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A NOTE ON THE DETONATION OF T.N.T.
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Int;!:oductmn

Whenever a non-reactive shock passes through a system which is capable
of undergoing an exothermic reaction, the high temperature and. pressure in
the shock front may start the chemlcal reaction, and it is poss1ble that thc
heat- evolved, under suitable conditions, may support the wave, and a self

sustained stable shock propagate through the system,. This shock wave
maintained by the heat of the reaction constitutes a stable detonation wave.
The equatlons of conservation of mass, momentum and energy, acrogs the
wave give the well known Rankine Huginiot equation. = The. formulation
of an equation of state leaves the conditons behind the pure shock. waye uq.dgt-
ermined. All that can be determined for example are the wave and particle
velocities etc. for arbitrary compressions.  For detonation however, angther
relation becomes available by way of the hypdthesis stating that the terminal;
conditions behind the detonation wave front correspond to the contact peint of
the tangent tothe Rapkine' Hugiiot curve, from the initial peint in, the. P
plane. This point corresponds to the minimum entropy content of the Brod:uqt
gases, and represents the most probable terminal state. This hypothesis first
postulated by Chapman?! and Jouguet,? enables the condit ons behind the
detonation wave front to b2 completely determined. These authors determined,
these conditions for gaseous explosives assuming a perfect gas equation for the
products. The detonation velocity so determined was independant of the
rate of chemical reaction and solely depended upon the initial a.nd the final
states of the reacting molecules.

The pressures developed in the detonation of gaseous exploslves are sgldom
more than a few hundred atmospheres, and. hence the. perfect gas equation
predicts the behaviour of product gases fairly well. The pressures resulting
from the detonation of liquid and solid explosives, however amount; to several.
thousand atmospheres, and therefore due account, of the gas 1mperfect10ns
has to be taken while formulating and equation of state suited to.those condi-
‘tions. The correct determination of gas eomposmon ‘entails corrections to
chemical equilibria as well.

The first application of the theory to condens 2d explosives, yielding .
entirely gaseous products w:s made by Becker® using an equation of state
developed by himself, by fitting an equation to Amagats expermintal data
on compressibility of N,, upto 3000 atmospheres. He however did not find
any unique solution, and only determined different values of VOD for a,rbltra,ry
temperatures, Later! the approximate form of the Van der Waals equation,
usually named after Abel, with the assumption of a constant covolyme, was
used. The temperature developed is mainly fixed by, the heat of the explosion,
and therefore when the value of the covolume is taken as four times the total

molecular volume excluding molecular motion, the calculated values of the.
VOD by this equation, are overestimated as compared to the measured values,
That is because the product gases in the detonation wave front are very hi hly
compressed and the actual volume ocoupied by them is much less than their.
total molecular volume excluding molecular motion, four times which is taken
as the correction in the application of this equation of state. Attempts have
therefore been made by Schmidt4, Caldirola® and Cook®, to rather use the
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theory in the reverse way, in order to deternmine the values of the covolume
from experimental data on different high explosives. . While Schmidt calcula-
ted these values regarding covolume as a constant, the latter took into account
its variation with the loading density of the explosive. The values so deter-
mined were of course arbitrary .without any physical significance. :

Considerable attention was paid towards improving the therodynamics
of the detonation process in recent years specially during the last war.” The
work of Jones and Miller 7 in England, and Kistia Kowsky and Breit Wilson 8
in America, deserve special mention. The basis of Jones contribution is
the following equation of state, of a very general form namely -

PU—RT + bp+ p®+ dp® ... (1)
v, n being the volume and the number of moles of the gaseous products only ;
b, ¢ and d being constants independent of temperature, With the assumption
of the same field of force for all gaseous molecules, Jones determined the values
of b, ¢ and d, by comp rison with the exparimental data on VOD for loading
densities. <15 gm/cc., and gave a neat analytical solution of the equations,
for- oxygen negative explosives, yielding both gaseous and solid products,
also taking into account the interaction energy due to the repulsive. forces
between the product molecules.

The. later authors made similar caleulations with an equation of state
of much wider application namely

0-3 '
“pv = n RT (l +ae m) ....... Celeieal (1a);

. 1
T == K/"U T4’

K being a constant=12+5, The assumption of the same field of force for all.
gaseous molecules is also implicit in this equafion. . .

One of the first attempts taking account of different field of force for differ-
ent chemical species, seems to be due to Paterson ®. His is rather an absolute
approach to the problem, as distinglﬁsheq from Ji ones. He has employed;
an equation of state in. the virial form, with expansion in terms of v. The -
values. of the higher coefficients have baen substituted in terms of B, the second
virial coefficient, a8 determined by Boltzman Jeager and Happel. The numeri:
cal value of B for gases used is the high tempsrature value at 3500°K. For
the mixture the value of the second coefficient is taken as a linear combination

of B’s for different gases.

The object, of the present attempt is to apply to the detonation process,
a,.sli,ghﬂy modified version of the treatment of Corner 1 as @RPI'ied’ to pro-
pella.liﬁé.._ The basis of his treatment in an equation of state, with expansion-
init:erms;qf v, upto the third coefficient. He has tabu}ated values of B anfi.
C fox.different gases at different temperatures, caleu'ating them on the . basig.
of Ter:nard-Jones po.teni;ial of molecular interagtion, A :
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In order however to extend the validity of this equation of state to higher
pressures as met with in high explosives, the expansion has to be carried a
step further; to include the coefficient D. In the absence of any tables for
D it has been taken to be=0-287 B3, e |

BASIC EQUATIONS.

' - Neglecting the effect of viscosity and heat conduction, the laws of con-
gervation of mass, momentum, and energy lead to the following well known
. owing. 0

\

equations :—-

D2ep2 P o ,
Dol B e @)
E-H=1p(0,~v) @)

where D is the velocity of detonation, v, the specific volume ; p and v are
the pressure and volume in the detonation wave front (the original pregsm
p, of the explosive being entirely negligible as compared to p) ; E is the energy
of the products both solid and gaseous, and H is the energy of the reaction.
The energy E is in general a function of temperature and pressure (or volume):
and can be completely determined if the equation of state and the product
~ composition is known. The knowledge. of the composition of the products

_enables H also to be determined. Thus with E and H known the curve, in
p and v given by equation (3) can be constructed. This is known as the
Rankine Huginiot curve. This curve represents the infinity of terminal
conditions possible, compatible with conservation laws, and hence -corres-
ponding to each value of (p, v) given by these points, there corresponds by
virtue of the equation (2) a-detonation velocity. The value of the velocity
of detonation is uniquely fixed however, by the hypothesis of Chapman and
Jouguet, and is taken to be the minimum of all the possible values, given by
the contact point of the tangent to the Rankine Huginiot curve from the

" initial point.
quatiqn of Siate ] , )
In the present calculations the following equation of state has been
employed— ) ﬂ _ ' ST :
po bogowe. owid 4
%, = 1+ 'U‘,+ v/2+ _0_1‘3* \"."" """ ()

p being the pressure in atmospheres, v, %', the volume and number of moles
of gaseous products only, R the gas constant =82:06 at. cc/gm. mole/degree,
T the absolute temperature ; b, ¢, d being the-sécond, third and fourth yirial
coefficient for the mixture of gases. Their values in terms of those for indivi- -
dual gases have been taken as Sn'y Bi, sn'; C;and o'y D;, respectively,
B;, O; and D; being the respective coefficients for the species ¢, n; being the
number of its gm. moles. The value of B,'s and C;'s have been taken as tabu-
lated by Corner', while D; has been taken to he=0-287 B3, Cohae
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Calculation of Energy E and Heat of the Reaction @ =~~~ -
The internal energy E of the produc’os of" explosmn with respect, to the value

at room tempera.ture is given by f [ ( ) =P dv + n, Es oo .. (B)

where Es and »n, refers to the energy and gm. moles of the solid products Eva-
luatlng the 1ntegra.1 with the help of equatmn (4) we have ' o

E= n [Ei —_ R,T2 {( " )B’z—l— ( ) c,l- +n Es (6)

‘E bemg the temperature dependent part of the internal energy for the product
7 and B;, C;, the derivative of B;, C,, wrt temperature. In. the absence of

any knowledge of D, o D; ha,s to be regarded as a_constant.

In order to find out E oompletely as also H-—the heat of the Teaction,
* the products must be known, which in turn can be worked out on the assump-
tion of chenncal equilibria. ‘ .

, For a reaction like » o
' A+ Af ’A@j ' (D

The condition for chemical equlhbnum is glven by Sp=0 ........(8)
i belng the chemlca,l potentlal of the spemes . : ‘

i g + RT log 11:‘ ....... e 29)

pt and ,i;" being the values of p; a,nd wi ‘1n some standard state, pi being
the partial pressure for the product 7. At very high pressures we have
instead of equation (9) )

px : -
i Y4 RT log oF L aeeeereiesaies (10)

P bemg the fugamty of the SPGOIGS i in the mixture. Puttmg the value of

Wi in (8) above we have
x

Pi g () (1Y)

X X
P
‘ where K(T) is purely a temperature function and is called the equlhbnum’

consta.nt of. the reaction for the perfect gas condrtron pl is given by -

RTlnp, f[ (m )w' ]dv —fRTln”‘BT e (12)
4



46 ’ ‘4 Nork @i«“@ﬁﬂ-ﬁ?ﬁb@xﬁé}: OF TN.T.

with the help of equatzon (4)

ROLEI(© Py <——-—>

+_+ .1.”“] et (13)

v'3

If on the other hand the mixture be considered as one hypothetlcal gas we
have

s‘n,Bi::nBa s n; Ci =n(‘a SmDi=nDa .............. (14)
vBa. Ca, Da, being the value of the coefficients averaged out for all the species
present and n the gm. moles of the mlxture With the assumption (14)
20. ‘reduces te the fugacity of the mlxture jp and - the smne for all gases
given by ,

px__( )RTexp[ ( )Ba+3(.._) Ca
(—) Da] ........ (18)

Equa.tlon (13) when subst1tuted in equa.tlon (11) gives

nn; ~K= K( ) L e.(18)
B ST 1
oo (Z)(F-n-n) o e
Y A C R S Y
¢D=%(.g;_)3(p¢,__b,._n,s). sl
4 =L +"“+_’5,'_Z_d;» ..... e leeen s (16

Equation (15) and equation (11) however do not give a Telation between
n;, m; and g, unless K is defined in terms of the partia pressures. If pis
the total pressure and p; the partial pressure for product 1 we havs

My K‘(T)(I’ ) )p _‘(17)
~””%'  (p“%) NS '
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Assumption in equation (14) implies

X x* b4 b4
P PP _ P
i 5 Dy r
So that equation (17 ) reduces to - .
M K J; =K, il 18
n's n'; .

A few suitable equlhbna among the products enables n; etc. to be deter-
" mined if K for each of the reactions is known. The correction factor, as is
evident from equation (16) involves »’ and o', which are known only if the com-
position becomes known. With the assumption (14) however K’ and
hence composition from equation (18) gets determined with the knowledge

of p* from equation (15). This composition can be made use of to calculate
K’ for the next apprommatlon

] ) APPLIOATION TOTN T
Oalculatxon of the composltxon

TNT is an example of an explosive with a live oxygen balance so that,
carbon is expected to be present among the products of detonation in the
solid form. This fact alongwith the assumption that no nitrogen compounds
are formed make it possible to write the decomposition of TNT, as

C,H;N,0p = 1.5N,+aCoy-+pC0+yH,0+8H,...... .(19)
+€CH4+7‘(/ :

where a, B, y, 8, ¢ and 7 are the no. of gm. moles of Co,, Co, H,, O, Hg, CH4
and of solid carbon respectively. In order to find out o, B etc. the followmg
ethbna are oonsidered :—

€0 +H, 0 53 o, + H, S e (20a)
(‘+2H2<____(‘H4 L L. .(200)
00+«L~O,_? 002 ...... eee-.(200)

C+30,%55 0o | e 20d)

If K,, K,, K; and K, are the respectlve equlllbnum constants applica-
ble to perfect gas condition for these reactions, the following relations imme-
diately emerge by virtue of the equation (16) o

By . ~$ - K -

Bk, H K, el 1)
2 ’ -

L 7 Ko b2 K', .............. (22)
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where -

C )AB—I—( )2"&0'( )3AD ..rf..‘.';..;.i(zla)

_ e ... (3Ib)

AC = ZCi I .(21o)
AD = ZDi o | .\..i..‘....-'...(21d)

2 refermg to the req.ctants ef the water ga,s reactwn :

: ﬁ_{ )fz(BH(”“) fz((‘)_|_ (~) f2(D)+¢.....f.:; (229.);

Jfa (B) = (2BH2—-BCH4) e : (22b)
f; ©) = (Cr, — $Cem) SRR (220)
fe (D) 3 Dﬂz — 3 Domy) vl L e ..(228)
N ¢,c_ + +%—: id - }.’.l’;.;.'.."...'..'i'gze)
( )fa (®B) +( ) fs (c +(—_) 5 (D).+%¢..7..'.:'...':,('2“35)-
in which e . :
Ja (B) = (Boo, 4-;51392 — Bcoy) o (2%)
 £o(©) =@Coo+$Co,—FC00); ... gg%-)
L D)= 1D00—|—%D02———D00") EERITIRERITeS (23d)
( )ﬁ(B +(% ) AC )+( ) f4(D (28¢)
, mwhlch o ’ ’
ki (B) ?'(%-33,9.2*3‘?9)4 e Co..(286)
L RO=88 400 (%)
. f,(D) = 3EDo, =3 Do0). v . ieiiiaiis..(28D)
Tlm equations (21) (22) and (28) alongwith the foﬂowmg R
e tat+f+n=7 e ........ (24)
CZat28tte=5 Y Ll a2)
yoh2atp o= 6.. . i 26)

determme the composmlon ab any temperaihre
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Calculation of the ‘Detonation Veloc:ty

From the finally calculated compos1tien at a certain agsuméd terapera-
tare, the internal energy. E i of the m1$ture of prod.u.cts and the heat of the
reaction H were determmed with the’ help ‘of the tables chpﬂed by Pike

“and the Huginoit curve constructed, in thefusial Way, by working: backwaﬁs

till the various quantities involved: correspond to a particular logding denalty
the results of calculations are tabulated below

CTABLE
Loading Detonation | Detonation, . Pressure 'J;‘emperature
- density velocity: - | “iveloeity: | o awoand e
gms,/co calculated observed | Atm. X 10 K,
met./sec.- |  ret.[sec. O Y T
1.0 \ ( o ,
- 4300 4900 40 3900
1.5 | i ‘
6890 | 6700 |* 1.12 3940 -

Digeyasion

%

The tem“era.tump obtained are highef than thése found by Joncs, While

the pressures are lower, for the corresponding - loadlng densities, The form

of the state squation, which is the basis of these caloulations, does poz give
e to the interegtion energy term, and hence results in higher t-mperatures
The cembination of yirial coefficients chosen give 8 lower comprexslblhty
fnctor and tharefore lawer pressures,
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