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ON EXPLOSIVE REACTIONS OF GASES.

Ill. Theoretical Consideration on Explosive Reactions of Gases.
By Rrumezr Goto.

(Abstract)

(1) Definition of Explosive Reaction.

From the experimental results reported in the previous papers” is drawn the conclusion
that an explosive reaction induced in the reaction vessel heated'at high temperatures is as the
case of spark ignition or an explosive reaction induced by heated metal ribbon, a chemical
process to satisfy the following two conditions : A

(1) Condition for starting :  Generation of locally concentrated reaction zone (or flame)
—Primary activation.

{2) Condition for propagation : Propagation of the reaction zone—Secondary activation.

Since the condlition for propagation can be regarded as the condition for starting successively
satisfied, these two conditions are energetically identified with each other, but operatively they
must be distinguished : i.e. the energy for the primary activation must be supplied externally,
while the energy for the secondary activation is selfsupported in the reaction system. The
outbreak of an explosion requires both conditions : but it is readily checked by the lack of
one of them, The author presumed two fundamental postulates as follows:

a) Every reaction zone emitts the energy Q with respect to the elementary reaction which
corresponds 1o the sum of the activation energy ¢ and the Teaction heat q-  And this energy
can activate the adjacent zone.

b)  For the necessary condition for propagation of reaction zone, the energy emitted must
be larger than the energy given for activation.

Let n rcpresent the number of the elementary reactions in unit volume of the flame front,

then the energy to be evolved due to tne reaction and the number of the clementary reactions

. . . n . .
to be induced with the energy will be represented by nQ and 1 . where 7 is the efficiency

coeflicicnt of activation, respectively : hence the energy to be evolved from the new reaction

. n()?
zone is to be —T-;‘—

Therefore, the condition for propagation is

or —721—:2—- nQ=1 or @; 1 (A)

For the condition for starting, representing the primary activation energy by W and putting
nQ=W in cquation (A), we bave

1) This journal, 16, 101, (1942); 16, 141 (1943).
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Thus, the equation (B) denotes both conditions for explosion.

{2) Lower concentration limit and reaction heat.
Assuming that the efficiency coeflicient 7 is p-oportional to concentration ¢ in the neigh-
bourhood of lower concentration Hmit we have
7=ke
where k is a constant.

Hence, in the lower concentration limit ¢,. .

kco()
=1 [Q=(4+e)
or
koo
o T qg+k.

In the case of the vapours of miscellaneous compounds, the observed values of 1/c, and
q plotted give Fig. 3. The figure shows that there holds a finear relation between 1/c, and
q cxcept the cases of CS; and H.. This suggests approximate equality of ¢ for cach com-
pound, and also shows that both carbon disulfide and hydrogen belong to any other group so

far as the activation energy is concernel.

(3) Lower pressure limit.
With respect to the lower pressure limit P, which is observed in an explosion, putting
r=kP,, we have
KPQ _|

3

Under concentrations and pressures fower than ¢, and P, respectively, even if the condition
for starting is satisfactory, when the condition for propagation is lacking, the above equation is

not established ; thus no explosion takes place.

(4) Upper pressure limit.

According to the present author’s consideration, in the upper pressure limit the reaction
product generated by the surface reaction proceeding slowly checks an abrupt acceleration of
the surface reaction : thus the primary activation process may be retarted.  Under the pre-
sumption that the surface reaction velocity (‘]_I\L iz proportional to the evaporation velocity of

the reaction product and is in inverse proportion to the total pressure, we oltain

ﬂ,= kP-e-LinT

du
where L. is the evaporation heat of the reaction product and k is a constant. If the critical
velocity of the surface reaction necessary to make an explosive reaction break out is regarded

to be constant the above mentioned P gives the upper pressure limit, namely,
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Pr=Kk’c M/RT
or

log I’=A—L

T

This is qualitatively in good agreement with the experimental results. Hinshelwood drew the
same conclusion from assuming the deactivation by ternary collision®, but his assumption has

not been supported by evidence.
(5) Lower explosion pressure and temperature.
The efliciency coefficient of secondary activation 7 may be expressed from a statistical
consideration, thus:
7 =kPe-¢/RT
where k is a constant.
Namely, the condition for explosion is

-DPa—E/IRT,
kPe - Q >1

Hence. in the lower pressure limit P,,
A
log P0=T+B

This is the relation deduced by Semenoff for heat explosion or chain explosion®.

In short, it is concluded that some important experimental results of explosive reactions of
gases can be satisfactorily expressed in the term of flame propagation. This is to be called a
sort of macroseopic chain theory, whose characteristics is to take into account a definite direc-
tion of the propagation of reaction zone. Such a characteristics has hitherto been neglected in

the microscopic chain theory.

Chemical Instilute
Kyoto Dmperial University. (July, 29,.1942)

2) Hinshelwood; * Reaction between Hydrogen and Oxygen,” Oxford, (1934).
3) Semenoff: “ Chemical Kinetics and Chain Reactions,” Oxford, (1935).
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Table 1.
TR 1 K #oq |
s " 4 b & X HE ¢ —_ K. cal qX X 100
(eHilL) “ Mol
Methan CH;, 0.05 20.0 191.7 958
Ethane ClIt, 0.0322 311 336.7 1084
Prapane CH, 0.0237 423 484.7 1147
Butane C,H,, 0.0186 53.7 634.4 1180
Isobutane C;H,, 0.0180 56,6 630.6 1135
Pentane C;H,o 0.0140 713 774.9 1085
Isopentane C;H,. 0.0132 . 5.7 780.7 1030
Hexane CeH,, 0.0125 $0.0 915.9 1145
Heptane ’ CHy, 0.0100 100 1064.5 1065
Octane CsH,g 0.0095 106 1207.7 1147
Nonane Collag 0.0083 12 1353.0 1123
Decane Cyotas 0.0067 146 1494.0 1001
Ethylene C.H: 0.0273 36.6 310.9 855
Propylene Gl 0.0200 50.0 460.5 921
Butylene C;H; 0.0170 58.8 G117 1040
Amylene C;H,, 0.0160 62.4 760.6 1201
Acetylene CH., 0.0250 40.0 301.5 754
Benzene Gl 0.0141 70.9 750.6 1058
Toluene C.Hy 0.0127 82.3 £92.0 1133
o-Xylene CHy, 0.0100 100 1038.9 1039
Cyclopropane C,H, 0.0240 41.7 465.7 1116
Cyclohexane CsH,. 0.0133 751 875.6 1165
Methylcyclohexane C.H,, %.0115 87.0 1017.9 117
Turpentine Cyollyg 0.0030 125 1385.5 1108
Methylalcohol Ci1,0 0.0672 14.8 149.8 1007
Ethylalcohol C.1 0 0.0328 30.4 295.9 971
Propylalcohol GIL;,0 0.0255 39.2 438.3 1118
Isopropylalcohol CGH,0 0.0265 i 432.6 1146
Butylalcohol C,H,,0 0.0170 58.8 585.8 996
Tsobutylalcohel C,H,,0 0.0168 59.5 685.4 983
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TEIRXD 5
Pia+7Po,=K (16)

7 BBIRR S8, T ORSIE Hinshelwood 40
WL I —HEF LD TH 2.

1 w—WmER, B

BEBNE

-

EBRR

TR

2) HIHRISLBREAEIS MMEREFEASRONARBEOPRLEZT L0306, P2 T,
LOBRRZOEICR~ L 3 o, BHERESARELEELIGIHICRI0THS.

3) Kb 1447 M.
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MBDITH 2%, 85 2 IR L7 BEBRAS ALY & iR DA BESRIT 52 TR B DB I
MEEL WO 2RI IBUIR & 35 KRR E B~ T ARV ik D DT
5.

— /TR T Gorchakov OIFEBRE I L2 &, 5 lr':'%ilt‘ FREERIC LRRIELL_ ORI 12T
b RIEMBITIR TR EY £ LAY TH 2. COREMICHKT, RIBES 2 ~H~3
— b, ERREY. iR T HIEBEER

} Hofizemadcks. B KIBMIEE
HRMRINTEZ b0 LE~DEELA

> / w. RN —HREOFIIICHIL I (G 6 &

\ A, BiH) K{EBKOGFEIT b KEERcBIL

» ;
?é 1a . }/ T EREMOAESED LN ZDTH DL,
t 10 I =2 T oL, Wb KAERGED b R
\g THoT, BRESEsNNahcE33R
b—— |
WhTes. ZHOWMELMHEH~D L,
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AL40,) o REE (1) amumy  METRREC R 5 ERARDS, a5
O ) () GHADKIE=ERE" o L ofebi KA 2T B b &
(Gorchakov) figm T > WANEKD. WLT, KR, FHk
¥l 3. T O R ORI WA S 1O & KER
B m L I T 2 B R LR IS F 223 TH 5. T b LR
FOAMCRERY D BIC 2 4 OB OR LA ER B b v, T
ORI AT W ARETT- 2R BE A ISR UE R ED S/ b, 0% D RFEE i/ 2 KAROBIC
BRIGEIRKRSE b 2 SR EHICHELR 3N 5.1 LT T oA KEOITMRRKITKERADORK
WM D 2 BE~T L, LAEROIFHEEN SN LEE~THL L WD fMtic LT
Vil CiE R < T, B Y e b SRR U NI AT 5 HRIC M T Z oI N 2 R
EMOHEO LD LIETS &, 45 4 o MO 21BN 3 < L RIS i 315 L7ck
T, T IERsSEMi 0 M ETARRD L, S X M SR b sl L. i i o TS I

i L TR b 33 o L B~bi 5. '

fET IR,

1% 30
5
&
24

1) Gorcnakov, Semenoff: “ Chemsical Kinctics and Chain Reactions” p. 212,

2) NUN—#eEE: &gk 15, 118 (8316).

3) AR, Mok, #MEs Ak 15, 42 (FR16) ¢ [LEEMEHG 5126, 6317 (IR16).

4) 45 1%: &2k 16, 10171

5) WEMRMOPERKL BB RS ERIUD oH~F L, B LTHORIIHS b0 L RS
ho.
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Bl b 1820 4 : . g
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BFEWHOER TR 2 500 1000 1500 2000 2500
DM BHREHAL L T e,

TRARABELHE A xiC Fig. 6.

ME L TEW TR Z OB X MO COKA AN Y 2fticiRE T 5.

Lok LR TaHsmN2hE. X

(4 F|EEEWIC T A0 ) B R L TR 5 3t

(5) EMAMGhARCHAEE EAREX L2 TN

(6) WA TRREEEX KT 2.

(M) BEREOAZEEBBEMATEH, KERLEMTS.
‘ 8) REitkOXWBRAL REMCT 3.
LORMEICKTERACET 28020, il T2EoBREfh d iciTidhi
B2 oHBHEO M T2 HRIIKEDOTH 5.

B (1) 12 Semenofi-Sagulin-Kowalsky % 7F Kopp o #dhi:ic ik 2 Bigic ¥ T, ELC 1R
SR KEEE I ERERLTESY X () OBRIIAR, HRK—ERKEONE T
RTEBLNTES. KiT 3) RARSEOHERI bilkiahTED s, 2Lk b b, do&M
PEFEERRFROMED AT Y ROEANHS. UbEHIOKSEY # 2 jlicm#| LT
WTBREE YRR LTI E T 5 &, 18085 S e ERAE & b S Ic R CIER RSO TE
50TH5. ZOLTONEEPCHEEOKELROIBMLTETEX ERAM LTS
FERELGEWERAFHABAIN TS, WITHIICO —FRIEREOBBIE IR TIR S
R A OPFT B SO IETER X bigcBVWillE T ~NERLTESDOTD Z)ii, 17
L M HED 2P KA O X W TS 2 L IRERT 23K S,

& 6) (6) (M B), kKHFTHHEEIBMCAREOKBTKTRDONETDS.

1) Sagulin, Kowalsky, Kopp and Semenoff; Z. #iysik. Chem., B, 6, 307 (1930).
2) *ﬁ; 'i'l"?k) 1&&: 7&%) l5y 42 (5;’:’16).

3) B 4 9, 1 (110).

4) BR%F; Ak, 15, 18 (mi16).
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B3, ERA EOME i ACiE, 2SR e K TR MR & I 2 W 2 Sk
RIESIH 2N B 2 S BEts st Lavnwbo s B~ TEnHAK S,

VI PR B LR K
Lidin <, ERAMED Lic 5T IREE S RO i Kii KB 2 TR 5 L5~
LNDDOTH DA, 4 LM LTl O ENIEOAFZREN KA (DT, 20K
ICHRm RERHEREZR T, o3 ElrEk T30 BETS.
KICABHIE V HEBICEAOREN P ICUILAT 5 b 0 & LORIIKEHIE () #
M EOARBECHM T b0 BT L

%=kv=k k’p-n an

iLTTOMEEY K BRDIVHIMTOREME L & T2 L ROMRBIEIRITS &
EAbLD.? ‘
kr=kurl'me—LIRT (n] < 2) (]8)

mL, X7 RREcENRTRAETs 5. T A7) RZEpPickomFuans.
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TOLE BRI E~GND. W5, BB LRI Py € ATRT ORI KEHIE - 3K
M LHE~B L (19 Xbb

Po" =K’e~ LJRT
®wiz -

log Po= A —_'%‘ (20)
BLAERCBREfEYCcHZ. b EMNROF Y & HIEOMNE L OMIRIETIME L 2W
TdD. TR 2HMIRITHTIIN L7, Hinshelwood On7ePiifL 2 M—THDT
2R 2RIT TR THCHBHECY Y —FET2 0T 58, Lo REMEN
manHBOTHSB. BL Hinshelwood 2513 EMRSWRBR Y, BHIICR} 2 =4 T-Hi%iC
HKTHFUBT-OBRETIHEBEL TR L OTH 58, LEOHICKEMITICEKD Kini
MWEHEBRET2HIKTIRIZINDZIDOTH DD

1) —BXREREFSRESTSETHEI L ERBISETE~S. WK, FiGHEEEBSRTsX 2
7y OEEEERX VTP IKEEMT ZENA LivTh 3. (Sophus Weber: Chem. Abstract, 16,2443
(1922)).

2) MBEHINICEET 3 Richardson oRXICHIH T o lE<TH 3.

3) $2#, BoErOMMILBERE= A ¥- Rz 0BE, LECHWHROERMHE TS
DLMEING.
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W om LT, FTRABUTCRAAMES GEHD BRXES T H, ERARULETRE
KR (WD MR T rO B, SRS TES EELMch S, ik, 372 HoH
AT PR TR Fe Bk 7, R —RUCERD HALTH I IR L X2 R MR T 5300k 2
NiehbdTds.
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b, #hH, LELZWRCHIORESLZTTOEVS, TOMGICLBIRET, Bhitas
OIENMAL T 20— ERTEBE S LO 2864 2E Y HBIcALTE{TAC
b5 fiiLic LTh, WO B SR M % OEER L TSR RGCEN 35011,
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W5, REBBRITIT, L = f L £ — o FESEiiikar & B~ 5 ek, 18
PRI A B h, Z e Lo, BRRMCHEOTE L ibER+ 2 A IR 5.
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1) Semenofl, “Chemical Kinctics and Chain Reaction”. p. 242, Lewis and von Elbe, “Combustion,
Flames and Explosions of Gases!' Cambridge (1938), p. 30. :
2) RE—-IAR, K& 16, 29 (W17).





