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THE PROBLEM OF THREE LIMITS 05' IHFLMKABXLITT 
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f Following is the translation of an article entitled l!K vop- 
re;~i o trekh predelakh vosplafflenen3yaB (English 'Version 
above) by Academician N. H, 3MBE0V in IMMzJfeMesii 
Nauk.3S3R (Reports of the Aeadercy of Sceiiices USSR)» Vol 
LmiT'io* 4, Moscow, 19511  pages 6^5-648.] 

Between 1926 and 193», Soviet physical chemists discoviered 
branching chain reactions and developed their theory (l)* At the 
basis 1ST nee facts discovered by them in the domain of Inflammability 
limit phenomena in oxygen of phosphorus .vapor, sulphur, carbon mon- 
oxide, hydrogen, etc« 

Qualitatively, one of the most-characteristic phenomena for _ 
the chain inflammability is., one may note, the presence of a so-called 
peninsula of inflatmaability in the p~T plane, (See Pig. 1, where the 
cross-hatched region is the inflammable'one). The chain theory of 

the peninsula of inflammability was given by I. N. " ... ^ ......_„,.. s.„lVkH..  
Semenov in 1934 (1). She curve abc of the peninsula :^^. \ IfBtHflp 
BiS.y be ex-pressed by means of a quadratic equation, ^^^K^Ä •'",* ^ 
or" (depending on the condition of termination of the &>"■' \ ' _ -t^^S" 
chain}* by a third degree equation, having two post- >,■. '■, -jj£.yW^^^^S, 
tive roots for T>Tjc"and none for T<Tk. 

To erery WBäB^^^mk 
temperature (for T>T|C) correspond two limits: the £>-''•'" "' ' "" ***" 
lower one p^ (below which there is no coffihustion) ^"*."*&■'-^#^« 
and the irsper ons p-> (above whichthere is »0 cess- ^^^P^^S 
bu st ion) * wSa^S^^Mm '■&$■%& 

In many cases there ssay be observed yet a    "  -" «  « 1,-1 '". & 
third limit (curved) situated appreciably higher    "  f':'aM i, 
than p?« This Uralt, because of its'nature, .is ' '«J 
called'Cthe thermal limit (l, 2), In practice, 
in many cases, with appreciable pressure incres.se, above the upper limit 
ensues* a reaction whose rate increases with pressure, which on further 
pressure increase is inevitably brought into thermal ignition» It is j 

* 
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because ofthat, that the third limit received its a«»;. 
^1938 Levris (3) gave the chain theory of the third limit 

,for the case of the hydrogen-oxygen rea^\.^.^'*^Jf «^ 
V-f thi« vni*  it was clear that chain inflammation at the third lisaj 

■ Say Ske place crlr if wy special conditions are satisfy, not at 

all likea »geral |^g^} mde ^ attaBpt to put forward a 

eeneral theory of chain inflaraability at the third limit. Eonm, 
IS of hStSic and impawn premises  • against kinetic consider- 
ations Sas that the division of thg chain increases with pressure 
according to the relation Q0■+ a^p . _ 

3Ü an article in 19*5, »• S. flalw (J).?^ f ^L!?!^ 
of seining the chain reaction at the third juaxt .He crxti.i.ed 
hi«* previous work, writing: RIn the ease of the previoa« »eJioa io- 
& S^of larger C we hid'to take in addition°« —on" 
tion with resoect to a Quadratic dependence of caain division irois 
coSentStion! In the case of the new method, this becomes unneces- 

it 
Sar3r*   Atalov chooses an arbitrary, uncommon type of chain reaction, 
«rich *e~such that one of the chain elongation reactions proceeds 
?rLSkcuSSy 1» bulk and simultaneously on a surface together^ . 
with the precipitation of a *e* radical m the bulk.    The chain 
termination takes place on a surface. • 

In order to state it formally, after Akulov, we write for tne 
reaction of oxidation of hydrogen disulphide the following three 
kinetic equations: _ ; 

ägl.«   - [kn(H2S)G + kfci/rlCO) + ki2(02)(S0) + k!3(02)(S), 

d(S0)    „ ^ki2(02)(SO) +ki3(02)(S), 
dt 

äi§l    = Eklx(H2s)c + k^crlCo) - [ici3(°2> + ki3<rf(s). 

Tfcw (0)    ($)    fso), H?S), and (02) are concentrations of the respec- 
5S S-s ladicaxs, LdWi% C is the ^gf^S^^. 
initial combustible mixture, C + (H23) + (02); CT» the ratio of sur- 
face area to volume, of the vessel,    Decrease %J^^^* 
sulphur atoms on the surface is at a rate ki3 <r(o) andL the consump- 
tion rate of the oxygen atoms proceeds at a rate  ^u° ^u^ ~ ^Kxl 
- kn)ö'(O),    where lqjtfCO) is the rate..of the heterogeneous phase 
reaction 0 + ^zsmxrt8.ce = %° + ^ulk« »v,,nAW a/^-vf-« hrith- For the solution of the system of equations Akulov adopts twxtn- 
out quoting the source) a method worked out by me ^Jw <£'•"*£ 
•«»ant the only thing of interest to us is the fact that the equation 
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I for the limits is gotten by equating to zero of the determinant A of * 
the system of algebraic equations 

dt    dt      Cit 

• This determinant is stated in Atalovss article to fornrala (9). 
Akulov obtains an eauation for the determination of the limits and 
maintains that it gives three roots, corresponding to three limits 

—of chain inflammability. But, in fact, one is able to show that this- 
equation in Akulov*s case is in no case able to give three pcsxtxve 
real roots, but only one mich root. In fact, dividing A by k12(02), 

we obtain from formula (9). of Akulov*s'article the equation for the 
limits, as shown: 

OO = knkl3C(02)(H2S) + (^r*ii>kl3*<
02> - 

l^W,^iC' - ... 

- kiiki3^c(H2s) - ^Ä^2 s @* 
Settlor C * r>;  (09h p(l -*).  (H?S) = pV, after dividing 

■     *       "j 
by the coefficient of p-5 we obtain 

T? - bp2 + en - d » 0» 
a'      \ / 

■»mere jr^o (2kii~ku) kiA£T" 

hence       <£«.-,->  K-.^    K^-I  A,-p 
kll      kli + All 

where •«C 

Thus in the eauation for the limits by Akulov, the inequal- 
ity bo<d is always satisfied» As d is the product of the three roots, 
and bo is the product of the sum of the roots with the mm of their 
paimd.se »redacts, so on the assupmtion that the three positive and 
real roots exist, the product be should be always greater than d. 
The condition bc<d means that the equation may bot have three positive 
and real roots, but only one root. (Note: We are considering the 
ease ^cft-k^k^- "%>$, ttet is e>°- witK ^11*^11^° and c<0 "" 
what is physically obvious and should take place — two out of. the 
three roots are negative, which follows fro» the consideration of the 
.signs of the coefficients of the third degree equation.) 1 



I     lot only are there not three roots, tat there are not even   i 
the two usual ones« The formula (11) for the induction period 
obtained by Akulov stakes no sense either, because it contains imag- 
inary quantities * 

'in diseussiBg the problem on©- should sometimes tern his 
attention to one very sispie schema which illustrates AkaloYfs 
res&lts : 

With the calculation of the chain termination on the walls 
of the vessel, this scheme ieais to the system of equations? 

dxi 
~j| - k1(A)x1 + k2(B}x2 + fcjCAkx^» 

dxo 
-~ « xk^A)^ - (b2a-+ k2(B))x2s 

-^ ~ k2(B)x2 -* (b3«r+ k3(A)c)x3« 

Constructing the determinant and dividing it bj lq_(A} we 
obtain an equation of the third degree for the lia&ts: 

(2x — i)k2k3r(l —T)p3 — •b2tfk3K
,p2 + (x — l)b3<fe2U — S) 

p — b2b3^
2 =0, or, dividing by the coefficient of p^? 

where b Ä 7y~-~-~rTr*Tr~*""T   C — •j^-~>*^~«~^rcr~~?ä"'  * 

d « 
b„bJ*2 

(2x — Dkkll — %') % 

Hence be = JL^l d.  As x>1 [see Botel* so bc<d and 
*    2ac — 1  . 

obviously also this equation may at ssost have only one positive real 
root« 

(Mote? In the case when x<l« the coefficient c in the equa- 
tion is negative, and this means that two roots of the equation are 
j negative, that again there is only one limit (if x^i, then o^Q, __J 
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'and b asd d are negative, and tMs the equatio» does not have ©Ten   ' 
©A« posttire root») 

There arises a problem of sbetler th© tkirtl ■ limit exists is 
^fenor^l«    Tfeo ar^s^r is yas,  it isay» biit 'aader T«TT spool«.! asatJisp«» 
tioTiö sd.t« respect 1© the jßac!»n5.sa e# tfee efea:te reaction,,    Ißt ur- 
tak© sa sfdiimsf" case öf bydreges csdilatioi^ at the pre«*?»* ixsse 
e^erfeeiitally studied fey Soviet soientlstsC1?), 

- 1) H + Qz » OH + 0? 2) OH + 02 »'""ftgO + B;    3) 0 + % * OH + Hf 

&) H + t43.ll —. deer«ac9 of If    5) Ä + C52 + K a HO + M? 

6) SOg + Ü2 SI %G   + H*    7) ®2 + m11 — decrease of H0j> 

Impressing the shm® egnsie® with tmix equations and efaatlsg 
the determinant A te »SPO» w# ©btaia the sqaatlea for the lisiis? 

2fcik6(02)(H2) * 2texk7<02) —• taik^Cfe) — kljk^ — '1^7(02)0 « 0, 

©y 

21q kg-if(1 ™».'lf)p^ «- k^teyd, -*»» $)p2 •+ 2kxk^(X «* ^f)p ~« kiffe;|p «*» 

kilfe? « 0 [See »te], 

(lote; fl» constant te$ itself ämpmds mi tf,  because in the 
expression for the eonstsat of tr&moleeular eellinieas enter isöl«§eale 
veleeitieg^ specifically for 0g sad Ig*) 

Let w-s note that this s«e©ad»dagree eqa&iion gives ©uly two 
foeta* so.rj?«3paud.i:rif to the first and seeosd Iteit* ?has, there is 
BO third limit In this case* However^ if wa asswae that Bug wry 
well clings to the wall aad that the eenstaat &» defines the diffu- 
sion rate, that is k>? » a/p» then ifene© limits are possible* Txms 
we haires obtained a. tliird-degree em&tlmx * 

%,k6^0' ~**f >P3 — kfxil — f)p2 + Ek-j^Cl —"20P — l%teg^"p2 — 

ty<*« 0, or 

HfäPö tlw pr-octect be   d„ and so the possibility ©ff tires limits Is not 
excluded* .'This possibility is eoEaeeted nith & rery Special assoup» 
tion as to tli© cotist&ats (kg is small» ky depends ©a p» ete*)« 
}   ^        l-«;?a la-..the ess© ®ff the reaeti©» Eg ■*■ O2 as T«, f» Vejesrodskiy.^ 



I and A. B. Halbandyaa faavs shorn on the basis of investigation of   » 
toehrs* experiments (?) and as have'clearly sbo*m the eaparhftenis of 
V. A« Poltorak and V. ¥» Voyevodskiy (8)$ the third chain limit 

' exists only in the ease of washing the walls of the glass vessel with 
salt solutions of the type IC1» which, as is known* appreciably 
increases the probability of capture of radicals by the wall» In 
clean systems, as was shown previously by B* A« Frank-.faMenetskiy(9}, 
and vas confirmed by Poltorak and Voyevodskiy, chai» inflammaßility 

—does not exist at the third limit and instead, a thermal explosion  — 
takes place* 

CONCL0SIÖSS: 

1} From three roots of Akulov*s equation (for the lisiits 
determination), two are always imaginary (for c)*0) or negative 
(for e<0)o Thus, the attempt, to give the chain theory of the third 
limits oae must conclude, is a failure« 

2) Hie third chain limit of' iaflamiaabilitj» as was shown by 
Voyevodskiy* is sometimes possible. However, it »ay'be seer* that it 
may come about only» as a rule, under very special conditions for the 
reaction to proceed, and only for a reaction sustained with the.aid 
of a very■rarel^&ceuring chain mechanism, 

3) The Reason for the spreading of the third limit is the 
inevitability of a thermal explosion at a sufficiently high pressure. 
The third limit» 1B .general» has a thermal nature« 
J-    h)   What applied, to the chain theory of the first and second 
limits and so often was noted in branching chain reactions (is the 
fora of the inflammability penitasola), today remains the Seraenov 
theory •(1929-193**-)» confirmed and consolidated by all later exper- 
iments» 

Received 26 Jma© 1951* 
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