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COMBUSTION VELOCITY OF BENZINE-BENZQL-AIR MIXTURES
IN HIGH-SPEED INTERNAL—COMBUSTICN ENGINES*

By Kurt Schnauffer

The present paper describes a device
whereby rapid flame movement within an
internal-combustion engine cylinder may

be recorded and determined. By the aid

of a simple cylindrical contact and an
oscillograph the rate of combustion

within the cylinder of an airplane en-
gine during its normal operation may be
measured for gas intake wvelocities of

from 30 to 35 m/s and for velocities with-
in the cylinder of from 20 to 25 m/s.

With it the influence of mixture ratios,
of turbulence, of compression ratio and
kind of fuel on combustion velocity may be
determined, Besides the determination of
the influence of the above factors on com-
bustion velocity, the degree of turbulence
may also be estimated, As a unit of ref-
erence in estimating the degree of turbdu-
lence, the intake velocity of the charge
is chosen. -

The combustion of gases or of power fuels is so im-
portant for the entire technic that the problem of just
how the burning proceeds has often besn attacked, While
the combustion processes under atmospheric conditions may
be taken as fairly well understood (Passauer), the proc-
esses occurring within the cylinder of an internal con-
bustion engine still remain to a large extent unknown,
although the theory of chain reactions has thrown much
light on many of the phenomena observed, The principal
difficulties met with in either experimental or theoret-
ical studies of the problems raised by the engine lie in

*Dissertation submitted in partial fulfillment of the re-~
quirements for the Diploma in Engineering of the Technical
Institute of Berlin,
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estimating the influence of the many undetermined factors
introduced. by the engine itself while in actual operation.
Along with the’ thermal and chemical characteristics of the
fuel mixtures, as ‘autoignition temperature, specific heat,
heat conductivity, reaction rate and heat of combustion,
there are alsqg the effects to be taken into account of in-
take temperature and pressure, mixture ratio, compression
ratio, engine speed, ratio of piston arms, form of combus-
tion chamber, position. of ignition, degree of turbulence
present, cooling system - all of which play important
roles, Although these factors may not be of equal impor-
tance, it is very difficult in any study of the enginels
problems to determine which of the factors are of major,
which of minor importance on combustion processes,

The axperimental 31de of the 1nvest1gat10n is ren-
dered especially difficult owing to the high velocity of
explosive reaction processes, There are engines in prac-
tical use in waich the entlre work cycle, involving charg-
ing, compression, ignition, burning, expansion and dis-
charge ,of burned products, all occur within 0,01 second.,
Due to this short interval it is difficult indeed to dif-
ferentiate, study and measure with some degree of preci-
sion and satisfaction the processes of conbustion.

In order to clear up some of the obscure points, the
D.V.Le (Deutsche Versuchsanstalt fur Iuftfahrt) have de-
veloped an electrical recording and neasuring device that
permits in a simple way the determination of combustion +
velocities of fuel-air aixtures within the cylinder of a
normally working airplane engine, 3y the term '"combustion
velocity," as here used is meant the total combustion ve-
locity which is made up of the transfer of activating en-
ergy, the localized temperature rise connected with the
rate of molecular transformation, waich is in part made
up- of the turbulence (mass movenent) of the reacting gases,
The average rate at which these processes, as indicated by
the flame front in pESSLng from one end 'of the combustion
chawnber to the otaer, is here termed the combustion ve-
locity, Along with the determination of this total com-
bustion velocity, necessary for an estimate of the rela-
tion between heat and work of the engine, there has also
been determined the relation of this velocity to mixture
ratio, engine speed, degree of turbulence, compression
ratio and quality of fuel,
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. Erev1ous 1nvestigatlons.~-Among the numerous inves-
tlgatlons that have béen: carrled out with a. view to de- .
:ternlne the rate of combustlon ‘and to galn further knowl-
edge of. $he. processes -involved in a. worLGg engine, ‘the
work. of the following investigators should be especlally
mentloaed Mallard and Le Chatelier, Dixon, Nagel Neu~
mann, Clerk, Hopkinson, Jusselt Herzfeld, Stevens, Ri- .
cardo, Klusener, Haxwell and Wheeler, Endres, Janeway and
~.Lindner.. (See Blbllobraphy, page.15.) ‘most of these in-
;'vestigators have conflned their . stud1es, ‘Whether. .experi-
‘mental jor theoretical, to the reaction.as it occurs in
closed bombs, . .For oenzine—benzol air mixtures, ‘the 1ower
value .of about 2 m/s had been. obtained. After Clerk and
.Hopkinson had called . attention 'to.the €ffect of turbu—_
lence. on. the. rate ‘of . burnlng, experlments were carried ‘out
in closed bombs provlded with rotating fans to 'simulate as
closely as pdssible ‘the turbulence occurring in the cylin-
der of a working engine, By the use of indicator diagrams,
‘by samples.of the englae's working fluid Wlthdrawn during
its operation: end cnemlcally analyzed, it was found that
these results did not agree with velocities occurrlng in
the Worklng englne.' rurtnermore, the results obtained by
different observers working with closed bonbs .and rotat-
ing fans varied :so greatly a8 not to be’ comparable.' Even
successive results wita the same fuel bomb and observer
showed similar variations. - '

',; A later mode of 1nvest1gating combustlon ve1001ty 1n
englne cylinders, introduoed by Ricardo, makes use of .
stroboscoplc methods, The method is applicable only to -
experimental engines provided with windows easily fouled
by soot, 3931des, the progressive. appearance of light at
the windows depends for its registry on the observer's
eye, so that, owing to unav01deble light diffusion through-~
out the,oylinder, errors in reglstratlon could ea311y oc—
cur, -

: Experimental ?rocedure. In the present 1nvest1gat10n
the electrical device,. referred to above, was employed,
With this device it was possible to follow the spread of
the flame through the cylinder. The‘prinC1ple underlying
the. use .of .the apparatus is the we11~Lnown oné that a.
flame is a good conductor. The electrical potential
across the. electrodes of ‘an .air gap. produces a current’
wign conﬁeoted oy a . flame Qonductor. Tais'fact wasg made
use of to deflect the recording beéam in an oscillograph,.
Investigations concerning the conductivity of an air gap

ya>
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ionized by flames were carried out as early as 1857, by
W. Hankel,  He found a-close relation . to éxist between
flame temperature and- conductivity, and between: size . of '

. terminals and their .condition of incandescence. "In'spite
of much further: investigation of the phenomenon thé phys-
ical principles underlying-it still reéemain obscure, - The
ppinion is that .the conductivity is effected by ions,
without knowing whether the. ionization results from chem-
jlcel action or is- purely a: tnermal characteristlc.

A number of measurlng electrodes were 1nserted in the

CJllnder head *of the’eéengine, The instant at which a flame
.filled the-gap beétweeén -the electrodes of a measuring plug

was photographically recorded by the displacement of: the
oscillograph'beam. By accurately measuring the distance
-between the gaps ‘of the different plugs it is easy to de-
termine the period occupied by the flame in passiang fron
tne 1gn1t10n gap to each of the otner plugs.

Tnese measurements were made Wlth a s1x—record oscil-
lograph made by Siemens and Halske, Berlin, = Figure 1~
shows the -ignition chamber of an air-cooled -cylinder of
the .Siemens .and Halske Sh 13 airplane .engine used :in this
investigation: ‘a is the ignition plug; b, c and 4 "are
the measuring plugs placed in line along the diameter of
the head.. The flame originating at the ignition 'gap a,
passes success1vely in its spread through the cylinder,
the gaps b, c and d - of the measuring plugs. The instant
of its arrival at each gap is recorded by the oscillograpnh,
From this record the rate of displacement-of the flame
front -and. the combustion velocity may.be determined, -

Figure 2 is a reproduction of an oscillogram so se-
cured, -The ‘instant of ignition and the arrival of the
.flame at each measuring gap is indicated in .the odcillo-
gram by a deviation in its light trace., ‘The first de=
flection a, 1is the beglnnlng of the flame sgpread at the
point of ignition; the second, third and fourth deflec-
tions b; ¢, d register the 1nstant of the flame's arriv-
al at the other measuring gaps.  Tne record s:iows plainly
the spread of the flame front over the course marked by
the measuring plugs. The distance between the recorded
deflections on . the record indicates, in reference to thae
time Tecord e, -"the . period occupied by the flame froat
in passing from -the point of ignition to any particular
measuring “gap., - 411 ‘these records are simultaneously. ac-
companied by the time record of a calibrated tuning fork
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sho¥n on the line '} Slnce both the dlstance traversed

“by the’ flame and ‘the time" ocoupled in its pas sing are re-
corded on the gram, then by ‘division of the length by the
“time’ and tne assumptlon of “uniform rectlllnear dlsplece~
ment there is obtalned the combustlon veloc1ty.A

_ The mlnute deflectlons, not ‘indicated by letters, on
the lines "¢ and &; - are 1nductlon effects due to the ig-
nltlon current These records may be made- nore promlnent
or be made to dlsappear entlrely, as in thée case of line
b, by changing the pos1t10n of " tHe 1gn1t10n cable._ it
will be noticed that their: Dos1t10n on the film- record 1s
naturally perpendicular to the ignition record on JBe

~ In making the records here offered those obtainabdle
at ‘the points b and ¢ were neglected and only tlhose used
between the point of 1gn1t10n and 4, -at twe furtner end
‘0of the cylinder head, The dlstance between tiese two
-points was 130 mu (5,1 in,), Figure 3 shows two oscIllo~
grams - obtalned over thls dlstance.-

Three dlfferent forms of_set~up'were’experlmenﬁed‘
with in making these measurements. ' The last and~ 51mplest
arrangement, with which practlcally ‘all of ‘the work was®
done ‘is shown in Figure 4 with the exceptloﬁ of the oscil-
}ograph. Besides the oscillograph there was also employed
one R.,B, 134 radio tube, a thermal battery of 4 volts, an
anode battery of 200 volts, a resistance of about 40,000 Q
and a- measurlng electrode (spark plug). Slnce measurlng
electrodes’ may ea511y be obtained anywhere, the combus-
tion'processes may be" 1nvest1gated W1tn tnls arrangement
on any englne d931red :

Figure 5 shows the first arrangement and wiring scheme
used, In this arrangement, the current supplying the cir~
cuit involving the gap jonized by the flame, was obtained

from a short-circuited generator.' The current set up in
this circuit when the gap is closed by the ionizing flame
was stepped up by a three-coil transformer 'so as to be
’strong enough to be - recorded sharely by the osclllo#raph 0.

1gure 6 shows two oscilloﬁrams obtained by this ar~
rangement, As may be seen in the figure, the 1onizat10n‘
current across the gap has still imposed upon it :the im-
press of an alternating current, This prevents a satis-
factory record of the flame'!s arrival at B. For this °
reason the connections shown in Figure 7 were developed.
Figures 2 and 3 show oscillograms obtained with this ar-
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rangement. These figures show a sharply defined devia-
tion-on the.arrivdl of the flame 'at the gap. B, : Now since
the record of the ignition spark:.A: is also sharply ° i
marked, it ig possible to determine with. accuracy ithe dis-
tance AB and from it find the mean'combustion: vélocity -
between these pointss In this simplified-arrangeneanl ion-
ly one radio tube is required. When the gap J, 1is ion-
ized by the arrival of - the flame . .front, .the battery cir-
euit.. B, is closed :and :aéross.the-resjstance-ofathe lat-~
tice ofi-the tube, a fall of potential :takes:!placey :Thisg.
charnged the initial ‘potential ‘of the:tubels¢ Lattice and -
alsd the anode .current. ‘The ancdé:current will.again be‘
no“melly recorded wnen 1ts trace retLrns to lts polnt

of rest,.: IR S N S R L SRR LRI pen

:The 'above -scheme may even bé-rfurther simplified by

‘doing.away with the battery: B, =~the ammeter:inithecanode

circuitgﬁthe compensation. battery and compensation resist-
ances - -Figure 8 shows this furtheyr simplified. arrangement,
In making the final adjustments.in this arrangement; it

is convenient to use temporarily an ammeter in the anode
circuit., It was with this last arrangement that the pres-
ent investigation was largely :carrieéd:omuts: It was used
also id-studies.made’ of ."kEnocking!' tendencies in.fuels.

and in . estimation of :comdustiion tempeératures in: the work
ing eng1ne.~ TAe dev1ce 1s practically free from 1nert1a.

,.TJe uaﬂnltude of tne curreat pa3314g tne 1gn1tlon
gab and its relation: to thae @ap's ‘tenperature; - has been
investigated by Lusiy.. As-may be seen:vy referring to:
Figure. 9; at about: 1200°C; - flame température, atcunrenti_
of BP=X 107% A was- flow1ng.- At -about 2000%¢, - .a'current
of about 1900 X 107° A was passing,.. -These magnitudes in
current strength varying with temperature, permit, by

+. guitable ~adjustments - in. the apparatus, wto arrive at ap-
-proximate. éstimates of ~combustion temperatureés, . In Fig--

ure 6 an abrupt flatteniung of the ‘ionization current rec-
ord at ‘d. may possibly be due to temperatire change re=
sulting from turbdbulence. It is not yet possible, due to -
disturviang influences of many undetermined factors, to.de-

- termine by this means the true temperature; yet :it is pos-

sible in many cases to arrive at approximate estimates
of ‘temperatures affectlng the conduct1v1ty of tne iéniz-~ -
atlon gaD.; R e Sl Wl onsh o, ST, e

B A somewhat modlfled Bosch spar ﬁlﬁggaﬁd aymeasﬁring
electrode . ¢f 5 mm- diameter. (£ig.-4) have proved very: Sat*
isfaqtdryuasaienizationigaps.M Taat ‘Que- terﬁr al of b

iy L )
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.agap must be earthed because only the mlddle c0nductor is
‘insulated, is of no efféct’ upon the oscillogram records.
As a source of. 1gn1t1on current a Boscn magnet generator
~driven by a motor’ Was usea.,Q

. In carrying out meaSLrements ‘as here descrlbed it is
necessary to have the ‘instant of" ignition sharply record—
ed, In the prelimlnary trlals made, the osc1llograph was
connected up with the.pgrimary ‘current of the transformer
in order that the. 1nterruption in this 1ow potential cur-

.rent might be recorded This arrangement was found unsat-
isfactory. A trial.was. then made to use the - high voltage

current direct from the ignition plug. A soec1ally made
double pole plug was used for this purpose, but this was

soon found to cause ignition from its incandescent temper-
ature, Finally a Liliput plug completely insulated from
the cylinder lead was made use of, This gave entirely
satisfactory results., The high voltage current, after it
had leaped the ignition gap and 1gn1ted the mlrture, had
in part passed through the osc1llobraph connectlons and

. gave on the oscillogram a sharp impression of the instant

"of ignition, . The X,L.G, Liliput plug Hov, 267 functioned
throughout the investigation w1thout 1nfluence on other
parts of the exnlos1on record :

Procedure and results. The influence of mixture ra-
‘tios, of engine speed, of turouledce,‘of compression ratie
and of fuel comp031tlon on combustion veloc1ty, were de-
termined underwarious working coqdltlons of the engine,
Measurements of the effect of compression ratios € = 5:1
at 1900, 1500, 1000 and 800 r.p. m, as well as compression
ratios ., ¢ = 5:1, 5:1, and 4:1 at 15600 r.,p.m, were carried
. out.  'The above seven sets of records were further car-
ried out with three different fueis, These 21 series of
observations covered the entire range, by siort progress—
ive 'steps, from the lower to the upper ignition limits of
the fuels used, For every mixture ratio, the.engine speed
- and fuel-air proportion were measured and the combustion
veloc1ty determined, From 12 to 15 oscillogram:records
were obtained in each case, In this way an extensive
.range of observations on thae 1nfruence .of thae above—named
ffactorsQoﬁ combhstion veloc1ty was’ secdred

. Tne results of tnrs serles of exper1me1ts are repre-
‘sented in dlwaram (flgs. 10 to 16) in such a way that the
combustion veloc1ty for each work cycle is written over

the corresponding ratio value of air excess in the charge,
From these figures it will be seen that the combustion ve-
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locities fronm- tbe osc1llograpn records scatter badly. .Jor
instance, in Figure 10 the velocity . for one work cycle is
recorded &t about 15 m/s, ‘In the cycle’ imnediately fol-
lowing, for the same conditioms and for the same charge,
it is about 25 m/s. lean values from these results which
©mig At “be - of value ‘from some standp01nt of the 1nvest1ga—
~t10n ‘were ‘not obtained, 'sirnce the scattering shown gives
a good idea ‘of the- 1nf1uence of turbulence on ¢ombustion
rate. &g represented on the oscillogranm, Bes1des, a fewer
representations of veloc1ty positlons in the flgures could
easily lead to wrong conclu31ons. “But’ in splte of pro-
‘nounced saatterlng *1gures 10 to 16 show that all polnts
lie within rather well- deflned 11m1ts des1gnated in the'
flgures by 11m1t1ng curves. '

- 'FACTORS: NFLUENCING COMBUSTION VELOCITY

Mixture ratios.~ Since in all of the 21 series of ob-
servatlons ‘made the mixture ratios of the charges record-
ed- varled between the lower and upper igaition limits,
the records so obtained provide a good bvasis for estimat-
ing the effect of mixture ratio on combustion velocity, '
All the results obtained in-this series of observations
agree in follow1ng a curve resembling a parabola that has
1ts apex on the flgure between the valués v = ,85 and

90 " that is, for a fuel excess between 10 and 15 per
cent Thls parabolm—llae curve expresses then the influ-
ence of mixture ratio on combustion velocity.. This effect
is profound; small changes in mixture ratios produce wide
differences in combustion rate. 411 the diagrams show the
well-known sharp falllng of f in rate with mixtures poor in
fuel content, With air excess ratios from v = .6 *to
v = 1,2 the enclosing curves of the figures may be cal-
culated with fair approximation to their abscissas and
show then the so e ignition 11m1ts as already obtalned by
closed bomb metnods.,

The profound influence exerted on combustion velocity
by the mixture ratio may be 1nteroreted somewhat as fol-
lows: The ‘combustion velocity in an engine reaches its
maximum for the most favorable mixture ratio, With the
fuels used and with fuel-air mlxtures thais occurs for an
air excess retlo between v «85 and v = ,90., Any
cnan ge in tnls nixture ratlo value decreases the number
of reactung moleoules and therebdy the temperature and en-—
ergy Ilberated. Ioreover, with an eacess of fuel present,
‘endothermic 'side reactions may occur that stlll further
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lower the reaction energy, temperature and energy of ac—
tlvatlon. - The effect of all this is -to decrease the. ve-
10c1ty of combustlon. : To these Faotors mast be added also
the’ unburned fuel; ‘it must be: heated, which requires a
further decrease “in. avallable energJ.

A lack of. fuel In - tle mlxture ratio 11kew1se resalts

. in a ‘decrease of .combustion velocity due to .a decrea se in
~the number of reacting molecules :and :to energy withdrawn
for the heating up of inert components. It . would seem
also that the energy transport from one fuel molecule to
=another may pe reduced due to. the bad heat conductivity

of the ait content of the mixture. If so, 1gnit10n would
thereby bée retarded.  This -appears to be the case in great-
er degree ‘for - all benzol—alr nixtures than for ben21ne~"
air nmxtures.- '

Tais view, however, is not in agreement with the ex~
perimental results of Stevens that indicate that. .undér _
conditions of constant pressure, the heat conduct1v1ty of
the gaséous mixtures ere without influence on the rcte of
combustion, Results described in the LOllOWlng pararrapas
dealing with the influence of different fuels on comdbus-~
tion velocity (compression ratio, presence of inert gases,
preheating by contact with hot cylinder walls, etc.,) show
indirectly that the effect of heat conduct1V1ty on. combus-—
tion velocity must be very small., It scems established
that so far as their use in eugines is concerned, that ig-
nition limits are somewhat smaller in the case of VYenzol-
air mixtures than in. benzine-air mixtures., "This might
lend some weight to the first viewpoint offered above, A
definite conclusion, . however, cannot be- drawn from the re—
sults of the present investigation. with alwo:klng engine.

.Turbulence.- The poss1b111ty of changing the degree
of turbulence in a mixture ratio introduced into the cyl-
inder of a working engine seemed oos31ble of reallzatlon
by changing, at full throttle, the englne‘s speed for,
by so doing the intake period, and with dpenjthrottle, the
charge for one filling stroke would remain practically
constant, while the intake velocity would change, thus
changing the degree of turbulence in-the cylinder, This
feature of the: 1nvestigation was so carried out that at
open throttle, coanstant compress1on ratio, .¢ = 5:1 and
constant spark advaance, at 34°, the. load and’ speed of the
.engine were varied by steps between 1900 and 800 r.p.m.

'-As‘upit of reference~byawhich,fp;exprgégijhefdegree
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.

of turbulence, the average velocity of the entering charge
at the intake value was chosen., Turbulence 'in the cylin-
der is a function also of the period between the .inflow-

cf the charge and 1ts ignition. This period, however, is
small relative to engine speed. To be very accurate, it
must be taken into account that the turbulence depends,

not on the average rate of inflow, but on its instant rats,
This value changes with the diameter of the intake opening
as well as with the speed of piston movement.,

Figures 10 to ‘14 give the results of the observations
made of the effect of turbulence on combustion velocity.
If ‘average values from these diagrams are compared, it
will be seen that increasing turbulence corresponds to in-
creased 1ntake velocity. The mean combustion velocity in-
creases with increased turbulence. ‘It increases from 14
to 21 (v = .85) when the intake velocity is increased
from 20 to 30 m/s. These values exceed those found by
closed bomb methods without turbulence by about 2 ‘m/s at
most. 1gure 17 shows that mean combustion velocity in=.
creases very nearlJ llnearly with increased 1nta£e veloc—
1ty ;

Figures 10 to 14 show further that the scattering in
combustion veloc1ty values increases with increased intake
ve1001ty. For example, it increases from 6 to 12 m/s when
the intake velocity increases from 20 to 30 m/s.' The di-
agrams that show the least scatterlng are those of ‘low:
combustion and low intake velocities. The following may
be offered by way of explanation to account for the marked
scattering of combustion velocity values at different in-
~take velocities, Turbulence in an engine cylinder is en-
tirely haphazard., In consequence the advance of the flame
Yront in the cylinder is always some component of the di-
rection of the turbulent motion, which may have the effect
of increasing or decreasing the advance of the flame front
in the cylinder. . Since the velocity of turbulence is al-
ways much greater than the combustion veloc1ty, these up-
per and lower combustion velocity values may lie wide
apart. Somewhere between these limiting values all other
velocity valiues must lie. The difference in the widths.
of the scatter-value zones may be accounted for by the
difference in engine speeds correspondlng to the dlffer—
ent turbulence values.

Some examples may be given: TFigure 10 at %6 n/s tur-
bulence velocity, gives a combustion velocity of 21 m/s,
Figure 11 .at i4 5 m/s turbulence ve1001ty, a combustion
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ve1001tv of 19 m/s' Flgure 12 ‘at iS 75 m/s turbulence ve-
1001ty, ‘a combustion ‘velocity of 14 m/s, and Figure 14 at
16 ‘m/s, a combustion velocity of 22,5 m/s. These values
represent the relation between degree of turbulence as es-
timated and combustion velocity. (See fig, 18.,) The dom-
inating effect of turbulence is not apparent in tnese re-
sults.

In passing judgment on the results here presented, it
must be borne in mind that they are obtained directly from =
a working eungine and that the limiting curves. approximate-
ly outlining the region of scattering combustion. velocity
values from which turbulence values were drawn is, at best
only an approximation. This may differ-widely from actual
values, since it may not be known‘whether or not, between
the two limits given, the turbulence was always in one di-
recction, Curves drawn reducing the- limits of variation
would reduce the accuracy of the measurcments given, It
"would seem that the deviations cannot be very.great since
they agree fairly well with those obtained by Endres from
cngine investigations., Those obtained by him from the @Xw
periments of Hintz on the velocity of uurbulence give for
the nlbhest enblne saeods i5 to +6 m/s.

The further questlon ariges as to whether or not the
difference observed.in combustion velocity. (for: example,
in fig, 12 it amounts to 12 m/s) is really due to the in-
fluence’ of turbulence alone., A tlme—pressure record was
ovtained synchronously with.that of the combustion veloc-
ity record, A comparison of the two shcwed that the time-
pPressure record remained counstant while the combustion ve-
locity record obtained at the same time showsd great vari-
ations., It was not probable that these variatioans were 4
due to changes in temperature or %o differences in mixture
ratios, since in that case corresponding differences would
occur in the time-pressure record also, It seems the more
probable therefore that the scattering in combustion ve- -
locity records is to be attributed to the effect of tur-~
-bulence, : .

. The records obtained in this line of the investiga-
tion offer evidence as to what degree the intake velocity
‘may serve as 'a unit of reference in expressing the degree
of - turbulence, F1gure 19 shows no real proportionality to
exi'sty © Ratheér, the figure shows equality, the agreement
between the two being very close. It is the closest over
the shortest measuring distances.
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‘Wita inerease of engine speed, intake velocity as well
as” combustion velocity, increases. The limit of this in-
crease’ would evidently be reached when 1ntake velocity
reaches the velocity of sound. In its present form this
Limit could not be. reached w1thout great loss to the en-
ginels. volumetrle,eff1c1ency. On the other hand, by the
use of explosive charges the required pressure ratlo might
be obtained, Also in the case of engines furnished with
compression pistons, turbulence velocities even above
the veloclty of sound could be reached,

" In practice the veloclty of combustion as well ‘ag de—
gree of turbulence is determined dy the limiting speed "at -
which tae engine ruas smoothly. . 'If the combustion velod-=
ity becomes too great, then the rate of energy transfor-
mation becomes so high that "knocking" develops, result-
ing in too rapid pressure increase., These limitations to
turbulence. do not occur when combustion and energy- trans-
formation in the engine are 1ndependent of each other, as
for instance, in the gas turbine or where the working flu-
4d: of the-:engine is separately. heated;:'otherwise the re-~
lation between power output of the engine and turbulence
are very closee.

A schematic figure illustrating the intimate relatlon
between combustion veloc1ty,,m1xture ratios and turbulence
is given in Figure 20, In this figure, along with a lim-
jting value obtained by Neumann in a closed spherical bomb
with no turbulence, there are represented the values ob-'

‘tained in the present investigation,  There is represent-

ed in the figure the relation between turoulence and com-
bustion velocity over the entire range from the’ lowest to
the highest velocities obtained with the working éngine.
Teumann'!s value, although'obtalned from a closed bomdb and
with benzine- —-air as fuel, nevertheleos flts very well 1n
tﬁls series of otner values, .

"The lower and upper encTOSlng ciurves in ngures 10 to
16 were extended to the abscissas. They all give with the
line joining their maxinmum values, the value Vv =.,85,
The entire figure gives a clear conception as to how mix-
ture ratios,.combustion velocities and turbulence are re-
lated in a working engine., Without including Weumann's
value, the width of the turbulence bands, and with it com-
bustion velocities increase very nearly linearly. Only
for-the highest intake velocities are deviations shown.
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Compression ratio.-~ The'sinrlﬂ—CJlirder‘exneriwen*al
engine made use of in investigating the’ effect of com-
pression.ratios on. combustlon velocity, wasa: prOV1ded with
a device wherebdy the ratio could be changed, -7 Observations
with this engine included coupression raulos-‘4:1, 5:1,
and 6:1 while other conditions of engine operation, open
throttle, fuel, spark advance and engine speed remained
unchanged, By this arrangement only the final pressure
and temperature of the.compressioan were changed, - Since
at nigher compression. ‘the fuels, benzineé and benziane-~
benzol-air. mlxtures, had” a. tendeﬂcy to "knoc&" badlv, the
fuel oenzol only was, used ' -

Fi ures lO 15 and 16 contain the compression rmtlo
results.. : Comoustlon ‘vyelocities increased by increasing
the compression ratlo from 4 1 to 5:1, from 19 to 21
m/s; and from b5:1 to 6:1, "from 21 to 22 m/s. The
small increase noted may be attributed to o small change
in turbulence or to the reduced volume of the compression
chamber and resulting increased fiansl temperature, The
difference, when scattering is considered, is very small -~
of -about the. same .order as the chnange in energy output of
the englne. ~1gure .20 would tnere*ore be 1qpercept1bly
altered from the effect of a change 1“ compr3851on ratio,

Kind df fgel'used.n The fuels used in the investiga-
tion were begzene, benzol, and a mixture 1:1, of them
bnth._ The results obtained with these thrce kinds of fuel
differed very little, Taat seemed to be what might be ex-
pected from the combustion characteristics of benzine, It
has a lower boiling point than benzol and gives a higher
combustion tomperature. Its ignition tcmperature is lower
than benzol. The hegat. of reaction of the two fuels is the
Samo-.. Counter to.this is the retardlng influence of the
spe01f1c heat of bénzine. It is about 20 per .cent great-—
er than that of benzol. TFor these reasons apparently and
possibly. owing to stronger radidtion, its combustion ve-~
locity does not, rise above that of benzol., A conclusive
proof of this, however, cannot be drawn from the results
with -the working engine. Thne investigation with these
fuels ylelded Do, newv results outsidé the fact that pres-
ence of benzine somewhat extends tlie limits of ‘ignition
of the other gas.v o : :

-

Otner infivences.- In flow pregsure; inflow .tempera-
ture and spark advance all influence markedly the rate of
combustion, Intalke pressure influences the potential of

the cylinders' charge and the combustion temperature. 3e-
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sides these influences the ihtaké‘veloeity, influenced by
throttling, affects the turbulence. "As already,p01nted
out the intake velocity influeices only to a slight de-
gree the combustion velocity and that these influences
derive’ nr1nc1pally from form and- operation of the engine.
With the explosive nixture initially at rest and with conm-
bustion taking place at constant pressure; Stevens has
established the fact that tne rate of flame movement is
1ndependent of pressure.

Intake temperature is of 51gﬁ1ficance espec1ally for
cases where the charge is necessarily weak in fuel con-
tent, Increased intake temperature increases ignition
1imit, and in that way allows the use of fuel combina—
tions that otherwise would be unavailable. - Limitation to
the extent that preheating may be carried lie in the fall
of potential of the charge and in the tendency to "“nock"
in the case of benzine-air mixtures.

SUMMARY

If it is held in mind that to ignite a fuel molecule,
a definite activation energy is required and that the time
required for this energy transfer determined the rate of
transformation, then for any fuel there is oifered two
possibilities whereby the rate of transformation may be
influenced: by influencing the intensity of the energy
_source, and by influencing’ the period of energy transfer.

UQdor these two v1ewp01nts arrange tHemselves all
those influences affecting combustion velocity, together
‘with the fundamentals on which an explanation of the proc-
esses observed, rests, Investigations with closed bombs
have .shown that_changes in the intensity of the energy of
the initial source have but little influence on combustion
rate, waile on the other nhand, a shortening of thae period
of activation has a profound influence on comdbustion rate.
Results of the investigation here presented saow the
marked influence exerted on the velocity of combustion by
turbulence., Whether one favors the older viewpoint con-
cerning the kinetic energy of the molecule or accepts the
explanation offered by the theory of chain reactlons, in
either ccse~t.e,1n¢1uence of tarbulence,‘oy increasing
flame area, operates to acce}erete the velocity of combus-~
tloﬂg . -’ e ' ' N . :
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These facts would not be greatly:- modified by cons1d-
ering "that the: ve1001ty values given contain ‘also the ve-

‘:1001by rate of’ molecular transformation, Rates of molec-

ular transformation are influenced in. exactly the same way
asAcpmbustlon ve1001t1es, namely, by. temperature and tur-—

bulence, It may be justifiable then, as a first approxi-

mation, to consider combustion velocity to depend direct-

ly on- tne rate of transfer of the energy of actlvatlon.

! Fxom the~standp01nt of molecular transformatlon the
results here given would apply to combustion chambers on-
ly of cylindrical form with ignition at the side as shown
in Figure 1, They do ‘ot apply to cylinders with sta-
tionary valves, as'in the Ricardo form, They do provide,
however, the basis of understanding of the processes oc—
curring 1n those forms of . contalners. -

TransiationAby F. W. Stevens,:
Bureay of .Standards, B -
Washington, D. C., March 30, 1932,
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Fig.2 Oscillogram for determining combustion velocity.a', ignition
current. b',c' and d',ionization currents. e, time record.
a, ignition point. b,c and d,instants of flame arrivals.

Risssriia

Fig.4 Recording outfit.
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Fig.3 Oscillogra.m for determining combustion velocity(direct current method).
Above, 1600 r.p.m.,below,930 r.p.m. a, ignition current. b, lonization
current. ¢, time record. A, ﬁ.gnition point. B, inetant of flame arrival.

686

Filg.6 Oscill gram for determining combustion velocity(a.lterna.ting cu.rrent

method). Above,4-cycle engine 1275 r.p.m. Below,3-cycle engine, 4180
r.p.m. a, igni*ion current b, ionization cun-ent c, time record. A, ignition
instant. B, instant of flame arrive,l
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