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STUDILS OF FAST REACTIONS IN DETONATIONS ‘

Charles L. Mader

Los Alamos Scientafic Laboratory
of the University of California, Los Alamos, New Mexico

The time=dependent behavier of the flow in reartion zones of
the detonating homopencous explosives nitromethane, liquiud TNT,
and idcal gases has been investipated using onc- and two-dimen-
sional lagranglan and Eulerian numerical hvdrodvnamics with .
Arrhenius clemical reaction. A general model for bulk decomjosi-
tion of heterogcneous explosives, called Forest Fire,, has becn
developued, which gives the rate of explosive decompesition as a
functinn of local pressure. The model permits description of the
process of heterogeneous exjlosive initiation, pronagation, and
fajlure.

1. HOMOGENTOUS DETONATIONS

The hvdrodvnamic stability of one-dimensinsnal detonations in
an ideal gas ¢f constant hcat capacity undergoing an exothermic,
irreversible, unimolecular rcaction with an Arrhicnius-law tempera-
ture dependence has heen studied analvtically by Erpenbeck (1).

The analyvris gives no information abnut the naturce of the time=de-
pendent flow in the case of an unstahle solution. Fickett (2) has
rtudied the time-dependent behavier ol the flow for finite pertur-
bations (the stabilitv; of the ideal gas recaction zone using a onc-
dimensional characteristic method. In those cases for which
Erpenbeck's linearized analvsis has shown the steady-state solution
to be unstable to infinltesimal loangitudinal perturbations, flows
started in a (onfiguration approximating the steadv-state aolution
exhibited nondecaving oncillations; in those cases for which
Frpenbeck's analysis showed the stealv-state solution tn be stable,
perturbations were found to decay.



In our monograph (3) we Jdescribed the results of our studies
of the time-dependent hehavior of the flow (the stabilitv) of the
ideal guas, nitromethant and ligquid TNT reaction zones to finite
longitudinal and transverse perturbations using finite difference
methods to solve the reactive Navier-Stokes equations of fluid dy-
namics. We also described the time-deprndent behavier of the flow
of stable overdriven nitromethane dctonations formed by pistons of
various cenfigurations.

The equation of state for an ideal gas of constant heat capar-
ity undergoing an exothermic, irreversible, unimeolecular reaction
is as follows. Given I, W, and V, on¢ calculates 1 and T from

Ped[I+ (1 -WeIy' =DV
and
T=1[14+(1-WQJ/C,
w'o= 1.2 Tes Voo P =1 C =5
It =5 Rel U =0
The Arrhenius rate law is
dw/dt = ZW exp (-E*/RT)

Erpenbeck predicts that an idcal gas detonation with f = 2,
FA = 50, and Q = 50 will be stablc¢ to onc-dimensional perturbations
but unstable tc¢ two-dimensional perturbations, and that with @ =
0.2 it will be stable for all perturbations. The results of some
of the numerical calculations usinp one- and two-dimensional La-
pranginn and Eulerian hvdrodvnamics are summarized in Tuble 1. The
resitlts are in agreement with the predictions of Erpenbeck and give
us confidence in our numerical approach for determining stability
of detonation waver, We shall now procecd to determine the stabil-
ity of nitromethanc¢ and liquid TNT detonations to one= and two-di-
mensjonal perturbations.

To study the stabilityv of detonations, we wirh to use o piston
that will e:tal1ish, ar quickly asx persible, flow conditionx in the
fluid which closely approximate the steadv-state (time-independent)
flow conditions. We refer to such a piston as the steadv=-state
pinton.

The stability results for nitromethance and liquid TNT uming a
reasonable range of values for the kinctie and equation-nf-state
parancters are summarized in Table 11,

The shock front pressure veraus time for nitromethane stetona-
tions with velocitios of 0.6850 and 0.6A50 ¢m/ymec 18 shown in
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Fip. 1 using the SIN and 2DL codes (3).

Figure 2 shows the 0.6650/

i1sec unstable casr where the initial perturbation grows and roaches

a steadyv arplitude by tbe fourth cvcle.

Twe dimensinnal perturbations in C-J nitromethane and liquid
TNT detonations do rot giow, and the two-dirmensionally perturbed

flow decave te once-dimensionally perturbed flow.,

Nitromethane with

E*'s of 40 »nd 53.6 at G- velocity and with an E* of 53.6 at
0.7130 cm/;.sec was calculated using the 2DL and 2DE codes (3). In
all cases the two-dimenceional perturbation did net grow and the
stability was identical with that observed [cr one-dimensional per-

turbacinns.
in Ret. % in detail.

The two-dimensinnally perturbed calculations are shown

The¢ amount of overdrive necessary to stabilir: the nitrometh-
ane antd liquicd TNT detonaticn decieases with decreasing activation

energy and 1¢ independeat of the frequency factor.
reacted Huponiots are very senritive to the equ: don of

Th: partiallvy
state used

for the mixture of undecompored explosive and detonation products,
We have used a y of 1.70 in addition to a y of 0.68 in Table TI tau

illustrate the magnitude of this effect.

We now proceed to determine the time=dependent behavior of the
flow of stalle overdriven nitromethane deionatlons formid by a con-
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Fig. 1. The shock-front pressure ve time
for nitromcethane with various amountws of
overdr lve, for varions numerical me* hods,
I'* = 51,6, 2 =4 2 10" and 4 » U.68.
The mensb gize t8 given for each method,
and thoe detonation velocity 18 given {n
cm/linec,

stant velocity piston.

A.. shown in Table
11, nitromcithane with
an activation encrpy
of 40 kcal/molce and -
vy of 0.68 was found to
he stable at =0 deto=
nat.en velocley. With
a stabl¢ dctonation,
we can study how the
reaction zone 1s form-
ed bv constant=veloce-
ity * stons ‘hat ini-
tial shock the unre-
acted nitromethane to
lens than the Ce) pres-
rure.,

The pressurcs at
vat foun pouitions ol
the flow as a function
of time are shown 1n
Fig. 3 for a 0.21 cm/
Ithee ennstant=velor fty
plrton. The ecalcula-
tionn with a rerolvad
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Fig. 2. The shoek-front pressure, the pressure
at the end of the reactie- zone and the reaction
sone thickness nf a nitrometlitne reartion zone
with a detopation velocity T 0 6659 em/ s,

5 = 0,68, F* = 53,6, 2 = 4 x 107, 100 A mesh.

reaction zence show detalls of the process of sheck initiation of
nitromethane. The basic features are identical te those of tho
flow computed with an unresolved reactlon zone (3).  The shacked
nitramcenane flrst coppletely decompeses at the plsteon and
achicves o detonath = with a pen) pressnre that builds up toward
the C-1 pressure of the high density glocked nitromethane.  The
d-trnatlon wave over.akes the shock wave and the pressire at the
end n! the reactlon zeone decave toward the piston pressure,

1. HETERIGENLEO'S DETONATIONS

Hetoropenecous explosives, such as FEX-9404 or Compositicn b,
gl o different behavior tha, homogencous explokives when propa-
gnt tng along, conflning snrfaces, A heterepencensk oxplosive can turn
shanrp corners and propagate outward, and depending upon {ts sensi-
tiviry, it mav ghow either very little or mich curvature when propa-
gating along a metal surlacr, The mechanlsm of initi{ation for



300 . ._ e e P . - e ma e ==

__SHOCK-FRONT
PRESSURE

T 250- 7N -
[ -] ~
2 PRESSURE .
= PEAK — AT END OF
L PRESSURE REACTION S
& ZONE
v 200 -
L)
x
o
JPRESSURE AT.-~ \,
150 PiSTON INTERFACE ™.

0O I 2 "3 4 ®5 e 7 & 9 10 1
TIME (usec) > 10-

Fig. 3. The shock initiation of nitromethane by a 0.21
cm/i:sec constant-velocity piston. E* = 40, 2 = 1,27 x 10%,
Yy = 0,68, 400U 2 mesh; the reaction zone 1s resolved.

hetarogeneous explosives is different than the Arrhenius kinetlic
model found adequate for homogeneous explosives. Heterogeneous ex-
plosives are initiated and may propagate by the process of shock
interaction with density discontinuities such as voilds. These in-
teractions result in hot regions that decompose and give ircreasing
pressures that cause more and notter deromposing regiuns. Some
heterogeneous explosives may require hot spots even for thce propa-
gation of the detonation wave,

W¢ developed Forest Fire to model! the bulk decomposition of a
heterogeneous explosive.  Forest Fire, described in Ref. 3, mavy be
used to reproduce the erplosive behavior in wany one- and two-di-
meneions] situations where data are available. Forest Fire gives
t e rate ¢f explosive decomposition as a function of local pressure,
or any other state variable, in the explosive.

The experiments of interest are those that enable direct solu-
tion of thn time behavior of the shock-pressurc wave as the sbock
builds to detonation. Such information form: a data linc in space
far the fluid flow eq: tions, With svme simple Aassumptions the
flow eqnations can be woi:lved in the neighborhood of the data line,
mid ronscquently, the reaction rate consistent with the time behav-
inr of the shock=pressure wave can be solved,



Some experiments that give direct information about the shock-

pressure front are

A.
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Distance to detonation as a function of initial shock pressure
fn (run) = a; + a2 & (P - P¢) ,
wvhere run = distance to detonation,
oy, a,, and P are constants, P, 1s usually O, and
P = pressure.
This relation is called the "Pop plot'" and is shown in Fig. 4.
Shock velocity as a function of particle velocity
U =C + SU .
s P

where Ug = shock velocitv, = particle velocitv, and
C and S are constants rom fits to experimental data.

These relatiois, together with the shock juup relations, de-
fine the state space line for the shock front.

If pressure as a function of time is reported at various mass
points, therse data can be used to estimate pressure gradients
behind the shock and a time-pressure history at a single point.

The single=curve buildup
principle (3) is the assumption
that a reactive shock wave grows
to detonation aiong a unique line
‘ in distance, time, and state
\\ space. Experiments have often
shown this relation to be plaus-
ible to thc accuracy of the ex-
\ 1 per.ments. Applving the single-
curve bufldup pr.unciple to Pop
plots gives the interpretntion

\ that the Pop plets arc direct de-
\\\\ ' scriptions of the shock front,
Fig. 5 shows the decomprsi-
tion rate calculated, using the
Forest Fire model, as 8 function

of pressure for several explo-
gives.

sxmal o,

[ I B |

L
L
S
L
i
a1 sl

z
§

[T Yo Dick (3) performed a radio-
4, Pop plots for X-0219, graphic study of a detonation

X-0290, Composition B, and I'BX- wave proceeding up a block of a

9404.

very Inrensitive TATB-based



explosive, X=-0219, and
its failure to propagate
completely around a corn-
er. Dick's experimental
profiles and the calcu-
lated profiles using the
Forest Fire model are
shown in Fig. 6. The
amount of explosive that
remains undecomposed after
passage of the shoc. wave
depends primarily upon the
curvature of the detona-
tion wave before it turns
the corner. If the wave
is sufficiently curved,
the detonation proceeds
like a diverging detona-
tion wave and little or
nc explosive remains un-
dzcomposed. If the wave
-3 is flat, or nearly so,

10 100 0 when it arrives at the

Pressure (htor) corner, then much more

partially decomposed ex-
piosive will remain after
shock passage.

0t

Rate = - % -3% tas™)
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0 .0219
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Fig. 5. Forest Fire rate vs pressure.

Calculations were performed usin;: the Forest Fire burn in 2DL
(3) for 0.7- and 1.3-cm-radius cylinders of X-0219 confined by
/lexiglas and for half-thickness slabs of 1.3 and 2.6 c¢m. The thln-
rer charges developed grrater curvature and the 0.7-cm-radlus cvl-
inder failed to propagate. Calculations werc also performed using
the Forest Fire burn in the 2DE code for 0.65- and 1.3-cm-radius
cvlinders of X-0219 confined by air. The 0.65-cm-radius cvlinder
failed to propagate as shown in Fig., 7. The experimentally doter-
mined failure radius 1s 0.75 em. Similar calculutions werce per-
formed for PBX-9404, Composition B, and ¥Y-0290, Resultls are com-
pared with experimental failurc radius in Tahle 111, These results
sugpest that the dominant feature of failurce in heterogeneous explo-
sives 15 the same hot spot decomposition reaction that determines
the shock initiation behavior.

I1TI. CONCLUSI1ONS

The time~dependent behavior of the flow in the reaction zones
of 1ideal gases, nitromethane, and liquid TNT havi bevn investigated
using one- and two-dimensional Lagrangian und Eulerlan mumerical
hvdrod vnamics.
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Fig. 6. Radiographic and calculated 2DL profiles of
a detonation wave proregaiing around a corner of
X=-0219. The corner was filled with air in thc exper-
iment and with Plexiglas in the calculations.

In those cases for which Erpenbeck's analvsis showed the
steady-state solution of ideal gas detonations to be unstable to
infinitesimal longitudinal and transverse perturbations, flows
started in a configuration approximating the steady-state solutions
exhibited a bounded instability; in those cases for which Erpenbeck's
analysis showed the steady-state solution to be stable, perturba-
tions were found to decav. Tl two-dimensional ideal gas instabil-
ity has not been numerically studied for a sufficient time to de-
termine ivs final amplitude and period.
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Fig. 7. Pressure and mass fraction profiles for a 0.65- and a
1.3-cm-radius cylinder of X-0219 calculated using the 2DE code
with the Forest Fire burn model.

The nitromethane and liquid TNT detonations exhibited the same
stabjility o transverse and longitudinal perturbations as to longi-
tudinal perturbations alone.

The details of the structure of the reaction zonc are strongly
dependent o the properties of the equarion of state for the mix-
ture of undecomposed explosive and detonation products. The amount
of overdrive necessary to obtain a steady detonation and the period
and magnitude of the oscillation of an unstable detonation are
strongly depandent on the activation energy and are independent of
the frequency factor.



For signific.. .

TABLE III
ranges of values for the
Experimental and calculated failure radit activation energy and
for the amount of over-
Experimental drive, the time deperd-
failure radius Calculated ent, one- or two-dimen-
Expiosive G results sional model of d.:tona-
tion exhibits unstable
X-0219 N.75 + 0.05 1.3 propagated pulsating detonation.
0.7 failed \
If the explosive is suf-
X-0290 0.45 + 0.03 0.5 propagated ficiently overdriven the
0.3 failed detonation becomes sta-
Comy B 0.214 + 0.03 0.3 propagated ble. Stable overdriven
0.2 failed detonations are formed
) by a8 constant velocit
PBX-9404 0.06 =+ 0.01 0.1 propagated oz stepped-velocit y
0.05 failed pped=velocity

piston only after the

detonation travels many
reaction zone lengths. If the velocity of the piston 1s abruptly
decreased to a sufficiently low value, sufficiently soon after its
initial motion, the detonation fails. A constant-velocity pistcn
results in Initiation, from shock heating of the bulk explosive, oif
an overdriven detonation that slowly decays just as in the shock
iritiation of homogeneous explosives.

Since the details of the chemical kinetics are crucial to the
rtability behavior, one probably cannot expect real detonations to
closelv reproduce the t°‘me-dependent behavior of the theoretical
model with simple Arrhenius kinetics.

Real detonations of ccndensed explosives can exhibit unstable
periodic behav.or. The steady-state Chapman-.ouguet theory of the
detonation process will not properly describe the behavior of real
detorations that exhibit such unstable periodic behavior.

Detonation injtiation and propagation of heterogeneous explo-
sives cannot be described adequately using Arrhenius kinetice., The
Forest Fire model can describe the decomposition that occurs iron
hot spots formed by shock interactions with density incontinuitics
in heterogeneous explosives and can also describe the passage of
heterogeneous detonation waves around corners and along surfaces.
Failure or propagation of a heterogeneous detonation wave depends
upon the interrelated effects of the wave curvature and the shock
sens ‘tivity of the explosive. Scme of the basic differences have
been describted between homogeneous and hetcrogencous explosive
propagation and fajlure., The differences are a result of the dif-
ferent nature of the fast reactions in homogeneous and heterogene-
our explosives,
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