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       ON EXPLOSIVE REACTIONS OF GASES. (1). 

                Explosion.Limits of Oxyhydrogen Gas. 

                   IIy Shop Kimara, N~wntnsa Aoru and 
                                Rc.tNei GoTO.. 

                           Introduction. 

    With respect to the thermal explosion of a mixture of an inflammable gas 
 and oxygen or the. air in a closed vessel, it is well known that there exist tsvo 

 pressure limits-upper and lower-within which alone the explosion takes. place. 
 According to Hinshehvood'>, Semenoff'' and other investigators, the lower limits 
 is affected by the property of the surface of the reaction vessel used, and is 

 lowered by the enlargement of the diameter of the vessel and also by introducing 

 an inert. gas so that the explosion takes place more easily. The upper limit is 
 affected neither by dte property of the surface norl ~y the size of the diameter of 

 the vessel, but it is lowered by introducing an inert gas which makes the ex-

 plosion harder to break out. These facts have been explained 6y the assumptions 
 that (t) the gas explosion is mainly a chain reaction in the gaseous phase, (2) 

 the chain breaks on the wall of the vessel at lower pressures, and (3) at higher 

 pressures it is broken by a triple collision in the gaseous phase. The thus pro-
 posed chain theory of explosive reactions of gases premises the fact that the upper 

 pressure limit-chiefly belongs to the process in the gaseous .phase and is almost 
 indejiendent -of the surf<zce of the reaction vessel However, an careful examina-

 tion of the experimental results obtained by Hinshelwood and other investigators 
 exposes tolerably abundant facts which leave the doubt that the upper limit bears 

 a close relationship: to the surface of the vessel. For example, the upper lirnit 
 curve obtained by Hinshelwood" shows clearly the effect of the surface It is to 

 be noted that in an aluminum or silver vess-cl"t low pressure explosion is so much 
 retarded that no limit curve can be obtained. PoljakoweJ pointed out that platinum 

  wire (0.2 man, thick) placed in a silica, tube exerts a retarding action on explo-

       r) Hinshelwood and wiltianuon, " Thr Rrndia+ btturrn Ayd+ogeN anJ Oxygnr" Oxford (t9;q). 
       3) Semenoff, °Chvnita! Kirutirt m+d Chaim Readra+s." Oxford. (x935)•. 

        3) Thnmpson and.Hinshelwaod> Pmt. Roy. Sa<., 122, 6[0 ([9zg). 
       q) Gartang and Hinshelwood, ibiQ., 13D, 6qa (t93o). 

        5) Ilinshelwood, Mcetwyn-IIughes and Rolfe, ~i6id., 139, 5zi (t93t} 
       6) Poljakow and Neumark, A:7a Phyrerxhim., 9; x6,i (x938).
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sion, e.g. platinum wire which is more than r5 m.m, long makes the explosion 

peninsula vanish completely. According to him, Elatinum wire possesses riot only , 
an activity of generating the active cehtres tvhic6 bring forth the chain reaction, 

but also that of breaking other active centres colliding with them, so that long 

platinum wire retards the chain reaction, 
   That the surface. of a solid is of imlwrtance to explosive reactions of gases 

has -been pointed out Habcr and Alyea~3, and thus it has been admitted that the 

generation of the active centres has its origin in the surface of a solid. .On the 
contrary, the part to be taken by the surface concerning the upper limit has been 

denied by Hinshelwood`), Srmenoff"' and others. Nevertheless, this problem is 

not to be considered as decisively solved and it is still a most important point in 

the consideration of the mechanisms of explosive reactions. The author have 

undertaken to ascertain the experimental factors taking part in the determination 
of the limits, especially the upper limit, of an explosive reaction between hydrogen 
and oxygen. 

, 

                         Experimental. 

    Apparatus and experimental procedure. 

    For the reaction vessels were used l kinds of Pyrex tubes, as shown in 

Table f. 

                                        'T'able L

Length lliamcter
Internal

sur(aoe area
Volnme

Nn. 1 1$cm q.o cm ' ACID' 19 cml

No. z 3~= Iliq u7

No. 3 z.7 13$ 83

Na 4 z.l loz A

No. 5 1.7 86 36
Nn 6 1.3 Gq zo

    These tubes were -.yell rinsed with the bichromate-mixture and distilled water. 

In the examination of the effeets of various salts the tubes were rinsed with dilute 

solutions of those salts and dried. In~ the . examination of the effect of ]he vapour of 

      ry) IlaLer and Alyea, Z. pkyiik. C/ren~., B 10, +93 (+930): Alyea, J• .fnmr. Ckrrn..Sor., 53, +3zq 
(+93+} 

     8) Himhelwood, Tmnr. Pnmd. Sx., 28, tS4 (tg3a} 
     q) Semeno6, ibid., 28, 606 (r933)v Iavrm and Aestchaslny, Arrrs Pkysiro~kim., 1, 975 (+935} 
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 the salts a side tube containing the salts was attached to the reaction vessel and 

 heated. to the same temperature as the reaction vessel. 

     The observation of the upper limit was made mainly by the withdrawal 
 method: Namely, (I) introducing the gas mixture at ]otv temperatures, (2) heat-

 ing it up and (3) withdrawing it. The explosive reaction. was recognized by, the 
 discontinuous pressure decrease (pressurekick) indicated by a mercury manometer 

 connected with the reaction vessel. The electrolytic gas (He;O_- : t)'was used 
 in the experiment. 

                               Results. 

     A:xperiment 1. The general characteristics of the upper limit. 

     It has been admitted .Chat the upper limit depends only on the temperature, 

 the composition of the gases and the pressure. 13y the present experiment, how-
 ever, it was asmrtained that it is fundamenhlly affected by the experimental 

 procedure. 
     a) Pretreatment of the reaction. vessel. 

     1'hc.reactioit vessel was evacuated for more than 3o minutes at 55o°C. be[ore 
 use. When this pretreatment wc~s made for a shorter time and a[ a lower 

 temperature, the curve of the upper limit becomes generally low and irregular. 

     b) The velocity of the temperature rise. 

     The reacting gases are introduced into the pretreated reaction vessel heated 

 to about 4o~°C. and then heatedto the explosion-temperature at the rate of to°C,. 

 per minute.. This velocity of the temperature rise exerts a remarkable influence 
 on the .upper limit : when the velo-

 city'o( the temperature rise is large, 

 the upper limit becomes high. .. 1O° ~~•~ _ 
                                                                     ~ Yu.b 

     c) The velocity of the pressure 5 gO ~°"~ 
                                          ~ i;~ e   d

ecrease. sLL' 

     Alter the temperature has reached 60 - nae 
d 
 a definite poiri[, the upper limit ~is w` qo 

 reached by slowly decreasing the pros- °                                                   •c 
~ 
 sine at the rate o(1 m.m. per second. 

 When the velocity of the pressure ° 

                                   

- 4zo 440 460 480 500 Sz0 540 560 -
 ~d

ecrease. is small, the upper limit -.T°c 

  lends to betOnle luw• I'I& t• Reaction tube No. r, d=4.oz cm.; Vu                                                     A d=3 .t5tm.; No. 3, d=z.65 cm.; No. q, d= 

      d) The size of the reaction vessel. z.o7 <m.; No, 5, d=n73 cm.; No. 6, d=tg°cm.
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    "Phc upper limits observed by using various kinds of the reaction tubes, under 

such conditions as the me of lo° per minute. for the temperature rise and I m.m. 

per second for the pressure decrease are shown in Fig..l. 
    As seen from this figure, the upper limit generally rises as the diameter of 

the reaction tube becomes smaller. When, however, the diameter of 1.3 cm. is 

reached, the upper limit lowers. Above 54o°C. the same uk~per limit tends to 6e 

reached in all the reaction vessels. On the other hand, the lower limit gets lower 
with the increase of the size of the reaction vessel. In short, the explosion penin-

sula is generally lowered according as the size of the reaction vessel increases 
and the position of the critical point of explosion (the apex of the peninsula) lags 

towards the diru[ion of the ]otver pressure and the lower temperature. 

    Experiment 2.- Influence of various metals upon the explosion limit: 

   The results obtained by Poljakow"' and Hinshelwoodbl suggest thaf the presence 
of metals shortens the explosion region. The present authors examined the in• 

fluence of various metals upon the explosion limit. The experimental method was 

the same as noted in the previous section, namely, the explosion limits were 

observed by using various kinds of metal, wires polished with . emery paper and 

kept in the reaction vessel 

    Generally speaking, in the presence of metals, when the temperature of the 
os~-gen-hydrogen mixture is raised,thc pressure is first found to increase sliglaly 

and [hen at a certain temperature it begins distinctly to decrease. if the tempera-

ture alone is further raised, explosion does not take place. When a certain 
temperature is attained,however, the withdrawal of the gas leads to explosion, 

thus making [he measurement of the upper limit possible. Fig. 2 shows the effect 

of platinum wire observed by using the reaction vessel I~ro. t. 

    In [he case of the reaction vessel containing platinum ~i•ire the ul)pe:r Emits 
is lowered and the lower limit raised as compared with the case of an empty 

vessel. The longer the platinum wire used is, the greater the effect is , and a 

platimlm wire more than to nLnt. long makes the explosion peninsula disappear 
completely. The effects of silver, _nickel and aluminum are shown in Figs. 3. 4 
and 5. 

    Thus, the following (acts were experimentally confirmed : (I) the presence of 
metal wires lowers the upper limit ; (z) the larger the surface area of the wire is the 

greater its effect is ; (3) the total pressure. decreases before, starting ofexplosion in 
every case ; (¢) silver and nickel lose their lustre and aetiviq~ as'they'are used ; and 

(5) Platinum produces the most rentarlcable effect and aluminium the least. The.

941)(1
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decrease in the total pressure suggests that ca 

surfaces of those metals. In other tvords, tl 

the system containing the vapour of HA ' 

a metal. Accordingly, it is inferred that the 

not. directly by the surflce of a metal, as I c 

by tiie water vapour generated. In confirma 

water vapour was examined. 

   

.Experiment .3. The ;effect of the water 

   'How is the curve of the pressure limit 

an oxygen-hydrogen mixture at diflarent rate
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s, this explosive phenomenon belongs to 
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in the same way as Exp. 2 and the results observed are shown in Fig. 6. The 

presence of the water vapour lowers the upper limit and raises the lower 
                                      limit. Accordingly, the above men-

 ;y~ n boned effect regarded as produced by 
    loo 

 E a metal is to.be considered as the effect 
 E ~ 

 4 of the water vapour. The fact that                             I IL 

    ~ - the effects of the metals become smaller 
                                rv at lower temperatures and lower pres-

 °' QD sures nt
ay be ascribed to the smallness 

   ,° ~ _ of the 'amount of the water vapour 

8 

                                    present, judging from the lapse of 

0 

     a~ aa° a~ a~ 5~ s=° sa° time. The retarding action of the 
                                         -. T °C 

   Fig. ~6. furve i, Nn vnpnur, CLrve II, [ mm. IIg water vapour fluctuates according to 
   [LO ;, Curve III, zmm. lig. Ii:O; Gurve Iv, the order of mixing. For example, 

   q mm. tIg. ILO. (Tnt,e Na ..) 'w/ten the water vapour is
, first intro-

 dueed and then an oxygen-hydrogen mixture, the reaction is retarded more 

 markedly than when an oxygen-hydrogen mixture containing the water vapour is 

 .introduced. And more than 5 m.m. of the water vapour retards.-the explosive 

 reaction completely and slow reaction proceeds markedly. 

     Experiment 4. Inf9nence of various salts. 

     Yease10' reported that the rate of reaction of an uxygen-hydrogen mixture 

 passing through a Pyrex tube at 52o-..5go°C. at atmospheric pressure was very 
 sensitive to the pretreatment of the surface. With the surface rinsed with.a dilute 

 potassium chloride solution, the yield of hydrogen peroxide was remarkably small 
 :md the temperature of explosion was .high as compared with the surface rinsed 
 with nitric aiid anc( distilled water. This fact found by Pease was applied to the 

 retardation of the surface reaction behveen hydrogen and oxygen by Alyea"t and 
 Oldenberg'o. And it seems to indicate the presence of the effect of various salts 
 un the explosion limit. The preseut aulltors observed the infltience of s,11ts in the. 
 following two ways. 

     t) ]nfluence of the vapour of salts. 
     13y heating various salts put in the side tube of the reaction vessel together 

 with an explosion gas mixture, the explosion limit ivas observed. TBe results 

      lo) Pease, J. .fares. C/rem. Sx., 52; 51o6(r9;6). _ 
     II) Alyn, ibiA., 55, 3~7(i933)• 

      is) Oldeubelg and Snmmersi f. CAenr- Phyr~ 8, 4~ (Iggo); 9, II5 (tgq[}
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   obtained are shown in Pigs. y, 8 and q. The .lowering of the-upper limits 
   at 5oo°C. iS tabulated in Table lI. (The standard curve was drawn from Pig , r 

   and, strictly speaking, it is subject to a more or less variation according. to the 

   nature of Nee surface.) , 
      With potassium iodide, cobalt chloride and nickel chloride, the explosive 

   rSsaction was so completely retarded that the explosion limit could not be observed. 
   With nickel chloride, slow decrease of pressure was observed above 3oo°C. 

                                Table lI.

Salts 1.iC.l NaC.I KCI CaCI. RaCI. A1C1~ NaRr KRr Na_CO~

Lrwering o(-.Hyper
limit (m.m.) !8 0 5 tr -S z8 t5 rz . tz

2 (1941)
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   2) Influence of the surface treatment with salt sghdion. 
   By using the reaction vessel the inner wall of which was rinsed with dilute 

solutions of various. salts, the explosion limit was observed. The results obtained 
are shown in Figs. [o, [ t, [z, t 3, and I4, and the lowering of .the upper limiC 
at 5oo°C. is compared in Tables III and IV. These results show that 'the in-

fluenee of the surface treatment is greater ahan that of .the vapourof the salts. The 
influence of concentration is generally small at more. than. [too Dl. ~4'ith potas-
sium.-iodide and »ickel-..chloride, the concentration.greater than f~lo M retards 

the. explosion reaction:.
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                            Discussion. 

   It has been admitted that the upper pressure limit of explosion depends only 

on the constitution of the gas, the pressure and the temperature. However,•the 

above-mentioned experimental results prove that it also depends on other factors. 

Each factor will be discussed- be]ow. 

    Experiment t. 

    1) Remarkable influence of the pretreatment of the surL~ce on the upper 

limit shows that there holds a close relationship between the performance of such 

an explosive reaction and the surface condition. In the cast of incomplete pre-

liminary evacuation something which remains on the surface-probably the water 

vapour-seems to retard the explosive reaction. 

   2) The influence of the velocity of heating on the upper limit is connected 

with the duration of the time when a mixture is kept at high temperatures with-
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       out exploding. It is expected that the duration of the time allows a slow catalytic 
       reaction to proceed on the glass 'surface. Although a measurable: decrease of the 

       pressure is not observed when the heating velocity is small, yet the existence oI 
       the same surface condition is conceivable as in the case of incomplete preliminary 

       evacuation. When the duration of heating is long, the water vapour catalytically 

        generated may enough retard explosion. , 
          3) The influence of the velocity of withdrawing can be discussed from the 

       two different stand-points--(t) the above noted duration of slow reaction and (z) 

       the turbulence of the gas by the withdrawing procedure. It is probable that the 

       withdrawing procedure produces the effect similar to the streaming method. But, 

       according to the experimental results of Semenoff"~ and others obtained liy the 
       streaming method, the larger the streaming velocity is, the more widely the. 

       explosion region extends (the cause of this phenomenon has not been explained). 
       Both streaming and withdrawing are regarded as the washing effect, so that they 

       arc considered to lwve the probability of accelerating the surface reaction. 

          4) Hinshehvood maintains from his experimental results that the diameter of 
       the reaction vessel has no relation to the upper limit. The results obtained by 

        the present authors, 'however, are quite the. reverse. Though the cause of this 

       discrepancy is not clear, it seems to be due to the variation in the said washing 
       effect caused by the sire of the reaction vessel. Anyhow, so long as the explo-

        sive'phcnomenon'is regarded as a simple homogeneous gaseous reaction, it will 

      b:: impossible to explain the above dccrifxd facts, (I) (2) (3) and (4). 

           Experiment 2. 

           Experiment 2 shows that various metals retard the explosive reaction, as 
       Poljakow has pointed out. Yoljakow assumes that this retarding effect of metal 

       is due to the breaking of the active centres by colliding with the metal surface. 

       Silnilarily, Hinsltelwood"~ explained the fact that the explosion peninsula dis-
       appears in the case of• a silver vessel. On the other hand, Lewis16', proposed the 
       hypothesis that the retarding effect in the case of a silver vessel is due to the 
       break of the chain caused by the action of silver or some silver compound in a 

       vapour form. In this case, it is to be noted that the water vapour generated by 

       the catalytic effect of silver or other metals coexists. And the coexisting water 

             

- t3)-Sngulin,Kowalsky, Kopp and SemenoR, Z, phyrik. CHna., B, 8, 3% (r93o)• 
              Iq) Itinshelwoad, Mcelwym[iughes nndRal(e, I'rroc. Roy,~Sx., 139, Sat (1933)• 
              IS) l;• Lewis and C. von Elhe, "Combtutron, FTanu and Es~Jarbra aj Cnur"; IL Heiplc aad R. 

         Lewis, J. C/um. Phyi., 9, xzo (Iggt} 
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vapour can retard the explosion reaction, as clearly shown in Experiment 3. 

Therefore, it is appropriate to consider that explosion is retarded not by a metal 

itself but by the water vapour secondarily generated. Apparently there is much 
difference in nature behveen the effect of a metal and that of the water vapour, 

but. i[ will be explainable by taking into account the ftct that when ̀ the tempera-
ture gets higher, tfte steam content increases in volume. 

    The retarding effect of salts in Hxperiment q is markedly different from that 

of metals except nickel chloride. In the case of salt the pressure decrease was not 

observed even when a striking retarding effect is produced. Namely, the catalytic 

poNer of.salt seems weaker than that of metal. The retarding effect, therefore, 
in this case is not considered to be due to the water vapour secondarily generated: 

According to Pease, salt is to retard the catal}nic reaction on the glass surface. 
    In the cnse of nickel chloride, the pressure decrease is clearly observed just 

as in that of metal, so that the efiect seems to have been produced by the 

water vapour catalytically generated. It is uncertain whether remarkable retarding 

action of nickel chloride or potassium iodide is exerted by the salts themselves or 

by a substance formed by their decomposition. And it is also uncertain whether 
-
the retardation by the water vapour and salt occurs in the gaseous phase or on 
the wall of the reaction vessel. Judging from a striking. influence of [he surface 

treatment, it is inferred that it occurs on [he surface. If this inference is correct, 

the explosive reaction at the upper limit is not the process in the gaseous lihase 

as hitherto admitted, but the surface phenomenon. This problem will be dis-

cussed later. 

                             Summary. 

    t) It has been found that the upper explosion limit is varied by the experi-

mental procedures and conditions, such as (i) the pretreatment of the reaction 

vessel, (ii) the velocity of heating (iii) withdrawing, and (iv) the diameter of the 

vessel: • 
    z) The retarding effects upon explosion of various metals, salts and the 

water vapour have been observed. 

    3) It is inferred that the effect of metal is due to the water. vapour generated 
by its catalytic action. 

    4) It is also inferred that the retarding effect of salts is produced on the 
surface of the vessel.

2 (1941)
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