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[Following is thé'tfanslatiou of an article by Ya. B. Zel'do-
vich and K. I. Shchelkin entitled "Prilozheniye tecril
rasprostraneniya pwoizﬁbl'nogo razryva k nekotorym

sluchayam ﬁééplémeneniya'gazov“ (English version ebove) in
Zhurnal Eksperimshﬁal'nﬁy i tecreticheskoy Fiziki (Journal

of Expérimaﬁtal and Theoretical Physics), Vol. 10, No, 5,

190, pp 563575,/

1. Introduction

The préblém ofioccﬁrrence and propagetion of a pressure dis-
contiﬁuity in a gas has s direct application to the theory of
oceurrence of detonation in gas mixtures. It cean bave a bearing
also in the ignitian of certamn combustible gases in manufacturing
equipmant

In this connaction, we develop below the general ‘theory of
the propagation of arbitrary discontlnuities, and 8olve two' problems

uhich pertain to “the aforemsntioned pmaetxcal problems.
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2. Theory of Propagation of Arbitrary Discontinuity
let us consider an arbs.h'l:fy didoontinu.tty ia a gas.
Let at the left of the ph’he 4 i.; Fig. 1 the pressure of the

gas be P, the specifis volume ¥, and the molecular velght M. On the |
,rw the corresponding values are Py, Vo, and Mp. The vclwiti of |
the ges of tho‘not:l.on is U and Up respectively.
What takes place in such a discontinuity?
We call attention to the fact that the change in tll thn
nluu which desoribe the gases on both sides of the phm A um
henceforth domnd only on the ratic x/t, where x is the distance
| fron the point of formation of the discontinuity and ¢ is the time
fron.tho instant of its ocowrrence. This follows from dimensionality
omideiatim. In fact, from the values of P, V, and U we can -
cbtain the length and the tims only in the farm of a cosbimation of |
x/t, uhich refresents some characteristic value of the diunll.on of
hngth. An example of such a quantity is the velocity of sound, which
in gas has a valus © = VKPV, whers k s the ratio of the spaoific
'hutu. The dependence of all the valuss on the ratio x/t mdi.cntoa #
tht a oertain distribution of P, V, and U takes place in space, and
ham all the scales of this distribution will be propartional to the
th..f Consequently, we shall accomplish our purpose most rapidly by
stbstituting into the squation of hydrodynanics the variable € = x/te,

" leo t!ut ¥/dx = (llt)d/dg, /2t .- (‘:/ﬂ)(d/df)( We obtain




the contiguity eddation
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and th‘e equation of motion

| Intcgution of tbeae ordimy ‘gifferential equations which
replaoa for owr problem the naual . partial differential
equationa of gas dynamios, leada to ths following resulta in the
rarefaction wave. The state of the matter varies along the isen-
trope (the Poisson adiabat)s

PVE= const. x )

Ths change in the ulocity of motion upon passage of the wave

obeys the oquation
U= ;—f;—- C=const. @
The speed of propngation of tha given gtate, which coincides
with its cocrdinates \
xjp==§=D== U"‘C 3)
The choice of the sign in the fornulas is connected with the

direction of propugatien of the unve (the nppar sign for the wave

propaguting tovards increasing x). " The velosity of propagation along

the raroraetlon vava s o;luulated from foramula (3), 18 a variable
qmtity. In o'bhar um'da, caloulation leads to a finite.
uidth of the rarefaotion uve s which .mcroaaes li.nearly with times

' ka1 L i '
Ax—ADt==-—-"-'—- AC @
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The symbol A denctes here: th- diffcrema bo'lmcn tha carres=
ponding quantities at tha cdgu of the rmfncti.on uva ’ uhare tha
jump in the derivative takes. _place (et poi.nta L and M Fig 2).

The compression wave cannot be described by o Eqs. (.1 — 1

3), which lead in this cass to & phyd.ol]ly j.npo“iblo uﬂ.tiplr
valosd: dimi.bnuon (thru valuss of resswe dcnaity at one and

the sane point), In this case a diaoontinuity takes phce —
shook uvo, in whioh ths. statu of tha utt:or urias along thn Hugoniot
lbilb.t.

So. thlt an moreau in pressure in the. ooupruaion vave corrupond.

to as mreuc in the entropy; the apud of -otion is gj.vcn by the
- fornula ‘ L
U==v/(7’ P3 V“"VS . (®)

i

LA
[ NS

Thc speed of propl.atﬁ.on at thc dlnoontinnity

T ”““"’*"V =v=n/ih o
is greater than the aun of tho voloc.‘l.ty of sound and the veloodty of

- mt.'wn of thn gas sﬂaject to presgure, but 1: lou thnn tho uu m
rcu.- ‘the compressed. gas. It rolluua rron thiu oqmt.‘l.on ttut tvo uavu

unnot propagate in the sane dlroot!.on. ':hu :l.l ptvaically obvioua,
ainccnnth-uavu origimtquthnmphoe, atthcuuotm;
yot in a gas which is alrndy uubjuot to the action of th- nve, any

!

1 ‘l,(um(vu V)-—-—=T—(PV--P v "’% |
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following wave will travel with & velocity equal to or greater than
gso that
the velocity of the first wave, it is impossible to imagine

two waves travelling in the same direction.

A wave propagating in a given gas —- whebher it be a rarefaction
wave or a shook uave'#~ is fully determined by one parameter, for ;
example, the ratio of the densities of the gas before and after the %
passsge of the wave, This parameter already determines all the re-
maining quantities -- pressurs, tempsrature, entropy, speed of
motion of the gas after pasaageiof the wave and spesd of propagation
of the wave —- and furthermore in sceordance with formulas (1) -~
(3), if the density decrsases {(rarsfaction wave}, or according to
formulas (5} —— (7} in the case of a compressieﬁ wave (shock wave). |
Howsver, in order to describe the behavior of an arbitrary dis- ’
continuity, where in sddition to the tiree quantities P, V, and U
on one side of the discontinuity there are specified the three values
on the other gide, it is necessary to have at least three psrameters. |
Yet, as we have geen, tuo waves can propagate simulianeously in
different directions, sc that only two peraseters are given. We arrive’
et the .Mecessity for existence of atill another discontinuity ‘
which, hauever; must not propagate relative to the gas; in such &
discontinuity, which is of & unique kind, the pressures and velocities
of motion of & gas should be the same on both sides of the discon-

tinuity; the density, the tsmperature, and the sntropy of the gas are
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different on tbis spscisl discontinulty, and ft,hiﬂ yields

gm0

the missing

third peramster. In practice, thie caloulation reduwses to choosing |

such & value of pressurs (which is the same on both sides of the

spacial discontinuity, aa to make the valooity of motion of the gas

subject to the action of the wave, with a drop from the initial
to the sought pressure, to be also the same on both sldes of the
speciai discontinuity.

So far we have digregarded the dissipative quantities - -
friction, heat conduction, and diffusion. These quantities, in

combination with those availsble, can yield a new guantity of

dimensions of length. As applied to our problem, they vield tbe

widths of the discontinuities.

In the case of a shock wave, account of the friction and of
the heat conduction, which is esgentiel in principle for a des-
cription of the growth in the entropy, leads gocording to Becker
to & finite apd constant width of the wave front, on the order of

the mean free path of the moleculss in gas. This widta is small

|
|
|

compersd with ‘the dlstance covered by the shock wave. The dissipative

quantities do not mexert ,:-m esgentisl influence on a rarefaction
wave, in vieﬁ of the small gradients.

For the special kind of discontinuity, dimengionalit.y con-
siderations lead to a width of discontinuity £, satlsfylng in

order of magnitude the followlng relationt
AR
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where J-- distance which the coﬁm«aﬂion.or rarefaction wave covers

! within a given tinms, and A is the mean f::_ei_ path of the nplecplq'g._
ig soon as the discontinulty is shifted by a macrosoopic distance,
its width will be considerably less than this distance. _
Everytiing said above allows us to negleot dissipative ‘quanti- ;
ties, as long as We do not deal with microsopic details of the
construction of the discontinuities.

The structure of the revefsction wave [Fqs. (1 — 3)/ was
investigated by more gencral and aoo&din@ly more complioatad methods |
by Riemann /i/. The equations of a shock wave (5) == (7) vere ‘
derived by Riemann 1n a somswhat different form, and were corrected
by Hugonlot /27 and by Rayleigh [3/. The theory of propagation of
arbitrary discontinuity, whioch includes the formation of sxikmx the
discontinuity of ths special kind, was already éonstrxwte& by
Hugoniot /37, was known to Crusssrd /4/, and is mentioned by
Hedamard /5/. It vas subssquently forgotten, houever. Thus, for
example, it is quite surprising that Weber /67 aid not know of 1it.
Nor was 1t known to Becker /17 far he, considering the discontinuity

FMch results from cumulation of adisbatic compression waves, writes:
nTt 4is still unknown wbat takes place when the alope of tha rige be~
omes infinite after a given time ... " 1,e., vhen a discontinuity
+mm place. A solution of this problem by Becker is given below,
The propagation of an arbitrary discontinulty was Aonpmez{ega

o ramnrt o)
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by Kotchins /87, With this, ve ‘domolude the - exposition

boundary between them.

tully rigorously, with an mlyuin or tha cages thnt can ocowr,

of the general theory, without making any olaims for novel results,
and proceed to specific problems, | .

 Problem 1., Tvo gases at rest (Fig. 3) are separated by
partition A, so that P > By, It is required to determine wbat takes|
place if ths partition A is suddealy removed. _
For smell discontinuities, when P/Fp = 1 + (’5 , Where .(5»<< 1, |

the problem can be solved analytically, using the well known condi~
tion that the velocitles of motions of the gases must be equal on the

An approximate solution, accurate to sscond order of smallness,
is obtained by the result known from acoustiocs

| %3%, @

whers P is the pressure in the shock wave, travelling in gas I,

Q = l/v, QO = l/Vo. Eq. (8) oan be rewritten as follows:
._g_—;‘_l% &C, or #;:3..%6.’ @

' If the same gas at the same temperature exists oa both sides of

the plane A, then (P, - P/(P - P,) = 1. This last equality

states that passing through gas I will be a shock wave with a pressure

drop between the wave and the fresh gas, Py - Fp, equal to half .the

s v e vt v
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prassure drop in thse discontinuity, 1/2(.? By Yo Travelling"za;ugh t
gas II uill be a rarefaction wave with the same pressure drop as in

the shock wave.

The pressure in the occurring ghock wave depends essentially
on the ratlo of the velocities of sound and the polytropic indices
of adiabatic axpansion in both gases.

If gas 11 is hydrogen, and gas I ls air, then under identml !
initial temperatures, the ratio (8a) increases to four, i.e., in
ges I (air), at an equal initial pressure drop, & considerably
gtronger shock waws is produéed. |

finite

Far I\ discontinuities, in view of the impossibility of
obtaining an analytical solution, the problem must be solved by
successive approximations. Fig. 4 shous the distribution in space
of the value of P and T after a certain definite time t lapsed since |
the occurrence of the discontinuity, for the case when on both sides
of plane A thsre is air at an initisl temperature of 20° C and a
‘pressure ratio P/Pp = 100, Fig. 5 shows an analogous diagram, the
only difference being that gas II ls hydrogen. The figures show that »
two waves are produced in the ges, travelling in different directions
frc;m the sapafatibn boundary. The discontinuity in density and t
temperature is & discontinuity of a spacial kind {plane A), which is 3’
staticnary relative to the gas, and moves with the same velocity as

the latter. Fig. 6 shous graphically the calculated dependence of

e i < ¢ s g oo S 4
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~the pressure and tempersture in the. chookvmo-inair-(gnc I) at an

'mmu.m.tmzmcuthumo:mnmuuuum |
of ocourrence ¢f the discontinuity. Gaa II is taken to be alr (uurves
B) and ccoged bwdrogen (ourves H) for the sems initm_jhopporatwo
. Vdeills [ 57 iavestigated .xp-rmmny the p-opng-uon of tha
;-‘{m'v.o ooowrring . .. upen rapturs of a cellulodd partition, dividing
n!r at a pressurs of 29 ata from air at the sens tamperatm-e bmt.
. with & .. precsure of 1 ata, He established that after the _‘
;upturo of the partition, a wave with a pressure of 3.7 ata 1s
produced, with a speed of prepagetion SQO_mctqra vper ucand‘.‘ |
(k'usmd 4] bas shoun chat the cosnsotion betwsen the spsed of .
pomaﬁon snd the pressure in this ‘w,aﬁva is close to ths _qonnqqtién -
exigting in a shock wave. Ow caloulations, as can be ... verified
from l‘ig. 6, give for the oass realised by Vieille nearly the ‘énil :
'valun", 4.2 atr and 640 meters per second regpsotively. This indicates:
that the losses played e small role - . usder the experimental condi- |
‘tiots of Vieille. | I
'g_ Pigs. 5 and 6 demonstrate clesrly that if tﬁo ges vith higlnr
pﬁﬁme is hydrogen, then higher pregsures and temperatures are
‘clcnj.opod in the shock wave produced in the alr than in the case of
. jequal, gases. This :"iiﬁ explaln  the sometimes obaerved self-
’ !.gnﬁ.tm of kydrogen upon rupbm of lmh-opn reservoirs ar p__uddén
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sicape of Kydrogen Irom them.
If the hydrogen is at a pessure of 150 ats, then the renoul '
of the partition between it and the air, which is atmoapbsrio
pressuwrs, leads at an initial temperaturs of 20° C to the formation
of a shock wave in air, with tuporature of approximte]y 1480 °C.
Uader practical conditions thls tenperature ’ genorally speaking, uﬂl
differ from the caloulated cns. In the case whan tbs hydrogen
£lask bursgts in an open space, ar if the !vdrogen - escapss from it ,
S.nto & large Ifree volums, the temperature will be lover than l,
oalouhted , but it say ncverthalua be sufﬁ.cian'c to ignite the
hydrogen or its boundery uith the air, On the othcr hnnd, it tha
hydrogen is relsased into a li.nitad volume ar if obstaolaa
exist on the pith of the gas streaa, 11; i.s thcotretioally poaaible for
temperatures to arise greater than thoae enloulated here, owing to
the multiple reflection of the ahock wave. In the nn.i.t, ths com—
preasion by means of a large nuzbsx of vaves or M nmplittﬂa leads

to a change in temperature in ascordance vith the adhbati.c equations i
of Polsson. ,

The poasible mschanism prquaga for sslf-ignition of lurdrbgoq ,
does not exclude, naturally, other probabls causes of fiaah;;. It} :
doss make it possible, howsver, to explain ulf-igniﬂon of lvdrogea

under certain oonditiona, when no other gases uni‘bs ) by using its
distinguishing physical propartha, ;r:l.nrily th- low dou:l.tw, which
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) cauaes ihe aforementi.oned affects uith shock waves, One must
indieate simultaneously atill another property of" hydrogen, which |
! greatly increases its axplosivaness i its ability to 1gn1te with 4'

exceedingly 5hort delhy. Incidentally this property increases the
'probability of 1gnit1.on ot kwdrogen in the aforementionsd shock waves..
Problem 2. Wa consider the propagation of a discontinuity ‘
. produced uhen a 1arge number of compreasion uavea, the pressura drop g
in aach 13 infinitesimal, propagating one after the other , combine
in a single ‘plane. In other uczrds, we consider a discontinuity
occurring upon cumulation of adisbatlc compression in & single plane,

The af:pearance of such a discontinulty is related to the
occmencé of a detonation wave in the gha;' and the remark by
Becker; given ﬁbové , pertains to this case.

During the pre*de‘bonation period, compression wavea that
folluu one another are produced in a alosed tube as a result of an
vaccelerating compression i.n fresh gas., As follo‘us from elementary
considerations, each succeeding wave rnoves with a greater velocity
then the preceding one. The forward wave is coverteken by the
'sxﬁceeding éqeé, and 'a discbntinuity in the state of the gas is
produced. Génerally Spéaking, only in one ‘particular cass, which
uill be considered below , do all the waves reach a aingle plane at ';
the same inatant This occuz-a, as can be readily shouwn for an ideal ‘1

dlatomlc gas, if ths distribution of pressure over the coordinate

. o s ot S o 1 i e sk 4 e
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| where TV 1a the ratioc of the jressure at a point located ab a
dinensionless distence z from the leading edge of the veve, to the

_ pressure of the fresh mixture, through which the first coupression
vave ’pr.opagata‘s'; Fig. 7 shows a plot of such & distribution, This
distribution narrows down with time, remaining similar to itself,
until a discontinuity in the stats takes place st ths plane A, to-
| gether with a discontinulty in the speed of motion of the gas. is
vas established by Becker [/, further propagation of the dlgoon-
tinuity as a whols, in which the equations of the shock wave (5) =
(7) aFs not -satiaried, is impossible. Woat vill happen to tls dls-

continuity subsequently? o e ..

" We note that gas IT repressnts ia this problem (Fig. 8) gas i
I, which has been adisbetically compressed to a pressure F.: 'rha
ve;l.ooity U can be calculated from formula (5), since sush a ’cumﬂation!
wave of compression, “of which the dlscontinuity is made up, oan be |
congidered as & time inversion (the reversal of the signs of x and

U in the equations) of a rarefaction wave,

let us consider the problem for small discontinuities,.when P/Fo
=1 4 p, whers p < 1. Expansion of the velocity of motion of the
gas :Ln povers of the paramster p = P/Fp - i, in the case of an ideal
d‘ntonid gas, acourats to third-crder quantitles, . ylelds for
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| woglugod,vi.thl pressure less than the preuurc of adiabatically-

ths shock uave:

UIC'.’:‘[, (P —- ’I, p’+ "/w PP, ) 10
and for the adiabaﬁe'-comauion ua\m T 1
UiCy==*/:(» ’IN’ g PP o in)e an

Eqs. (10) and (11) show that the shock wave ds.tfo?a n'on the
adisbatio on]y..'u quantities of third-crder of snallness. Conse-
quently, in the limiting case of small discontinuities, only one
shook wave is produwced in plans A (Fig. 7), propegating along gn _

I.° The same equations show that in the case of a fiaite discon-
tinuity, there is produced in addition to the shook wave travelling
Ln ges I, a rarefaction vave .= . travelling through gas II{
iaproduocdatthephml. - , o

Flg 9 shous the distribution of pressures and temperatures in .
air after some definite time , with a pressure ratio P/Pp = 50 at the
instant of ccourrence of the discontinuity, and at laitial tonin:"rbtn'o'
of gas'I of 20° O, This distribution bas been caloulated by
swocessive apm'oﬂhtléna. Fig. 10 shows the dependence of the
pressure 'nnd temperature in the shock wave in nh' at the sems m'thl
tohgiuturo on the ratio of pressures on bofh sides of the discon-
tinuity plane at the instant of its ocourrence,

* The diagrams of Fig. 9 and 10 shovw that a shock wave is alma

compressed gas in the discontinuity. Nevertheless, the tqnp,arah:n

— Y T
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“in the shock wave Inoreases sbarply compered with the temperature 1
of the adisbatically-compressed gas. This usually /10/ explains

the shwsw frequently cbserved occcurrence of detonation st a certelin

distance ehead of the frost of the plane.

It must be‘emphasiaed that the calculations given above can
pertain only to & shock wave uhich’ignites a gas mixture, producing
a detohation. Thsy do not give the velocities and the preséures of
the detonetion of the lonic wave itself, which depend essentlally
only on the thermal effsct of the combustion reaction in the detona-

tion wave.

3., Conclusions

1. A thecry was daveloped for the propagation of an arbitrary
discontinuity in the gas.
2. Two problems, which deal with ignition of hydrogen and

the occurrence of detonation, are solved quantitatively.

Leningrad, Institute of Chemical Physics  Received by editor
Acsdemy of Sciences, USSR. 23 February 1940

Laboratory of Gas Combustion
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