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The C. (T) model for ea1cu latill~ sIwek tcmperature in liquid:; is prcsented as an extension of the \\'"Ish­
Christian model for metals . The ll10tkl is based on an allaly~is showint: ,huck temperature to be more 
5cll,itive to varintioll5 in C. than in (iJp/iJT)., and it t'lke5 account of the tempera lure dt'pendt~ncc of 
C" 1\1easured ,hork tCll1pcratures for carbon tetrachloride' :;rl' compared ,,·ilh caicllla tcu "alues as a [cst 
of I he cOll,;tanl C· alld C,,( T) models The constan t C'" Illou!'l 0\'('1'(':;1 i111,~1 es ~h .. ck tempera lure a nd is 
inappropriate to puly~.tol1iic liquids, Th,' <1J,!;reClllcllt oht~incu with the (',(1') modd sugg~"t<; that it will 
he valuable for c3lculaling more reali ~ tic \'alues of temperatllre in S110Ck ini[iat jf' 11 ~tudic5 of li<;llids ill the 
l1cighuorhood of 100 khar, 

INTRODUCTION 

Since pressure-volumL~Lemperatttre (p -v-T) equa­
t i on~ of state o[ liquids in the ki lobar regime are not 
knO\\'J1, calculal ion of shock I empcrat me is imp')rtant 
in shock,initiation st tl<.lit;s of liquid e:-.plosi\'es, l'se oi the 
method dn'eloped by \\':tIsh and Christianl for meta ls 
is limited, beGlUSe it is IJ:tsed on thenl10clynamic 
a.ssumptions thaL arc inappropriate for polya (omic 
liquids, ThL' assumpLions of constanL specilic heat at 
consLant \'Olllme C., \" iLh a \' alue eCj u,tl to tlie ~pccific 

heat <I t constant pressure C1,' arc adequall' for describing 
metals, but inadc:quate for describing molt'cub!' liquid, 
with internal degrees of \'i brat ional fnxclom, Fo r sllch 
liqui(ls undcr normal c0ndit ions, C. is a funct ion of 
temperature, and thcre is a signi fican t cl iffl-rc nce2 

br tween th (' values of c1) and C., Thus the objecl of the 
present work is to de\'c!op a lllore realist ic model fur 
calculating shock tempera ture in liquids, 

This paper a ttempts to titkl.: into accounL the cl ifier­
ences bet\\tl'll liquids and metals in formulati ng th e 
C,( T) model for liquids from th e \\'"bh- Ch ri stian 
model for me tals, The formula tion is based 011 a \'ari a­
tional analysis that shows thaI calculated shock tem­
pera ture is more sen ~i tive to ch;t nges in c.. th an changes 
in (ap/aT) , and also on (Ill' assumption tha t difft:rl: l1 ces 
in the yi br;lt ion;t l excita tion of a molecule in (he liquid 
and g:lSCOUS phase can be Il egll'cled, The C" and C.,( T) 
models logt:lhl.: r wi th the ll ugonioL cur\"l~ dl:I'lI1e the 
p-v-Tand inte rnal energy YO l ull1l.~ t cmp('\'a lure (e-t'- T ) 
('Cju, ttions of slate in the yolu ll1 e range spanned Ly th e 
l! ugonin l. 

ShoL'k tClnpna tures fo r yarious liquids were cal­
cul.t (n! u:"ing hat h till' cons tant C. and th t.: Cr (1') 
I1llldL"ls, and the " alUls I'llI' ca rbon tt'l rarhlor ide \\'ere 
compared with the briLdttnL'!''; tell1l1LTal ures J1ll'a~ure cl 

by V05kclL<liniko\' and BO~(\tll() I () \,;j .t nd R:\!nsay,4 

THE WALSH- CHRISTIAN METH OD OF 
CALCULATIN G SHO CK 

TEMPERATURES 

The thcnll{)( 1\ n:tmics of the \\'alsh Christian mod el 
with C, an,1 (<ip/'uT). !'l'gardl,(1 .lS ('UIl:,, (:ulh ha\'C been 

discu~sed by Cowperthwaite ,5 Their method of cal, 
culating shol'k temperature is to integrale the following 
different ial equation along th e IJugonioL curve, 

(!1/dv+ T (aplac).= (2C,)-I[p+ ("0- v) (dp,ldv)], (1) 

where e denotes spel'iftc el1e rg;.' a,nd the subscript 0 
dcnotes ul1shocked material. Eq\lation (1) is derived by 
cOl11bi ni I~g the dificrent ia l form of the (e-'/r T) equation 
of staLe 

dc = C,dT+ [T(Dp/ DT ).- p]dtt (2) 

wiLh the equation 

dc= -tpdv+ Hvo-v)dj), 

obtained by eli ffl:rentiatin g the Hugoniot equation 

c- Co= J(p+ Po) (1'0 - 1') 

(3) 

and neglecting the initial pressure ,Do with respecL Lo the 
shod z pressure p, 

\\'ith the assumpti ons of con stant C. and constanL 
( up/a T) ., Eq, ( 1) is in teg rated from an initial condi tion 
( To, 1'tI) to gi\'e the following cxpression for shock 
temperature, 

T = To cxp[b (v,j-v)]+ exp( -b,I/2C.) 

X J' [exp (bl') ]F (l,) dl ', (-1) 
· 0 

where for simplicity we set 

and 

Thus calculation o( !'hock tcmperature requires a 
knO\\'IccI ~e oi Cr , (up 'uT) '" and till' fun ction F (1' ) 
,dong (he Uugo niol cur\,e, The \':tlu es chosell for C. 
and (aplaT). arc lhooe lll L'aSured. under st:l.lldarcl con, 
diLiuns, and F (l') is calculated (ro l11 cxperimental shock 
wavc da ta, 

Equ:lI ions ( \ ) and (4) "w e used to calculate shock 
tL'm pl'ra (l1rl' with a compute r (a nd th e input da ta given 
ill Table J), The l'qua tion for a Ilugoniul cur\'c used in 
tIll' c:dcula t ions i<; U, = lilCu+ /( ~ III" where III and 112 arc 
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"1'.\ Ill .}. I. Input dat:t ioc ,hock temperature calculations. 
._---

Carlou\) 

Quantity Cnit~ t t t rachloritic J{ci. NitromelklllC Ref. \\":tter Ref. 

(flp/DT) • 107 dyn 1.14 9 1. 63i' 2c UH h 
cm-' ·dq;- I 

50un<1 sprcd H,' Cll1 scCI O.91()< J 1.30 2c lA~ h 
Sl'ccilic volullle cc ~-I 0.()31 9 O.S '-l 2c 1.002 h 

at p=O 

Temp. at p=O oK 298 298 293 
and t' ='(', 

first volumc point cc g-I 0.631 0.884 0.819 
on Hugon iot a 

Temp. at first oK 2<)8 298 323 
\'olume point on 
Hugoniot 

:\Iolecular \I" t g 11101- 1 153 .R·l 61 18.02 

C (const:tnt) cal mo\-I·dcg-I 21.7 9 17 .8 2c 14.07 h 
C" tit:u e g 

B -75 '115.S 1. 233 i 5 X lor. 
C -2 lOY. 31 -9956.86 
1J 8 .102·17 17.3573 
E -8.6l'=;~X X lO-· 8.09421 X 10- 3 

F 1.1251o X 10-7 - 2 .2461-1 X 10- 6 

1\ infl'grat ion sta.rts from the fir-; l \'olulI1e poin t on the 111l ~oniot an,i 
tile \'olunu! increment i~ -O.Ul cc ~ J . 

b (',(T) i,gi"en by C, (con-lant) + (13/1") + (C/T) +D +E XI' +1' X'f'. 
c ~oulld I;p;.:;ed cah.:ul.tlt·rl iltllll the data ill R ef. 'J ij n.Y.l2 X UP ("m H'C· I, 
d llalla'book of Chemi,lr)' and Phy,j(S (Chemical Rubber, Clc"olund, Ohio , 

1968- 1%9). 49lh cd . . p. £·38. 
• JASAF Tlurm oci:o" ical Tabl .. (D ow CIJemical. 1-1idland. :\Ii h .. 

constants, and l '" Ill" and Co denote shock "clocity, 
particle \'docity, ami SOllnd speed in un shockell 
material.6 Equation (1) was integrated step by step 
with n.l~unge- KUlta program wriLl('n by S. P. Gill, and 
the integral ill Eq. (-!) was e\"aluated with a program 
based on a trap~zo idal approximation wrillm by B. Y. 
Lcw . .'\5 exp.:cted. both methods of c<llcula lion arc iOlll1d 
to he consistent. Shoc\;: temperatures for carbon letra­
chloride calculalt:d "'ilh the Rungl.>-Kutla scheme arc 
in excellent awct:l1lent with tho~c calculated wilh the 
traptzuidalmclhod :1S "IHlwn in Table II. ill addilion, 
shock Icmperat ures cakulalt.'c\ ior copper by \\"alsh amI 
(,hri ~tianl ;Ind fl.)r nilrol1lL'lhane by ~ladcr~ arc in gl.)ud 
agrcL'll\ent \\' ith our \'alucs calculated with the same 
inpu t data. and Ihe IrapL'zoidai1l1(' thod . 

Howl.'\'er, com pa rison oi ca lcula I cd shock tempera­
tures of Gtrhon tctrachlnrilie with cxperimental 
brightness tel11pl'ratun:s3.~ ( Fi~. 1) demonstrates the 
in ;,(iL-quacy of appl yin~ I he \\'alsh- Christian method t () 
liquids. The poor a~rl.'l"1l1ell t bl"l wecll I he calcul.l ted and 
l'xp:-rinH'lltal rt'~lllt~ indi ta tl'~ that the \\"alsh (,hristi;lll 
mt"thl.ld givL's an llppLT l':; tilllatt' for shock tem\l I' r;l[Un' 
in liquids. Our l':dcnsiun vf their Ilh.:tht1d [0 liquiJ~ will 
take into consideration the sensitivity of calculatcd 

1961 ) . 
'CalcuiatcJ irom (iJp/DT)r =o:C,.(o';",C" where Ct is tile coefficient of 

eXIJa.u.:iion. 
~ J. P. :-'k Cl;) i"u~lI, D. \\'. ~,·Olt. R. E. Pc/,n inglon. J. A. l!o,-e nlopp, 

and G. \\"adciingtoll. J. Am. CIi{'lll. ~Ol.". 76, 4iYl ( 1954). 
h ". E. Dor;e;-. Prop" lies of Ordj"ary Waler Subs/an" (Reillhold, Kew 

York, I!HO ) . 

shock temperature to ctwice of tbe pammelers F(v), 
(uPlaT) " and Ce. Bul since calculations for caruon 
letrachloride (Fig. 2) shu\\' that the shock temperature 
\'5 shock pressure reblionsilip is insensiti\"C to changes 
of the order of 10% in the consumts in the U. vs Up 

TABLI: II. Comp:trison of shock tempcratures for carbon 
tetrachluridc calculatcd frolll Eq. (-\) by trapezoidal cvaluation 
of thc integral and shock te lllperaturcs calculated by a Rungc­
Kulla int.Cl!ntlion of Eq. (Il. 

T T 
Eq. (4) Eq. (1) 

p II Trapczoidal RungL-Kutla 
(klJar) (ce: .;- 1) (OK) (OK) 

0 0 .631 291' 298 
29 0.431 661 662 
-19 0.·101 980 980 
73 O.3S1 J.lO I 1·102 

113 0 .301 21% 2198 
IH O.3SI 2S(j(j 2X()i 
1 ~S 0.3~1 3S5i 3X5i 
253 0.331 5385 5386 

... 
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rd ; l\i()n~hip, we \\'ill "..;~umc 1"(1') i" well known and u~e 
the Hllgoniot for liquirb:! CII1 = 1.~ and II~ = 1.7) to 
calcu b Ie it. 

DEPENDENCE OF CALCULATED SHOCK 
TEMPERATURE ON (<J/J,'DT), AND C. 

Let fJ/ denote temperature on it Hugnniot cur\"c and 
T, dL!llotL- lell1prmlure on ;tn i';C11 trope. Thl'n Eq, (-1) 
relating the telllper;ltlll'c:; at :L \"olllnw VI on the 1 fugoniot 
centercd at (po = O, ,'0, To) and on the i~entropl! through 
(Po= 0, '0, To) Wll be \\ rittcll formally as 

I'll «I, b, C,) = 1'.(1'1, b) 

with T.(l'l, b) = To npb (;'o-l'I)' " 'c will uSC' Eq . (5) to 
determine the C[ualit<lli\"e dependence of "hock lCIll­
peraturl! on (ap/aT) . and Cu' Partial difTcrcntiation of 
Eg, (,'i) with rl'sp~c t to (ap.'i)1') v and llSC oi the 
identity Cv[abI D(iJPt8T)rJ= l lt:acl~ to the equation 

8Tll 

a cap/aT) • 
(6) 

where 

The integral J J1l11~t be pasiLive since Tll> 1', and 
(V-1'1) 2:0. Thus aTfl/ acapJaT) ,>0 and the slope of 
the I'll \'s cap/ aT) . clln'e is positi,-e, An increase in 
(<1 pi a T). in a Walsh -Christian temperature calcula\ ion 

TEMPERATURE __ OK 
6000 

° R 
5000 - 0 V B 

4000 

3000 

2000 

o 50 100 150 200 

PRESSURE -- kbar 

250 300 

FIG.!' Shock tl'l1lperatlll'c for c:uhon tetrachloride. Compari· 
SOil of calculatl'tI \'alm's with tho,e "I ,tailled l·xperilllt'ntail.\· I,y 
thc"l!Tightness" method. Th,' circle \1":''; ol ,tained hy Ram,a), and 
the ~qllan's by \ '",knhninik<)\' :\ntl B"!! ,,moj,l\'. The line C, \\"a~ 
calcuialed in til<' I'rL','<' nt 'wrk ll ,ill~ till' \\ al"h- ('hrisli.ln ll1L'th" d 
(con:'tant C,.\. Th"lill" 1/(',. \\' ;" calculaterl hy :'Iladn ;d~(lll'ill;': 
th l' \\ 'abh Chri , ti:!lI ll1<' th, ·d I,ut u,ing C" im thl' \';dul' oi ( ',. 
Th.· da,lll'd line C, ( I) \\." r.dculatl'd ill th,' pr"sl'llt \\'nrk u:,in."; 
C. a, a illllelion oi 1 "l1lpn:lturl' . TIll' 11'11'111 data ior the c:dcub­
tior,:' al'l' in Tallie I. /'"r c,'n:'lant c,. lit.· sltock tel1lperature at 
1St) !'bar agrees \\·ilh that ralcu lalctl I,y Dick l 3 

TEMPERATURE OK 
6000 r-----r.----:---,.---~--

5000 

4000 

3000 Us = u 1co + u2 up 

u, u2 
2000 - 1.2 1.7 

0 1.25 1.7 
1000 - • 1.31 1.61 

0 1.199 1.672 
o L-__ -L ____ L-_____________ ~ 

o 50 100 150 200 250 300 

PRESSURE -- kbar 

FIG. 2. Shock temperature for c:\rhon tctrachloride. Sensitivity 
of the caiclilatrd tempcratllrc~ ( 0 (he form of the Hligoniot. 
1/1,1/2= 1. 2, 1.7 (H.ef. 3); 1.25, 1.7 ( this work, arbitrary variation 
of 11,); 1.31, 1. 61 ( Ref. 7) ; and 1.199, 1.612. ( Recalculated from 
Ref. 13 by H .. D. Dick). The other input data are in Table 1. 

will produce ~n increa.se in shock temperature, but a 
decrease in (ap/ aT). "'ill produce a. decrease in shock 
temperature. rartial differentiation of Eq. (5) with 
respect to C. and usc of the identit~· ab/ fJC.= -b/ C. 
leads t.o the equation, 

-=- b + . a TIT [ aTH T II - To] 
ac. acap/ aT),. C. 

(7) 

Thus aTlI/ac,<o since aTJI 'a(ap 'aT) ,>o, and t.he 
slope of the Til vs C. curve is ntg~Lti\'C. In contrast to the 
former case, an increase in C, will produce a decrease in 
shock temperature in a \"alsh- Christian calculation, 
but a decrease ill C. will produce an increase in shock 
temperature, 

The equ<tI ion 

___ C....:,.', . ..:..C
o_T....:,.Il....:..l a_C_,..:...,) -~ = 1 

(a pi a T) ,[a T/I / a (a pi a T) .J 

T/I- To + (8) 
b[T.(t'o-l'l) + 1:'2 C ] , 

obta.ined by rearranging Eq. (7), is cOl1\'enient for 
making a more qu~tntitative es( imate of the dependence 
of shock lempcmtureon (uP, DTL·and C .Let ~T/I(oC,) 
and OT)f[o capl aT) • .] denote the change in shock 
temperature produced by a :>111:111 dec rease in C. and a 
small inCTe:lsc in (ap/ aT) '" Then if second- :lnd higher­
order t.erms arc neglected, Eq, (R) can be written as 

!lTJI (8C.) T/I- T, (9) 
~T/I[8 ( ajl. /JT)rJ = 1+ b[1',(1'(\-I'I)+1/ 2(',J' 

The ri~ht·h;llld side oi EC[. ( tJ) has been ('\'aluated 
along the Hugl1lliot ClII've, and the left -hand side h:1s 
bl'l'n ralclIi;Ltld i()r a 1O~;: in (I'l' :I~c in (ap ' il],). and a 
lOra dl'nea~e in c.., Th e rl'slJlt s of (hese calculations arC' 
gi\'Cll ill Table I IL ~llHI Fi~. J. At;t gi\,(~1l shol'k pre~surc, 
shock tCl1lpl'l'ature is nlllrL! sensi tiyc to changes in C. 

.. 
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1'"nl.1-: Il[ S~nsitivity of the ~ h"d: t CIllPl"l,\1 \1f l' (I f carl)(l ll l l' lr:ldtloriri c to the \'"Iw'". of C. and (iJj>;iJT), .. -
"---- - -- .=- '-- == ---=---:"-. - === 

!'.'lI'(M.:,.) 

t:.TIf[!H uP!iJT),,] 

------------
p v bT.(:'o-I'I) bJ / 2C,. TII - T, Calc. Obs. 

(kbar) (cc g-I) (deg) (ckg) 

0 0.63[ 0 0 
29 0.~31 16') 98 
·19 0.401 207 ISO 
73 0.381 233 208 

11 3 O.36[ 262 2i·J 
14-+ 0.3S[ 2;7 300 
ISS 0.3.J-[ 292 328 
253 0.331 308 3n 

It. In pul uala u::cd; ~c Table 1. 

than to changcs in (ap/ aT) r, and this sensltmty 
increases with pressure along thc Hugoniot cur\,c, 

THE C,(T) MODEL 

The assumptions concerning the \'aria tions of C. and 
ca p/ u T). along the Hugoniot curn, necessary for 
calculating shock temperature with Eq. (1), should be 
com pat iblc with t he known properties of liquids. Fot' 
example, under normal conditions of atmospheric 
pressure and. room temperature C. for carbon tetra· 
chloride increases wit h temperature as does the co­
efficient (ap/ oT) ,.9 )'loreoYer, other prop"rties of 
liquids in the kilobar re~ion arc kno\\'n from the classical 
hi gh-pres~ure work of Bridgman.tO Of particular interest 
is his im'estigation of the preyiously advanced hypoth­
esis tha t liquids can adequately be de;;cribed by a. yan 
der W aals' type (p- v-- T) equat ion of state; namel:-', that 
(up/ uT)" is a functioll of volume onl:-', or equi\'alentl;;, 
that C, is a function of temperalure ollly. The hypoth­
esis was fOllnd to hold well at low and moderate 
pressurcs, but to break down at high pressures "'here 
(ap j aT). was found to decrease wilh increasing tem­
pera ture at constant \'olume. For tcmperatures below 
.J.50°1(, C. for IS liquids \\'as found to he insensitive to 
pressure below 100 khar. 

A logical extensiun of the \\ 'al. h -Christian model for 
calcu\;tling shock le\l1p~rature in initiation studie~ of 
liquids bl'lnw tOO kbar \\'oul<l he based on the assunlp­
lions that (up/uT), is a fUlIction of volume and that C. 
is a function of temperature , The present work hOlI'('\'cr, 
assumes Ihat (ufiluT). is a conS\:\I11 and that C, is a 
function of tcmperature, i,e., c,( T). These assumptions 
are n:a~onable since our variational anal\,sis shows C, 
10 he a more imp:JrLlnt parall1('tcr th:lJ; (rJ,h , ur)" in 
shock ll'l1lperature cakul:ttions, and also because we 
have a bet ter under;;tandinp: of the cJepcnc\cnce d 
('.(T) on I('mp~'rature th:m of (al', ()]'). on volume. 
Specifically, constancy of (up/ JT). is retained because 

(de:,:) analyticall)' cmpirically 

0 
22.3 1.8 2 .·t 
5[5 2 . .J- 3..J-
97S 3.2 4.S 

J G% 4.1 5.7 
235~ 5.1 7.0 
3335 6.4 8.3 
4853 8..J- 9.7 

calcuhlled shock temperature is relatively insensitive to 
its variation (Fig. 3), because the increase and sub­
sequent decrease of (up, DT)" with increasing pressure 
will tend 10 cancel, and because we have little insight as 
to tbe \-ariation of (a p fa 1') ,. along the Hugoniot curve, 
On the ot her h,llld, the specilic heat is assumed to be a 
function of temperature because calculated shock 
tell1lx'rature is sensiti\'e to C r , and because we expect 
C. to increase ",ith increasing pressure along lhe 
Hugoniot curve as internal molecular vibrations become 
more excited, The dependence of C,(T) Oll temperature 
is based on the additional assumption thal internal 
molecular vibrations arc essentially unalTected by tbe 
forces of inleract ion among the molecules. This ap­
proximation has also bren used b:' D;l.\'ies and ).Ialhe­
son .ll Then the increase in C.(T) above room tem­
p erature: is due primari!:, to Ihe increase in lhe vibra­
tional heat rapacit), as the vibrations become more 
c1assic:t\ . The functional depcndence of C. (T) on 

TEMPERATURE __ OK 
6000 ,----.----~--_,~--------y---~ 

10% DEcnEASE 

5000 10% INCREASE IN 

4000 

3000 

2000 

1000 

ORIGINAL 

ISENT ROPE 

o 
o -------~----~----

50 lOa 150 200 250 300 

PRESSU RE -- kbar 

he; . .I, Shpck tcmpCr<llllrC of clrbon trtrarhl" ri!1,'. Sellsitit'it\, 
of the ca lcul;lll'u tl'mpl'rallln 's to the \'alul~ lI~I' d ior C" and 
(iJp/ aT) •. ThL original inpllt data arc in Tal ,le 1. 

."." .. ; : b-
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temperature is gi\'Cn b) the equation 

C.(T) = C(298)+..lC,°(T), (10) 

where C(298) is the 5p~cilic heat of the liquid at 
298°K, and tlC.o( T) is the increase in C. (T) from 298 
to TOK as calculated \\"ith the Einstein fundion for a. 
molecule considered to be in the ideal gas state. 

The assumptions ior (ap , iJT). and C.( T) together 
with the llugoniot cur\'(' implicitly dellne Ihe state 
variables in the volume range spanned hy the Hugoniot 
curve. Integrating along lines of constant volume from 
the Hugoniot gi\'es the following expressions for tem­
perature and energ~', 

T= TII+ (aT/ aji) .(/>- PIl), 

e= eu+ (.C(T)dT, 
}Tn 

where Til is obtained by integrating },q. (1) \\'ith a 
Runge-Kulla technique and elf is given by the IIu;;oniot 
equation ClI=CO+V(;·o-v). 

SHOCK TEMPERATURE CALCULATIONS 
WITH e,eT) 

Shock temperatures were calculated for carbon 
tetrachloride, nitromethane, and water. 

Carbon Tetrachloride 

The shock temperature of carbon tetrachloride was 
calculated using C.(T) and otber input data gi\'en in 
Table I. The results, shown in Fig. 1, show brtler 
agreement with the experimental measurements tha.n 
do the temperatures calculated using the constant \'alue 
of C,. Allhough ~Laderl~ obtained beller agreement with 
the experimental results above 150 kbar \Ising the 
Walsh-Christian method, he L1sed the value of Cp for 
C •. 

The experimentally ohserycd tcmperaturcs start to 
t1ivcrge from those calclllult-cl using C,(T) at prcs;;ures 
abo\'c auullllSO kbar. This is the region in which Dick l3 

obser\'ed a. break ill the P- L' lIugoniot and is abo the 
region where j,ladel,s calcuhtcd that sign ilicant amounts 
of decomposition of CClI int o et Cl6 and Cl2 take place. 

Nitromethane 

The results of the shock tcmr~ratl1re calculations 
with both the constant C , and e,( T) modds are shown 
in Fig. -I. They are cOlllp:trl·d with Ihosl' calculal<·d by 
Enig and J'L'l rone I4 ll"ing th"ir own equation ui :<tate, 
:1.I\d with thl' shock temper,tll1rl'~ at 86 kb:lr calculated 
by Campbell, D,wis, and Tra "is1;. and :\ I :tder. 16 

It is uf interest tl) di:<rtl% reasons wh\' the telll­
p~ratures cakul:tted with the e,(T) model art' con­
sidered to be 1110re realislic than those calculated Wilh 
tbe othl'1' methods . . \ s l11l'ntiolll'C1 earlier, the constant 
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FIG. 4. Shock temperaturc for nitrol1lcthallc. The pointJf CDr 
was ohtained by :\fader llsing the Walsh-Christian method (con­
stant C.), but using Cp for the \'allle of C. The point .If CDT 
was also obtained by Camphell, Da\'is, and Travis using the 
"ideal gas equation of state." The line C,. was cn1culated ill the 
prl'scnt work using the \\'alsh-Christian method, and the line 
C.(T) wascalculalcd in the preSl'nl work lIO'ing C,asa function of 
tcmperature. The line F.l' was calcu.laled by Eni~ and Petrone 
who uscd another equation of state. The input data for the present 
calculations are in Table 1. 

C, model ignores th e excitation of molecular vibrations; 
it thereby underestimates the value of C. along the 
Hugoniot cun-e, and giyes an overe"timare of shock 
temperature. Calculation of C. at 298°K with the 
Enig-Pet rone equation of state gins a vallle of 0.2-1 
cal g-l . deg- l which differs significantly from the 
literature vallle2 of 0.29 caJ g-l ·deg-1• ~roreo\'er, it has 
been pointed out by Jacobsl7 that their equation of state 
predicts high values fur C at higher temperatures . For 
exa.mple, at 20000 K, C. is increasing rapidly and has 
already attained a value of 2 cal g-l ·deg-1 which greatly 
exceeds the classical maximum of r-..-O.7 cal g-l · deg-1 

given by the genemli7.ed Dulong ancl Petit expression 
3I1R/M for a solid of molecular weight .1/ containing n 
atoms per molecule. Campbcll, Da\'is, and Travis have 
calculated a shock lemperature of 11-:!O° K at 86 kbar 
using lhe expression T=300+..le/C, where ~e is given 
by the Hugoniot equ'Ltion. 1I00\,e\'er, the calculation 
ignores the forces of interaction between the molecules 
and uses the value of Cp for C,. It should be noted that 
use of the value of C. in the calculation gives a value of 
1-150 0 K. :;\[ader calculated a value of 116SoK at 86 kbar 
using the Walsh- Chri:;lian method with a const:mt C •. 
The agreement with thl' value calculated by Campl)dl, 
Davis, <lnd Trasis COln be exp!.tined by the fact that the 
\'::tluc of Cp ,lnd a high value of (ap/aT), were used in 
the calcublion:~b 

Water 

The results of calculations using the \\"alsh -Chrio;tian 
method are shmrn in Fig. 5. The n>ults arc cLlIl1pan;d 
Wilh those calculated Gy l~ice and \\' .tlsh \\'ho as,;ullled 
Cptu he constant and Cp,' (av,aT)p to Lc a function of 
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F[(:. S. Shock temperaturc for water. Comparison of the con­
stant c,. model with th e Hicc- \\"alsh con,lant Cp model. The 
shock temperatures calculated using the consiant C,. model arc 
not SCl1sili,'e to thc form of the llu ,!!;llTlio l, II" II~ = 1.2S, I.S~ 
(personal COllllllllllic,llion fro111 R. \\". \\ 'oo lfolk) ; 1.2, 1.7 t Rl'f. 
3). The other input data arc in Table 1. 

pressure only. From the analysis of the depenocnce of 
calculated shock tcmperature on (ap aT) . ane! Cr, wc 
conclude tha l the shock temperat me will be \"er)" 
sensiti\"e to the "altH: chosen for Cv. The obs(' I"\'ed 
difference between the present results and thosc ob­
tained by Rice and \\"al sh is lherdore regarded a,s not. 
signiliGl ill. 

The inapplicability of the G,(T) model to water at. 
low pressures is yeL another eX:llllple of waLer being an 
anomalolls liquid. Specilically, t he model is not yalid 
since the value of C. has its classical yalue at a tmos­
pheric pressure and temperat ures where the 0 - H 
vibralions arc not fully e:-.ciLccl . II is for this reason that 
shock temperatures calculated by Duyall'B using Eq. 
(1), the C. model <mel st:lncbrd condilions for th e lower 
li mits of integration are lo\\"cr than those calcubl cd by 
Wabh and Rice. 19 A simihtr calcui:tlion with the 
C.( T ) modd woule! give e\-en lower "alues of shock 
temperature. Similarly to Rice and \\'a lsh, the integra­
ti on oi Eq . (1) is started from a point on lhe lIugonioL 
abon: atmospheric pressure. ;\ 5 shown in Table 1, the 
point selected W;tS (PJl = 10 kbar, v=O.819 cc g - I, 

11/=323°K). 
CONCLUSIONS 

\\'hen compnrec\ with the \\' alsh-Chris tian method, 
the prc~enl method for (alcubtin~ shock temperatures 
ta ke~ better account oi the pmperties of liquid,.; an d the 
greater tiepl'ndcnce of shock lelllpL'ra tun on C, than on 
(ap, (In ,. Il is thcrefore considered LO be an illlpro\T­
menL Oil the \\'abh Chri,.;tian Illethod and will ~'iL'ld 
more realistic "alues of shock tempemture in liquid 

explosi \"l.'S, This conclusioll is subslan I ia leu by the im­
pro"lu a~n:eJ1lent het WlTn the calculaled ,tIld e 'peri­
mental Iclllpcrallln:s for carhon tdrachloriue, but 
nCCOllnt must he taken oi the illapplicability of the 
model to water in the lo\\' prl'Ssu ll: region, Thus the 
C. (T) modd is expected to be hd ler for nonassociated 
liquids than :ls,,;ocial<.:c1 li quids. An improvement of the 
present model must include the \'ari a tion of (api aT)" 
:Jncl a heller ll1ethod for calculating the Yari,ltion of C. 
for associated liquids . 

ACKNOWLEDGMENTS 

One of us (R .S.) wishes to thank L. 13. Seely for 
introducing the problem :lnd alTering encouragemcnL at 
all st:Jges of the work. We are indebted to R. W. 
Woolfolk for referring us to the work of Voskoboinikov 
and Bogomolov I to S. J. Jacobs for many constructive 
suggestions, to C. L. illader for his promptness and 
courlesy in supplyi ng us with his input data, and to 
R. D . Dick, J. W . Enig, n. Bain, and R. F. Chaiken. 

* This work was supported hy the U. S. Oniccof Nay;d Rescarch 
under Contract Xonr 3760 (00) . 

1 J. ::II. \\ 'abh and R. H. Christian , l'h~'s. He\,. 97. IS+! ( 1955). 
Z (a) J . \\". Enig and F. J. Pc-trone, l'hys. Flllids 8, 769 (196S). 

( lJ) C. L. ::IIader, Pbys. Fluids 8, til (196S). (e) B. O. Reesc , 
1.. B. Seciy, R . 5ha\,;, and D. Tegg, J. Chclll . Eng, Data 15, HO 
1197U) . 

31. .\1. Yoskoboinikov and H, j\J. llllgomolov, ZhETF Pis. Red . 
7,338 (1968). 

• Personal communica tion from C. L. ::I lader re c:qwriments by 
Ramsay. 

• .\1. 'Cowpc:nlmaite, Am.]. Phys. 34, 1025 (1966) . 
6 S. ]. Jacobs has suggestrd 

U.= /lICO- [(111- I )co/ C:-p(lIallp/ Co) J+lI zll p 

with 11, as a constant as a hetter form of the Hugoniot cun·c. 
This form has the ad'"'tlIta~c t hat it satisfies the limitillg condition 
['. =co when up=O. Howevcr Ihe linear form is used for con­
" cnienc(; since "alucs of shock tcmperaturc calculated with 113= cc 

ha" c been iound7 to be not signiticantly diiTcrcnt from those cal­
culated \\ith ii, = 1 and 113= 10. 

o Stanford Rcs('arch Institul c !'roject 4051 T echnical Progress 
Report 69-2 (Semiannual), ., Sensitivity Fundamentals," Octobcr 
1969. 

• C. L. ::Ifader (persona l t'ummunication). 
9 D. Harri;on and E . ,\ .• \I"elwyn-llughes, Proc, Roy. Soc. 

(Lonclon) A239, 230 (1957). 
IU P . \\' . Bridgman , Tlte l'ltysics oj jJ'igl, Pressure (13ell, Lon­

don, 1958) . pp, 127- t~2. 
II D. B. Davies and. \. . .1. ::Ifatlll'son, Di-cussions Faraday Soc. 

43,216 (l96 i ). 
IZ C. L. ::I1ader, Los ,\ Iamos Scientific Labora tory of the Uni­

vcrsity of California, Los ,\la1110s, N .,\l., H.cpt. ;'\'0, 1.. \ -2900. 
13 K D. P ick, Los Alanll\~ Scientil'lc Laboratory of the Uni­

versity of California. Los .\Iamos, X.::If.. I{ept. L,\ -39t5. 
" j. \Y. Eni~ and T . J. l'l'troll~, I'hys. Fluids 9 • • 198 (1966) . 
1$ ,\. \Y, t'ampbdl, \\" . C. J),t\'is, alld J. R. Tra"is, l'hys. Fluids 

4. ~% t I961). 
16 C. L . .\[ader, fIuotcd in Ref. 19. 
"S, J, Jac"hs (personal Cllmnlllnication) . 
I' G. E. I h,vail, ,I Equatiolls oi State of I.iquids and Calcula­

tions of \\"a,tl' lit-at." Stanlnrd I{l',carch In stitllk Project P.\U­
-1900.6 XO"cl1l1'l'r 11)66, Spec. Tech . i{ejlt. Xo. 3. 

,g,\L II. Ricl' and]. ~f. \\"alsh, J. ('hem. l'hys. 26, S2~ (1957). 

-. • --:T"'P 


	Cowperthwaite, M.-3221_OCR
	Cowperthwaite, M.-3222_OCR
	Cowperthwaite, M.-3223_OCR
	Cowperthwaite, M.-3224_OCR
	Cowperthwaite, M.-3225_OCR
	Cowperthwaite, M.-3226_OCR

