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L FORMATION OF A DE"’O‘\!AT.LON WAVE DURING HE . .
R © . BURNING OF GAS IN PIPES ' o
- USSR ~
[Fgllowi‘ig is a trasslation cf an article by G. D. Sala~
mendra; T V. Baghenova, and I, M. Naboko in Zhwimel o
Takhnicheskoy Finiki (Jowrnal of Tectmical Physice),
 Vel. ZKIX, No. il, Mescoa-Leningrads Novcmbs" 1‘395',
":Page“ 1.)511 1359.7 - : :

Frem the moment it was £irst obs ewved. uhe phammenw. o*‘ do-
tonaticn has been the subject of numercus mves%igat:.a,m, Until
r°'-em_y, ‘the 'chief techuical reason for the intevest in the pherao-
menon 6 detonation hss been the r ecessity tc contrel ity sim
transition to detonation combusiion usually leads te i"xter::'m 1on
in the op eration of the conbustion apngranus or to iqs u:.s*smctiono :

Det‘pde the great nmrbe'ﬁ cf both thomretz.cdl and exnemmbnual
werks devoved to the study of the detonation propagation of a flame,
i1t is etill not entirely clear not only what causes tre pr’wrecs-’n"e
acceleration of a flame, leading to the trensition from slow comous-
tion ’co dr-*~1',:snaﬁ',u.ms but also how ths ‘bl‘ «s:ﬂ icn oCCUS.. Co

S:ane trans;t*on fwom slow combustlm to c’.ewna 10’1 combus—
tion is' cennected with a fundamontael recrganizat io*x of the gas flow
and mechanism of reaction transier, a detailed mination of all
stages of predeionation combustion, 'oc.kmg into acuoart the l*ydro-
dynamic and chemical factors influencing this process, is of interest.
In paz"clcular, it is necessary to cx.arli‘y the role of shock waves
appearing before the flame fronmt in the formation of detonation. -
Depending on its intensity a shock wave, apvearing before the ﬂame
front, can either cause additicnal cembustion of the gas at the point
of its- fcrmation, at a distance from the flame fromt, or create in
the region before the flame front z fiow of haated; unburned gas in
which con'i‘,inuous acesleration of the flame 1eads to -the’ i‘o"mabion
of a detonation wave. T - -



1., Gemerzl pleture of the predetonaticn reriod

In the present work, the transition from slow combustion to
detonation was studied in clossd chambers with'cireuler cross section,
42 um in diameter, and with a square cross Section 36.5 x 36.5 mm.

The chambers consisted of four sections of identical cross
section, One of the sections wes fitted with glass through which the
procesgs was recordéd.” Trie length of the viewable portion -cf the
chamber was 200 mm. Overall length of the chamber was 2 m. By
chaaging the position of the section containing the glass it was
possitle to record the process av any polnt. in the chamder, The
ends of the chamber were sesied with plugs, in one of which-a spark-
plug was mounted for ignliting the wixture and, in tae other, a valve
through which the air was draw: off and the chamber fod with the mix-
tm-e,ov o - ) . P e o .. »

-+ Hydrogen-oxygen mixtures were used as fuel since, first.of .
ali, combustion of these mixtures procseds sc rapidly - that the shock .
discontinuity and detonation wave are.formed at a relatively shord »
distance from the beginning cf the combustion chamber and, second, -
hydrogen-oxygen mixtures belong to the group of low-actinic mixtures,
nuling it ‘easy ‘to obtzin good-quality photographs by the schlieren

matinods B , " P

Photography was done by ‘the schlieren method.  The precess
was recorded on. film placed on the.inner surface of a uniformly . |
revolving drum, The well-known scaaning method was employed, as
well as a method of high-speed photography by means ‘of spseial;
pulee tubes, whoge design and operating conditions -are described. - .
in Reference (1)» ..~ -~ -~ - & T IR I S AP
... Figure 1 shows a photograph of the process of combustion of _
a stoichiometric.mixture of hydrcger and oxygen in the 2-meter chamber
with circular cross secbion, taken by the scanning method. The flame-
propagates horizontally from left to right, while the film moves in .. -
thé vertical direction. . = & .o oo e DU

. Scale markers appesr in *he photcgraphs in the form of black - .
stripes; traveling parallel to the time axis.: Photography was done. .
by the "double-knife" method. Therafore; all optical noauniformities,
regardless of wnether they represent regions of rarefaction or com=
pression are recorded as dark areas against a light backgroind,




~ As seen from the photograph, during the first moments after the
mixture is igrited the flame front propagetes with acceleration. In
front of the flame runs a geries of disturbances overtaking one another
and. cumulating in a shock wave. The veloeity of the formlag snock
wave is about 700 m/sec, and gradually decresses as the wave propagates.
through the chamber. ; , R

After the initial stage of prupagation of the flane, character-
ized by acceleration of the flame, deceleration foilows; and then re-
newad acceleration accompanied by the appsarance of adoitional non-
uniformities bahind the flame front. Preceding the fianme fvonbt can
be seen clearly the series of disturbances forming a number of shock
waves at a relatively short distance frem the flame front.

' The interaction of the flame with the shock waves axrising
before the flame front during the predetination stage of propagatvion
leads to the transition from siow combustion -to detonation.

Tt should be noted that the formation of the shock discontinuity
preceding the flame front does not lead, as ordinerily sssumed, to
the immediabte transiticn from slow combustion te detenation. . The de=~
tonstion wave forms mach later and cwes its zppearance to the inter-
aciion between the {lame and the shock waves originabing before the
fisme front during the predobonation pericd of flame propagation.

Following these general remarks desciribing the process as &
whole, let us proceed to & mere detailed examination of each of the

stages in tne procegs separately.

2. The separate stages of the predetonation peried
‘a) Initisl stage of flame propagaticn

: The qualitative explanation of the behavior of the flame dur-
ing the initial stage of propagation can be reduced to the foliowing:
during slow combustion, there occurs in the ‘reattion mone a small
drop in pressure together with a significant increase in the specific
volume of combusticn products in comparison with the specific volume
of the explosive mizture before combustion. Owing to the expansion
of reaction produsts, a flow of fresh gas is generated before the
flame front. In the first approximaticn, the problem of the motion
of the gas before tie flame froat during this period can be reduced
to the problem of the motion of a gis in front of a piston travel-
ing along a cylinder in accordance with the same law as that by which
a fleme actually propagates. The series of high-speed photographs
(Figure '2) of the combustion process prcvidss evidence that the form

-3 -



of the flams front does not change, * Of 4interest is the slizht widen-
ng of the boundary of the fremby- recorded in the photographs; this
'is connected with an increase in the surface of the fiame front ow-
ing to the appearance of cells, well defined when the sensitivity

of thé the schlieren unit was increased (Figure 3). o

o 'b) Deceleration stage

As the flame propagates and the space occupied by tne burned
mixture increases, the expeliing action of reaction products diminishes,
cauging the velocity of flame propagation to COCTRL38. ,

Pinally, the moment is reached when the pressure behind the
front becomes lower then the pressure in froms, A ficw of gas is
set up counter to the direction of flanme travel. The highespeed
paotographs taken of the combusbion process during this stage sup-
‘pory the assumption of an cnecoming flew of gas, ~ -

The flame front, originally crescemt shisped, gradually takes
on the characstéristic shape of a fumnel (Wigure k). The overall
surface of the flame front grows larger.. The velocity of fiame .
propagation increases. R : S

¢) - New increase in the velocity of flame propagation

The increase in surface shows up during scanning cf the process
in the form of a tgplitiing" of the flame on the light-sensitive film.
In this stage, the flame assumes a urnigue form, assyumetric with res-
vect to the axis of the pipe (Flgure 5). =~

~ The upper part of the front has moved ferward in the direc-
tion the flame is traveling. The reason for such distortion of the
flume can be explained in the following manner: at any glven moment.,
the combustion zone separates out.a fresiy mixture, of high density,
from the lighter combustion producis. ‘This heavier mixture tends to
spread along the lower part of the chamber, while the combustion
products; teing lighter, tend to seitle in the upper part. Owing
+o gravity, convection curreats are set up waich increase the velo-
city of the flame.in the upper portion of the chauber and decresse it
in the lower portion. T . RN -

During this stage.of propzgation; a large number of disturb-
ances arise before the accslersilng flame front, forming sheck waves -
in the vicinity immediately preceding the flams front. The flame’
propagates through the mixbure, which has besn "disturbed" by the
siiock waves.




For determining the state of the gas before the flame front,
we have assumed ‘that; in the given stage of propagation, the flame
acts as a piston, gupporting ihe gas flow arising behind the shock
waye, In that section of the chamber for which calculations ware
made; this assumption is vaild, since in that section no change was
observed either in the velocity of the shock wave or of the wave cf
rorefaction. In this case, the characteristics of the flow vehind
each shock wave can be calculated from the velocity of the wave,
bearing in mind thab each new shock wave propagates in the gas dis-
turbed by the preceding wave. ' S

Stete of the Cas Preseding the Flawe Fronb
During Transivion to Detonsticn

n .
(No of Pns  DnUn-1  on, : o
wave) m/sec m/sec  m/sec 2 Pny am Tn, %X Un, m/sec

0 - - 53 -  0.935 298 0
1 659 659 572 . 1.23 1.5 1336 186
3 218 621 60y 1,04 2.15 373 340
L 955 628 612 1.0L 2.36 363 - 36k
5 19590 686 635  1.12 3.07 hi3 L6
6 1139 658 653 1.03 3.33 423 518
7 1167 6h9 64y 1,01 3.a1 - L26 . 528
8 1259 730 672 1.13 L.53 = L&2 663
9 115 753 697 1.i2 5.89 498 791
10 1548 157 717 1.08

7.11 525 866
Flame 194 608 _

Note: Dp - velocity of nt! shosk wave relative to the
chamber; Uy, - velocity of the gas fiow behind the shock wave;
D, ~Up.q —= velocity of nt shock wave relative to the motionless
gas; cp - velocity of scund behind the shock waves ¥p -~ Mach number
of shock wave relative to the mectionless gass P, - pressure behind
the shock wave; T, - guas btemperature belxind the shock wave.

The results of calculations from one experiment with a stoi-
chiometric mixture of hydrogen and oxygsn, a time scan of which is
shown in Figure 6, are presented in the table. Results of similar
experiments agree closely. . '




" From calculations of the sbove time scan of the process, it
follows thal during this stage of development of the process, not
only does the flame's veloci%y of propagation increase, but also
its rate of travel relative to the fresh gas. This; apparently,
results from the heating of the mixture by the shock wavess

At the moment pfgcediiag detonation, a flow of gas arises
before the flame front with a Lemperature spproaching that of its
fgnition point. . : '

jander conditions of high temperature and pressure, e com-
bustion process behind the shock weves progresges so rapidiy thab
there is no possibliity of the shock wave end combustice froab
merging to fom a detonation frent. Tuis cent be seen especially
well during the combustion of fuel mixtures in a shock tube pipe; .
where a combustion fronb was observed to propagate ab detomation
velocities in %he gas, preheated and compressed by the shock wave,
at some distance from this wave (2).

d) Propagation of the flame in the predetonation stage

Tigure T chows a photograph of the combusticn of a stci-
chilometric mixture of hydrogen and oxygen in the stage imnedlately
preceding the transition from elow sombustion to detonation,

During this stage of development of the combustion process,
the shock waves formed befure the fiame front proved to have an
especially strong effect on this fronb. o ‘

The shock discontinuity and the flame front furm, a3 it wexre,
a single system, traveiing at the saue veicelty. This systen, :
however; is still not stable: from nucleus to nucleus can be ob-
served a slight change in the form of the fiame feont. -

Behind the flame front, a long comot's tail stretches out |
in which complete cembustiocn probavly takes places the increase in
the velocity of flame prepégation with a reducticn in the surface
of the flame front can be explained by forced combustion, czused .

by the prelimirary preparaticn of the gas by the shcck waves.
Conclusions
1. The detonation weve in 2 long pipe is foxmed as the re-

svlt of the interaciion of the flame frent with a series of shock
waves forming before the flame front in the predetcnation stage.




2. Throughout the predetonation period the foerm of the flame
front undergoes the follouwing chaanges: &) in the initizl stege of
propagaticn immediately following ignition of the mixture, the flame
front near the closed end of the chamber has a crescent form; which
changes slightly during the entire initial stage of prepagation;

b) in the deceleration stags, the flame front assumes the chearacter-
istic funnel-chaped form, which attests to the presence of an on-
coming gas flow counter to the flame front; ¢) the propagstion of the
fiame in the stage following deceleraticn is characterized by a
signilicant incirease in the suriace of the flame, causing an increase
in the velocity of flame propagation. Preceding ths flame fronb, &
geries of shock wavzs is formed; which gives riss to an aczecelerat~
ing flew of gzas before the flame fvond and increzzes the tanperature
of the fresh gas; d) in the stage immediately prsceding transiticn
from slow combustion te detonztion, the surface of the flame fiond
decreases. Behind the fiame front stretches a long comet's tail in
which combustion is compieted. S '

In this stege of flame propagaticn, shock waves arising be-
fore the frent exert an especially strong influence on the front.

The shock wave and flame front ccnstitute a singie system traveling
with one velocity. ) o '

" The work was conducted at the Leboratory of the Physies of
Coubusgtion, Power Eaginesring Institube, AS USSR, wnder the direc—
tion of Professor A. S, Predvoditeiev.
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FIGURE APPRIDIX
Figure 1., Time scan of the combustion of & stoidhiométric nixture of
hydrogen and oxygen in a chamber with circular cross section.

Pigure 2. - Initial stage ¢f flame propaga:qibn, during combustion ¢l
a mixture in a chamber with square cross sections

Figure 3, -Celluiar stiucture of the fiame front.
Tigure 4o Fleme front in the decelerstion stage.

Figure 5. Provagation of the flume in a medlum Vprepared" by the
shock waves. o : R

Figure 6. Time scan of & sepies ¢f shock waves before the flame
_frcnto ' . . : ) o

Tigure T Propagation of the flame in the predsbonabion shages
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