
.' COWA RD5 6 005 4 

T iI J, J 0 li lU, . \ L 0 F C Jl E ~l C.-\ L P Il \' SIC "' VOL Li ~; :.; 2·1, :\ j:-'; II L I( .) ;\ •. \ ", I '.I 5 (, 

, 
'-. Calculation of the Detonn:~io:.J. ?roperties of Solid E. __ Jlosives wi'~: t: e 

Kistiakows'.:y-W~_SO:2 ~quatiG:: of State*' 

.{. D . COW.-\X AXD W. FICKETT 

Los Alamos ScicII/ific LaiJoratJry, [jjl':-;:oni!y of Califon.ia, Lvs .·jlall:os, .r,w .1fc.;;cu 
(Received June 13, 1955) 

The Kist'akowsky·\\'ilson cr,uJ~i(':1 0: stale. of"=RT(1--rxc'h) , where X= :/VJ(T+o)a, ;01' .. ;,:c.;~ou; 
tk .. or::tt:un products of soCcI e.\;)~c .. '.:) ;1" re-CX3.n1~ned :11 the lig!-.t of new (;Xperir.1el,t .... ~ t:~~~~ Of! 

(,donation prc,surc anu on the \ , ... 'lv;. v. ,,~lonation velocity D with 10:ldi!1t:; c"ns,ty Po ior 5~v~:al 
id):\:/T?-.T mixtures. The value !3=0.jO used in the past is too hi"h to match thl.! ohserver; slope> u: tile 
I;-po curves. The old value ,,=0.~5 is too small to match tbe cxpcrimcn~al Ch:l!1!1lan.JOl;~ud ;,,·(; .. ;t,r~ 
oi m05t of these explosives, but LOO larf:c to match L:le pr\!ssure oi pure T. -T. A suiL",bk com:mm',,_" ;or 
the cxplo,ivcs considt:rcd is «=0.5, !3=(I.U9, O=400oK. 

1. INT::lODUCTION 

f. :\t'.:'IIBER of attempts have been m.i.de ;,1 the 
rJ.. past to GJculate the detonation propertie:j of 
solid explosives.I-12 Since the gaseous dcton:n:on 
products cie\'clop pressures of the order of a qU •• ;--,er 
mega bar (1 :\ lb= 1012 dynes/cm2 = 0.98692X 106 acmos), 
directly applicable equation-of-state data arc non­
exi5tent and some form of theoretical or empirical 
eqt:ation oi state for the detonation products must be 
assun:<.:d . When the inycsligations quoted in tl.e 
aiort:mentioned were made the only reliabie experi­
menta, cbta available :or compariso:1 with the cal­
culated results were detonation-velocity measurer.:ents; 
such data do nul provide a very sensitive test 0 : the 
correct ncss oi the assumed equal ion oi state. Rect:n1.ly, 
ho\\'e\'cr, accurate measurements of the detonation 
pre~~ures of several explosives ha,ve been made at 1his 
Jabor:ltory.I~.14 We have employed this cla~a in :, rt:in­
vesligatioll 0: an empirical equation of state Wl1i( ~~ '.i·as 
fIrst propo:,ed by Kistiako\\'sky, 'Wilson, ancl IIall(Ji'd o 

and \\'l1iell ius been utilized extensively for detonation 
cak~I,' l iO;-,S.D-12 

The i';: '",t iakowsky-Wilson equation of st:l.lC 

* This work was periormed under the auspices of the L. 5. 
. \[omic En~rg~' Commission, and has bccn reported in gr"aler 
dcc,,;l i:1 Los .\la:ll0S Reporl LA-1865 (classified, not availaLle 
for ·el.l.ral circulation). 

11'. Caldi:o!;1., J. Chem. P"ys. 1·1, 738 (19-1-6) . 
2:\L :\. Cook, J. Chem . Phys. 15,518 (t947). 
3 H. Jones and A. R. Miller, Proc. Roy. Soc. (Lor.don) A191, 

480 (19-1-S). 
• S. Paterson, Research 1, 2~ 1 (19-1,8) . 
, T . L . Collren and S. Pater50n, Proc. Roy. Soc. (London) 

A213, 2J.l (\952). 
C T. .r::ihara ""d T. Hikita, FOllr!!, SYIIIJ~osil/m (International) 

1m CO'/:!'lIs!iGI! (\\,il1iarns and Wilkins, baltimore, 1953), p . 458. 
7 Coo!" ."::~yes, Horsley, and Filler, J. Phys. Chern. 5S, 11 b 

(195·1). 
• G. d. Kisli;.kO\\·sky and E. n. Wilson, Jr., OSRD·l1~ (:9·11) , 
'S . ,{. ;,,.;;.:,: y and E. Il. \\,ilson, Jr ., OSJ~D·9()S (1()~2). 
'" S. I{. D:'ill:"ey and E. B. Wilson, Jr., OSIZD-1707 (j~·I3). 
11 Kil'k\moci, j~rinldq, and Richardson, 05RI)·2022 (19·13;, 

Ap; Jt:tH:i_\ .\. 
I' :: •• \, ,:;;';,ii :LJ\ and Jr . G. Snay, ~t\V()I{ . 

(rb."i;:n1, Ii(,[ .,\·ail:dJlc); II . G. ,nay :LIlli L ~l"nu:" .\. \ VO.,.' 
1732 '1<)51 1, «(' .... ~i.il:d nol avaibbk) . 

slightly mod' fled by us has the iom. 

where 
X=i./Vu(T+o)a, 

(1) 

Eer<:: Va is t.he molar g. s voiume, X;;S ,:-:(; Llo!e :fraction 
of C0:11pOnent i, and the sum '- ;:Js "vcr ::ll: c~emical 
components oi the gaseous ..... · •• "e. T}:e c: uan~i;:ies 
a, {3, K, 8, k; are empirical constants, tnc k; l1aVin6 1.1~e 
nature of covolumc~ (i .e., a sort or cXLI;lded \'olumc) as 
is shown by the equilibrit:m equalio:: (5) . Tr.e vdu::s 
a=O.25 and ~=0 .30, which we,e chu:-,e::-;. ori,;ia::1!y'> to 

give agreemcnt W:U1 the exper::.~t:Lt<tl d ... ta the!1 
11.\'~dable, have been used in ,,11 of t'1e ::;~CC(;t(.E;;::; work 
wit;; : .. is equation oi state. !{o\\,ever, ::;L\'(;~"'. (:::':(;rent 
,,-:::i oi \';:i,;cs of ~he h; ha\'e lJeen (:t:.u:n:ne(. ;rom 
ex h~rim~.,,;d <1:.::1 (s-:c refefences <) .: :.::l. :2. We 
have trc,lted ali of the parameters (Li, ;:;, ':, k:',,) 8.5 

:l( jU~lablc in an efiort to de:.errr.i:1C a ,,~. \:l,;CI; 
would make it possiLk 10 matc!1 a "et (J! e~.,J(;ri ­
n1ent~1 data \vhieh inrlu(!cs Lot!1 tr.l! \':~~':~~~I-'!-: or 
detonation velocity with lo.luin;,; ,:i,;,.:-;ity (.'J-;; ), a::cl 
LJt: Chapman-Jou;,;et pre:;sure (peJ) .1: .. i '1. !" .. C::1;'; 
dL .. ,,:ty fo:- a group oi :IV(; reLee(! (;X~ :,,.>il.o. 

\Vith the value 0=0 which has bet:c "Se(: ::: ::,i,; rJ'-'s~, 
it n;ay easily be s(;en that the e(u<ttio:1 of <,: .. 1.t: :".s .. 
r.1in:mum in p 1'$ T (for COi1stL.:1t YJ and corr.p.:l3:'.::0!;) . 
\\,ith a=O.25 ,.nd with v~lu<::s or Vc "''TJro:J:·:;!.-::o lL~ 
detonation region this mi"imu::1 occu:'" 11<;,"T O~ ~~, bu: 
\\'ith a=O.S it moves up w :WOO or 3C.juo:-=-. \\.c:: .; •• \'e 
used the arbitr"ry value O=";'OOoK ior .. ,: \, .. :-':';:3 0: Ci 
this h~s proved 1.0 be lar:;c el:ot:.gl: 10 c.ir.;:::.:t-: :h~ 
mir:mum throughout the vo~ume [(;,;iO;1 c.::l~·~,cter:st:c 
of plane detoLttions, and yet is s:1'.~ . .l CO::ly:l;'';C \',.": 
the values . T encountered . 

The ca!cuations are comp!ic"-lcd :JY l.'C pos~;'lL 
:'_ ' ~cnce of solid carbon. \Ye have "s::.t!mccl ,'::s to :.,~ 
present as grap:lite and treated its l'l,u:1i.ioll oi ::;.:"~.; :.S 
known, US:I 6 a jorm employed eXL .:sin;:y ~.t t!::~ 

hbor::tt.ory: 

13 \\'. I:. 1k.1 \I..\SL) (to be pUblished). 
1- K .E. Du:: and .::. Houston, J. Chem. 1'hys. 23 :2GS (1955). where, with /) ;,: ;neg.,Lar~ ,1,1d Tin VOllS (i.·., i,l '... ... ,~ 
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of 11 005.6°K), 

PI (VB) = - 2.467 +6.76(7)- 6.9567)~+3 .0-107)LO.3869rl" 

(/(V.) = - 0.2267+0.27127), 

b(V.) = 0.OS316- 0.07S047)-1+0.0306S7)-~, 

with 7)= V ,O(P)/V. = p/ Po bein,; the compression of the 
material n:.a.tive to its noi'mal crystal density 0:' 2.25 
g/ee. The numerical cocii'i(ients were obtainec. ~J.'f .tuing 
expression (2) to points on the shock ';'~~.,;oi1iot of 
gr'lphite!:; and to the compressibility and thcrnu.; 
expansion cocllicient at normal density. The range of 
applicability is 0.95<7)<2.5, O<T<2. 

2. THEORY 

If solid carbon is c:onsiclcrcd, expressions' re needecl 
for the thcrmodYllam;l' func1.ions of both gas and solid 
phases; these may be derived by standard thermody­
namic methods, and are summarized hc~e . 

For the gaseolls component with equation of Slate (1), 

E= L x, (E - 1U).+ L Xi(IJoO)i 
+ RT[aT(F - 1)/ (T +0)], (33.) 

5= L :r,(50)i- R[L Xi lnxi+ln(p/pO)] 
+R[1nF- (&lx - 1)/f3+a.T(F- l)/(T+O)], (3b) 

Jl.= (I1'Lllu");+ (J1~O)+RT In (x;p/pO) 
- RT[1nF - (eflx - l)/{3 - Kk;(F - 1)/ kJ, (3c) 

where the gas imperfection factor F is defined in 
Ec; .. 1) ,l:hl should not be confused with the (Gibbs) 
frec: energies 1'0 and It's'. 

For the solid lI'ith equation of state (2), 

r V , 

+J [b(V)T!-Pl(V)]r£V, (4a) 
v,' 

I'V, 

5=5°+ Jv,o [a(V)+2b(V)T]ttV, (4h) 

fJ.= (FO - lJoO)+IJoO+Fs', (-J.c) 
where 

1', 

F.' = pV, - (pV,)O - Iv .. [h(V)+a(V)T+b(V)T2]dV . 

For chemical equilibrium, 

L"vjki 1)"F/ 
- -' -(F- 1)--, (5) 

k RT 

IS J. ~L \\':lbh, privatc comn:l:nicalion. Tlie measar~.r.<:nt$ "". ~ 
n,;(c:c ;,y :l co;!!1amic method ,imiiar Lo that used i,)r aluminum, 
cop;,er, aild ;:inc by J, :\L Walsh and H .. H. Christian [Phys. l{cv. 
97, 1544 (:')55)]. 

where 

(one such equation ;'or e",ch incc:JcndC::lt chemiCl 
reaction). 

In Eq5. (3) to (5) E, 5, ,.nd f1. ... [e i::t,,~:,:d cr.c:rgy, 
entropy, ".ld chemical pOl.(;mial, rc:spcciivc::y. A sU~L:r­
script 0 refer:; to the reference 5t ... lL: (ided ga:i or rea.l 
soliG at pre:i:iurc pO and tempe:a,~:r.: T),:c \\"i1.h Iloo 
'~ing the enth, . .'y oi formation irom the elcmC:1ll5 at 
absolute zero; Xj and IIj arc: the mol(; iranion and 
number oi moles of component i; ;.:.nd )/ ,,= Lu)/i. In 
Eq. (5) the v/s a.re thc: cOe!Ticic:ms o~ Llle chemica.l 
re:1ction, positive for pro(uc\.s a.ld nc;,;a,;\ ~ :or rt:J.ct­
a.nts, and the subscri;)t g fc)r a sum indiC<.!.t(;s it is io,' 
gaseous components only. 

The thennudynamic state of the c!(;LOmll!On producLs 
is defined Ly Lhe Hugoniot eCju,.tiOl ~'i 

and the Chapn-:an-Jouguet condition·" 

In (6) the subscript 0 n;:e.·5 to the un,-c~0.1a tcd exp:o­
sive, Eu being given by the L:xiJressio:1 

Eo= (M1 j )c+ L j X{II0(Tu) - II~O]j- pu V(), (8) 

where (1::,11j)c is the mohr enthalpy of 10rnLLion or the 
explosive at To, and ,\, j is the lH~mLer of mo es of 
ele; .. ~" .. j in one mole of explosiVt:. 

3. CALCULATIOl'\S 

The detonation products Wef(; as"umL:. i 1.0 be mule 
up of the: following clll;miGcl comp01.(;llb: 

(1) JT~, (2) CO~, (3) CO, (-1.) EJ)) (5) .'-:c, 

((J) t\O, (7) C (gr;,:J!Jill;). (0) 

Oxygen was not incluckd, since non(; (); d,(; cx )10< vC:s 
considerc:d was more oxygC:ll rich U.:lll L(.!,j_' , which 
b:Llances to X", il~O, CO. In some jJrcl;mi;l;:ry C;,~CUl:'­
lions on II3\I-Cl'C equipment some 0; ;';1C -:O!::.pO!1el'lb 

considered by Erinkley, et at .,lO.ll ~i;; . , X:r:", CrL, :c:;c1 
OR, were also included; these wc:·c 10u::d to be; 
present in small though ::ot negligi;;l" anlOU;;',,,. ~;o, 

Hi In evaluat:" 6 the thcrn1odyn::trnic iur:ctic::s : ~. ". - :: .:L '.',-:,; 
nc;;lcctcd (pT',yo and ap?ro:dmaL~d V,'CT) b~' .", . '"~). T::~ 
resu1i.ing error , .. -as less !.h3.D that of d:e ~~r::::yt~c ::~,j ..;. .:;cd ior 
(llu- II ,,0) and Sl. 

l1 See, for example, R . CO~. -,-~r.~ .:.nd j~. O. Fri~2:i(; .. ::), S;,-pr:r')'JIl:'c 
Flo;;.. aud SIwek lI'a~es (In~c:-,;ci"ncc Puulis!lers, 1n-:., Xc\\' Yo:';';;, 
19';8), p, 2().l.. 

18 In the usual st~'lemcnt 0: the C- J co;:(:i.:o:1, (ill' u !'." i; [(' 
he l;Y~l1u,~tcd for cr~1,ilibr:un1 C\)J11j)(}3ition. IIJ\\'~\"cr, 1\:£:-:·:·.\·00 ..... ,.;:(. 
\:"o,! U. Chem, l',~.\·s , 22.1915 (195 .. ;J l:;:\'e rOLe,::;;> shOI'.·r, c ... , 
,j' •. , ,:cri\'atil'c shoald b,~ e\·::tlllded \\'iLh iro::,,:l CO!: , .,:t;,,:1. G<:r 
c:ku!alions h:n'c tlst:d the o!i..:cr .:;~.::cmcnt 01' t.:c C-J c~);1·'::it!()n, 
hut th.;;rc is vcry lia le (~i:"(cn:Lc~ Lel\\·c.:, .. -,:--~ t:1C :w,), ~l ... ~ ... ::;t :'0:- 0L;­

equation of state. Check cakuhlio11S ShL)\\,CJ tb", !Lc 1.,,<: 0: ,; 
corred C- J condition would decrease />'::J fly ks,; tbn l' ... : .. , 
lowcst lO:ldillg density oi Lltl!r~sl (P.= 1.2) nnd m_!,c :ll!:1O:i~ no 
cll,mge :It high 10aJing density. 
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T.\ULE 1. I~coLts Ot formation of the clq)losi\'C5. 

1~ DX (cyclolri ;;lct hylenctrinit raminc) 
TXT (Iri:lilrlJ~oluCllC) 
C",IIG.,O,X •. ,' 

.. E . .T. P:-0_~('n l~P' . (prh'atc communicatio:1) . 

+1-'.7[n 
- ;i.Slb 

,O.49d 

I:i G . Stef:ClILl:;, :\' i) i\.C Ui\,t:;ioll-S Interim l{cport PT-7 (1943). 
c EXj11o!->lVC T,;c';L"nt:y da~!-:ficd . 
• L . Sitnc), \1..\SI,) (unpublbhcd dala). 

the lil:al c.l.lcu!a lions, however, the set (9) '.\',1.::, useJ :n 
order to sir.ll,liiy the solution of the equi~ibriur.i 

equ:1.tions a ;l(llllereby reduce the machine time r..;",.uired. 
Althoubh this set is rather restricted, components of 
differin,; size (H~, C02) and with positive li of 
forma tion (:\0) are inclLded. It was found t:1~,. with 
this set of .:ompoaents the determin~;,ion of the 
equilibrium composition, given k, 11), Va, and T, could 
be reJuced :..nalytically to the solution of one equation 
in one Uiti~:lO\\'Jl . (\\'ith soliJ carbon present this 
unknown \\':lS )lco; \':ith carbon ~d ·~ I.H2 .) 

The required reference-state tL· ... v...:'namic func­
tions and enthalpies of formation were taken from the 
tables published by the ,\,.,' i,,:ial Bureau of Standards. IS 

For calcu!.. tional purl',us..::;, it was convenient t.o '."ye 
the temperatun.:-depenclent data. represented Ly ,l.l,.,_nic 
fits; the functions which we used have been givt.:n 
elsewhere.~u The elH.halpies of formation of the explo­
sives arc given ii: Table 1. . 

The calculations w(;re done on nDr 701 (' .:!..: 
computers. It was found quite feasihle to code," .·,i.l':;Le 

problem to calculate adiaba~ic or Eugoniot curV(;S, 
as wet! as ,:t.:tol1ation velocities. In order to produc..: 
points on ,hese curves, Eqs. 0), (2), and (3b) , (-~b) 
(for an adiabat), or (6) (for ,t Eugoniot) were solveJ 
by iteration to ubt<tin values of V and T for the desired 
S or h(=O), with the composition given by Eqs. (5) 
and the mass balance relations. The detonation velocity 
was determined by linding the point on the Eugoniot 

9r, ------------------------------------] 

2.0 

1. T:!~ ct.-eet of K on D-poi 0.=0.6, 13=0.06. 

), '{;. S. Xalio'::i tu,,·.Hl ",f Standards, Selected V,,!ucs of 
Chemical Ti,,,m.Ju/II.:mi,; Proper::cs, Series II! (!oose~, '; . 

20 W. Fickdl and R. D. Cowan, J. Chcrn. P;lY5. ::3, iJ.J ;:955) . 

\':her.:: 

l::ld i:.s minir.lUn1 value; this is equiv:lld'!t :'0 .,.L:.is:jir.~ 
the C- J condition (7) with (ap/aV):; eV'lIt.:"ted \\,!l~; 
equilibrium con:i)osition. Tilt.: time rdy.r..:c.i fe::- t:,.; 
calcu!ation of one adiabat or l=ugoniot poi;,t \I':lS ',:)Ol..., 

::::0 scc; for a dctonation velocity, an aver"g\; o~ "LOL:t 
1",0 sec. 

4. EF3r:CTS Ol THE PARA:V!:STE. S 

1.1 ,,:,~el' to deLCrmil:e "he di'ect:; o~ the v .. ;';ous 
equ..J.tioll-of-state p"ra:neter::. on :,'le c,,!cuL.ted D-pu 

CLl've and PCJ, ex~!orat.ory C:llc .... ualions \('ere c<.:r:e' 
out for one explosive, 65/ .),5 I<'DX/T~-':'. In orc\;r to 
save calculating time, these were ca;r:(.,. vut undt.:r the 
assumption of a fEed product composition resu:Linc; 
from the following decomposition equation : 

(11) 

FIG. 2. The eiiect of.j on D -pu; K cho~cn to mJ.!ch (;;..::)(;::-~:;.c..:::t::.l 
D ,.1 onc pvill~; <:<=0 .6. 

A s",: of geometrical covolume vall.;.es was US(;U, :llO.:;;h 
wi.h llxed composition the relative sizes 0: t:-:c i.1c:­
vidual k; are unimport:lnt. The. other par.:.meters \':(;:c 
varied from the values 

a=0 .6, #=0.06, 1;=30, 

W:11C11 were iOUl~J to give a')l)roximat~ .lg ,·c.::O' "'. . h 
:'he experimental D- po and pc.r . The rcsuh,; u'- ... .: 
calculations are sumn~(irizc(i in l'igs. 1111:-0-.:;h 5.2• 

Viewed frum the standpoint or attempti;:", to rC;l;-v 

duce experimer: •. J data, the effects 0: (:\! ;):.L:i:C:(;;" 

~l 'rh\?~c para.lnCll.!r sludies ~i(:·~r l~rorn the 1In;:.1 c~:.ktl~.~~: >P." '~ 
t~.,,~t i..~cy usc.d it rnor<: inc.CJ11p::e:-;si:)jl.: cti\.lL..ti~r: ()f,::':.~~.: :'~!r c.,:r. 
.. L.:lt ,\"l11Ch was 11:_ .. ,,\' :tdOlllcLI :lIl(l u::;CU In tr.(: !~1::'::' ,-

.':'. '!'his i'h~adcru cl-Latio:l of stale \\'3$ L~~scd 01i :t:l! " 
tiun between the static 1:1(;"SUr(;r.kn~5 oi P. W. Uri,;"'r: .... _. ·v~. 
;\m. Acad. Arts Sci. 76, 55-S7 (19-iS)] ::.nd Thol:l"5·:"C~::li·0i:-"c 
calculalions made by R. D. Cu\\'an al thi:; laboratory (t:r':)~J::shcc 
resu ts) . 
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may bc pictured as fo11O\':s: The value or h. m::y Ix: 
ch"i>,.;cd to ra isc or lower the D- po curve withouc 
greatiy ,-hang: l:g its shape (Fig. 1); {3 may th..:n DC used 
to ch:u:ge its ";'ctilC and slope, while 1\ is varied so as 10 

preserve a given \'alue oi D at one point (Fig. 2) , 
Then thc c.l!cuhted C- J pressure may be changed by 
varying (I, \\'it'1 ,3 and K always adjusted ::;0 as best to 

m<1 tch D- po (Figs. 3 and 4). Alpha also has a consider­
able cfi'ect on tbc C- J tempemture (Fig. 3).c~ 'L_J. c 
exist no accurate experimcntal data on ToJ , but it. is 
noteworthy that t.he T CIS po curve for a=O.-±5 is similar 
to that obtained :1.t this laboratory from prcJimin<lry 
C:1.1culalions with the Lenn:trd-Jollcs-Devonshire Jrec­
volume cqua 1:, ot state.23 

0.4,----------------------------------, 
.. 
2 
:s:: 
~O.3 
f-

FIG. 3. The ei"ject of ct on p ,'S PO and T uS PO; {3 and" 
ch05en to match experimental D - po. 

In order to gai n some idea of the effect of the carbo:l 
equation of st<lte, calculations were made with t.he 
assumption th.d. the carbon retained its normal volum-:, 
and also with the 1.\\'0 equations of state for carbon 
mentioned earlier. 1o ,21 The results are shown in Fig. 5. 

5. RESULTS 

Jly assuming a fixed product composition and varying 
the p:Hamcters :l;i described ahove, a set of value;; for 
(I, (:3, and h. was found which gave results in good 
agrecmc::, with e.\jlcrimellt for 65/35 RDX/TX'l' . Ie 
was found that ,,:ilh equilibrium composition (and the 
"geometrical" k i discussed below) a not very difi'"rcnt 
set also produced good agreement. The question of how 
well a sin;;\(; set of parameters could be made to serv.:: 
for several explosives was then investigated . 

The experimenta: data used were measurements of 
D- Po and of PCJ at maximum loading density for a 
group of !ive related explosives. These data are given in 
Table II a:1d wcre obtained as follows. 

)feasuremcms of the detonation vclocity for 
infinite di[Lmeter, D"" were available 2,1-26 for each 

2Z Such e(:~cl~ (':1 Lhe calculated pressure and tC:J1[l . ,.lurC are 
also shown \;y a sui1.~ ,.,.i1at similar equation of state used iJy Cook 
ct ai." 
~ \\'. W. \\'00(1 '!I(; \V. FickctL (to he pubJished). 
z: t ·;1·l;:.J ,li, ;-[ c.in, j:"'1CS, ;-bl1lz, ,\..,! rrizar (LA::,I, ), 

unJnJ,li,d:("(, ('on:munic,tiolls. 
Z,. Co" l.:'.;-L '::, B,,:'(, and JIull (to be pul,bh<:d). 
~, CanlplJ~Il, :'laiiu, and Holland (lO be puLli:;hcd)., 

- . ---..-------.-~--~.------~----,----....,---

0.30'""----- --------------; 

~ 
--::;-0. 23 ~ 
? J 

020

r

- i 

024_ 'I I . 0~~-~0~.2~~-~0~4-~-0~.o-~-7.0.7L-~~ID' 

:'IG. 4. The efkct of 0: on PCJ (,00= 1.715);,J aE" ,: c"osell 
to maLch <.:x"aimc:ntaJ f)-pu. 

e::p:osive at two densiLics, po= 1.2 dec :t~,(! the !.:::2;ht;st 
Po o]nainable by prc:ssing or casting. (V.l!c:es of D", 
were obtained Ly firing charges of di!':e[(.,:, di,.:11d~r Ii 
ard extrapohting D vs 1/ d.) It \\,::5 8.';~ ,",n~(;d on tr,e 
b:J.sis of previous work, both ",t this !:.:ooratory a;-;d 
else\\'here, that over this r:lnge of 10:J.cir.,;o; (kr.si~:' D vs 
Po could be represented by a str<:i,:;!Jt lin.; ·-"':t!:~n 
exp.::rimental errorY 

r;:'he Dural pr.;ssures in Table II were obtaiu:G :rom 
measurements of shock and free-surface ve~ocL:cS 
in ::::L:,.l plates driven by the appropriate explosivc.13 

The c:q osive C- J pressure Pi is given i:l :crms of the 
metal pressure PI by the matching conditions at the 
H .E. -mctal interiace: 

where (13) 

The subscripts i, Y, and t rcf.;r to the incident, :\;;~.:;ctcd, 

~91 
~; e L 
~I L[ 
o : l"f _'--~' :--~--+l.-~-Jl~~---:~~---=" 

1.0 1.2 1.4 1.6 \.0 2.0 

Po (S/cc) 

FJC, 5. Effect of the graphite l!<]u;:ciGT: of st:,(c u:-! lJ - Pc.: 
A-inconlprcssiblc, B-.;r3.pl:itc c:quatio;: of st:'.~~ :.:;:;c"-~ : Ii. U~(: 
:):l:.:~ :n..:lcr studics,21 C-gr~phi(c CqU:lt:0:-~ c:' S~2.t(; t:;:; .. \.l i:: tb:: 
1::" . .:::kulalionsY :\11 curves arc ior o:=\!.u, ,)'=0.06, ~~30. 

:,: 'l'h:'$ a~sun1ption is being snhj..:ctl!d to iurt her in \,t.·~ti~atio; .. 
\\'hi:c the l'xpcril11\!1l1.11 :!clon:uil)!l n:;"citic:; in T.,:,\; Ii .. ::ty k 
';\,:,ject to slight revision, it is Ldicvctl ~k.t th~y ar~ '~';Cli:,:tc to 
wiJlin ±50 m/:;cc auovc po= 1.2. 
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T.HJLi:: II. Expcrimenlai data for cxplosives. 

Expl,v.i .. ·c 
:In.1 

den~ity iot pCJ 

RDX 
p~= 1.~00 

C,.:1I,.,O.·X,.6u 
pn= l.HS 

78/22 RDX/TXT 
PI)= 1.755 

65/35 1m X/TXT 
p,; = 1. 715 

TXT! 
po= l.()..IO 

• Reference :!.1. 
b Rc:"t'rl'J1CC 13. 
c ~cc ~cx t. 

])cto:L,tion v ciocit }'A 
D =A +LJpo, (m/~cc) 

.·1 B 

2515 3'*66 

2785 3233 

2702 3193 

2Gi3 312i 

_J60 2799 

d Exnlo;:;ivc pre~cntly c1a.s:<iied. 
('I Reference 1·1. 

Dural 
pr:"::i.";llrcU 

(~;l» 

0.398 

0.378 

0.382 

0.358 

0.226 

f ~lorc work on the Ti\T D -po curve is in progress. 

C-J 
pr~;S'''llrC(l 

(_ILl 

O.3'H 

0.316 

0.317 
(0.21)6)0 
0.292 

0.177 

and transmitted shocks, respectively; the subscript 0 
refers to material ah(;ad of t he shock . C\1l velocities are 
rcferrcJ to the mate;'ial ahe~,d oi the shock in qucstion.) 
The value of R need not be known accurately, the 50-

called "acoustic :1.pproximation" R = 1 giving results 
correct to \\'ith in a pcrcelit or so. However, we have 
used "alues cf R obt:1incd by calculating shoc.- curves 
for the detonation products. 

The measurCIn(;nts oi PC' J and D- Po were taken on 
explosivcs oi slightly ditTering composition and densi1.Y, 
so all the data were correcteel to the composition a;ld 
density valucs ill Table II by means of an error exprcs­
sion ob tained by di,-:'cn;ntial analY. :.- with 
R= 1, and by m:1.:.jn" usc of the ex;, '1':", _ ., Jcpcnd­
el~ce of D on composition and density: 

QU/./ U/.= - O.860po - 0.00230(% RDX), (14) 

in which U/. is the experimentally measured free­
suriace velocity . All pre~sure values quoted in the tab le 
are believed to be accurate to 1 or 2%. 

In attempling to delermine a set. of equation-of-state 
pammeters from thi" experimental elata, we staned 
wi t:1 a set of :'geometrical " k, (Table III) based on mo­
lecular sizes est;mated :rom both virial-coeilicient data 
and spherical Yolu!11<.:s from bond lengths and v an c1cr 

\\'aals radi i. using the!:ic k, in preliminary calculations it 
was found tha t a=0.5, fJ=O .09, ,,= 11.85 would give 
D- po and PCJ closc to the experimental values for 
65/35 RDXj T:\T. However, the agreement. for other 

TAllL}; III. Valucs of hi . 

k,' 
Source I!, CO, CO IhO !'\~ 1'\0 

Brinkley-\\' ilsonn 153 687 3S6 108 353 233 
I l~,Ot 6iO jljO 360 380 350 

"Geometric;.] " \2~3J c i9 .. 0 ,jG22 4267 4505 4:43 
Least sC]t;arL; 2i33 MOi 3383 3636 G267 41-18 

• Sec rtf Cicnccs 9 to 11. 
b O;-j~ir:al :o"N. -I. .sen so that I..·co would be about the same as tLat u~cd 

by Brinkley·\\· .. ,Ii. 
e ~C'ulcd by the average " (11.85) from the determination of ail of tlic 

kolA (.ee text). 

X D \V. :.' r C K E T T 

l:xplosivl:S \\'~s m:ha :)oor (Fig. 6) . . '_ lc:~.~~ - :i. ~ua~,-" 
prvcess was the:'e:o:'c curied 0Ul (wi:!. l!::S S::::lC c. 
ane f3) to cleLaminc a set or h, \'.'~licl1 we...:.!" < ,\..; t :lt: 
b.:st agreement w'th all five e:<llu:;ivcs. ::;::.{..; L~.l,; 
c:, cubt;ons indicated that the reactio:l 2CO-,CO~,C 
(;:;r •. _, .: ,,,) shifts appreciably to Lhc r:ght ",:; Pu :" 

i,'C..;.LL'" \'\'e alloy.cd points of oiffcren:. p'J .'Ot t~(; 
,,_ 1-: explO;;;ve to enter the ;C3.St squaring 0;, ,_.: ..;q~:.! 

.. ~.,':lt with those from dific:-(;::t explosivcs .. .1.cco::-2-
ingiy, t.ne least squarin;;; was ca:riec out as follows: 

using a guessed SCi of !~i , a value or k= J:L X;R; \,:::5 

determined at four hlding densities (1.2, 1.·1, 1.6, .:inc! 
maximum) for each of ttc five explos:vcs by ~c.:jJ:'~',;; 
I( ir. each case until the calculatcd D was e, _u_: ~o ~;,e 
experimental value. Ii we designJ.te these valu(;s or k 
as k,,;,. we then have a set of 20 linear equ",:ions .'or the 
set of k, : 

L;(Xi)Tk,= (kobs) T, r= 1,2" .. . 20 . (15) 

T :lcse were solved by east squares for a new S(;t oi /.; .. 

0r------------------------------------, 

J "/~' It ex I T" T 

..".,1 
• r 

,"-. 
.... 
~ 7' 
~ r 

I 

F!c . 6. Comparison of calculated and cxpcrirr,(;nLl D - r,u CU~\'cs 
for "gcorr:ctrical" ki; «= 0.5, f3= O.G9, A= 11.85:6. 

'1'1](; first result. or lhis process was large ])(;g:~l:'.'" 

valu(;s ior klI ~ and kxo , ,lrobably becausc I':::! ~. n<': ):(; 
were present in such small amounts. Th(;rciG~e t:~t: 

e(,u .. :iol1s were solved again with thesc two cvvo:,, ;-;·.~s 
hc:lc.. constant a thcir original valLes (mt:lti;ll;<.:u :)y 
thc avera~e i; irom the delcrmination oi all 0; thc /':01,,,/. 
Tal.Jle II~ contains the resulting k:,"" together with our 
"geometricl" set and the values obtained by Erir. .,,;cy 
anJ Wibon. 

In 1-\'5. ,J and 7 th(; ca.iculaLcd results :01' D - Po :::'c 
comp~.:<.:c. with experiment for both the geometric;.: 
and the least-square k, . (To avoid confusion, rcst::~s 

2~ In 3. prdi:ninary tr';'.l! oi t!1(; ~ Ca.5;.-squar:n~ p:ocess Oil th:l:c 
cxplo"i\'cs with a= 0.6 it was iOlll1d ,:lat carryir:g Ol:t the C::l::~ 
](;~~t-s(!u~rir..s process a second tiine (stnr~i:!g wi~~ the}::i p!"oJ~:c~d 
J!'om the first lcast sql; .• :ing) produced :.lmc~~ J:O C:l~.:-:;(; ::: t: . .; 
/.': . It \":,5 also iound that the rdh~r 5iz~:d,!c cl::m~" in ki :','J.':1 

!' : ~conh;tric3.1 5et to the ]irs~ least-square 5C~ P:-i.)(!l~LCt. 
(;u.:·']Ju •• \,on changes of at most :t f~\\' percent 0; ,he o:-igi:l~J :"ule 
ir:1ctions. Si:1CC thc determin:llion of S0 m:..:w k"h. b :-:.:i:~r 
exper.. ;,,'(! in nl~chine lime, the n:12.1 lc3.st sc. u:1rin~ "-:-:'5 s~~~:~~J 
\\',L; • ~ ,:. :rom tllC above trial rUll and \\'J.S done 0:1:1' v:· 

iGr only 
(iu ... Lu.t >, 
!(;L:.st-sqt...· 
v<..!U(;S Gi 

The C- J 
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ior Ul1ly ,h,ee explosives arc shown ; i.he others an:: 
qu.l!:tativl:ly ,,;111;1ar.) It. can be seen tL .. w:th the 
kast-squarc k;, i;,irly good agreement is obtaincc: . The 
values of t he paramcters thus determined are 

0:=0.5, 

13 = 0.09, 

,.;= 1.0, 

k i= least-square set, Table III. 

(16) 

Th,; C- J pressures ca:culated with this set of !)ar;';'nl­
eters are compared with t he experi:YrI::-"al va~ues in 
Table IV. The variation of C- J ~(: . . :.)er~..u.l:·e ~md 
presslire with loadin,; density for tL"" explo~ives is 
sho\\'n in Fig. 8, T:~e calculated variation in C- J 
composition with loac.iing density for 65/35 RDX/T~T 
is shown in Fig. 9. (The compositions shown may not be 
physically meaningful, but the figure does serve to s::ow 
the types 0; equilibrium shiits predicted by our calcUla­
tions.) 

6i 
71 r 
~I 
E7'­
o I , 

I 

6 ~ 

6 !O/H R OX/TNT 

i ___ CALC.ULATED 

r --- EXP£RIMENTAL 

~1~O--~---'~~2------~I~-------+'~'-----~I~'~----~2.,O 

Po (9/") 

Flc . 7. ComnJ.rison oi calculated and cx")crimcntal D - po cucvcs 
for least-square k,; a = 0,5, i3~0 .09, ,, = 1. 

Table V gives (for 65/35 RDX/TNT) some: po::'.ts 
on th.: adiab3.t passin6 through the C- J point, ",nei 8.:so 
pain ts on the shock Hugoniot for the deton", tion products 
which ori ::;inates at the C- J point. It can be seen Lhat 
for ali ~)ractica l purposes the adiabat Rnd shock curve 
arc identical over the region which can be stu ied by 
the in tefaClion of plane detonation waves with station­
ary metal pates. 

6. DISCUSSION 

A" ca n be SeC!1 from Fig. 7 and Table IV the a~reemel11. 
with cxperiment is good in the case oi D vs po, and, with 
the exception of TNT, iairly good in the case of PCJ . 

The cI:sagrecment between calcul:.t.tcd and experimental 
PCJ for 1'i\T is rathu large. Perhaps a more enlightening 
comparison of theory and expci: ,;lC nt2~ can be In de 

Z.J A similar com;->arison c;tn be made for a iJuantity 

a'"" (uE/iJPV)p- l= {(-/+l)/(1+d lnD/d h:", , -­

discus;.ed by H . Jones [Third Symposium on Combustion and 

--- ------------~----------------

c-] 1";:'l::';su!"1.! 
(),1i» ~/·r- ',IV 

E:q,cr: - Ca!CII- l)!~·;·(·r- E,., c.' ,. ( , .. !:u-
EXiAu::.i\"c llkilL.d L...:.~~r.l ~IH.':(! c .. ,·, .. ~l !~l;"L'J !~lt...:d 

RDX (po =1.800) 0,341 0.3·138 72 . 2~'~ J.C5 .! .I.I\JH 0.cJ.~~7 
C3.;.tf-I6.~06X:',6 

(po = I. ,·;s) 0.31" O. 3:~'1 +1.1 ~,~ ~ . 'J·l 2/)v~ 0 .0(,33 
RDX /,':\':' 7S/22 

(po = I. 755 ' 0 ,317 0 ,310(, - 2,~(/: 2 , ':;~ 2.;,).)1) 0,0,,;5 
65/35 RDX/T:\T 

(po=1.71S) 0.292 O.2w·U - 2.8 l;{ 2.7v 2 .:-, ~, (d}!~·~!\ 

T:\T (po =I.MO) U.177 O,2066 i!(dJ'l~ 3.·l:S 1.~ . ..) v"d7 

with a c;.ur..ntity relalCd to the adir..Latic con;p:'cssibility: 

(17) 

[This expression can be obta:ned :from Ec!.:>. (7) a!:d 
(10) by neglecting Po.: The valu..:s 0: y' otr"""i;:cd rro;n 
the experimental po, D, and p, tG~dher w;lh the 
calcul2.ted values of ~/ and the calcuhted ir2.ct:on or 
total volume occupied by graI)hite c.re s;lOwn i:-, Tab~c II,.'. 

It can be Seell that both c"lcubteJ and eX'Jeri:nemal 
"("5 have a I:linimum as ,. iUllctiO:1 or the perce:1ta,::e 
of RDX. This is probably due to the large "(* of carbon. 
As the percentage of RDX decn;ascs, "(* ~(;!1d5 to be 
lowered by t.he decrease in pressl.!!"':, but this tend.::ncy 
will be overcome by the increase: i1. lbe ~mount of 
solid carbon present, if its ~/' .. is sUiiic;'-.~dy ;Ii.;!l. '':''h:':5 
it mi~ht be expected that increasing the "!'" 0: the s()lid 
carbon would increase the calcubtul PCJ :0r '1':\1' 
more than for the othcr exph;iv(;s .. -\ccor":i;lgly, sume 
calculations were m2.cle with t~:e :e::,s cO~l")ressibl<: 

graphite equat:on of "tu.tc:,"1 whose "/ .. t ~;'e T);,T 
C- J point is 10.1 as comp;..rtd \\'11:1 5.65 :0:- our 
graphite equc.::or: oi state (2j. Howcvc:r, tt1is n..ised 
the "/* of the product mixture by only 3% :"':1d henct 
lowered the C<.I.lculated POJ for ':;.'::\T by v.:ly 3~~c, 
while at the same time lowering t he Ci ... :C1.:';~ :ed PCJ ior 
65/ 35 RDX/T~T by 1%. 

F:c:. 8. Chuplnan-Jouguet ~)r;':$Su!'(; ai'll! ~\,;":·j (:r:..t:L:·C C~:\"'L; .. d:J 

wilh the £i~:~l set u:' p:':. r:..: nll.:~l:'r v~~lLi~:)J (16) . 

FlameandE:rI}losio)!.PItt:'WJJ~Cila (\Vi!:in.!ns~r.d \ri.. . ..:~::$, 1~~~ir:lor(' 
1949), p . 590]. The agreement is ;tgain :;in:[ul::~I)' noor in :h<.: c s~ 
of TXT. -.-
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FIG . 9. Y;,riation oi C- J composition with loading density ior 

65135 RDX, TXT. For the gascou, components the orJino.te 1" 

is the n101~ i;-acti",m Hli}!!); i+O:- cJ.rbon, x is n4 / ... "'·c, the ira.ction of 
the total amount of cubon whieh is pre,ent as graphite. 

Thus it appears to be unlikely that the large disagree­
ment b~t\\'eell the calcul.lled and expcrimemal PCJ for 
TXT el.l1 be due to having the \. i'ung "/* for graphi:e. 
Although this disJ.greement remains um::\plained, 
several calcLbtio~,s were done to see if :1. set of IXl.ram­
eters could be fOU:ld which would produce agn;ement 
with the experimental data for T~T only. It was found 
tha t with a= 0 (0 and K being adjusted to n,~,tch 

experiment~.1 D - p,,), the calculated and experim,::ltal 
values of PCJ for Txr agreed to within 2%. Agreemeat 
could abo be obtained by taking a=O . ~5 and J.ssumin;; 
that the graphite was present in such a finely divideu 
"tate that its heal of iormation relative to that of the 
bulk mau:ri .... l wa" + 20 kcal/mole. However, both of 
these assumptions produced seriolls disagreement with 
experiment in the case of the other four explosives. 

Table VI compares C - J quantities calculated with a 
number oi different equations of state. With the 

TABLE V. Adiab3t and s!"lock Hugoniot through lh.: C - J point 
65135 lWXjTXT (Pv= 1.715 glee). 

..-\l:i"J..b~t Shock HUC:uniol 
VII', p ..,* P R(Eq.13) 

0.600 0 .5316 2.98 0.53·1-!' 1.259 
0.625 OA710 2.96 0.·H23 1.202 
O.uSO tJ..' 1'}5 2.94 0.'~201 1.151 
0 .675 G.3755 2.93 0 .3757 1.104· 
0.700 0.:)377 2.91 0.33i7 1.063 

0.725 0 .. ",)50 2.90 0.3050 1.025 
0.7-13 (Cn (J.2~·:~3 2.89 0 .28+3 1.000 
0.750 0.~765 2.89 
O.SOO 0.2297 2.85 
0.900 U.IM6 :U)! 
1.000 0.1227 2.76 

~.2 0 .G7·16 2.69 
1.4. 0.( ;C)5 2.62 
1.6 IU.1.:'O ::!.s.::. 
1.8 lJ'2W 2.50 
2.0 U.()201 

exception of I),lL~rsoll's, till!::iC (;C.U .... llO!'lS uI .:)tLLl~ ~:! 

cO!ltain some ad~llst~~')I~ p~L~·J.nletcrs \':!.ic~. :1~\rL: bL:~n 

ev:JllL.,l'J with the aid or. eXpl!,ilr,,;r.l~1 f)-PJ (!"',, . 
Tile wiele variat;c,n in the c:'..1Clllatcc D- p, :"(: ..• ::0.i . 
(~, . .; in lar~e part to difiercnci.:5 in th: <.:x",-::.n,,::t:.., 
data obtained from v:trions SO~l:·e<.:s. S:ncc tJ:e C.kU\l.ld 
:)ressure dep.;t<ds strongly on 'eLL dc·:O;l:1.tio:l ve!0c:,y 
C~i::e 2q. (17)], comparisons al'c peri .. c:)s ];10.''; :..r,.;!"u­
Jlriately bascd on the PUi'ely thermcdy,u!":li( (.'Ja . l~it:'-'., 

"/" and a'; than on the hydrociYllam:( T)rL:,,~\.!n .. C"o .. 
any bas:s the dal:. in T;l.h~.; VI ar(; l:ot:tL~e ;;'J:linly 'u: 
varicty Lther than consi~tency. nowever, the {.;oSt 
<.:xtreme V<.d·Lh':S, namely, those due 1.0 Coo.~, "::::.ldi:uL, 
a:lc; Paterson, are associatcd \\":th equ",tio!ls oi !'.::ltL: 
SUL:' :.hat (aE/ov)r= T(aploT)v- p is [;(;,0. TL;:; 
these ec,uations do not prov:Qc for <.;.ny pOlc:'.t!:l1 (;j1,:..'y 
0: n .... olecular intuaction; this can ha.rdly be physicai.y 
accur:ltc sinc~ the densities COl .... cC[!;.ec. a:',:; ,,;rc..;.t..:r 
than those 0: the undc:ton::.ted solid explosive. Th.:; 

TAllLJ:: VI. Cum;)arisoa of ea!c"L.wl" C- J qu:..n::ti~s 
. (Po= 1.G glee). 

EXI,lo· D( ... I T 1> "t}·T':-;:.-,. (.:* 
M\'C Source se,,) dDldpJ (OK) (:-'.l;) \.l;'jj (F:1.29 J 

. ~ .. ,~ ) ..... l. ~ i ~ t;::.l P.C(IO ,)·:':'0 O.:!65~ 2 .'J..;u o,,)~ 

jhq.f.,':" ;':'1,:;] 3250 2;~.() 0.27.1 '2.7'1 (J ., .. /J 
-:.. .;, ,1l!y.\Vilsonc 75:;0 3120 :~'=;70 u.:!l:-; 3.! 5 OAf) 
CC.Oi>;.U SO·1O ~357ll 5750 O.25S .:LlH ........ O .• A 

TXT l':x!)c:imcntnl 6:::':0 ~SOO a.I(,S!. ::".: .l. CJ.\" 
Th:s J)i.1pl'r (1~1)·1 31:!O ~/'15 0.11)6 2. "' .s (J.';'~ 

}!ri.lklQy.\Vibono i21)(} . (;00 31;0 V.l i' .... : 3.7;) 0.30 
Co,,',·J 7030 ........ 3(",0 .~ ]';11 n.: .)2 ".10 ......,(J.:.:..! 
(\J.ldirr,bo (,()(..u :!, (I 40.)(1 ),21.! .:..St) (;.I " 
J (Ir.L"~:-1'1 ilh'r t 7·~~d 52(.C) .UOlJ 1).1 is ·~.l ~ O . .-

L :I;-;;'} fikil:t- (I()SO .3".(1) 22:'0 ().11)5 2.(1(, 0.21 
.... :..~r,5oJ:h 67~0 J.lIO 3~OO V. j 2"1 4.1)1 1..:!6 

"" S{,rllt' of d.l· r:.triC'fi ~rc: tJP!jroxim,a.tt: onI)', ;i:vo!','iI1J,:" r.ra!1~l:c~: :ntl':;Jv!~.­
liLI1 0:- cxtr~:rJ():~ltion 'fom Cbt;:l ior (Jthcr l(J3dinrr o('r:::iitil.:::>. 

!J Estim;...tc"! irom the valucti in Table II with tLc 3.:d uf (1 7) ...:.;:~ u~;-
c3k,:j~tcd v.t!'i:..tinT\ of ..,.~,.-1 with p~. 

o ~l:C !'{;j'l:n::icc 10. 
I! ,s(,C :cfc.:;l:"l.l':c 2 . 
° See rcic;'t;;'cc ..;.. 
! See :c:" c.::(;:1CC 3 . 

Ii: SCc :I,:i...:re~ce 6. 
1. SC.:! n.:ference 4. 

obviol..S result is excessively large the:-m:.:.l er;tr~i(;:;, 
hell":':: t~e high C - J temperatur.::s calcu: .... ted by 6.::;(: 
a.t.., hor~ . :>iJ 

In ~ummary it nmy be :In.:d that the .';'istiil!,o\\·s!,;y­
\\"ilson equation of state j::; pcrha~:l ... s sa~isLlcco:'Y ,~;; 
any which has yet ul!cn propos(;d, insoi:u a~ a:';L:cmc;) t 
b~L\Veen calcubted results ~,nd ":xpcl'iILe;,,a! (;: .. <1 i . .; 
cO:lccrned. However, its calculated v:...!ue ;0:' l!:-: C-J 
pressure oi TXT ;caves a good deal to IJ(! d,·s:r.::c1, :L,u 

it i"laS other un .... ttr:l.ctive f<.:a1.l!l"c,; as \\'(;;1. The ;·es:., .. '; 
obtaind with the .;come,ric:...l I~i (Fig. (»), and tll..: 
rathc:r di ';creIlL set of k i (Tabh:: III) rcclt.ircd to ~:\'<: 
agreement with experiment, ;nc.iL",i.: that .J pri.'ri 
estim:.:.tion of 1.he COVOii.1l11l!S is likdy to ue u:;","~!"i:J.":l.ory 
and exte:1sive least. squaring togl!:~~cr \ViJl 41 llc~il:O~:~l.~ 

"" .. : -:-lemal data would be required i()r t 1(; :a~rod:....:· 

tion of any new chemic:..l con: .. mcnt::. i:1:0 the cIctona-

..(J S. R. Brinkley, Jr., J. Chem. Ph)'''' 15, 113 (19·~i). 
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"I*[Eq. a* 
(17) ] (Fn.29) 

2.92b 0.32 
2. -l) 0.30 
3.15 0..19 
3.01 ~0.34 

3.4-Ih 0.68 
2.88 0.25 
3. 78 0 .. 30 
-1.20 ---O.M 
2.SY 0.18 
4.12 O..ll 
2.96 0.21 
4.81 1.26 
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~jO;i pro,:",.:::s considered . ;\lso, a.nalytic3.1 exa;,1;"atioll 
0; J~Ci' '(1) revea.ls that as Vo is decn.;:\.sedthe n::ni:num 
in p ,'S T at constant lIu will ~,g,.ill occur. T;lis u;,­
p:lysical lj(:havior reduces COnflcil:nce in the ec1uaLion 
oi st:lLe, parLicularly if it is to be extendccl to sr.laller 
volumes. 

This Ljuation of state is probably hirl)' r-.:liable if 
it:. usc is rc-,lricted to exi);osives which arc sir.1i~ ... r to 
tho~e inC;l:licd in a de~l,mination 0: ;t:; p",-' .. 'cters, 
and to pressures "nJ volumcs not too d ii(;r<:llL from 
t!Jo::,e existing at the Chapman-Jouguet point. There 

THE JOVR"AL OF CIIEi>lICAL PHYSICS 

would seem to be itJc ~u5~i;lC"'::.';~ io: ._~ use m a:-. 
exteLt!ell extrapol2.tion 01' .Lny ~.,,:::. 

_-\n inycstigutioll simi!ilr LO ;, ,(; 1,,:1(; :'".,Q,·L.:d here 
u~ing the Le:lll::,:,;·";'-JO.lCS-J)CVO:.,,:.:,'c :rc(;-\ ' ()~Gi',lC Ci,Ua­

til)!) of state is in prog:-css at t .. :s LL0r:...tVi"Y.cv RcstJ~s 
wi:l be published at a la~(;r C:lLt. 
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Rate of Recombination 0:: ::ladic:.:s/' I. P_ GeEeral Sector ':'1:.eo:-y; 
A Correction to the ll£ethyl Radical ~ecorr ... b:'::ation Ra;;e 

ALL.'c..'\' SHEPPi't 
Division of Pure Chemistry, Nationa.l Research Couilcit, O/Jawa, Canada 

(Received July 5, 1956) 

. We have derivcd a rotating sector theory :J.;1j)licaLle to simrle photochemical clccomrosit:ons ::1Vol\'ing 
both lir;t-o!'dcr and second-order removal of radicais. This theory gives \.be behavior of raciic"b uncia 
intermittent illumination as:J. function oi two parameters : IX, the ratio of iirst- to sccond-urc!el' rCi~lov.:I rates, 
ar.d {3, :J. fu::ction of ihsh tic1":. We use this theory to recalculate the cxp..:rimental (hu, on the methyl radical 
recombination rate. We find the con5t:mt II, to be 2.2X 1013 cc molcs-' seC' in tnc temperature ra;;,;c 125°C 
to 175°C. 

1. INTRODUCTION 

-:-::\ this laboratory we have undertaken the further 
~ !>tucly 0; the recombination rates of radicals by the 
;o·L3.ting sector technique, using ketones as the r",clica: 
:'(;'J~ce~ . To account properly for the steps involving 
first-o rder removal of radicals, we have rcinvesti,;ated 
the sector t:-:eory, deriving complete equaLio;';s whose 
form is a simpliiication over previous wod,. The~~ 
equations ap;)ly not only to ketones, but to a ratr.er 
general gas j);"~~c photochemical mechanism. 1:1 this 
paper we prbe::t the theory and use it to correct t!;e 
recent results obtaii1ed for the methyl radical recom­
bination rate. The following pa.per pr.::;;ents results on 
the recombinal.;on or tril1uoromethyl radicals. A fUure 
paper \Viii present results on th~ recombination of ethyl 
raJicals. 

If, in a photochemical decomposition, the steady­
state concentration of a certain radical is proportional 
to the sq,;:;,re root of the absorbed light intensity, the 
recombination rate of these radicals may be studied by 
photolyzing uncler intermittent illuminatio:l (co .. -
veniently produced by a rotating sector whose cJ:'-i"k, to 
light ratio is p), for then the steady state concentr .:on 
wil, \'J.ry 11'0:11 (p+ 1)-1 to (p+ l)-l times the unsc(~" 

* ContI': ;"l!Un fron1 the Divis!on of PLort: Chl.:nl!,'j~rYl ~J.::()jj:~! 
Research COll'lcil of Cannda, Ottawa. Is~u(:d as XR( ". ,ell: . 

- Xaticilal R<;scarch Council of Canada Postdocl0'""'; .L ,. v\\' 

1953-1955. 
:;: Prc,<:nt address ; Technic::'! Operations Inc., :\r!i;:gton 74, 

~fassachusetts. 

value, as the ::>ector speed varies from zero to infinity. 
Assuming sinlJ/le square root Gcpenu(;l1ce (removal of 
raclicals only oy recombination) Dickin"oL I u:1cl others~·:J 
have developed' a complcle theory. Assl:r;;ir:g one iirst­
order (in radicals) n.:mov~l step, O. K. IZicc: ar.d 
others,,·6 h",ve devc10ptcl theories. \\'e prese:nt a new 
treatment applying to a gcnaal mechanism, and onering 
simplified final equations. 

2. THZORY 

Consider the foi:owing gas ph2.se ::1ec!::'-nis:::: 

K -} ;a:\I · +CO 
2 :\~ . -, Phl 

J :\1· -, Pbi 

:\l· T .th->Pjl 

:\I ·+Ai----Pji 
::\1 · + B i ~/ P c :+ -11· 

• ' . 1 1 
R/,l bm10_ec:.,,~ 

7, 
h'b:" 

/';/1 {'crst order 

kji 

l~ C~· l:: 1 ~!.in 

(1) 

I R. G. Dic!,insc>Il; sec W. A. :'\oycs, Jr., ,.,-d P. :\. ~,CiC;:::Oll, 
Ti. oiochCiI!ist;,y of G(.'~·e,\· (Rcinhuld PL:.;.i:i:-,~:i::6 Cori)o:-~:.io:1, 
:'\~. ,urk, 19~11), pro 202-2C9. 

2 l,'. Briers and D. L. Ch::pn;an, J. Chem. ::ioc. (1.o;:c0,-) 1502 
(1928). 

3 G. ~r. T;urn<t and E. W. ~:"h'i::c, Proc. ;~oy. Sue. (Lo~.":on) 
A189, 470 (1<)-:7 . 

'. O. K. Rice, j. Chem. 1';1Y·S. 10, -i·W (U.Jo2). 
• C. ~f. Burn.:tt :md W. W. Wri,;ht, Pro~ .• ~oy. Soc. (Loncon) 

A221, 37 (195-1) . 
C Dainton, James, and Kutschke (to be rublish~cJ). 
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