AlAA-85-0392
THE DETONABILITY OF RDX DUST |

IN AIR-OXYGEN MIXTURES

F.P.Lee, C.W. Kauffman, M. Sichel and J. A.
Nicholls

Department of Aerospace Engineering,

The University of Michigan, Ann Arbor 48109~ 2

AIAA 23rd Aerospace Sciences Meeting
January 14-17, 1985/Reno, Nevada

Fr ermission to copy or republish, contact the American institute of Aeronautics and Astronautics
1633 Broadway, New York, NY 10019



THE DETONABILITY OF RDX DUST IN ATR-OXYGEN MIXTURES

F. P. Lee, C.

W. Kauffman, M. Sichel and J. A. Nicholls

Department of Aerospace Engineering
The University of Michigan
Ann Arbor, MI 48109-2140

Abstract

A combined experimental and theoretical study
was conducted to determine the detonability char-
acteristics of high explosive RDX dust dis-
persed in air. Towards this end, a special "shock
tube™ was constructed in which the dust was trans-
ported through the tube by a gas flow. Detonation
of high pressure gases in the driver served to
transmit a stroang blast wave into the dust mixture.
The resultant wave was menitored by pressure
switches, pressure transducers, a photocell, and
streak photography. Within the limits of the fa-
cility detonation was realized for dust with the
larger of the particles (37 p) tested in oxygen
enriched air {12% 0y + 88% air by volume) and with
ammonium perchlorate added to the dust mixture as
additional oxidizer (17% AP + 83% RDX by mass) in
air. However, under the same conditions, the fi-
ner dust with the smaller particles (2 u) could
not be detonated,

A theoretical model was developed to explain
the effect of particle size on the detonability of
dust oxidizer mixtures. In this model an unsteady
particle heat transfer equation with ian Arrhenius
type of reactive source term was coupled with the
flow conservation equations. The thermal effect
due to the presence of particles on the flow priorx
to ignition were calculated for various particle
sizes and loading ratios. It was shown that a
large concentration of very fine dust mixed with
the gaseous oxidizer would cool down the gas be-
hind the incident shock wave sufficiently to deter
the ignition of the particles. This provides an
explanation for why the finer dust failed to
detonate.

Introduction

Safety considerations make it important to es-
tablish the detonability characteristics of mix-
tures of dust with air or air enriched with oxygen.
RDX dust is of particular interest because it is a
commonly used explosive, and because as an explo-
sive, it contains its own oxidizer. For this rea-~
son, detonations were induced in RDX dust-air-
oxygen mixtures using a horizontal shock tube with
an explosive driver. RDX dusts with 2 pm diameter
particles and with 37 pm particles were investi-
gated. Neither of these dusts would detonate in
air, but detomations in the coarse dust were ob-
served in a 12% oxygen/88% air mixture. Remark-
ably, and contrary to intuition, it was impossible
to detonate the fine dust in this mixture. Theo-
retical analysis shows that this bchavior is a con-
sequence of the interaction between the dust par-
ticles and the gas in the two phase flow within
the induction zone.

‘The experimental apparatus is first described
_below followed by a presentation of experimental
results. The analysis of the two phase flow with-
in the induction zone is then described and the
results of the analysis are used .to show how the
interaction between the dust particles and the gas
flow provides an explanation for the failure of
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detonation in the fine grained dust.

Experimental Arrangement

Experiments were conducted in a horizontal shock
tube (shown in Fig. la) with a 7.3 cm diameter dri-
ver section 37 cm long and a 3.8 cm x 6.4 cm rec-
tangular driven section 7 m long. A 30 cm long
transition section was used to connect the circular
driver to the rectangular driven section. A feeder
to introduce the dust was mounted on top of the
transition section. The dust feeder (shownin Figs.
1b and Ic) consisted of a piston in a plastic car-
tridge, a pulling motor, and several air feeding
jets. During operation, the motor pulled the pis-
ton which in tura pushed a predetermined quantity
of RPX dust loaded in the cartridge into the path
of the air jets which blew the dust into the shock
tube. The dust entering the shock tube was then
conveyed through the tube by gaseous oxidizer from
two jets mounted on both sides of the transition
section. The dust concentration in the flow mix-
ture was determined by the mass feeding rate of
dust (gm/sec} and the volumetric flow rate of the
conveying gas (m3/sec). Detonation of a 2Hy + Oz +
He mixture in the driver served as the initiator
and caused a shock wave to be transmitted into the
dust cloud in the driver section. The shock wave
velocity was measured by six pressure switches,
and the pressure by a four Kistler 603A pressure
transducers. A photocell was located at the same
position as No. 3 pressure transducer to measure
the ignition delay. The shock wave and flow inter-
action were observed using streak Schlieren photo-
graphy at the window section of the shock tube.

Experimental Results

RbX dusts with average particle diameters of
2p and 37y were tested in air, oxygen enriched air
and nitrogen. Photomicrographs of the two dusts
are shown in Fig. 2. The 2p dust is very fine and
tends to agglomerate as indicated in the photomic-
rograph. Therefore it Was mixed with a small
amount (2%) of inert amorphous fumed silica (5i04)
dust to improve the dispersion characteristics o%
the dust along the tube. Streak photegraphs of the
induction zone indicated that this technique suc-
cessfully eliminated the agglomeration of the fine
2p dust. The chemical and physical properties of
RDX are presented in Table II below. Additional
experiments were also made using ammonium perch-
lorate (AP) dust mixed with RDX as a supplementary
solid oxidizer.

The velocity variations of the shock wave trams-
mitted from the driver and the character of the
pressure and photocell traces behind the shock were
used to distinguish detonating from nondetonating
mixtures. The wave velocity did not attemuate in.
the case of detonation and there was a large pres-
sure rise followed by a decaying region behind the
wave, The ignition delay, as determined from the
photocell and pressure traces, was retatively short,
In the nondetonating case, there was significant
shock decay, a relatively low pressure rise and a
long ignition delay period. The pressure and



Tabie 1

Detonation Results for RDX Dust (37u)

Maximum Detonation

Mixture Concgzi;gtion nggigg Equi::i:nce Dﬁzgga;i?n P?::;?re
{gn/m*)
REX in air/0, (88/17) 1300 0.89 0.86 ' 5.1 L o3
RDX/AP (83/17) in air 1346 1.03 0.84 4.9 32
ROX/AP (83/17) in air 1500 1.15 .88 5.0 34

photocell traces shown in Figs. 3a and 3b illus-
trate these differences.

Within the limits of the facility, the experi-
mental results showed that RDX dust in air would
not detonate. However, detonation was realized
with the coarser dust in oxygen enriched air (12%
oxygen * 88% air), and also in an AP-RDX dust mix-
ture (17% AP/83% RDX) in air. The equivalence
ratios used were slightly less than one and the
loading ratio, i.e. the ratio of fuel to air mass
were approximately one. The resunlts for detonat-
ing runs are listed in Table I.

llowever, under the same operating conditions
the finer dust with the 2u particles did not det-
onate. The measured ignition declay shown in Fig.
3c for the nondetonating fine dust was about six
times that of the detonating coarse dust shown in
Fig. 3a, even though the combustion time of the
fine dust is about one-quarter that of coarse dust.

These results are contrary to intuition, which
would suggest that the finer dust would be more
detonable. As shown in the analysis below, rapid
absorption of heat by the finer dust can reduce
the temperature and thergby greatly increase the
ignition delay. This effect provides a possible
explanation for the inability to detonate the fine
dnst,

Theoretical Analysis

A theoretical model was developed to deal with
the interaction between the particles and the gas
in the two phase flow behind the shock wave. This
flow is shown schematically in Fig. 4 in coordi-
nates which are fixed to the shock so that the
shock becomes stationary while the wall moves with
the undisturbed velocity u,. Immediately behind
the shock the velocity of the dust particles rela-
tive to the gas, i.e., u, - u, may be supersonic,
Thus bow shocks may stand ahead of the particles
initially as shown in the schematic sketch in Fig.
4,

The equations for the conservation of mass, mo-
mentum, and energy are:

pu + cpup = pouo + op u {1

(o]

pu2+ou2+P+W =p'l.12+c u2+P (2)
pp L oo p, © 0

o

2
2 u
u _

Fus-+ h) + apup(—zﬁ + Ry @ v g - g = 3)

All symbels are defined in the nomenclature. These

- equations are discussed in detail by Rudingerl,

but have been supplemented by the addition of wall -
losses and the heat of combustion of the fuel par-
ticles. The momentum loss Wy, wall heat transfer
Qy, and viscous dissipation Qg are evaluated from
the expression given by Ragland, et al.

4 * - 4x D(uo_u)z
wL = 5; g T dx = ﬁg—cf —5—
.2
Q = D%: f: q,4x = %ﬁ {Z—f]o{uo-U)[h + {—“’%\1—
- k]
Qg = g_ fx T, dx . %i(gfapuo{uo-u)z
h o h

where the mean friction coefficient Cf for the flow
is taken as

-1/5

C, = 0.074 (Re)"l/5

X,
¢ 0.074] %)

The radiation has been approximated by assuming
that the particles radiate to the wall as a grey
body so thag

4 x -
QR oo é qrdx =

4 2 crgrrt
h

h

The radiative loss was found to be negligible even
when the emissivity €' is taken as unity. This re-
sult is probably a consequence of the short time
available for radiation in the induction zone.

As written above, these equations treat the gas-
particle mixture as a single fluid. The interac-
tion between the particles and the gas is intro-
duced through the trajectory equation:

48 W . le¢ n%zi M - u @
3 pp dt 3 “pP u—up u up

which is needed to deteimine the particle velocity
and accounts for the exchange of momentum hetween
the gas and the particles, The thermal interaction
between the gas and the particles, which is crucial
in the analysis of the induction zone, is deter-
mined by the heat transfer between the gas and the
particles. To simplify the thermal analysis, it
has been assumed that the particles are spherical
and that the temperature distribution within the
particles is spherically symmetric. It has further
been assumed that the dust cloud is monodisperse.
If Tg(t) is the recovery temperature based on the
velocity of the gas relative to the particle, and



if T{R,t} 1is the temperature at the particle
surface, then the rate of change of the enthalpy
Hp of each particle will be given by

dH

— P a qm? N ,

at 4nR7h(1) [Te(t) T(R,t}] (5)

where the particle enthalpy Hp can be expressed by
R 2

Hp = [ 4ur C T{r)dr

(9] -
and the average specific enthalpy of the particle,
h , is given by

H
E =
P
where mp = 4/3nR3p is the mass of each particle.
The film conductance h(t) depends on the velocity
of the gas relative to the particles, In general,
it also is necessary to introduce a reaction rate
equation to account for the particle combustion
and the rate of change of the particle mass flow
density o_ugihowever, this term can be neglected
in the induction zone preceding the start of com-
bustion.

For the particle sizes considered here, previ-
ous studies of shock induced ignition indicate
that ignition is governed by heterogeneous reac-
tion at the particle surface, particularly since
in the case shock ignition there appears to be in-
sufficient time for the evolution of significant
amounts of volatiles. Accepting surface reaction
as the driving mechanism, ignition first occurs at
the particle surface where the particle tempera-
ture has the highest value during heat up. Because
of the large values of the Biot number, the tem-
perature within the particle will not be uniform,
and calculation of particle surface temperature
requires solution of the heat conduction equation:

T e a 20T, winy)
%t 27 (50 + P C (&

A source term u"'(r,t) is included to account
for the heat released by heterogeneous reaction
beth on the particle surface and in the porous in-
terior of the particle, The boundary condition at
the particle surface is governed by convectiveheat
transfer from the surrcunding gas and is given by:

aT _
paT|r=R hit)[Tf[t) T(R,t)]) D
Evaluation of the reactive source term is a ma-
jor source of uncertainty because of the lack of
adequate chemical kinetic data for dusts. Assum-
ing a first order reaction, as was also done by

Ural, et a1.3, and Sichel, et al.*. This term
wiil be given by:

o = - n f
u Qppsiﬂ% exp(- E/RT) £

The values of the parameters used in the compu-
tations are listed in Table II below. Due to the
lack of kinetic data available for RDX, some of the
parameters used in (8) were determined by comparing
the results of the present theory to ignition de-
lay data.

It also is necessary to choose suitable values
for the drag coefficient Cp in (4) and for the
film conductance h(t) in (5) and (7). The veloci-
ty relative to the particles varies from supersonic

values to values in the Stokes drag regime. To
cover this wide range, the empirical expressions
for Cp presented by Walsh® were used in the compu-
tations, and it turns out that Cj varies signifi-
cantly during particle acceleration. The Nusselt
No. and hence h{t) alsco varies over a wide range
during particle acceleration, and hence the empiri-
cal expression for h given by Fox~ was used to
evaluate h(t). According to Fox

33

Nu = 2R/K = 2¢M/1 s 1/me) + 0.459Pr0‘

T

e %10 4 p.5e7 TRE) g (9)

The structure of the induction zone and the ig-
nition delay time were determined by numerically
solving Bgs. {1) - (9). The ignition delay was
taken as the time between shock passage and parti-
cle surface temperature runaway. Ignition delays
were calculated over a wide range of particle load-
ing and particle size.

The detailed gas and particle surface tempera-
ture variations are shown in Figs. 5a and 5b for
2p and 37y particles for a loading ratie,
(op/ﬂ)o upstream of the shock wave, of 1.0. In the
case of the 2u particles, both the gas and particle
surface temperature initially rise very rapidly.
Then, because of the greater surface are of the
smaller particles, both the gas and particle sur-
face temperatures drop to a lower steady value un-
til ignition. On the other hand, in the case of
the larger 37p particles, the surface temperature
rises steadily until ignition occurs. As a conse-
yuence, contrary to intuition, the ignition delay
of 52y sec of the 2y dust is four times the 13u
sec delay of the coarser 37p dust.

This behavior is also mirrored by the interior
temperature distribution of the 2y and 37u parti-
cles which is shown in Figs. 6a and 6b  at time
increments of lu sec. In the case of the 2u par-
ticles, the surface temperature increases rapidly
after which it drops while the temperature in the
interior of the particle becomes almost uniform,
These small particles are thus very effective in
absorbing heat from the surrounding gas stream,
and this accounts for the drop in both gas and par-
ticle temperature shown in Fig. 5. In the case of
the 37p particles, the heated region is confined
almost entirely to the vicinity of the particle
surface and the surface temperature increases con-
tinuously.

The influence of the particle interaction on the
gas temperature and ignition delay depends on both
the loading ratio and the particle size as illus-
trated in ¥Fig. 7. This figure shows the variation
of the ignitien delay with particle size for dif-
ferent values of particle loading as calculated
using the theory described above. The ignition de-
lay always decreases with decreasing particle size
for small loading ratios when the particle/gas
interaction is weak. lowever, for loading ratios
of 0(1), the ignition delay increases drastically
when the particle diameter drops below about 6p.

Discussion and Conciusions

Experiments have demonstrated that mixtures of
2up and 37p RPX dust with air could not be made to
detonate, It was possible to induce detonations in
the 37u dust in an 88% air/12% 02 mixture and in an



83% RBX/L17% AP mixture in air.
dust nnder the same conditions could not be det-
onated in the oxvgen enriched air.

ilowever, 2y RDX

Theorctical analysis of the btwo phase flow in
the induction cone showed that this cffect conid
be explained by the rapid absorption of heat by

the ter particles, which resulted in a reduced
gus temperature and a corresponding increase in

Other cxplanations are of
covrsc #1130 possible. Thus failure te detonate
might be caused by the agglomeration of the smal-
ler particles. Uowever, streak photographs indi-
cated that aggliomeration was not a problem for the
finer dust. Since RDX is an explosive, another
expleanntion is that the smaller particles were
less than the critical explesion diameter, while
the iarger particies acted Ilke explesive pellets.
However, increased heat abscerption by the smaller
particies appears as the wost convincing cxplana-
tion to the authors.

the ianiticen delay.

feritups the wost important conclusion is that
in any realistic analysis of the induction zone of
duse detonations, it is absolutely essential to
take the offects of two phase flow into account,

Table IT

thermal and Chemical Properties of RDX

1,820

G.98 »

. L3
Density (ym/em’)

Theramal conductivity 10_4(1)
(cal/cm-scc-°0)
o et £ (1)
Specific heat n.45
{enl fom-°C

Internal surfnce area g ~ lﬂﬁ
{cmd/gm)

ot it ion enerer L (2
Acrtivation energy 17.5

(X cal/gm-male)

Pre-exponential Factor 80

(gm/eme-soc-atm}
L Ref. 7
2 kef, 4
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