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The Kistlakowaky-Wilsonequationof stateas modifiedby Cowan

and Flckettwas used to estimatethe detonationperfonuanceof

qplosives canposedof variouscombinationsof the elementscarbon,

m=wj nitrogen,boron$aluminuu,oxygen,and fluorlne. The

cmxputedvelocitles$pressures$and temperaturesare canparedwith

the avdlabla ~rlmntal detonationvelocities,Chapmn-Jouguet

pressuma and brightnesstemperatures.Over a wide xmge of density

and ccmpositiointhe canputedand qrlumtal pressuresand temperatures

P to athh 20$$ the detonationvelocitiesto wlthln1o$. The

interrelationshipsbetweentemperature,pressure,and the ~icle

densityof the C-J productsas predtctedby the KlstMmmky-Wilson

equationof statem discussed.
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ImRoINc’I’IoN

IRl15ngthe last four yearsthe Mstlakmsky-Wilson eguationof Utati$

as modifiedby Cawanand F’lcket~has been used to estimatethe detonation

onnanceof e2@o13ivesccmposedof wrious coniblnationsof the elementsperf

carbm, I@rogen, nitrogen,boron,alumlnwn,oxygen, and fhorineo The

investigationm concentratedon the sy8temswith high

in an effortto detezmineif such systemsare pmxaising

applicationsfor whichhigh detonationpressuresara of

importance.

heats of qsion

for use In

principal

Eucw(wmLATIOm

‘J!hetheoreticalestimationof the detonationpamdm?s is based on

the ICistiakovsky-Wllsanequationof etateas modlfledby Ccwanand

Nckett.1 To

the effect of

treatlmntwas

dse the calculationsas tanbiaaedas poaaibb in predicting

VartousCombinatimaof elelumts,the Cowana?a Fickett

takenunchangedasthestartlng point,awlthe new product

specieswwe Incqpamted In it withoutaddingany adjustablepamneterso

Thlswas doneby usinggeanetricalcovolaawmfor the mm species,and the

Samecovolulnescaldngfactora8waallaed by Couanand Flokettfor all

the productsexceptthe carbon-fl.uo- products. !l!he704codenas

written, with llckett’sassistance,so that it wouldhandlemixturus

containingup to five elementsand fifteencomponents,one of whichmay

be solidcarbonor solld(uncompressed)ahmlnum oxide. The BEMLLc!y

methodwas used for -ing the equilibriwncomposition.This

generalizedversionof Cowanand Nckett ts techniqueis calledthe

mu calculation.
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The XV calculation ccmputes the equilibriumcompositionof the

~sion prodmts at temperaturesand pmssums of interest,the

detonationEugoniut,and the valuesof the ~c ~ ~e~c

wrlables at the C-J point. The isentrqpeof the ?xwMon productsalso

Can be obtalnsdin eitkr the pressum-volwneor t& pressure-particle

velocityplane. Aa iqmt datathe calcuJRtion requlras,for the e%plcmre,

its elemental Ccmposztion,heat of formation,

weight;and for the aq)losionproaucts,their

heatsof fonlmtion,Covolmes, d cubicfits

emrgles, enthaQies, and entropyvaluesas a

density,and llmlecular

elsnentalccqpositions,

of their Idealgas-free

functionof temperature ●

~ ~~c **~==*= h refex=nces 2 and 3. lb

cov’ol.umsused am givenIn T4ble I. The constantsused in the K-W

equctionof stateare e = 400,elpha= 0.5, beta - o@g, end K - XL.85.

The C-J statewas cozqmtedby an iterationprocedurewhichwas

termlnatmlwhen tlw convergenceerrorin temperaturewas lessthan 10”C.

The comespmling ccmergence errorsin pressureand detonationvelocity

amnotthe santefor83J.8y8tem8,buttuwof thcorderof~~ kilobars

and * 25 meters/second,respectively.

~ C-J HUUWRMMCE ~S

The mt?&odsused at Los Alamos b measurethe C-J pressureand

detonation velocityof an ~losive have been describedprewkxwly in

the opm litemture and are adegpate3y

bri@mess measuremnts of w. c. ms

referenced in Table II. lhe

of this Laboratorywill be
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pWIAshed sometime In the future. The tqperaturesreportedare those

of a blackbody of equivalentphotogm@ic brightness,probablywith

retitiveaccuracyof 50°SC,sinceeach shothas a nltromethaneinternal

SlxdEmd, and

betweenthese

known. Since

absoluteaccuracyof about200°K. !Rm relationship

nunibersand the actualdetonationtemperature18 not

* ~~ b-en ~tis’s ~*s - **

otherinvestigatorsfor void-fxwesystemsis mther good,we shall

of

asswne,

as pmwious Investigators

are the C-J ~tU3?tN3e

The estimatederrors

Veloclty~ts are

with the tecbnlguesused.

have,that the temperatureswe are measuring

glvenln Table II forsama of the pressureand

Considerablylargerthan nozmauy assochted

The accuracyof the resultssuffered~

asaresult d the necessitytodeslgn theshoteetupln suchawayas

touseamtnimm ~ of materialad the necessityof prqarbg and

loadingthehasardousmixtures w relwteContmle

cmfo systems

Cowan and Fkketttsversionof the Hstiakowsky-Wilmn equationof

statewas calibrated

1,2,3,4, and~of

for !RW!.

for BIIX,Cyclotol,CcxpositionB, and TNT, systems

Table II. They obtainedtheirpoorestagreement

~enis 6, 7, 8, and 9 show the effectof changesin men balance.

The C-J pressureand detonationwloclty of the C02-balancedsystemare

disappointingin comparisonwith what one might ~ct on the basis

of simpleheat of explosionand gammalaw (NY= C) predictions. If one assumes

7



that the detonatim velocityincreaseswith densityat * 3,000 xwtert3/

SeCOndJgranI/CC2then the velocitydifferencebetweenthe CO- and the

C02-balancedsystemsmay be attributedentirelyto the differencein

denstty. lhe tuupemture increasesas the amountof C02 increasesuntil

an exeessof ~ Is presentad then the teqpemture decmmsesc The

observed C-J pex%oxmame ~ be e@alned by the lowerparticledensity

at the C-J statefor systemsproducingC02 Insteadof CO. The extra

emrgy presentIn sucha systemis @nnrily thermal energymther than

Mennolecular ptentle3 energy. ThusWe temperaturewuld be ~

tolnclTease asthe~ofco2 foxYfBdwas

and VsUxity relminl?elativelyunchanged.

increased and. the pressure

BcmoF @stems

f&steum19,20, and21areh~ systems

and BF3 as detcmtion products. Althoughthe heats

which produce ~03

of e@.oston am

aJnmst twice that of conventional CHNOexplmttves,the obsemed C-J

pawmures ti detonationmloclties era mt as high as thoseof the

betterCENO~osives at the ssmedensities. A possible~lon

for the poor C-J ~ssures and velocitiesof ~ boron ~loslves relative

to * Cm) explosivescan be proposedon * basis of twwl calculations.

Becausethe productmolmxles ~03 and BF3 are complex,the pu%icle

densityat the C-J poht 5s Imer than for systemscontainingthe product

- N2. !bs the ~ iS ~itbwd ttnfawordb~

potentialenergylowendthethemsl energyhigho
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At C-J densitiesthe

pressure-detemiaing

boroneq)losivesare

reason to doubtthat

intezmolecuMrpotential

part of the emmgy; thus

energy%s the @nmy

the C-J ~S-S of the

lowtitk C-J temperaturesare hi@. We haveno

the heatsof eqlosion of thesendxturesare M@,

~a the poatibiuty ~ that they wouldperformlml m applications

whichrely iqpmtantly on the equilibrium~ion of the detonation

~e.

CmoAl S&stems

~17tiMe mnwmogeneous systems,but the c-ifpressum!s

d velocitiesmy be q@ained by assumingthat the H.Eo/Al~s as

if’it is a hanogeneausexplosiveand the -t mlecule +03 is formad

as an eq@libx5um C-J ~. * * c~ ~ ~~ C-J

pressuresand velocitiesm loverthan one might _ frm heat of

explosionConsidemtionsbecauseof the low ~icle densityof the

detonationpmducts~ One aqxmts that the C-J

W thst H.E./AlsystemswuuldPC?tiormwell in

on the equilibxluuexpansicmof the detonation

CENOFsystems

axilvelocitiesof systemscontainingfluorine. Althmwh * m~

desirableCENOFsystemwuld hmfe the fluorineattachd tothe MLecule

bymeans ofan I?-Fbondra*r - aC-Fbond, the C-J F@esms*

velocitiesof the ~le sy6temsmm Imtructive. ‘l’hecalculatedC-J
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prassums and velocitiesof the CEITOF~ are very sensitiveto the

HF, -bon, CF4 egyilibriuu IX one does not considerthe CF, CHF,and

COF species,IKklcalculationspredictpressuresaml wdacities that am

-r - ~ally observed. If one includesCF4,the

caLcuMxd pressures@ vekcities are somewhatlowerthan ~ntelly

observed~ !LW covolxmesof the CF, CHF, and COF specieswere increased

byafactor ofl.6so astocauseas~t ~inthe HF, Car-, CF4

equilibriumand betteragreementbetweenexJx@mentaland calculated

C-J pressuresand velocities. !Lbiseu@xLcal observation~ be of S-

VuMletoa nyonewishingt ou sethe Iwtechnique forpredtctingthe

possibleC-J ~ ornmmceof saneotherCEI’?OFexPlosive.

CENOFqplosives appear to fonu productsthat are energy-releaslng

speciessuchas EF and CF4. W4 1S leSS deSiX%3bbthan El?becauseof

Ilm largemolecular_ - hencedetrimentaleffecton the particle

density,resultingin the energybeingpartitionedso as to @m higher

+X!lUperaturesalillowerp@essums*

AGFammT~ ~ AND CALCWWED C-J PMMETERS

For the systems reportedthe HW technigyepmedlctsthe C-J pxwmure

and temperatureto wlthln20$ and the detonationvelocityto withinI@

of the observedvalues. The agreementis generallypoorerat lower

densities. One cannotqct the XW techniqueto predictthe C-J

performanceof systemsthatmay deviatefmn equilibrium.me EKU

techniquefailsfor nonhcmgeneoussystemsloadedwith largeamountsof
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Insrtmetalsand fore$mtems that dependpmlmuUyupcm the precipltatton

of a 9oUd as the energy-releasing mchanlm.

m IsEm!RoPm

Uhen the C-J temperatureis M@ ti the C-J

for WIIIvOFand(XimAlqmxsms, much of the energy

pmBssure is low,as

becomesavdlAble

this

sf’ter the productsham expanded

featureof the XG# resultswhich

to fair~ low ~S8UXeS. It iS

makes the isentropesof interest.

M pressurepointson the isentropesof ~ 17 and 19 were

measuredby W. E. Ikaland V. GarnusingtheirtechniquesdescfibedIn

references4 awl 5. The experbezrtal.data areshown In Table III and are

plattedin Figs.1 and 2, alongwith the gammalaw, EKW,and disp~ced

ml isentropes.The displacedm isentropesmm Ccmputedusingthe

expexfmentalC-J pressureand the MCU Hugoniottemperatureccmputedfor

thatpressureas the startingconditionfor the Ccunputationof the

displacedisentrope●

me eqm5mental low pressureIsentropevaluesreportedby Deal*

for Octol,Cycltiol,and CompositionB agreereasonablywell with the

constantgammaand with the BKW isentropes.The Collxputedgsmal awand

BKW isentropeaare significantlydifferentfor M@ energy,low particle

densitys~eus. This is becauseconsiderablymore energyis available

for such system than gammalaw canputationswuuldpredictfran the

observedC-J lwessureand detonationvelocity. Thus the observed

agreementbetweenthe EKU isentropessad the qrimental valuesis
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furtherevidencethat the BCIiNOFand CHNOAlsystem have high heatsof

explosionandml@lt pel%onnwell in applicationsId3ichrely Importantly

on the eq@librium qsion of the detonationproducts.

CONCLUSIONS

lhe C-J petionnanoeof an qlosive Is apparentlya very sensitive

ftlmtionof the C-J particledensity. A decrease of the particleden8ity

resultsIn an increaseof the thenusl ener~ at the expenseof the

Intermolecularpotentialenergywith a resultanthigher C-J temperature

and linerC-J pressure~ The tbemsl energyis availableonlyupon

qsion of the detonationproductsto low pressures.

.
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‘2°3

‘2

Bo

‘2

B

BH

‘3
BF

F

‘2

EF

C02

co

1$0

OH

%

02

0

H

‘2

TableI

Covolwllesusedinw calculations

Covolw 5EE&?!?
730 c

1270
‘2°2

610 No

674 N

21.5 E’?

533 WI
800 (XI4

685 %03
l(x

%02

3m %0
3@ Alo

670

390 Al.

360 CF4

413
‘3

I.&
‘2

350 CHF3

1.20
%F2

760
%’

300 CF20

CoVolwle

m

1740

306

M

619

476

528

U50

1300

1160

948

350

1330

1330

1330

Im

Uw

1920

1330

CovolwM = 10.k6 Vi where VI has the dinnmsions AOa and istheVolullw
of the rotating mleeulerepresentedasa spherewhoseradius

isthemsxlmmdlmmsionof the molecule neasured from its
centerof mass.
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Table II

Experimentaland BKW CalculatedC-J Performanceof Explosives

1

2

3

k

5

6

7

8

9

M

U.

12

u

c3n65606

cS.0b5~.b61n6.67607.753

c6.8Sl%T3#7.65009,300

c.f$1306

c&r306

Clylo,

%.0715% .mbo2.360

C1.25%%%

%.551305

%5W5.L6%0.32

C3V’309

V8’IA3

%.25%16%0

C2EOF2xmm2

lb c5%%06r3

u c2%%02r3

M C3.+’6.35U5.3C’6?1.05

cnKaLsImm12

12slCaY.emhw

+0 CJou HOlss CJ201M MObs

ml.ld(s) (kcdy Mfermca
valmaou/ktK8i2aMd

Capasitl.ai
mlslty kc/m19 ml, Vti Carlm/

or Llquld(L) ‘i’% (-/=) Cu) = (e.+ol.)Ik.Mw, o-
— — —.. _

171u (s) M.n
CJ-CIOtd(6) (s)~ 9.5

CQP. B (7) (s)mllmn—e 4.9

m (s) -17.a

m (L) -12.93

Ylt~e (L) -21.2a

@Tt21 (8) (L)oolut.im-2u.66

8(/lm (9) (L)Mht,ion-19.08

ICI/ml(lo) (L)solntlm-L6.8B

c6%@ (~) (L)sokticae.~

mt~ (d #.6

OIM (L) -p.o

A1l/T12i(U) (L)aolnticn+55.o

- (u) (s) -3m

TYF2LA(14) (L) -I&?

POjTYm (1,3)(s)81xtm .53.4

17 cl.673%b69%Q02.039% .733gm m (U) (s)~ -Lo

M cl.@fi.WMl.36501.7U%.l& N=X 32 (17) (s)dxtnm -1.1

Xluw Omm@

~ WJJ3C5.73%3%0 202/llOi(W) (L)mhtim +ko

~ %OW6.4557.8035.6 2D2/H (19) (L)mlutim M

= %$%1%%0%.A3 @lTT212 (20)(L)aolutka -1290

(1)
($?l)
(2L)
(1)
(22)
(2)

($?l)

(i?l)

(21)

(21)

(24)

(25)

(21)

(m

(a)

(21)

(21)
(fl)

(24)
(26)

(26)

1.20

1.755

l.-m

1.643

1.W

1X26

l.in

1.UO

1.397

1.362

1.5s0

1.430

1.*

l.@

1.523

I.mb

1.201

l.wl

1.40

1A27

1.b67

11.47 7.55 3.77

11.93 9.26 3.87

12.b3 10.78 3.97

U.* 5.07 b.a

15.5k 6.ob b.Ui

15.33 2.35 b.%

4.28 2.85 4.93

U.-1a 3.7a -

15.3E 4.76 --

I&% 10.39 H6

14.22 7.26 --

13.# 8.2+ h?6

17.05 9.01 --

Au ‘r.lil k.u3

17.38 3.62 w3

U.& 7.&l 3.91

mm 1.97 Let

lk.32 1.30 4.52

16.3Y.27.07 -
x6.9b S@ ..

17.2 kb.g -

1A

Q.91

b.m

5.10

b.91

0.63

0.32

0

0

2.39

0

l.fsa

..

2.93

0.97

1.95

M%

1.6$

.-

--

2.$n

2.87

2.92

2.97

P.81

2.53

2.34

%6

2.32

2.60

2.61

2.69

i?.b6

2.7$

2.55

2.ea

3.bo

3.33

2.b2

Q.&

%47
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no{calculated (C.antlnued) ~ m-

.391

.395

.3%

.bl’f

.359

.3%

.@4

.393

.315

.270

.344

.b’p

~

.165

2P

..

..

.-

.-

.Cc+?

.W9

.W7
--
..

.0Q5

-.

.001

!22
.-

..

.-

..

..
--
.-

.W9

.09

..

.035

.-
%
.olE

.s3

.,1.1

.220

.2al

.246

.096

.144

.3X?

.31.1

.251

Al,

.=9

~

.b15

.Olb

.019

.a?5

.043

.056

.094

.m

.01!3

.OGb

.221

.Cc2

.063

co

GA

.205

.005

.006

.005

.Ooa

.V23

.017

.~3

..

.009

..

<
..

.395

.369

.332

.253

.244

.2m

.217

.264

.315

.244

.207

.2.30

k:

.323 .020

.173 .W7 .b36 .c#l .259 .0%?

.W .CQ3 .365 .030 .Zrl .190

lea .012 .&? .m3 .346 .W

.334 .031 .0= S@ .M8 .336

.570E .015 .$?/l- .m9 .3b3 .353
&lid 2,0 not PIWti la e~l.lbrlm qsition

%Gw&a’7co

co
%

B
~

X% SW .658 .$’3 --

.M% .Oo1o .293 .00c4 .@ .On .m3 .297 .Ola

●.o12 -- .I.19- .120 .259 .@ A67 .W3
●NM O.lxlB?3d O.on HP

.333

.3U

.284

.=5

.173

J51

.U$9

J93

A&
.256

.=7

.191

.247

.IS4

.2%

.2.U

.192

.1*

.185

2677
m
m
2737
*
2%0
w
3830
3370

3700

m

@

45%

23m

S30

2330

M?&

63to

w

3240

byxl

L&,.Vel.
(4-)

CJ Free.mm

(Mb)
Ve.loclty
(dwa)

.8384

.L?e81

.&Ka

.7361

.67?7

.m

.7’345

.-n’n

.7099

.*

.7630

.-W

.6930

.7387

.6176

Am

.76n

.m

.6JM9

.6S25

.&im

.341@J5 (27)

.X3 *.W (27)

.= 2.W (27)

.Wo 2.003(27)

.170~.om (28)

.I.yJ *.,X’, (Y)

.X58f.oln(29)

.x56+010 (29)

.If8+olo (29)

.839+005 (27)

.@9 NXQ (27)

Au? ~.ce (27)

.693f.ca?(27)

.@ +oel (26)

.6+?9*CO1 (32)

.657~.010(29)

.689~.om (29)

.&la~.o13(34)

.6a5~.o13(3k)

.73a+0111(34)

3030(33)

3930(33)

3W (33)

37* (33)

3* (33)

35= (33)

3470(33)

3480(33)

.1%f.ol.o(2$.)

.249*010 (31)

.174+Olo (31)

.324*.olo(31)

.= &=3 (35)

.2132.W3 (35)

.r72 ~.o13(30)

.I& ~.o15(30)

.* @13 (w)

.671~.01.5(34) 4X0 (33)

.740t.m3 (3U

.665@05 (W

.ez2@e3 (31)

.733~.cw (35)

.W @u2 (35)

.674~.01(30)

.6%?f.ol(30)

.* t.ol(m)
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Table III

ExperimentalIsentropeStates

mMmure
Cw Sition Material Q@_

EDB/TM4 Fwyethylene I.1g.1
(podogl

g/cc)

lHIB/TNM 0.570

Alex20 0.682

Ru?tlcle

(2:3
0.216

o*8x)

o*715
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0 CJ EXPERIMENTAL

● ISENTROPE EXPERIMENTAL VALUES

.

GAMMA LAW~_ BKW ISENTROPE

DISPLACED
BKW ISENTROPE

1 I I I I I
0.2 0.4 0.6 0.8 1.0 1.2 1.4

PARTICLE VELOCITY (CM/p SEC)

and qrimental. valuesfor a soiutionof 1
boraneami 3.75 moles of tetranitranet-.
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