Petroleum Institute, might
be recommended.

Although the experimental rig described in this report has
bren plunned primarily to carty out the studies mentionned
in recommendation 1, it constitutes a basic equipment which,
with only minor transformations,may be utilized later on

fcr other ixwestigations relative to typical methanol come
mstion problems, e.J. the effects of gasdynamics (turbalent
flow, swirl, €low gradients, on the ignition and combustion

of methanol-air mixtures and methanol droplet epriys, the




ignition and flame characteristics of methanol-gascline

emulsions, catalytic ascisted methanol ignition on cataiyst
Covered hot walls, time/space resolution of mixing pattem
betwcen flammable mixture and resicdual combustion products.

4. Th2 effort of training of the research crews in both IIP‘s
Engine and Industrial Combustion Branches should be contine
ued occasionally, e.g. whenever an updating of fundamental
or technological knowledge is required, or if young sciene
tist need to gain specialised knowhow. Many possibilities
oIf Open ln that iespect : lectures on special topics by
Octasional or favited indian or toieign speclalists, exchane
ges of research scientists between IIP and other research
~astitutes, e.g. the French retroleum Institute, training
of graduates at the latter’s "Ecole Supérieure du P€trole
et des Moteurs” (Z.N.S.P.M.), etc.

5. Direct visualization studies inside the engines should be
Jecommended .
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€ 32ze gledal aad rather simple

1le commercial eagines may be already
2t12rtoxen, for the bzaefit of the research on engines
aitually carried out at IIP.

Te

2%, for 31 more remote Titure, mor2 saohisticated optical
d{1gnostic are envisaged, then alr:aiy aow shouild care be
tiken to train research people, specializing them in the

appropriate techriques e.g. by means of long term stays in

laboratories already specialized in these diagnostic methods.
All recommenditions =;pressedhere,address themselvas more
2irectly to the Diraetion of tre Iadlan Institate of Petroleum,
more in particular to the Engines Branch.




I. MAIN DUTiIES OF THE JCB CESCRIZTION

The experlt has been askel to assist the Indian Institute of

Pmtioleum at Dehra Dun, [ndia, (n the following areas:

1. Consultation and advice on the establishment of facilities
test rig for basic studics on alcohol combusticn.

<. Guidance on research activities relzted toc combustion
studies in the engire, inrcluding high speed rhotographie.

3. Training on fundzmental combustion, e.g. ignition, turbulent
flame progagation, spray combustion, etc., as appied to
engine,

The experts activities in these three fields are given in the
following chapter.

I1. TECHNICAL AND TRAINING ACTIVITIES

4As indicated on the travel schedule (see Annexe 1), the expert

Joired IIP on Saturday 16 November 1985 and left it on Wedne sday

8 Jonuéary 1986. During the period from 28 NovenbsT thiough 15

December 1985 he left IIP tor a personnal pusiness visit to

Japan,

His contacts in I1P were more particularly with the counte:par't

staff of the Engires Laboratory ’ the composition of which

is given in Annexe 2. The technical part cf the activities

%3s made Iin collabo:iation with Or B.P.Pundir and Mr. M.Abraham.
AEstablishment of experimsntal test Lig

As already stated {n the introduction, the construction of the
expérimental test r.g had not started upon the experts arrival
at IIF,

In an early 2iscussicn with Dr.fundir and Mr .Abraham, the precise
Purposes of the exrerimental study were outlined and the expert

»as asked to preparec a written proposal describing in detail
the different parts of the test rig, the diagnostic methods

to be used and the study parameters to be varied, in order
to enable the rig to be manufactured without further delay
in the mechanical workshop of 1IP. This proposal, the full
tex?. of vhich is given in Annexe 3, was finalised 3pd handed




to Mr Abraham on 26 November.
The central part of the test (ig consist of a ‘combustion
teactor with total optical access, allowing shadowgraphic
or schlieren cinematography of the combustion phencrena or
of flow and mixing patterns. If equired with appropriate
facilities it may be used to study a large number of different
ignition and combustion phenomena, amongst which the two follo-
wing have been selecred to start the research programme :
a) The ignition of homogeneous methanol-air mixtures by hot
gases, related to the phenomenon of ignition by residual
combustion. products as occuring in two-stroke engines when
operated at partiel load.

bl The characteriscics and optimization parameters of spark
assisted methanol droplet gspray ignition; together with

glowplug assisted ignition or heterogeneous, catalytic
methanol decomposition, this is one of the technologies
which may be utilized to overcome the handicap of the low
cetane number of methanol,.

It has been ag' ed during the discussicn to equip the experia-

merntal reactoc as to meet the requirements of these two pheno-

mena. The equipment, as described in Annexe 3, aims at the
obtenticon of the following infomnations :

-- The physico-chemical ignitiocn delay as obtained from the
pressure/time records, the shadowgraphic pictures and the
light emission (accompanying f{gnition) recorded by a photo-
dicde sensor.

== Tre evolution of the volumic combustion rate, obtained
(a; in early combustion stages from the shadowgraphic records
ard (b) in later stages from the pressure/time track.

-- The fraction of fuel burnt, from the time integrated CO, and
CC conceatrations measured by infra red analysis. The de-u: L=’
mination of bumout is an important information in the casce
of these non homoge wus methanol/air/residual gas mixtures
as well 3s in the case of droplet combustion, since the
pr.enon‘venon of gas phase quenching may be severe.
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-~ The critical counditions of pressure, residual gas temperature,
amount and composition of the methanol/air mixtures, with
respect to the transition from ignition to non ignition and
from total to only partial combustion.

The main palamete s LO be veried in the planned studies are

-=- The pressure and temperature of the hot residual gas (or air)
in which the methanol-air mixtures (repectively the methanol
spriy) is injected. In order to obtain temperatures high
enough to be representative for engine conditions,without
needing to heat the reactor walls to unadmissible tempe ra-
tures, hot residual gases (in the first part of the study)
and a “synthetic” air (for the second part of the study)
is obtained by previous combusticn of appropriate, lean
hydrogen/oxygen/nitiogen mixtures, ignited by sparks.

-- For the first part ot the programme : equivaleace ratio and
total volume of the homogeneous methanol-air nixtures ine
jected. Eventually also the speed of injection.

-~ For the second part of the programme s the volume of liquid
methanol injected; the characteristics of the spray (size
and velocity distribution of the droplets); the spark energy;
the location of the spark with mspect to the {njectiocn
nozzle; the delay of the spark with respect to the start ot
the injection.

Although originally the rig has been conceived to be operated

under constant volume/stagnant gas conditions, a minor trans-

fomnation will readily allow it to be used to study the effects
of flow characteristics (turbulence, flow gradients) on the
phenomena under inves:igation, if need is felt for.

Construction and equipment

The fcllowing actions have been undertoken by the expert in

order to speed up the construction of the test rig:

a) Cress-check and detailed discussion of the programue (as
given in Annexe 3) with Mr M.Abraham, who is in charge of
bullding the facilitie and performing the trials and with
Ds B.P.Pundir, pmject coordinator of the Engines laboratory.




b) Previsions of the acquisition of the optical equipment.
Whe reas most parts of the reactor and its equipment either
alleady exist at IIP or can be manufactured in its worke
shops, a2 number of items of the optical equipment of the
shadowgraphy bench have to be purchased, eventually trom
abroad; these are mainly
-~ an Argon/ion laser of about 2 awtts effective power,

'which for example may be ordersd from the firm Spectra-
physics (in Prance or the U.S.A.)

-- Optical quality windows for the reactor

== an a-phocal 1 nses svstem for expansion of the laser
into a parallele shadowgraphic beam

== & tctal reflection miror

Contacts have been initializea with a dealer in optical

equipment in France in order to obtain a cost prevision

for lenses, windows and mirror, treated anti-reflexion and
with >\/2 flatness factor.

-- An optical bench and supports for lenses and miror are
not directly available at the Engines Laboratory. Al-
though the manufacturing of these items is a precision
work usually left to specialized firms, they might be
manufactured actually at IIP in a less sophisticated
manner, owing to the fact that the p:ecision}'equimmnts
for theire use in a shadougtgphy method is less severe.

-- A fast framing camera of appropriate quality exists at
the Engines Laboratory and may be suitably used.

Any way it is the common feeling of the expert and of the
countezpart staff, that the completion of the optical equip-
met may take a long delay. Therefore, and since a substantial
part of the trials may be started without this optical
egiipment, it has been agreed that the experimental programme
would start as soon as the rest of the test rig has been
implemented.

¢) Th» heads of the rechanical workshop and of the hyalotechnical
workshop of IIP have been contacted (respectively Mr.singh
Nisban and Mr. Stanley Partion) to discuss the details of the




construction of the following patts of the test rig:

-~ The reactor itself (dimensions, design, material and

characteristics)

-=- The methanol-air injection device {design, dimensions,

material, charecteristics)

-~ The sonical orifices equiped feedlines
== The device for the preparatiocn of the methanol-air

mixtures

The manufacturing of these items haSstarted by now.

d) The availibility of the electronic equipment has been

checked with Mr.M.Abraham.

-- The Engines Laboratorv disposes of a

multichannel vari-

able delayed pulse generator perfectly sultable to meet
the requirements of the plaaned trials {delayed injec-
tion, delayed spark firing, camera and oscilloscope

trigge ring)

~- Less sophisticated but reliable de.ayed pulse generators
¢4n be bullt aid actually have already been bullt at

11>,

Suitable circuitry for spark ignition can be realized

at the Engines laboratory using the schemas which have

been provided.

Calendar

- - oo ap oy

A2 approximate and tentative calendar has been discussed with
the counterpart, yielding the following provisorious execution

schedule

Item :

D T G A S ey Gy D wp o > wn o wm - A D AP D D - D - - -

A) Piret part.of the soygramme (ignition
by hot residual gases):

1) Manufacturing of hardware parts and
ignition ci:cuttry; optical parts
tO be ordersd. building of the exper-
imental riy (except optical parts)

finalized for :

YR D P D Wy v e P > e D e -

30 April 1386




2) Calibration of sonical orifices,
of injection duration, Jf methanol-
air feedline (by chromatography), of
pressure transducer. Check of the
delay circuit. Determination of the
pressure/time and temperature/time
history for different hydrogen/oxy-
gen/nitrogen mixture compositions

Preliminary trials to assess the
useful range of the variable para-
meters for the experiences

3) Running the trial series of cthat
part of the study, as far it is
possible without the optical equip-
ment

Realize the optical bench as soon
as optical parts are delivered

Running the trials series including
shadowgraphic records

B) Second part of the programme (spark as-
sisted ignition of methanol sprays) :

1) Transformation and adaptation of the
rig; adaptation of electronic cir-
cuitries

2) Calibrations and determination of
pressure/time and temperature/time
histories of the "synthetic" air as
a function of the hydrogen-air-
nitrogen composition

Preliminary trials : determination
of useful parameter range

3) Running the trial series of that part
of the study

30 June 1986

31 October 1986

30 November 1986

31 January 1987

30 June 1987

The execution of the outlined research programme does not

seem to present difficulties, others than such which can be

mastered by the research crew of the Engines Laboratory,

However, {f at some critical periods of the programme exe-

cution (e.g. between June and October 1986, or between

November 1986 and January 1987), the presence of a consul-

tant for a short period (not exceeding two weeks) might be

needed, this could be negociated with the French Petrcleunm

Institute.




3. Guldaace {-r risearch withia the engine .

2roblems coacerai~ g the actual research activities directly
in the engine, have 322n discussad with the scientists ia charyze
2f threm, They malnly telony to th2 Callauin; flields

Glowplug assisted methanol ignition

Discussion of the practical possibilities of decreasing che
zlectrizal power needed fro efficlent igattion of aleohol
spravs i{a the comuression igaition engine ; reducticn of the
mass or tre surface of the electrically heated part of the
plug : improvement of the thzrmal isolation between glowpiug

and cyvlinderwalls; exploiting the heat transfer from the hot
com: ustica orolducts w 1 "heat storage™ plug. Comparison of
mizirum power needed in tre case of a continuously heated
glow »lug and an iatermittant high e2aergy spark.

Optic2l uwmeasurements inside tre angires

AR A Rl B LA B L L L L R 2 X PR Y il KT L e punpipd

Gensrally a lot of iateresting iaformatisas on igaition and

comtustion i1 tre 2agine c2a te obtalned from optical diagnos-

tics applied directly inside the engine. )
Roughly speaking these optical methods may be classified into

two categories:

1) General visulalization tachaiques allowing a rather global
access to the time dependency of flow and mixing satterns
or of ignition and flame development. To this categorie
belong : (a) some rather sophisticated techniques such as
multimatrix endos 'opy laser tomography and holography, many
of J4hich r2quire importaat ootical access, not always easy to
realize in commercial eagizas; (b) others, which are mors
sitple and tharefore mors suirastl: to be appliea_directly
1. commercizl two- and faur-stroke 2ngines , such like direct
Tlame cinematosrashy and shadowcinematography. Glob21 Ltaforra-
tinsa 22 flane ;5e:d, iazludisg early s'Aages propzgation, may

.




also be ottained by socme xind of indirect "visualization®,
for erxample using multipolat ionizatiocn probes.

2) More specific optical methods faor flow characterizatian
(Lager Doppler Velocimutry) or "in gituy® chemical analysis
(e.g. fast scanning, multipoint Raman spectroscopy, cohsrent
antistokes Raman Spectroscopy, laser fluorescence spectros.
copy). These are all highly to very highly sophisticated
methods, the equipment being very expensive and the proper
utilisation of which requiring well trained and highly speci-.
alized scientific crews. In many cases their use is restric-
ted to experimental engines, offering special adaptations
allowing proper optical access.

The quantitative study of most combustion phenomena inside the
engine many times requires the combination of different optical
methods belonging to one or to both categories, for example :
shadowgraphy coupled with simultaneous laser Dopoler anemome try.,

In the experts opinion :

a) Informations gained from fundamental studies, although in-
dispensable for an adequate dnderstanding and ulterior IPe
timization of the combustion phenomena occuring in the
engine, cannot simply be ertrapolated to real, complexe
engiie conditions wtere they actually occur. Therefore, con-
firmation of fundamental results and iafrrmation on the con-
ditions matrolling them, should be gained directly inside
the engine by the use of non intrusive optical techniques.

b) Owing to the actual situation at the mngines Laboratory of
I1P more especially with respect to the available 2quipment
and research crew competence) it does not seem to be reasonable

planning, for the Next_future, the application of optical
diagnostics using (highly) sophisticated techniques.
The eventual use of such techniques in a more remote future

............. o-c--"

1f decided upon, ought to be carefully prepared (a) by tipme-

takiig, adequate speclalized trainiag of the research peoplas,
for =ach respective technique, in laboratortes already using




c)

thoroughly these methods inside the engine; (b) by rhe
construction of aspropriate 2rperimental engines ., equiped
for the use of thase methods.

For the benefit of the trials being carried out actually,
especially 1a the tun-stroke enrine, with raspact to the

understandinsg of (a) the global mixing patterns of fresh
mixture and residual gases and (b) the initial fLame propa-'
gation and its relation to cyelic dispersion, some global
visualization techaigues, involving rather simplc¢ equip-
Tent , may be suitably used already right now :
== oither the indirect one, usidg lonization probes fitted
Lo the periphery of the spark plig (such ionization-probe
equlped spark plugs may te obtained eventually from the
french Petroleur Institute);

-- or direct flame cinematography, using Sodiumborate seeded
intake air to increase the light emission from the burned
gases, maxiag thus the flame front positicn sufficiantly
contrasted to be viewed by fast framing cameras. Guidance
has been given for the construction of a simple , yet very
efficient seedinr device. The fitting of a sinple optical
access window of about 20 mm diameter in the head of
the two-3troke angine cyliader , should mest no large
difficuleizs,




. Iraining on fundamental combustion aspects
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Lacture series

L L P L L P R XL ¥ )

Duriag his stay at II? the expert has arovided twenty five
hours of lacturss on fundazental aspects of combustion, mostly
related to engiazes. The time schedulz of this lactures series
1s given {n Annexe L.
Tresa lactures ver2 attended by researzh sciantists of both
the engines laboratocry and the Industrial Combustion Section:
-- from the Engines Laboratory : :
MM: M. Abraham, D. Kumar, S. Das and S. Jain
-~ from the Industrial Combustion Sectinn

Mv: XK.G5.Kambo o KMdagrawval, He.K., Madan and D. Deepak

Trie subjects treated i{n these lactures are summarized in what
follcocws.

1 .5Ganeral combustisa ®xiactics
Charactzristics of chalza-radizal reactiosns as Sceuriag duriag
combustion; reactiosn ratas and reaction mechihisms for hydro-
genfoxygen and hydrscarbon/oxygen systems.,
2.The phensmanon of selfigaition. ,
Physicochemical mechaaisms of selfignition; ignition tempe-
rature and ignition delays : their calculation; experimental.
diagnostic methods for their measurements; effect of pressure,
mixture composition and confinement on selfignition tempera-
tures and delays. The role played by self;gnition in spark
tgnition amd comprzssion lgnitinn 8ngines.,
3.The phenomehon of deflagration.
3.1 . Steady state flama propagation
Theory qf steady flame propagation. Dependency of flame
speed on pressure, temperature mirvture composition
and turbulance.
Sxperimental m2thods for flame spead meas ursment.
3.2. 3park tgnitina.
critical ignition energy; optimur spark duration time;
effects of electrode walls and turbulent flov character.
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istics on spark energy and on critical ignition enargy.
Jon steady oropagation of spark ignited flames in
early stages of propagation.

-+ 8ffocts of spark 2aeryy and wall quonching an
flame spead
-- Zffects of gasdynamic charactaristics :
- turbulent induced s .atistical dispersion of initial
flame speed
- tlame stretch 1lnduced dy rlow gradients, compared
to geometrical flame stretsh 5 offects of {lame
stretch on flame spead and mass buraing rate.
-= Effects of mixture and flow heteroganeitiess on mass
combustion rate in early stages of propagation.
-- Experimentil diagaostic methods for the study of
early flame stages ; th2 method of laser tomography
and 1ts applications.

Flame propagation conditions
Intrincic conditions : flammability fimits; theoretical
and axperimeatal approach
axtriasic conditions : flame queachiag by walls;
Quenching theory ; theoretical and experimeatal
values of quenchiag distamc2s; measuriig methods.

L.inission of pollutants by combustion

L.

1*02.

Nitric oxides
-- Gas phase kinetics of NO formatisn ; "thermal™, "fuel.
NO" and "prompt-J0™ mechanisms.
-- Heteroganeous NO reduction on flame boran solid particles
-- Sffects of charge staging and turbulent composition
and temperature fluctuations on NO emissions.

Soot and cenospheres

Chemical mechanisms of gas phase soot formatisa and
liquid phase cenospheres formation. Formation of poly-
aromatic hydrocarbons (PAH). Relationship between cenos-
pheric residus and Conraison Carbon.

Catalytic and non catalytic soot oxydation,. application
to soot trapping techniques in Diesel comdustion.

Formation of aldchydes and uanburnt hydrocarboas Ln engines,
Bulk quenching and wall queachi:g phenomena.




Colloquium on so0lid .Juel comtustion chemistgz
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On 27 Dacember , from 2.3C to S.00 p.n., the expert also
hns given a collouuiuwa on chumicul agpects of 3olid fuel
combustion, which was: attended by about fourthy research
scientists belonging to different divisions of IIP.

The following topics have been treated in this colloquium :

1. Structure and phvsico-chexnical characteristics of soiid
fuels ( soot, coal, petroleaum coke, char, wood)

2. Fast pyrolysis reactions. affects of temperature risetime
on nature and amouant of pyroiysis products.

3. Kinetics of heterogeneous combustion of the solid matrix

-- Chemical mechanism of dissociation chemisorption of
oxygen and desorption of CO aad Coza

-- Local reaction rate of combustion , as controlled by
either adsorption or desorption. under steady state
coaditions. )

-- Time depsaniency of the activation temperature.

-- Bffects of pore diffusivity; average reaction rate of
combustion in diffusivity controlled regime, kinetics
coatrolled regime and mixed recime.

L4 .The ignition of solid, pyrolysable fuels.

-- Igaition temperature and delays. .

-~ "char® ignition and “whole coal™ ignition : %two alternative
‘types of ignition resilting from pyrolysis/oxydation
.competition. Transitlon from one type Lo the othar as a
function of oxygen concentration, temperature and par-
ticle size.

-- Consequiences of "whole coal® ignition : inhibition of
initial combustion rate and extinction .

5.Fformation and reduction of nitric ovides during solid fuel
conbus tion.
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III. CONCLUSIONS

1. 1In order to acquire good uaderstanding of ergine related come
bustion phenomena, useful for the optimization of specific
technologles aiming at improved use of methanol, an experi-
mental programme of parametric studies, bearing a fundamental
character has been defined, to be carried out at the Engines
Laboratory of the Iandian Instituts of Petroleum ia Dehra. Dun.
a) 4 detailed description of the experimental test rig has

been slaborated and discussed with the counterpart staff.

b) Contacts have been established with the research crew and
with persons in charge of the workshops to start the con-
stuction cf the test rig and to build the appropriate
equipment.

¢) A research programme covering an eighteen moaths period
has been outlined, fogussing at the study of two parti.
cular problems related to the ignition phenomera of
methanol in engines ; '

1) the ignition of homogeneous methanol-air mixtures by
hot residual gases, related to the ignition phenomena
occuring 1n two-stroke engines operated at part load.

2) the cbaracteristics of spark assisted methanol droplet
sprays ignition, related to the onset of combustion
in the compression ignition ergine.

d) The manufactoring of the test rig has been started. The
® nstruction mar be finished within a fev months from now.

A tentative time table for the execution Of ‘the programme

has been established.

2. In order to check in a rational wy the advantages of some
specific technologies, the apolication of wich in the engine
are actually studied in the fngine latoratory, guidance has
beun given for the immediate use of simple diagnostics to
be;carried out directly in the engines. ’

The adveantages of more elaborated optical diagnostics inside
the engine has been discussed and the practical conditions
of their proper utilization in 4 more remote future have
bean outlined and recommended.




3.

Traiaing in basic combustion phenomena. mostly related

Lo engine combus%ion and industrial combustion, has been
provided to the rescarch scientists of the Engines Laboratory
and of the Industrial Combustion Section, mainly in the form
of a systematic lectures series.

Soma practical recommendations have been issued to the
Direction of the Zngines latoratory of IIP.
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Jeparture from Paris on 12 Novembor 1985 at 11.09 a.:m.
by flight AF 782
Arrival in Vienna on 12 November 1985 at 0.55 p.n.
3riefing In Viannma on 12 Nov.1985 (afterncon) and on 13 Nov.
1585 (morning)
Departure from Vienna on 13 Nov.1985 at 2.1) p.m.
by flight P4066
Arrival at Delhi on 14 Nov.1985 at 2.50 a.m.
Impossibility to get a seat reservation on the aireraft from
Delhi to Dehra Dun, for the next-day, imposed a supplementary day
of stopover in Delhi.
Departure from Delhi on 16 Nov.1985 at 7.00 a.m.
by Flight PF103
Arrival at Dehra Dua on 16 Hov.1985 at 7.50 a.m.

Interruption of stay in Dehra Dun for personal business :

Departure from Delhi on 29 Nov.1985 at 1,30 aum,
by Flight TJ 951

Arriving back in Delhi on 15 December 1985 at 2.:0 a.m.
by Flight AI 301

Departure from Delhi on 16 Deec. 1985 at 7.00 a.m.
by Fligat FF 103

Arriving at Dehra Dun on 15 Dec. 1985 at 7.50 a .m.

Departure from Dehra Dun on 8 January 1936 at 8.10.a.n.
by Flight P? 10b
ivriving in Delhi on 8 January 1986 at 9.00 a.m.
Stopover in Delhi on 8 January 1986
Departure from Delhi on 9 January 1986 at 2.55 a.m.
by Flight Li 665
Airiving {n Frankfurt on 9 Jaauary 1986 at 719 a.m,
Departure rrom Frarkfurt on 9 January 1986 at 8.45 a.m.

by Flight 0s Y98
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Arriving in Vienna on Y January 1986 at 10.05 a.n.
Debriefingz in Vienna on 9 Jaauary 1986

Yeparture rrom Vienna on 10 January 138¢ at 1.45 p.a.
by flighet AF 781
Arriving in Paris on 13 Jaauary 1936 at 3.45 p.m.




ANNEX 2

Senior Couaterpart sStaff

The Sagines Laboratory of IIP , together with the Iadustrial
Comhustion Section are branches of the Applications Division,

the Dirsctor of which is Mr.S.singhal.
The Engine lLaboratory'’s Project Coordinator is Dr.B.P.fundir,
This section is composed by three groups s

1) P{ Tst_group s Combustion and Emissions Studies

-l e e

Head of group : Dr B.P, Pundir
RBesearch Engineers s Mr M.Abraham, Mr D. Kumar
Mr, A.K. Aigal, Mr. S. K. Singhal
Mr.M.s. Das, Mr s. Maji
Mr R.X. Shama
2) Second group : Field and Performance Studies
Head of group ;s Mr K.K. Ghandi
Research Engineers : Mr J. Sharmma, Mr C. Ramachandran
Mr A.K.Jain, Mr S.K. Jain
Mr, M Saxena
3) Third group_s lubrication and Tribilogy Studies
Head of group s Dr. P.C. Nautiyal
Research Engineers s Mr R.L. Mendiyatta, Mr A.K. Gondal
Mr S.N.Bhattacharya, Mr M. Gupta
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Basic Study on ignition behaviour of methanol and methancl/hydrocarbon
blends, related to the onset of combustion in two straoke S.I. engines
and C.I. engines

PR - ——r— - ~a—

The generml purpose Lis the realisatioan of a reactor equiped vith

appropriate measuring devices , in erder to study paramatrically the fol-

lowlig two pheuiomana, respectively related Lo two stroke S.l. engines amd

to CJd. engines fuelled partly or totally with methanol:

1. in the two stroke S.I. englne : the ignition of the flammabla charge
wvhe n injected in the hot residual combustion products, as may be ob-
served e.Z. at partial load conditions.

2. 12 the C.I. engine : the characteristics of methanol dropl:t spray
ignition, assisted by (high energy) sparks.

In order to obtain a proper understanding of these complexe pheno-
mena, we helieve it to be necessary to perform basic studies in an appropri-
ate laboratory test rig consti tuted by a coastant volumse rsactor, equiped
with visualization and measuring devices to study the ignition and flame
propagation behaviour as well as 1its parametric dependsance on temperaturs,
pressure, fuel type and mixture composition, etc.

A, Ignition of homogeneous methanol/hydroecarbon/air mixtures by hot com-
——=2us g produgts

——e - - comey e ~—— - - -

Methanol/nydrocarbon/air mixtures will be injected into the hot coam-
Suction products resulting from the comrstion of hydrogen/oxygen/nitrogen
mixtures. The paramatric dependence of the temperature and delay of ignition.
the combustion rate and the burn.out will be determined.

A.1. Dagscriotisn o2f the exjerimental apparatus (see figure 1)
A.1.1, The main reacto
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The cylindrical schaped reactor 1s equipad with two parallele win.
dows (1) of cprical quality. The following dimensions migh: be suggested:
inside diametsar 80 to 170 mm; length ; 120 to 1500 mm.

The cylindrical walls should be heatable up to 300 degrees centigrade
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by means of electrical resistors wrapped around them. For most purposes .
of the study however these heating possibilitiss ars not strictly required.
Further charactaristics of the main reactor are given in paragraph A.95.

4 palr of elactrodes (2) 1s fixed in the reactor walls by isolating
gaskets. They are connected with an appropriate ignlition circuitry (3).
The inlet (4) fp;atpe hydrogen/oxygen/nitrogen mixtures 1s equiped with
3 two way valve (5) and a one vay isolating valve (6). Che gas outlat (7)
in turn is equipped with a one way isolating valve (8) and a two wvay valve
(3). The two isolating valves 6 and £, should be abla to withstand a press;re
equal to the maxizmum value reached during the trials.

Linked with the main reactor over a soleniids onms way valve (12) is the
injzction device for the methanol/air or me thanol/hydroearbon/1ir mixtures,

A.1.,2. Methanol/air injection device
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It is composed by a cylinder (11) in wich a piston (12) can freely
be moved. Tightening of that piston against the cvlinder walls may be ob-
tained by a pair of o-rings, providing at the same time guidance of the
piston movements. Piston (12) is moved upward, and kept in the upside po-
sition by a small vacuum pump(13), isolated from cylinder (113 by a one wvay
valve (14). To bring the piston (12)down, air from i high pressure bottle
(15) is used; it enters cylinder (11D from the top , through a solenoide
one vay valve (16). The pressure used to bring piston (12) down can be
preset by a pressure reducing valve (17). It is important that valve (16) be
able to withstand that preset pressure without leakage.

In the cylinder (11) the experimental methanol/atr mixtu.. .5 intro-
duced over a one way valve (18), while the piston (12) 1s kept 1n the upside
position. This .gas mixture is prepared by a special feedkine (see paragraphe

A.k) . The lower cylinder part is rinsed By the methanol/air mixture using
the one wvay outlet walve (19). If possible, 1t is better to replace the two
one way valvas (18) and (19) by two two-way valves , the second outlet of
each belng interconnected in a vay to provide a bypass of the cylinder (11)

( this bypass not being indicated on figure 1). This improvement allows a
mach more stable composition to be maintained for the methanol/air mixture,
since the pressurs arop is then not alterated whan isolating the cylinder(11)

Both cylinder (11) and main reactor should be rinsed after each trial
by their respsctive mixtures during a time (t . respectively t O sufficiently
large to ensure the complete evacuation of the combustion products of the




previous trial. This time may be evaluated on the assumption that

rinsing with about twenty times the respective volumes of cylimder
(113, V. and of the main reactor, Vo will be sufficient to reach
that goal. If Dc and D, are the respective flow rates through cy-

linder (11) and main reactor, then the respective minimun Tinsing

times are given by :

tc = 20 vc/Dc

t. =20 vr/Dr

In order to change the volume v, of the cylinder (11), cylindriecal
shaped inserts (20) of variable height may be Llocated 1in the upper

part of the injection svstem. [

A.1.3. Feedline for main reactor
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The hydrogen/oxygen/nitrogen mixtures are obtained from
separate bottles of compressed nitrogen (a), oxygen (b) and hydro-
gen (c). Each of these three feedlines possesses its own pressure

reducing valves: a coarse reduction valve (di) 9down to about 10
bars) and a fine reduction valve (42) (e.g. between 0 wnd 10 bars).
The flow rate of each component is metered separately by wmeans of

a soaical orifice (e), eqiiped with a high precision manometer (f).
Fulfilment of the sonical regime coadition may be checked by a
further meanometer (g) located dowastream. Sonical regime is
achieved for :

(Pf)abs abs

> 2(.)
g
(Pf)abs and (Pg)abs being the absolute pressures as obtained from
manometer (f), respectively (g). Under these conditions the mass
flow rate through the orifice 1s given by the relationship :

aM/dt = K (Po) S / 109

absg

where K 1s a coefficient proper to the gas, 3 the hydraulic section
area of the sonical nozzle and T the absolute temperature upstream
of the nozzle¢. If ambient temperature is not changing too much, T
may be considered as a coastant and has not to be measured . It
soaizal orifices of not appropriate aerodynamical shape are utilized,
then it 1s required to calibrate the mass flow rate as a function

of absolute pressure, by means of a gas counter or, for very small
flow rates, a S30ap bubktle tube.




In vhat follows a typical feedline for methanol/air mixtures is

described; its adaptation to fuel mixtures (e.g. methanol+ hydrocarbon)
13 readily extrapolated.

'he methanoliair mixture might be prepared by a con;;ntional car-
buretting method .However, for continuous flow operation, it may be done
more properly by the vapor pressure methdﬁ shown also on figure 1.

Air from a cvlinder (15) is expanded by two successive, coarse (21) and
fina (22) pressure reduciag valves, prior to being metered by a sonical
nozzle (h).Part of the air flow is bypassed through a double scrubber
system, coataing the licuid fuel (i). The latter is kept at a constant
temperature , Tj, by means of a stirring/thermostating system (j).

The towal flow rate of air from nozzle (h), ¥, , 1s divided over
the two parailele channels I and II by means of two needle valves (11)
and (12). The air flow rate through channel II '(vair)II , 1s metered

by a rotzmeter (m). The pressure in the scrubbers , P,, 1s indicated by
U..tube manometer (k), using preferentially b:tyl-diphtalate as a mano-
meter liquid, for precision reasons, Be Py the vapour pressure of the

fuel at temporature IJ. W3 than have the following expression of the
volumic flow rate of the fuel :

fi‘n)xezl * Eair < wair)IIJ Pv / (Pt = Pv)

The air flow. through the scrubbers should not be too large, ia order to
avold aerosol eatrainment of the fuel. The second scrubter acts as a
regulating device, adding fuel vapor in cases where the air leaving the

first scrubber should not be saturated, condensing excess fuel vapor in
cis9s of over.saturztion.

If fuel mirtures are used instead of neat methanol. the respective
volumic fusl.ratss , (Ve 1)y » OF each cojponent L , may bs obtained
from the Raoult lawv.

A.2. General scenario of a trial
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A.2.1.Valve (16) belng closed, valve (ik) i3 opened and piston (12) is.
rised to its upper position by means of CThe vacuum pump.
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A.2.2Adjustment of mixture composition and flow rates both through

faedlines of the hyirogen/oxygen/nitrogen mixture and of the
methanol/air mixture.

A.2.3. Rinsing of the main reactor during a period of at least the value
t. aad of the injection cylinder (11) during a period of at least
the value tc. During tnzt operation, valve (13) remains closed.

A.2.4.Valves (5), (8), (18) and (19) ars closed. The eventuzl existence

of a line bypassing v=lves (1F) and (19) has already been suggested
as a useful improvement. In an analogous way, a bypass between

valves (6) and (5) would be equally ysaful.

A.?.5.The air pressure on valve (16) 1s adjusted by pressure reducing
valve (17).

A.2.5.The spark i3 fired between the electrodes (2,2). The spark éircuitry
(3) triggers a signal delaying circiitry or delayed pulse generator
unit (23), which in turn, after an adjustable delay B . commands
the simultaneous opening of the two solenoide valves (16) and (10).
Consequently, piston (12) is driven downward 1nd the methanol/air
mixture is forced into the main reactor. Thare it mixes with the
combustion products of the hydrogen/oxygen/nitrogen mixture and,
for appropriate conditions, is ignitad by the latter.

A.3 Measurements effectuated during and after the combustion of the

moltuinol /air mixture

é:;.l.Pressure evolution

A prassure transducer (2u4) (e.g. AVL plezoelectric transducer) equiped
with a charge amplifier (25) and duly calibrated allows the pressure/time

history to be recorded on an oscillographe (26). From this record the
following informations may oe obtained :

eee the exi;ting pressure at the moment of injection of the methanol/air
mixture,

--~ the pressure evolution 1uring th2 combustion of {hat mixture and

especially the maximum pressure variation (dP/dt)max, which 1is a
measure of the maximum combustion rate.

--- the total combustion time (T ) of the charge, indicated by the maximu
of the pressure/time curve.

Tha typicnl pressure/time records obtained with methanol/air mixture inje
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tisa 3bould usefully be compared with "blanc™ records in which pures air
13 iajected 1nstead of a methanol/air zixture.

5:2.2.15n1t10ﬂ delay

The {ignition delay (b ) may be defined here as the time elapsed between
the opening of valve (10) and the first appearance of combustion of the
me thanol/air mixture.

For the detaction of that ignition instant :

-- the recorded pressure/time curve is not very suitable;

-- the fast framing cinematography (see paragraphe A.3.3) is better but
may be not sufficiently precise if the framing speed is to low.

-« tha best method is to use a sensitiv2 photomultiplier or photodiode
looking into the reactor (this photosensor .s not represented on
figure 1). [he output of this photomulti.lier may be displayed on
oscillographe (26) together with the pressure/time curve. -

Actually in the present case, we have to deal with a2 complexe, physico-che-
mical ignition delay , accounting for both the time needed to achieve a
sufficient degree of mixing between the methanol/air mixture and the

hot combustion products , and the chemical induction time or self-ignit.
1oa 1lelay '"sensu stricto”.

Once ignited. the combustion rate of the methanol/air mixture as a funce
tion of time may be estimated by monitoring the volume/time history

of the burnt gases. For later stages of propagation this may prin ciply be
done by using the pressure/time records. For early propagation stages
howvever, the best precision is obtained from fast framing cinematography,
usiag either Schlieren. or shadowgraphic technics. The latter i3 shown on
figure 1. using a laser beam as a light source (27) and a fast framing
camera (28). The laser beam is expanded into a parallele beam, covering
the windows (1) , by means of an a-phocal lenses system (29,30). The
shadow image, formed on a depolished glass screen (31), 1s photographed
by the camera. the latter being triggered e.g. by the spark ,

é_}.h.rhe fraction of 1qe1 burat

When studying the i:nition of flammable mixtur:s by hot gases one should
be aware that, upon mixing, the flammable mixtury undergous 3imultaneously
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a progressive haatlac and a progressive dilution . The latter of the
two effects may cause severe bulk quenching (= gas phose quenching) resull.
f{ng 1n iacomplete combustion Jf the injected charge.

Therefore the fraction of methanol dburat should be checked for
each set of experimeatal conditions. A priori this may be done in two
ways : -

A.J.4.1. By measuring the am???E-?f-‘?SEé“Q%-l?fE after combustion.
This may be done e.g. using gaschromatography.
The method seems to present two practicnl disadvant-ges
a-~ Gaschromatography being a discontinuous anaivsis method, the
samples used should be rapresentative and therefor should

be taken after the combustion products have been thoroughly

homogenized. Owirg to the geometrical shape of the main
reactor 9and especially the pres2nce of the windows), this
homogenizing operation would require a fan situated within
the reactor.

b- The original fuel may be partly pyrolysed or only partially
nurat during bulk quenching A chromatographe equiped with

2 flame 1ionization detector may miss these intarmediate

products.
A.3:4.2.3y measuring the amount of CO, 20d CO formed
This can be done by on-line 002 and CO analysis,e.g. non dispar-
3ive iafra red analysers (32). This continuous analysis method
allaws {ategrazinn as a functinon 5} time to yield the total
amount of 002 and CO forme:l , avoiding the disadvantages menti-
oned earlier.

“he combustion being fiaished and wvalve (1)) being closed
agati, a known coanstant flow rate of nitrogan, éﬂz . 1s sent .
through the main reactor, enteriag by valve () and leaving by
valve (8) and (9), prior to be sent to the analysers; the latter
are equiped with a trace recorder (33), allowing digital or
manaal inteeration of the Z0/t) and coz(t) curves. The fraction
of zarbon burat i3 given by the followiag axpression:

. . t

YNa (oo * Xgo) dt

Lcmgon *Ac

whizh applias for methanol/air mixtures. In this expression:




v = volume (at ncrmal pressure and Cempe:ature) of
[od

methanol/air aixture iajected into thé‘reacbor.
= ' . e O, and CO given
xCOZ' xCO maolafraction 2f species C 5 giv
by analysis at time ¢
X"WBOU = mole friction of methasol ia the injectad
mixturs

O, = number of carboa atoms per molacule of fuel (= 1
for methanolo.

Asd.2.Critical conditions

¢~-----‘-------‘----

From the above mentisned measurements, the critical para-

W M- w0

matar ralues for gggggggg aand for total 3999955299 may be deter.
mined. For this to be done, the parameter considered will be

varind over a rzaage which is large enough to obtaim the transition
from ignition to non ignition, respectively the transition from

partial combustion to total combustion.

Aemark : Due to eventual wall quenching effects, the value of

) Fy @ay as well remain lower than unity for all trials.
Therefore, for the sake of comparison , it might be
useful to detsrmine F,, values with homogeneous methanol/

ToondamDogme

3ir sixtures, introduced directly {nto the maia reactor
and ignited there by a soark.

A.+. Parameters to be varied durigg_the trials

--‘--L'---‘--‘----‘-----“-- - AP D D W .-

3:2:1:80mp051t10n of the hydrogen/oygen/nitrogen mixtures

The choice of hydrogen as a fuel to produce the hot ggses
1s based on the need of avoiding CO2 and CO formation, whicp
woull interfere with the maasuremenmt of Fpe Although 1t would
be still possible to determine the methanol fraction burat even

if CO and CO2 pre-exist in the hot gases, the precision of the
obtained value wouli be mych smallar,

For security reasons one shoull avoid the creation of
detonation and the therewith associated high dyaamic prassure
vaves, which are very likely 1in hydrogsn/oxygen mixtures. There-
fore only l2an and highly diluted hydrogen/ozygen/nitrogen olx. .

tures should be used! 1.e. lean mixtures situated between the




flammability limits aaxd the detonation limits. On figure 2 these
mixturss are situatad in the area limitad by curves a and b and Dy
the stoichiometric line.

The characteristics of these hyirogen/oxygzen/aitrogen
mirturss, together with the initial temperaturs (Tri) and pres-
surs (?1‘1.) in the reactor, as well as the injection delay time 2
all contribuce to definu the characteristics of the hot combus.
tion gases (composition, temperaturs, pressure) into which the
me tharol/air mixture is injacted. These characteristics may be
varied as parameters. The choice of delay time B 1s or parti-
cular importance, since the hot gases progressively loose ensrgy
to the reactor walls. The mean tsmperature of the hot gases at
the injection time (T.) ) may be estimated from the pressure
recorded at that time (Pr9~ )« Provided T.pis high enough to

avoid water vapor condensation, one has from the generalized
£33 lawv :

T =7 1.)‘.'@ Y

- -

r r
i N
fr 1 0

whera Nr/tip is the ratio of mole numbers respectively in the

reactants and in the combustion products. For lean hydrogen/
oxygen/uitrogen mixtures, this ratio is given as

N/, 1-x.312

x,_, being the molefraction of hydrogen in the reactants.

It may be recommended to dispose also of aa experimental
means to measure the value of the temperature, 2.g2. by a ther.
moelement (platinum/platinun+rhodium ) located inside the main
reactor to monitor the tempsrature as a function of time. The
output of that thermocouple may be displayed on the oscillographe
(26) together with the pressure traék.

For reasons which may be readuly understood, it would bde
suitable to choose the experimental values of P o and Tr(} in such

a way as to be representative ¢f the values prevailing in a two
stroke engine, e.g.’

’
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The maximum value of the temparature reached {in the main reac-

tor lepends on tho adiabatic flame temperature (Tf) of the
hvdrogen/oxygen/uitrogen mixture as well as on the aneact losses

to the reactor walls. That maximum value may be adjusted mainly

by adijusting the nitrogen coatent of the mixture.

A.u4.2.The methanol[alr mixture
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The effect of the following parameters may be useruilly sctudiead:
a .composition of the fuel
Zither neat methanol or mathanol /hydrocarbon blends. As to the
hydrocarbons. the use of pure products (hexane, heptane, etc.)
or known mixtures of pure hydrocarbons is by far to be pre-
ferred over cowmercial gasolines, for the sake of proper
determination of the burnt fraction Fy. —
A3 already stated in paragraphe A.1.+.,, in the case of
hydrocarbon/methanol blends, the vapor pressures P4 of each

of the fuel components { should be calculated by the multi-

component rule of Raoult, stating that the molefraction xiv

of component i in the vapor phase 1is equal to its molafrace
tion in the liquid phase (X ,) multiplied by its vapor pres-

sure Pvi' Accordingly the gas phase molefractions xiv wvill
vary vith time during rinsing of the cylinder (11).

b. Eguivalence ratio of the mixture

¢.The volume (vc) of tha methanol/air mixture injected into
the main reactor.

é;&i}. Other parameters
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Other parameters which may affect ignition characteristics and

burnoat of the methanol/air mixtures are :

a Spzed of injection of the mixture, which can be changed by
varying the pressure applied to piston (12), or by changing
the insides diametar of injection tube exit.

b.ihape of the methanol/air injected jet: deep punatrating jets
a priori are expected to behave differently from broad angle

jets. Special geometrical shape of the injection tube exit
aey be used. '




A.J. ApOroximate estimation of reactor characteristics
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A first order estimation of the reactar characteristics,
from a security point of view, may be made as a guidancse

for construction.

The assumptlons used are as follows:

4. 3hape of reactor : as shown schematically on figure 1;
cylindrical walls without longitudinal welling; flat flan.
g2s welded to the cylindrical part on both sides.

0. Windows in tempered pyrex or borosilicate crownglass of
optical quality (flatness : /4 sufficient for shadowgra-
phy) . Flaxion resistivity assumed to be 50 MPa = 50 New.
Luns/nuz (= nr).

c. Window sealinusy: .

-- for reactor operated at almost ambient tempera ture,
O-ring sealings are recommzaded. There also exist O-rings
able to support higher temparatures. zach ‘window should

be supported by two O-rings, one on each race. windows

should not be in diract touch with the metalic flanges.
-- If suitable O-rings are anot availabla or if wall tem.

peratares-are too high, use flat gasxets of "cligerite®
(graphite loaded asbestos).
i. In vhat'follows, wall temperature not exceeding 300 %
will be admittad.
. All except windows in austenitic stainlass steel.
As a guideline, the pressure rupture limit (by traction)
(R.) 13 assumed to be equl to 290 Newtons/mm? (= 290 MPa)
at A tomperatury of 30000.
Calcu}ggion formulae used

a. Wall thickness of the eylinirical part (°c)
o

L B
8 = security coefficient set equal ¢ 3¢5
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b. Thickness of the wiadows (ev)

Pm
o, * r2B nf/H

B = cosfficlent gyunl to 0.355 for lumpered pyrex
H = security coefficlent set 8qual to 7?7
T = radius of reactor (same units as e, and e )
P, = maximum admissible pressure (same units as n, and Rt)

W D O PRV PR T O OB Ow O

Lxamples of results for differeat values of p and Pm

fmp r (om)
MPa)
20 30 Lo - 50 60

2 ec(M) H o o‘+9 Q 073 0 098 1.22 147
QV(M)z 11 07 17.6 23 05 29 .}.;. 35.2

3 ec: 0.73 1.11 1.#8 103‘4‘ 2.21 .
8,2 4.k 21 .6 28 .3 36.0 43 .2

L L 299 1 .49 1.98 2.48 297
8,: 16.6 249 332 41 .5 49 .3

5 ec: 1 025 1.36 2 J+9 3 o1 3 073
ot |18 | 27, 37.1 W6k | 55.7

6 ec: 1 050 2 026 3 01 3 .76 L ,51 .
QU: 20 03 30 05 14007 50 09 6‘ 0

7 egs 1.77 2.05 3.5% 442 530
8,: 22,0 33.0 W .0 5% 9 65 .9
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B. Spark assisced methanol dranletr sprav izgnition

- - — — -

The use of sparks to assist the onset of combustion of
nea: methanol in a coampression ignition engine in order to
overcome the disadvantage of insufficient cetane level, offers
interesting possibilities. Reliable spark ignition of hoamogs-
neoas methanol/air mixtures generally is limited to near-.stoichi-
ometric composition and therefore lodses one of the interesting
features of diesel operation, viz. the possibility of operation
at very low overall equivalence ratio values.

Heterogeneous mixturss of low equivaleance ratio, obtained
by liquid methanol spray injection may be ignited either by
glow plugs or by (high energy) sparks. The advaatage of the
latter over the former technique consists in the possibility

to release th: external enmergy at the exact time where it is
needed and only at that time, resulting priacliply in a saving
of energy.
Methanol spray ignition tv sparks depends a priori on
-- the characterisuics-of the spray (droplet size and velocity
Alstribution, vaporization rite and thence gas temparature)

-— paosition of the droplet spray with respect to the spark

.- the sparkcharacteristica : total eaergy, duratica , single
spark or spark train.

-~ the aarodynamic flow conditions of the gas (air) into which
_the spray is fnjected.

The parametric study of these effects on ignition delay
and burnout is rather difficult to realize in a systematic
manner directly in the engine; it coastitutes a typical case

where systematic ioformation may be obtained from an experimen-

tal laboratory study.

B.{. §§Qer1mental agparatus

For the study of all but the last parameter (aerodynamic
flew conditions) meantioned higher, basically the same experi-
mental rig as described in ssction A, may be used, except
for the following differences:




a. The main reactor is filled either with pure air or with an

air equivaleat mixzure.
b. The homogeueous methanol/air mixcture injection system 1is

replaced by a coaventional diesel injection pump , able to
be actuated {n sinvle stroke, for the injection of liquid
methanol.

c. The ignition circuitry is able to deliver variable spark
energies up to one joule (affective).
ladial and axial distance of the injector nose with respect
to the spark can t3 varied. e.g. upon mounting the injector
on a plate allowing Lt to =2lide along a slit of the reactor
sidowvall , as shoun schematically on figure 3.

Coasists in a diesel injector equiped with a conventional
injection pump, coannected to a methanol feedline. The injec-

tioa pump is activated by a discoatiruous triggering device,
for example a pneumatic or magnetic plunger.

B.1.2. Isnition circuitry

A typlcal high energy spark circuitry is shown on figure 4.

A capactior (1) of about 2 microfarad is charged to a variable
tension (its maximum value being for sexample 1500 volts) by means
of a feedline comprising an autotraasformer (2) (0 to 220 volts),
a high voltage transformé®’{transformation ratic 1/15), a diode
or diode combination (4), a charging resistor (5) of about

1 Megohm (all values given are approximate). Variation of the
autotransformer (2) allows the capacitor (1) ., produce sparks

! -vartable energy up to about 1.5 Joules. :

The high energy spark is triggered by a low energy,bizh vol-
tage spark obtained from a capacitance/inductance circuitry
composed by an 1solation transformer (6), a diode operated
AC/UC transformer (7), a capacitor (8) of about 0.5 microfarad
(charged at 300 volts) and a high parformance induction coil (9)
delivering about 40 kVolts.,

The plunger of the ianjection pump (10) starts the injection
and triggers a delayad pulse generator circuttry (11); the
lattsr activates thyristor (12) (triggering the spark) aftsr
a variable delay time B. A spark circuitry of the type described




priat: temperature, a delay circuitry is required, the delayed
signal of which is actioaning the iajaction pump at tizme &
after the first spark. Thus the sequence {3 as followvs :

doraal spark

circuitry .
triggerad
2t L =0
I —s= ignition of Lhe hydrogen/
oxygen/air mixture, the com-
bustion »f which yields -

first circu@try
triggered.

at ot '8 it ge-
nerates a pulse
which trigzers '

L« methanol - "syathetic®air
1ajection iato - —

saz2ond delay
circuitry trig-
gered, At

t =5+ 8 it

a Julse which
triggers -~ high enerry spark

\ —_— e ———

Slac2 this procedurs requires a uore izportant equijmeat,

in a1 first period of the trials one may sinplify by using
“rea’l’ air instaad ofsyathetic” air, loosing however the
advantage of nigh temperature gasas.

If the initial pressure (Prx) 13 of the order of 3 MPa, the
igaiction of the methanol 3pray may result in a final pressure
of 7 to 14 MPa, depeading on the quantity injectad.

B.2. Mgasurements effactuated dur gg.ggg_ggggg_ggnitlon

bbdad ded X A DY TR FE1 2 P gyt g iy ag R ™

They are substantially the same as in Part A of the study
(see section A.3.)
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B.}. Parameters to be varied

de

be.

Co
d.

r.

DD DD TP BV W WER g DDV up WD -

Volume of methanol injected (i.e. overall equivalence.
ratio)

l.ocation of spark with respect to injaction nozzle, { .e.
“ts axial distance (X) and 1ts radial distancd (8) as ine
dicated on figure 3.

The spark energy

The timing of the spark aftser the start of the injection
(- delay &) .

sventually : inintial pressure and tamperature of the "syn.
thetic” air at the instant of injection.

The characteristics of the spray : it might be recommanded
to charaterise the droplet size and velocity distribution
of the utilized injectors by the Malvern techniqus.

Other parazeters may be checked in further work, e.g. spark
daration, spark train systems and aerodynamical flow condi-

tions , the lattar however requiring a transformation of the
reactor, allowing for example the establishment of a con-

tinuous turbulent air flow normal to the reactor axis.




Figure 1
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LirMiT§(a) OF DETONABILITY — — — ——
(4) ANO FLAMMABILITY ———

AT NORMAL PRESSURE
AND TEMPERATURE.
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ANNEX 4

AUPapep b 9B B T

Schodule of lectures on_fundamental combugtion phenomena

- o > ® vy - - D -

related to engines
upad B cud WG

25 Nov. 1985 (3.30 to 5.00 p.m. )
Kinetics of combustion chemistry

26 Nov. 198% (11.00 a.m. to 0,30 p.m.)
Kinetics of cambustion {(continued)

16 Dec. 1985 (11.00 a.m, to 1,00 p.m.)
Xinetics of combustion (continued)

17 Dec. 1985 (10.00 to 12.00 a.m.)
Selfignition 3 calculation of igaition temperature
and ignition delays.

19 Dex. 1985 (3.00 p.m. to 4,30 p.m.)
Self-ignition (continued) : experimental dete rmina-
tion of ignition temperatures and delays. Effects
of pressure mixture composition and walls on ignition
temperatures and delays.

20 Dec. 1985 (11,00 a.m. to 0.30 p.m.)
Self-ignition (continued) s role of self-ignition
in the phenomenon of eﬁgine knock: relation betwesn
1gn1:ion delay and octane number.

23 Dec. 1985 3,00 p.m. to 4,30 p.m,)
Deflagration : steady state flame propaegatica ; definite

ion, calculation and experimental measurement of flame
speed.

24 Dec. 1985 (11.00 a.m. to 0.30 p.m.)

Deflagration {coatinued) : diagnostics by laser tomo-
graphy method. Effects of composition, temperature and
Pressure on flame speed. Plammability limits; theire
dependence on dilution and pressure and temperature.

26 Dec, 1985 (3.00 p.m. to 4,30 p.m.)
Confinements effects on flame propagation in the stsady

state : flawme queaching, theoretical and experimental
approach, Spark ignition.




27 Dece.

30 Dec.

31 Dec.
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1985 (11.00 a.m. to 0.30 p.m.)

Spark ignition (continued): minimum ignition energy;s
effects of gasdynamics ind confinement on spark energy
and on critical ignition energy. Plame propagation in
early stages (non steady state conditions) : effects of
spark energy on flame speed.

1985 (3.00 p.m. to 4.30 pm.)}
Plame propagation in early stages (continued): turbulence
induced statistical dispersion of flame speed.

1985 (11.00 a.m. %o 0,30 p.m.)
Plame propagation in early stages (continued) :
effects of flow gradients on early flames ; effects of

geometrical and gasdynamical stretch on mass burming
rate under either adiabatic or non adiabatic conditions.

1 Jan. 1966 (3.00 p.m. to 4.30 p.m.)

Flame propagation in early stages (comntinued)
Siffects of gasdynamical stretch, coupled with non
adiabatic wall effects, in early stages.

Effects of local flow and composition heterogenei ties

on mass burning rates in early stages.

2 Jan. 1986 (3.00 puan. to 5.00 pem.)

Pollution due to combustion :

Soot formation and poly-aromatic hydrocarbons formation
in the gas phase. Formation of carbonaceous residus (ce-
nospheres) during combustion of heavy residual fuels.

3 Jan. 1986 (3.00 pam. to %.30 p.m.)

Pollution due to combustion (contiaued) : Formation of
Nitric oxides; gas phase mochanisms of NO formation :

thermal NO mechanism; fuel-NO mechanisn;‘“prqmpt"‘-uo

mechanism; relative importance of temperaturs and oxygean
concentration.

6 Jan. 1986 (3.00 p.am. to %.30 pum.)

Formation of nitric oxides (continued) : Heterogeneous
nitric oxile reduction nectanisms on flame born solid
particles (soot, char, ashes, coal) ; Effects of natural




7 Jan.
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and artificial charge stratification on nitric oxide
formation in tha cases of free erpanding flames (engines),
stabilized f{lames and diffusion flames; effects of
turbulence induced temperature and composition fluctua-
tions on nitric formation rates.

1986 (2.00 to L.30 pum.)
Formation of nitric oxides (cortinued) : Nitric oxide
diagnostic methods.

Smissions of aldehydes and partial burat hydrocarbons
from internal combustion eagines.






