oy s

THE JOURNAL OF CHEMICAL PIIYSICS

COWA RD56 0054

VOLUMIE 24, NUMBER 3 MayY, 1956

"», Calculation of the Detonation Properties of Solid Explosives with the
Kistiakowsky-Wilson Equation of State*

R. D, Cowax axp W. FICkETT
Los Alamos Scienlific Laboratory, Universily of Celifornie, Los Alanos, New Mezico
(Received June 13, 1955)

The Kistinkowsky-Wilson ecuation of state,
detonation products of solid explosives has T.een
detonation pressure and on the vur

5V y=RT (1+2x657), where o= 1L/V,(T+0)%, for <5 guscous
u ’ g 2

re-examined in the light of new experimental data on
tion of uctonation velocity D with loading density pg for scveral

RDX/TNT mixtures. The value 8=0.30 used in the past is too high to match the observed slopes of the
D —py curves. The old value @=0.25 is too small to match the experimental Chapman-Jouguet pressure
of most of these explosives, but too large to match the pressurce of pure TNT. A suitable compromise for

the explosives considered is @=0.5, §=0.09, 0=400°K.

1. INTRODUCTION

NUMBER of attempts have been made in the
past to calculate the detonation properties' of
solid explosives.'™ Since the gaseous detonation
products develop pressures of the order of a quarter
megabar (1 Mb= 10" dynes/cm?*=0.98692X 10¢ atmos),
directly applicable equation-of-state data are non-
existent and some form of theoretical or empirical
equation of state for the detonation products must be
assumed. When the investigations quoted in 1he
aforementioned were made the only reliable experi-
mental data available for comparison with the cal-
culated results were detonation-velocity measurements;
such data do not provide a very sensitive test of the
correctness of the assumed cquation of state. Recently,
however, accurate measurements of the detonation
pressures of several explosives have been made at this
laboratory.® " We have employed this data in a rein-
vestigation of an empirical equation of state which was
first proposed by Kistiakowsky, Wilson, and Halford?
and which has been utilized extensively for detonation
calculations.®*2
The Kistinkowsky-Wilson equation of state as

* This work was performed under the auspices of the U. S.
Atomic Energy Commission, and has been reported in greater
detail in Los Alamos lxcport LA-1865 (classified, not available
for gencral circulation).
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slightly modified by us has the form

pV,/RT=F(z)=1+ue,
where (D
:\7=}£/ V,,(T-l-o)“, k=x§:; xiki

Here V, is the molar gas volume, x; is the mole fraction
of component ¢, and 1he sum ex+ends over all chemical
components of the gaseous mixture. The quantities

“a, B, k, 8, k; are empirical constants, the &; having the

nature of covolumes (i.e., a sort of excluded volume) as
is shown by the equilibrium equation (5). The values
a=0.25 and 8=0.30, which were chosen origi
give agreement with the experimental data then
available, have been used in zll of the succeeding work
with this equation of state. However, several different
scts of values of the A; have been determined irom
experimenial data (sce references 9-11 and 12. We
have treated all of the parameters (o, £, k, £s) as
adjustable in an cffort to determine a scu which
would make it possible to match a set of experi-
mental data which includes both the variation of
detonation velocity with loading density (D—pq), and
the Chapman-Jouget pressure (pes) at high loading
density for a group of five related explosives.

With the value =0 which has been used in the pas,
it may easily be seen that the equation of state has a
minimum in p s T (for constant ¥, and composit on)
With e=0.25 and with values of ¥V, appropriate to the
detonation reg1on this minimum occurs near 0°K, but
with @=0.5 it moves up to 2000 or 3000°K. We have
used the arbitrary value =400°K for all values of «;
this has proved to be large enough to eliminate the
minimum throughout the volume region characteristic
of plane detonations, and yet is small compared with
the values of 7" encountered. )

The calculations are complicated by the possible
presence of solid carbon. We have assumed this to be
present as graphite and treated its equation of state as
known, using a form employed extensively at this
laboratory :

p=p1(V)+a(VITH(V )T, (2)

where, with p in megabars and 7 in volts (i.e., in uulis
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of 11 605.6°K),

(V) = — 2,467+ 6.7697— 6.9567+3.0407°—0.38697",
a(V)=—0.2267+0.27127,
B(V5) =0.08316—0.078047~+0.030687~2,

with 9=V 29(T%/V ,=p/po being the compression of the
material relative to its normal crystal density of 2.25
g/cc. The numerical coefficients were obtained Ly fitting
expression (2) to points on the shock Iugoniot of
graphite’ and to the compressibility and thermal
expansion cocflicient at normal density. The range of
applicability is 0.95<9<2.5, 0<T <2.

2. THEORY

Ii solid carbon is considered, expressions are needed
for the thermodynamic functions of both gas and solid
‘phases; these may be derived by standard thermody-
namic methods, and are summarized here.

For the gaseous component with equation of state (1),

E=} s(E'—H"+ 1 x:(H):

+RT[eT(F—1)/(T+0)], (3a)

S=2 (8=~ R[X »: Inxi+In(p/p")]
+R[Inf— (e#*—1)/8+aT(F—1)/(T+0)], (3b)

pi= (F—H)i+ (H")+RT In(x:p/p°)
—RT[Inf— (#*—1)/B—xki(F—1)/k], (3¢)

where the gas imperfection factor F is defined in
BEq. (1) and should not be confused with the (Gibbs)
frec cnergies O and F)/.

For the solid with equation of state (2),

E=(I'—II&)+I1d— (pV )

Vs
+ | DW= pu(V) 1V, (4a)
V.
Vl
S=54 ] [a(V)+26(V)T WV, (4Dh)
= (F“— IO+HO+F,, (4c)
where 5
= pVo— (57 )= f Cou(P)+a(V)T+B(V) T2 JaV.
v,

For chemical equilibrium,

InI, ()" =1nK (1) — (Z,v2) ln(p/nuzﬂ)
=1

+<zm(

Z”V{k; VSI"-)‘, B
S e )
RT

18 T, M. Walsh, private communication. The measurements were
made by a dynamic method similar to that used for aluminum,
coppier, and zing by J. M. Walsh and R. H. Christian [Phys. Rev.
97, 1544 (1953)].

where

RT anp(T)=—Z V.;(Fo— ”‘Z Vi(l-[uu)i

(one such equation for each independent chemical
reaction).

In Egs. (3) to (5) E, S, and p are internal energy,
entropy, and chemical potential, respectively. A super-
script O refers to the reference state (ideal gas or real
solid at pressure p° and temperature 7),'% with H(°
being the enthalpy of formation from the elements at
absolute zero; x; and #; arc the mole fraction and
number of 'noles of component ¢; and n,=> ;.
Eq. (3) the »/s are the coeflicients of the mcmxcal
reaction, positive for products and negative for react-
ants, and the subscript g for a sum indicates it is for
gaseous components only.

The thermodynamic state of the detonation products
is defined by the Hugoniot equation®

h=E—Ey—5(p+p0) (V= V) =0, (6)
and the Chapman-Jouguet condition?8
(@p/0V)s=—(p—po)/ (Vo= V). (™)

In (6) the sub:,cript 0 refers to the undetonated explo-
sive, E, being given by the cxpression

Eo=(A) A2 N LHNT) = H )= pVo,  (8)

where (AHj), is the molar enthalpy of formation of the
explosive at Ty, and N; is the number of moles of
eleient 7 in oné mole of explosive.

3. CALCULATIONS

The detonation products were assumed to be made
up of the following chiemical components:

(1) Hy, (2) CO,, (3) CO, (4) ILO,
(6) NO, (7)C

Oxygen was not included, since none of the explosives
considered was more oxygen rich than RDX, which
balances to Ny, H,0, CO. In some preliminary calcula-
tions on IBM-CPC equipment some of the components
considered by Brinkley, e/ al.,0% vz, N, CHy, and
OH, were also included; these were found to be
present in small though not negligible amounts. For

(5) Ny,
(brlmhllu,) (9)

16 In evaluating the thermodynamic functions for
neglected (pVs)® and approximated V,°(T) by V.
resulting error was less than that of the analytic :1.; used for
(HS—H0) and 0.

17 See, for example, R. Courant and K. O. Friedrichs, Supersonic
Flow and Shock Waves (Interscience Publishers, Inc., New York,
1948), p. 204

18 Tn the usual statement of the C—J condition, (65/07)sis 10
be &V ’]uat»d for eq .uhbr i composition. Howev er 1\*' : ¢

vood [J. Chem. I’nvs 22,1915 (1934)] have receat
this derivative should be evaluated with frozen com
calculations have used the older statement of the C—J condition,
but there is very little difference between the 1\\'u, at least for our
cquation of state. Check caleulations showed that the usc o
correct C—J condition would decrease per by less than 19 at the
lowest loading density of interest (ps=1.2) and make umosL no
change at }ugh loading density.
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Tasre I. Teats of formation of the explosives.

L (24))e
Explosive keal/mole at 25°C

RDX (cyclotrimethylenetrinitramine) +14.71=
TNT (trinitrotoluenc) —17.31b
C3.3H.206N 5.6 +0.494

a E, J. Prosen (NRS), {private communication).

b G, Stegemar, NiDRC Division-8 Interim Report PT-7 (1943).
¢ fExplosive presently classified.

4 L. Sitney (LASL) (unpublished data).

the final calculations, however, the set (9) was used in
order to simplify the solution of the equilibrium
equationsand thereby reduce the machine time required.
Although this set is rather restricted, components of

differing size (H., CO.) and with positive hcat of
formation (NO) are included. It was found that with

this set of components the determination of the
equilibrium composition, given &, #, V,, and T, could
be reduced analytically to the solution of one equation
in one unknown. (With solid carbon present this
unknown wus #co; with carbon abscnt. nir.)

The required reference-state thennodynamic func-
tions and enthalpies of formation were taken from the
tables published by the Nutional Bureau of Standards.®
For calculational purposes, it was convenient to have
the temperature-dependent data represented by anclytic
fits; the functions which we used have been given
elsewhere.® The enthalpies of formation of the explo-
sives are given in Table I.

The calculations were done on IBM 701 digital
computers. It was found quite feasible to code a single
problem to calculate adizbatic or Hugoniot curves,
as well as dctonation velocities. In order to produce
points on these curves, Egs. (1), (2), and (3b), (4b)
(for an adiabat), or (6) (for a Hugoniot) were solved
by iteration to obtam values of V and T for the desired
S or h(=0), with the composition given by Egs. (5)
and the mass balance relations. The detonation velocity
was determined by finding the point on the Hugoniot

9
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Iz6. 1. The cfect of x on D—py; a=0.6, 8=0.06.

%V, S. National Burcau of Standards, Selected Valuc: of
Chemical Thermodynamic Propertics, Series 111 (loose leaf
%W, Fickett and R. D. Cowan, J. Chem. Phys. 23, 13-1J \.‘)55),

AND

W. FICKETT

where

D=V (p—po)/ (Vo—V)] (10)
had its minimum value; this is equivalent to satislying
the C—]J condition (7) with (0[)/0 V)s evaluated wuh
equilibrium composition. The time required for the
calculation of one adiabat or Hugoniot point was about
20 sec; for a detonation velocity, an average of about
140 sec.

4, EFFECTS OF THE PARAMETERS

In order to determine the effects of the various
equation-of-state parameters on the calculated D—pg
curve and pcy, exploratory calculations were carried
out for one explosive, 65/35 RDX/TNT. In order to
save calculating time, these were carricc. out under the
assumption of a fixed product composition resulting
from the following decomposition equation:

7
C,H.ON,= §H20+ <s-——) CO

r\ /A .
+{ g—s+= JC4+—Na (11)
2/ "2
" l
88
1
!
£ =004
7 K=35.88
a
A -
- exe A (RE505
n 1 i l i 1 " 1
10 12 1% 16 ) 20
R (3./5)

T16. 2. The effect of 8 on D—py; « chosen to match experimental
D at one point; a=0.6.

A set of geometrical covolume values was used, though
with fixed composition the relative sizes of the indi-
vidual %; are unimportant. The other parameters were
varied from the values

a=0.6, =0.06, x=230,

which were found to give approximate agreemer.. with
the experimental D—pe and pgr. The results of the
calculations are summarized in Figs. 1 through 5.*
Viewed from the standpoint of attempting to repro-
duce experimental data, the effects of the parameters

(12)

2 These parameter studics differ from the tinal ulwh ions in
that J’cy used a morc incompressible equation of stute for

i that which was finally adopted and used in the m:
. ‘This “harder” equation of state was based on ax
tion between the static measurements of P. . Bridgr
Am. Acad. Arts Sci. 76, 55-87 (1948)] and Thomas-Fermi-
calulxla.)uons made by R. D Cowan at thislaboratory (uum.b,‘mu_
results).
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DETONATION

may be pictm‘c.d as follows: The value of ¥ may be
changed to raise or lower the D—py curve without
greatly changing its shape (Iig. 1); 8 may then be used
to change its shape and slope, while x is varied so as to
preserve a given value of D at one point (Fig. 2).
Then the calculated C—]J pressure may be changed by
varying «, with 8 and x always adjusted so as best to
match D—po (Figs. 3 and 4). Alpha also has a consider-
able effect on the C—J temperature (¥ig. 3).* Tl
exist no accurate experimental data on Ty, but it is
noteworthy that the T vs pg curve for a=0.45 is similar
to that obtained at this laboratory from preliminary
calculations with the Lennard-Jones-Devonshire f{ree-
volume cquation of state.®

1CIC

0.4]
3 | (5 1800
=} r Rt
0:‘ 3 —— d:g'ga
T_’o" B i Ra%%
// ot =0.6
e r A =0.087
o { K=29.7
?0.2 -
=
~
a r
0.1 N 1 " N 1 : 1 i
1O 1.2 Id- L& 8 20

F1c. 3. The effect of @ on p vs po and T o5 po; 8 and «
chosen to match experimental D—po.

In order to gain some idea of the effect of the carbon
equation of state, calculations were made with the
assumption that the carbon retained its normal volume,
and also with the two equations of state for carbon
mentioned carlier.!®# The results are shown in Fig. 3.

5. RESULTS

By assuming a fixed product composition and varying
the parameters as described above, a set of values for
a, B, and & was found which gave results in good
agreement with experiment for 65/35 RDX/TNT. It
was found that with equilibrium composition (and the
“eeometrical” k; discussed below) a not very different
set also produced good agreement. The question of how
well a single set of parameters could be made to serve
for several explosives was then investigated.

The experimental data used were measurements of
D—p and of pcy at maximum loading density for a
group of {ive related explosives. These data are given in
Table II and were obtained as follows.

Measurements of the detonation velocity for
infinite diameter, D,, were available #*¢ for each

22 Such effeets on the calculated pressure and temperature are
also shown by a somewhat similar equation of state used by Cook

el al."
2W. W. Wood ard W. Tickett (to be pul)hancd)

% Camplbell, Mualin, Jumes, Mautz, and Urizar (LASL),
unpubln d con‘n.unm.mons
2 Caninbell, Maling Boyd, and Hull (to be published).

26 Campbell, Malin, and olland (to be published). .

PROPERTIES OF SOLID EXPLOS

FVES

0.30

0.28 -
—_
o
= L
S
c

026~

024 PR
0 3

Fi16. 4. The effect of @ on pey(pe=1.713); 8
to match experimental D—py.

and x chosen

explosive at two densities, po=1.2 g/cc and the highest
po obtainable by pressing or cuang. (Values of D,
were obtained by firing charges of different diameter ¢
and extrapolating D vs 1/d.) It was assumed on the
basis of previous work, both at this laboratory and
elsewhere, that over this range of loading density D vs
po could be represented by a straight line within
experimental error.?”

The Dural pressures in Table I were obtained from
measurements of shock and free-surface velocities
in Dural plates driven by the appropriate explosive.
The explosive C—J pressure $; is given in terms of the
metal pressure p, by the matching conditions at the
H.E.-metal interface:

pi 1+R (p0iDi/ pocDy)
g 14+R '

where (13)
R=p:D./po:D;
={(pr— p3) (wo—v)/ (wi— ) (pi— po) } .

The subscripts %, r, and ¢ refer to the incident, reflected,

Q).

& = 1 N l L !
i0 12 I

A (%)

Frc. 5. Effect of the graphite cquation of state on D—pp:
A—incompressible, B—graphite cquation of state used in the
parameter studies? C—graphite equation of state used in the
! caleulationsé All curves are for a=0. G, 8=0.06, x=30.

“*"This assumption is being subjected to further investigation.
While the experimental detonation velocities in Table II 1wy be
subject to slight revision, it is believed that they are aceurate to
within 250 m/scc above po=1.2.
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Tasre II, Experimental data for explosives.

Sxplosiv Detonation velocitys ’ -
E“;ln)d‘ ‘ D =A+DBpo, (m/scc) pgg.:;;ll}e" prgssn{e'
density for pey | A B (Mb) (Mb)
RDX
pa=1.800 251§ 3466 0.398 0.341
Ci.aH. 200N ¢
po=1.748 2785 3233 0.378 0.316
78722 RDX/TNT
po=1.755 2702 3193 0.382 0.317
65/35 RDX/TNT (0.286)¢
pa=1.713 2073 3127 0.358 0.292
TNT! :
po=1.640 25060 2799 0.226 0.177

s Reference 24,

b Reference 13.

¢ See text.

d Explosive presently classified.

e Reterence 14.

! More work on the TNT D —po curve is in progress,

and transmitted shocks, respectively; the subscript 0
refers to material ahead of the shock. (All velocities are
referred to the material ahead of the shock in question.)
The value of R need not be known accurately, the so-
calied “acoustic approximation” R=1 giving results
correct to within a perceiit or so. However, we have
used values of R obtained by calculating shock curves
for the detonation products.

The measurements of bes and D—p, were taken on
explosives of slightly differing composition and density,
so all the data were corrected to the composition and
density values in Table II by means of an error expres-
sion obtained by diffcrential analysis «° 713) with
R=1, and by making use of the experiziun.ui depend-
ence of D on composition and density:

6Uss/ Use=—0.868p0—0.00236(% RDX), (14)

in which U, is the experimentally measured free-
surface velocity. All pressure values quoted in the table
are believed to be accurate to 1 or 2%

In attempling to determine a set of equation-of-state
parameters from this experimental data, we started
with a set of “geometrical” k; (Table IIT) based on mo-
lecular sizes estimated {rom both virial-coeflicient data
and spherical volumes from bond lengths and van der
Waals radii. Using these &; in preliminary calculations it
was found that a=0.5, =0.09, x=11.85 would give
D—py and poy close to the experimental values for
65/35 RDX/TNT. However, the agreement for other

Tasir III. Values of %;.

ki
Source Ha CO2 Cco H:0 N2 NO
Brinkley-Wilson® 153 687 38 108 353 233
“G trical? {' 1800 670 390 360 380 350
COmELHICR \2133¢ 7940 4622 4267 4505 4148
Least squarcs 2133 6407 3383 30636 6267 4148

a See n-fercnces 9toll.
Original set, chiosen so that kco would be about the same as that used

by Brinkley-Wilson,
e Scaled by the average « (11.85) from the determination of all of the

kobs (sce text),

D. COWAN AND W,
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explosives was rather poor (Fig. 6). A least-squares
process was thereiore &.rru,d out (with this same «
and ) to determine a set of k; which would give the
best agreement with all five explosives. Since the
calculations indicated that the reaction 2CO—CO:+C
(graphite) shifts appreciably to the right as pe i;
increased, we allowed points of different py for th
1¢ explosive to enter the least squaring on an g,qL“.
weight with those from different explosives. Accord-
ingly, the least squaring was carried out as follows:
Using a guessed set of ki, a value of k=«>_ x:k; was

determined at four loading densities (1.2, 1.4, 1.6, and
maximum) for each of the five explosives by adjusting
k in each case until the calculated D was equal to the
experimental value. If we designate these values of %
as kous we then have a set of 20 linear equations for the
set of &;:

Ei(x{)rki= (kobs)r, F= 1,2,' --20. (15)

These were solved by least squares for a new set of 4.

o

8t
s
E
by
E
L7
(=}
o
CALCULATID
— ———— EXPERIMENTAL
5 L " ! )
) i2 [ 9] [ 20

2 (g/tc)

I'16. 6. Comparison of calculated and experimental D—py curves

for “geometrical” £i; «=0.5, =0.09, x=11.8516.

The first result of this process was large negative
values for ks and kxo, probably because H: and NO
were present in such sm"dl amounts. Therefore the
equations were solved again with these two covolumes
held constant at their original values (multiplied by
the average x from the determination of all of the kgys).
Table III contains the resulting %;,*® together with our
“geometrical” set and the values obtained by Brinkiey
and Wilson.

In T'igs. 6 and 7 the calculated results for D—p; are
compared with experiment for both the geometrical
and the least-square k;. (To avoid confusion, results

#In a preliminary trial of the least-squaring process on three
explosives with @=0.6 it was found that carrying ox.t the entire
lca.:.t-squarm\., process a second time (starting with the &; produced
xrom the first least squaring) produced almost no change in the

It was also found that the rather sizeable change in %; from

‘al geometrical set to the first least-square set produced

wmpuh.uon changes of at most a few percent of the original mole

fractions. Since the determination of so many Aoue is rather

cxpensive in machine time, the final least squaring was started
with o2 &; from the above trial run and was done only once.

for only

qualitativ
least-squsz
values of

The C—J
eters are
Table IV
pressure v
shown in
compositio
is shown i
physically
the types ¢
tions.)

o«
T

D(r:m/)u«)
T v

o
T

Fie. 7. Comp
ig

Table V
on the adizt
pointson i::
which orig
LL)L H pricy
are identica
the interacti
ary metal pl

Ascanbe
with experin
the exceptio
The disagree
pcyior TNT
comparison

» A similar ¢

o*=(JE]

discussed by




st-squares
s same a
“ve the
Since the
COs+-C
as pg 1s
o for the
an equal
;. Accord-
sllows:
Xik; was
, 1.6, and
adjusting
al to the
alues of %
»ns for the

(15)

: set of k.

C UX/TNT

ATED
ENTAL

D—pg curves
516.

¥ negative
. and NO

refore the
covolumes
tiplied by
i the Eobs)-
r with our
y Brinkley

D—pg are
cometrical
on, results

¢ss on three
t the entire
k; produced
hange in the
¢ in k; from
Set produced
Soriginal mole
by 1S rather
was started

ly once.

e et 9

e . e e At S et A S 8 P A N N Sy | AT S

A e

DETONATION

for only’ three explosives are shown; the others arc
qualitatively similar.) It can be seen thul with the
least-square &y, fairly good agreement is obtained. The
values of the parameters thus determined are

a=0.5,
8=0.09,
x=1.0 (16)

k;=least-square set, Table III.

The C—7J pressures calculated with this set of param-
cters are compared with the experimental values in
Table 1IV. The variation of C— J vemperature and
pressure with loading density for thrce explosives is
shown in Fig. 8. The caleulated variation in C—J
composition with loading density for 65/35 RDX/TNT
is shown in Fig. 9. (The compeositions shown may not be
physically meaningful, but the figure does serve to show
the types of cquilibrium shifts predicted by our calcula-
tions.)
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Frc. 7. Comparisen of calculated and e\'pcnmental D—'po curves
for least-square i3 a=0.5, 8=0.09, k=1

Table V gives (for 65/35 RDX/TNT) some points
on the adiabat passing through the C—J point, and also
points on the shock Hugoniot for the detonation products
which originates at the C—J point. It can be seen that
for all practical purposes the adiabat and shock curve
are identical over the region which can be studied by
the interaction of plane detonation waves with station-
ary metal plates. '

6. DISCUSSION

As can be seen from Fig. 7 and Table IV the agreement
with experiment is good in the case of D s pg, and, with
the exception of TNT, fairly good in the case of pcy.
The disagreement between calculated and experimental
pos for TNT is rather large. Perhaps a more enlightening
comparison of theory and experiment® can be made

2 A similar comparison can be made for a quantity
o*=(E/0pV ), = {(v*+1)/(1+d InD/d Inpe)}—2
discussed by H. Jones [Third Symposium on Combustion and
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Tasre IV, Comparison of calculuted and experimental results.

C —J Pressure

(Mb /Y

Experi- Caleu-  Differ- Caleu-

Explosive mental  lated cnce lated

%D§ (pa=\l.800) 0341 0.3488  +2.2%  3.05 2,508 0.0497

8.8 n N6

5 (2 RD\/'I‘\ 0.316 0.3194 +1.19% 2.9 2,902 0.0633
8/22 T

& (,35 RD)./T\T 0.317 03106 —2.2% 2,82 2.89%  0.0785

b
/( 0=1.715) 0,292 0.2843 -2 b” 2.79 2858 0.0945
T\T (pu=1.640) 0.177  0.2066 -16.6% 3.48 2913 0.1837

with a quantity related to the adiabatic compressibility:

(ap N peD?
Yort = —— 1.
aV/ Por

(17)

[This expression can be obtained from Egs. (7) and
(10) by neglecting po. ] The values of v* obtained from
the experimental py, D, and p, together with the
calculated values of ¥* and the calculated fraction of
total volume occupied by graphite are shown in Table IV,

It can be seen that both calculated and experimental
+*s have a minimum as a function of the percentage
of RDX. This is probably due to the large v* of carbon.
As the percentage of RDX decreases, v* tends to be
lowered by the decrease in pressure, but this tendency
will be overcome by the increase in the amount of
solid carbon present, if its v* is sufficicatly high. Thus
it might be expected that increasing the v* of the solid
carbon would increase the calculated pey for TNT
more than for the other explosives. Accordingly, some
calculations were made with the less compressible
graphite equation of state* whose 4* at the TNT
C—]J point is 10.1 as compared with 35.65 for our
graphite equation of state (2). However, this raised
the v* of the product mixture by only 39 and hence
lowered the calculated pey for TNT by only 39,
while at the same time lowering the calculated pey for
65/35 RDX/TNT by 1%.
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e, 8. Chapman- Jouquct pressurc and ~LA‘A’)LI'J..,LTL caleulared
with the final set of parameter values, (16).

Ikins, Baltimore,

Flameand Explosion Phenonena (Williams and Wil
The agreement is again singularly poor in the case

1949), p. 590].
of TNT.
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F16. 9. Variation of C—]J composition with loading density for
65/35 RDX/TNT. For the guscous components the ordinate x
is the mole {raction n;/n,; for carbon, x is n,/N¢, the fraction of
the total amount of carbon which is present as graphite.

Thus it appears to be unlikely that the large disagree-
ment between the calculated and experimental pey for
TNT can be due to having the wrong v* for graphite.
Although this disagreement remains unexplained,
several calculations were done to see if a set of param-
eters could be found which would produce agreement
with the experimental data for TNT only. It was found
that with =0 (8 and « being adjusted to match
experimental D—p;), the calculated and experimental
values of pes for TNT agreed to within 295. Agreement
could also be obtained by taking «=0.25 and assuming
that the graphite was present in such a finely divided
state that its heat of formation relative to that of the
bulk material was 420 kcal/mole. However, both of
these assumptions produced serious disagreement with
experiment in the case of the other four explosives.

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

TasLe V. Adiabat and shock Hugoniot through the C—]J point
65/35 RDX/TNT (po=1.713 g/cc).

Adiabat Shock Hugoniot
V/Ve b ¥ » R(Eq. 13)

0.600 0.5316 2.98 0.5344 1.259
0.625 0.4710 2.96 0.4723 1.202
0.650 041935 2.94 0.4201 1.151
0.675 0.3755 2.93 0.3757 1.104
0.700 0.3377 291 0.3377 1.063
0.725 0.3050 2.90 0.3030 1.025
0.743(CJ) 0.2843  2.89 0.2843  1.000
0.750 0.2765 2.89

0.800 0.2297 2.85

0.900 0.1646 2.81

1.000 0.1227 2.7G6

1,2 0.0746 2.69

1.4 0.0495 2.62

1.6 0.0330 2.55

1.8 0.0260 2.50

2.0 0.0201

AND W.

FICKETT

exception of Paterson’s, these equations of stute all
contain some adjustable parameters which have been
evaluated with the aid of experimental D— po data,
The wide variation in the calculated D—p, relution i«
due in large part to differences in the expcrimental
data obtained from various sources. Since the culeulated
L)ressure depends sxron"ly on the detonation velocivy
[see Eq. (17)], comparisons are perbaps more appro-
priately based on the purely thermodynamic quantitics
v* and o* than on the hydrodynamic pressure. Upon
any basis the data in Table VI are notable mainly for
variety rather than consistency. However, the most
extreme values, namely, those due to Coo;\, Caldirola,
and Paterson, are associated with equations of state
such that (3E/dv)p=T(0p/0T),—p is zero. Thus
these equations do not provide for ..ny potential energy
of molecular interaction; this can hardly be physically
accurate since the densities concerned are greater
than those of the undetonated solid explosive. The

Tasre VI. Comparison of calculated* C—J quuntities

(po=1.6 g/cc).

Explo- D(m/ T h [ Ed.
sive Source sec) dD/dpa (°K) b (1: /] (1'1 29)
XDNX imental 8060 3470 0.32
3 paper 8037 3250 0.30
iriis cley-Wilsone 7520 3120 357 Q.49
Coo..d 8040 ~3570 5730 ~0.34
TNT Experimental 6840 2800 e+ 0.68
This paper 6894 3120 2718 0.25
Brinkley-Wilsone 7220 4000 3170 0.30
Coukd 7030 ~3660 4170 ~0.54
Caldircla® 6900 2780 4030 0.18
Jones-Miller!? 7480 3260 3300 0.41
Kihara-Hikitas 6950 3440 2270 0.21
atersonh 6790 3310 3900 1.26

» Somie of the entries are approximate only, involving graphical interpola-
txun or extrapolation from data for other I(:adm(' densities,
U Estimated from the values in Table II with the aid of (17) and our
calcu hltt.(l variation of ¥*+1 with pa.
o See reference 10,
d See reference 2.
¢ Sce reference 1.
f See reference 3.
E See rcfcrence 6.
b See reference 4.

obvious result is excessively large thermal energies,
hence the high C—J temperatures calculated by these
authors.®

In summary it may be said that the Kistiakowsky-
Wilson equation of state is perhaps as satisfactory as
any which has yet been proposed, insofar as agreement
between calculated results and cxpcrimcmal data 1s
concerned. However, its calculated value for the C—7J
pressure of TNT leaves a good deal to be desired, and
it has other unattractive features as well. The results
obtained with the geometrical k; (Fig. 6), and the
rather different set of %; (Table III) required to give
agreement with experiment, indicate that a priori
estimation of the covolumes is likely o be unsutisiactory
and extensive least squaring together with additional
ex_:rimental data would be required for the introduc-
tion of any new chemical components into the detona-

@S, R. Brinkley, Jr., J. Chem. Phys. 15, 113 (1947).
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DETONATION PROPERTI
tion products considered. Also, analytical examination
of 12¢. (1) reveals that as ¥, is decreased the minimum
in p vs T at constant ¥, will again occur. This un-
physical behavior reduces confidence in the equation
of state, particularly if it is to be extended to smaller
volumes

This cquation of state is probably fairly reliable if
its use is restricted to explosives which are similar to
those included in a determination of its parameters,
and to pressures and volumes not too different from
those existing at the Chapman-Jouguet point. There

ES OF
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would seem to be little justification for its use in an
extended extrapolation of any sort.

An investigation similar to the one reported here
using the Lennard- Joan-Dwona'x’rL free-volume equa-
tion of state is in progress at this laboratory.® 7’csulu.
will be published at a later date.
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Rate of Recombination of Radicals.” I. A General Sector Theory,
A Correction to the Methyl Radical Recombination Rate

Ariax Seeprii
Division of Pure Chemisiry, National Research Council, Otiawa, Canada

(Received July 5, 1956)

" We have derived a rotating sector theory applicable to simple photochemical decompositions involving
both first-order and second-order removal of radicals. This theory givc: the behavior of radicals under
intermittent illumination as a function of two parameters: , the ratio of first- to second-order removal rates,
and 8, a function of flash time, We use this theory to recalculate the experimental data on the methyl radical
recombination rate. We find the constant £: to be 2.2)X10% cc moles™ sec™ in the temperature range 125°C

to 175°C.

1. INTRODUCTION

: TN this laboratory we have undertaken the further
A study of the recombination rates of radiculs by the
rotating sector technique, using ketones as the radical
sources. To account properly for the steps involving
first-order removal of radicals, we have reinvestigated
the sector theory, deriving complete equations whose
form is a simplification over previous work. These
equations apply not only to ketones, but to a rather
general gas phase photochemical mechanism. In this
paper we present the theory and use it to correct the
recent results obtained for the methyl radical recom-
bination rate. The following paper presents results on
the recombination of triftuoromethyl radicals. A future
paper will present results on the recombination of ethyl
radicals.

If, in a photochemical decomposition, the steady-
state concentration of a certain radical is proportional
to the square root of the absorbed light intensity, the
recombination rate of these radicals may be studied by
photolyzing under intermittent illumination (con-
veniently produced by a rotating sector whose dark to
light ratio is p), for then the steady state concentraiion
will vary from (p41)"' to (p+1)~* times the unsectu.

* Contribulion from the Division of Pure Chemistry, Nationul
Research Council of Canada, Ottawa. Issued as NRC Na. 3912

T National Research Council of Canada Postdoctorate I'c.iow
1953-1953.

I Present address: Technical Operations Inc., Arlington 74,
Massachusetts.

value, as the sector speed varies from zero to infinity.
Assuming simple square root dependence (removal of -
radicals only by recombination) Dickinson' and others®?
have developed a complete theory. Assuming one first-
order (in radicals) removal step, O. K. Rice! and
others®® have developed theories. We present a new
treatment applying to a general mechanism, and offering
simplified final equations.

2. THEORY

Consider the following gas phase mechanism:

K—wumN-+CO &I,

2M-— Py ks bimolecular

2M- — Py; Fus (1)
M-4+4:— Ppy ks first order
\I +Ad;— Py Ry
M-+B;— Po+M- ko: chain

1R. G. Dickinson: sce W. A. Noyes, Jr., and P. A. Leighton,
The Platochensistry of Geses (Reinhold Publishing Cerporation,
New York, 1941), pp. 202-209,
( 2;;‘5' Briers and D. L. Chapman, J. Chem. Soc. (London) 1802
19

3G, M. Burnett and H. W. Melville, Proc. Roy. Scc. (London)
A189, 470 (1947).

0. K. Rice, J. Chem. Phys. 10, 440 (1942).

5 G, M. Burnett and W. W. Wright, Proc. Roy. Soc. (London)
A221, 37 (1934).

¢ Dainton, James, and Kutschke (to be published).
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