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I. INTRODUCTION AND SUMMARY

This report covers research performed during the past two years
on the subiect contract. It is a continuation of the study of soiid
oxidizer self-deflagration carried out under Contract No, AF 49(638)-1169
of the same title. In that program the deflagration behavior of hydrazine
perchlorate (HP) and hydrazine diperchlorate (KDP) was investigated and is
reported in references 1, 3, 4. The deflagration of hydroxylammonium per-
chlorate (HAP) was studied under the present program, the general objective
of which was to gain some understanding of the deflagration process. The
experimental work included measurements of the pressure dependence of the
deflagration rate, flame temperature, quenching diameters, and inflammability
limits. 1In this final report, included along with these results is a summary
of the significant results of all the solid oxidizers which we have studied
including also ammonium perchlorate (AP) and hydrazine nitroform (HNF). An
analysis of the combustion process of these monopropellant-type oxidizers is
precented, based on what has been determined, or can reasonably be inferred,
about the structure of the combustion wave. The physical and chemical=kinetic
processes beneath, at and in the gas above the surface of the solia are con-
sidered, the concept of cellular flame structure is discussed, and inflammability

limits are analyzed,

The scope of the program also included a study of the extinguishment
of propellants by rapid depressurization. In this phase of the work we developed
a laboratory-scale extinguishment apparatus which was essentially a modified
optical strand burner. This apparatus allows depressurization rates of up to
5 % 105 psi/sec at 2000 psi pressure. It has the advantages that data are
obtained in a form suitable for testing extinction theories and also it can
be used to study propellant extinguishment on strand-size samples, Three candi-
date composite propellants were selected for study and the results are compared

with extinguishment theory, where the agreement is found to be good.

A study aimed at gaining some background knowledge in the general

area of chlorine-oxide chemistry was also undertaken since this seemed relevant
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to an underatanding of the perchlorate~based oxidizers., In this phaae of the
work a review of the chlorine oxides and perchloric acid literature was carried
out, and an experimental study of the explosive decomposition of chlorine di-
oxide waa performed. The resulta of the 0102 study together with an extensive
interpretation of the reaction are presented In an appendix to this report.

The studiea of all three phases of the program will be aubmitted for publica-
tion.
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II. THE DEFLAGRATION OF SOLIL OXIDIZERS

A, SUMMARY OF PERTINENT RESULTS ON FIVE OXIDIZERS

Some physical and chemical properties of the crystalline materials
are listed in Table I. Below are presented the experimental results of our
deflagration studies which are relevant for an analysis of the combustion
process, We omit a formal description of the experimental details since for
the most part they were standard methods and have been previously described;

where appropriate, mention is made of the general techniques employed.

1, Deflagration Rates

In Figure 1 are presented in a log-log diagram the mass burning
rates versus pressure for the five monopropellants, Tic n's refer to the ex-

ponent in the equation

n

h = bp (1)
where f is the mass burning rate in g/cmzsec and p is pressure in atm. The
data from which Figure 1 is constructed are given in references 2-5 for AP,

HP, HDP and HNF, respectively. The actual data for HAP have not been pub-
lished and they are presented in Figure 2. 1In this figure the dashed lines

are only meant to indicate the irreproducibility of data below 200 atm. The
measurements for all the oxidizers were made on strands compacted to high
density and burned at room temperature in an cptical strand burner. In

Figure 1 the line for HP refers to the material containing small amounts of
additives since reproducible data were never obtained for pure HP. The
following descriptive comments are made about the dcflagration of the oxidizers.
HF, HDP and HNF all melt as they enter the deflagration wave at the lower
pressures, but the liquid layer is not observable at the higher pressures.

HAP melts readily but no liquid layer was observable during burning since
deflagration below about 150 atm does not occur unless the material is pre-
heated, In the case of AP, HAP and HI the lowest point of the line repre-

sents the lowcr pressure limit for deflagration; HNF and HP burned at as low

-3-
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Figure 2. Mass Deflagration Rate Versus Pressure for
Hydroxylammonium Perchiorate.
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as tenths of an atmosphere and no lower limit was determined, No upper
limits were obscvved except for HP, where deflagration above approximately
8 atm could never be effected. Uther features of Figure 1 are discussed

in the following section.

2. Flame Temperatures and Reaction Stoichiouetries

The adiabatic, constant pressure product gas temperatures and
equilibrium compositions have been calculated for the five oxidizers and are
summarized in Table II. The initial temperature was 25°C and the heats »f
formation and reaction are listed. The approximate computed composi*ions
are shown as reaction equations and species present only Ia minor concentra-
tions are omitted, The experimentally determined flame temperatures are
also presented, These were measured with fine thermocouples except for the
case of HP where the sodium line-reversal technique was used. We can now

remark on certain features of the relative burning rates of Figure 1.

The only oxidizer that exhibits an exponent greater than unity is
HDP at pressures below about 80 atm. This has previously been explained (4)
qualitatively as due to the flame standoff distance becoming shorter with
increasing pressure coupled with an increase in flame temperature., The ex-
ponent decreases to <l as the flame temperature levelsoff at the theoretical
value, HP exhibits much faster burning rates than HNF even though the cal-
culated flame temperature and heat of reaction of HNF are higher., This illus-
trates the role of the reaction kineties in determining the relative defla-

gration rates of these two oxidizers, which is anaiyzed below.

Examining the plots of Figure 1 in the light of only the thermo-
dynamics data of Tables I and II, one finds one other fairly gross departure
from first expectation, We note that HAP, when it burms, burns several times

as fast as AP. Since HAP has a higher T, and lower AHvap and probably a

f
lower surface temperature, faster deflagration rates are reasonable. However,
HAP has a low-pressure limit which is at least seven times higher than AP.

To account for this feature we have postulated that condensed-phase heat re-

lease is necessary to drive the combustion, The pressure dependence of the
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TABLE 11

Thermodynamic Combustion Data for Solid Oxidizers

T, (°K) o
N Oxidizer Comfuted Tf( & AHf 8., ﬁer
. P Measured {Kcal/mole} (Kcal/mole) (Cal/g)
AP 1440(100 1205 (100 - 69,4 - 40,6 (theo) =350 (theo.)
atm) atm) - 34 (actuzl) =290 (actual)
HAP 1413 (200 1305 (200 - 66.5 - 44,0 - 330
atm) atm)
HP 2245 (1 atm) 2275 (1 atm) - 42,5 - 95 - 720
HDP 1600 (28 1345 (28 atm) - 70.1 - 88 - 380
atm)
1600 (55 1520 (55 atm)
atm)
15605 (103 1595 (103 atm)
atm)
unF 2765 (1 atm) - - 17.0 - 178 - 970

Flame Reac*ions

NHACIOA(S) - 0.5N2 + 1.6 HZC + 0.8 HC1 + 0.1 012 + 1.2 02 (100 atm theoretical)
+ 0,27 N2 + 1.6 H20 + 0.8 HC1 + 0.1 C12 + 0,12 NOO + 0,23 NO +
1.0 02 (measured at 70 atm)
HONH4C104(S) + 0,5 NZ + 1.6 H20 + 0.8 HC1 + 0.1 Cl2 + 1,7 02 (200 atm)
N2H50104(s) + (.98 N2 + 2,0 HZO + 0.93 HC1 + 0.01 012 + 0.05 C1 + 0,03 OH
+ 0.04 NO + 0.95 02 (1 atm)
] =N24-2H20+HC1+02
7 NZHG(C104%KS) = 1.0 NZ + 2.0 HZO + 2,0 HC1 + 3.0 02 (100 atm)
NZHS C(N02)3(s‘ + 2,44 N2 + 2.17 HZO + 0.72 CO2 + 0,28 CO + 0,35 0H + G,12 NO
+ 0.77 02 (1 atm)
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deflagration rates arises because heat is also released in the gas phase
and feedback from the gas reaction zone is in turn necessary to drive the
condensed-phase reactions. This 1s a reasonable qualitative explanation
for the phenomena but the relative degrees of condensed~phase and gas-phase

heat release could not be determined.

3. Temperature Profiles

The technique of imbedding fine thermocouples 1in compacted oxidizer
strands and allowing the deflagration wave to overrun the bead was used to de=~
termine temperature profiles. One criterion that must be fulfilled to obtain
valid profiles with adequate spatial resolution 1s that the thermocouple bead
slze must be small compared with the characteristic combustion wave thickness,

o/r, where o 1s the thermal diffusivity of the solid and r is the linear burn=~

ing rate. This limits profile determinations to deflagrations of a few tenths of

a cm/sec and less for reasonable-sized couples. Hence, profiles were not
measured for AP and HAP, but were for HP, HDP and HNF at low pressures. Even
for these three it was not possible to resolve temperature near the surface

since gradients in this region are very high.

At relatively lov pressures and slow burning rates the temperature
profiles through the preheat zones of HNF and HDP showed definite evidence for
substantial heat release well below the surface. For these two materials,
chemical reactions in the liquid layer are the principal driving force of the
deflagrations at low pressures. In the case of HP there seemed to be minimal
heat release at any great depth beneath the strand surface. The profiles for
these oxidizers have previously been published and discussed (3,4,5) and for
purposes In this report we only wish to consider one additional property of
the profiles. That is the total width of the preheat zone compared to the
characteristic dimension of the combustion wave, a/r. 1n all cases the pre-
heat zone was found to be approximately 5-7 times a/r, This 1s substantially
the order of magnitude of the analogous ratio in gaseous flames and 1s an

important conslderation in inflammability limits,

4. Quenching Diameters

Under the present program we have measured quenching diameters for
AP and HAP déflagrations as a function of pressure, and similar data were

obtained for HNF under a different but similar program (5), The experiments

-9-
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consisted of compacting the crystalline oxidizers into Pyrex tubes of a
range of diameters, then determining the lowest pressure at which defla-
gration would propagate for a given diameter., The data for HNF are given
in reference 5 and the quenching curve is shown on the summary graph of
Figure 7 which will be discussed in the next section. The results for AP
were anomalous and do not lend themselves to straightforward analysis in
some respects. Accordingly we present the actual data for AP in Figures

3 and 4, and for comparison with an example of '"clean" data the results

for HAP are given in Figure 5. The burning rates vary with sample diameter
(and particle size for AP), and these were measured for the oxidizers., The
AP rates are given in Figure 6 where only enough data were taken to satisfy
the needs of this particular study; the HAP rates are given in Table III for

deflagration at 200 atm, In the Table it is seen that a monotonic increase

TABLE III

Mass Burning Rates of HAP at 200 atm as a
Function of Tube Diameter (p ~1.1 g/cm3)

Pyrex Tube 1.d. (mm) il (g/cmzsec)
3.8 4,08
4,24
5.8 4,52
4.63
8.0 5.25 (avergage

of several)

in ® witn increasing tube diameter continues even up to 8 mm i.d. tubes, which
exceed the quenching diameter by a factor of three at 200 atm. The pressure
exponent of Flgure 1 for HAP deflagration could be on the high side because

of this, and the low value of the measured flame temperature may also be

partially due to 1it.

The legends on Figures 3, 4, and 5 make the plots failrly self-
explanatory. Lines are shown along which the Reynolds number is calculated

to be 2300, indicating that the HAP flame gas stream is well in a turbulent

-10-
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region and that of AP in lamjinar. ideally one would expect to find the

; quenching diameter decreasiag with increasing pressure as with HAP and

! HNF. For AP of 200p particle size the line clearily turns back on itself

{ in the region of 30 atm and 3 mm diameter tubes. 1In Figure 3, for 20u AP,
this is not gquite the case although deflagration did not propagate at any
pressure in tubes of less than 2 mm diameter. We have not had much success
in understanding the curious feature of the AP curves, but the quenching
results in general can be analyzed in terms of the dimensions of the defla-

gration wave in the same way that quenching distances are for gas flames.

B, DISCUSSiON AND ANALYSiS OF THE COMBUSTiON PROCESS

4 in this section we wish to discuss three aspects of the combustion
process of solids: mnamely, quenching distances and inflammability limits;
cellular flame structure; and the kinetics of the gas reaction and their

c relation to the deflagration rate. These subjects have not received appre-
ciable attention heretofore, with the exception of the kinetics topic which
has been analyzed by Friedman (8) for AP using an approach not too dissimilar

from that taken here.

3 1. Quenching Diameters and inflammability Limits

A summary of the quenching results is presented in Figure 7. The

3 dashed lines are the experimental quenching diameters of AP, HNF and ilAP; the
. solid lines are the calculated characteristic combustion wave dimensions,

o/t = A, for the four oxidizers considered. The thermal diffusivities were

f estimated, based on the measured a's for AP (9). The ® shown on the piot

' represents one experimental quenching diameter vaiue for HDP deduced from
reference 4. 1n the case of AP the quenching line is approximate based on

Figures 3 and 4.

The quenching diameter for a combustion system depends on the thermal
diffusivity and initial temperature of the quenching wall material. For gas
fiames, quenching diameters measured in glass or metal tubes are usually found
; to be of the order of 20-50 times and sometimes more the characteristic wave

dimension «/Su. The explanation of the 20-50 factor 1s that the effective

-16-
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combustion (half} wave width is some multiple of «/Su (typically 5-10}- and

for a wave to propagate in a channel, the width of the channel must accommodate
at least a full wave, When the lateral dimemsion (channel width} spprosches
the combustion wave width, heat loss prevents propagation. As previousgly men=-
tioned we have determined that the actual (half) wave width for the oxidizers
in v5-7 times a/r, In Figure 7 it is geen that the quenching diameters are
fairly constsnt multiples of afr, which are ~20 for HNF, ~90 for AP and ~200

or more for HAP, The dsta all refer to material compscted to roughly the same
density into Pyrex tubes and should be comparable on the same basig, HNF ex-
hibits quenching diameters in excellent agreement with what would be predicted
from normal gas flames, AP quenching diameters are somewhat large compared t9?
those of gaseous systems, and HAP are excessively larger. We feel that the
large values for AP and HAP may be related to the cellular structure that these
systems probably exhibit (see following section). In addition, HAP deflsgration
very likely proceeds with substantial condensed-phase hest release even st high
pressure and this may contribute in some way to the sbnormally high quenching
diameters. However these observations currently stand as problems that require

further resesrch.

A word can be added concerning the low-pressure inflammability limits
of AP and HAP of 20 and 146 atm, respectively. There has always been a question
as to whether these are absolute limits (at least in the case of AP) or limits
set by sample dimensions and ignition. It was hoped that the quenching diameter
study would cast light on this problem, however, the results do not really
advance the knowledge in this area very greatly, Perhaps they favor the sbso-
lute-1imit case since as the limits are approached the quenching diameter-pressure
curves seem to flattenm out, especizlly in the HAP system, but this is a weak

argument at best.

We have made some calculations of the ignition requirements for AP and
these are included because they illustrate that ignitiom could be a problem at
lower pressures, As an example, consider what conditions must be met to effect
self-sustaining deflagration of AP at, say, 10 stm, i.e,, a 50% reduction of the

limit. The ignition requirement can be estimated from the equation of thermsl

-17=
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ignition theory (13);
/T & Jcp p A (T~ T,) (2)

1 is the length of time that a heat flux f must be applied to a solid of heat
capacity, density and thermal conductivity Cp,p and A, respectivelv, to raise

its surface temperature to Ts from To' T 1s the ignition lag in the themnmal

e

theory and can be approximated by the characteristic combustion residence
time, a/rz. Then f is the proper flux to produce the steady-state preheat,
The right side of the equation is practically independent of pressure, and for
a T of 525°C and T of 25°C and using g7ga from (9) for Cp, p and A, it has

a value of approximately 15 cal/cm2 sec’ ., 1t at 10 atm would be 0,1 sec,

hence f 1s computed to be 50 cal/cmzsec. This is a readily attainable flux,
t‘ but one would want to apply it to a sample of fairly large area, possibly a
few square centimeters. This therefore puts restrictions on the ignition

source, If a solid propellant were considered, for example, one can estimate

; - from the previous equation that the flux would be of the order of 250 cal/cmzsec
for 0.004 sec, for a typical burning rate for propellants of 0.5 cm/sec at

1 10 atm, The calculations therefore show that an under-ignition condition

could easily prevall if care were not taken to ilnsure proper ignition of AP at

low pressure,

2. Cellular Flame Structure

In the course of our studies of the self-deflagration of solid
oxidizers and the analysis of the results in terms of the structure of com-
bustion waves, we have been led to the coneclusion that ammonium perchlorate
must exhibit cellular structure, C=2llular flames have long been known for
gaseous combustion mixtures and are discussed in reference (14). They spon-
taneously form when the combustible mixture is stoichiometrically unbalanced
and the diffusivity of the deficient component is higher than that of the
component in excess, The ammonium perchlorate system meets these criteria,
being oxidizer rich, and NH3 haviig a much higher diffusivity than the HCLO4

: component, Under these conditions cells would be expected to form, and the

diffusional stratification ot gasified re:zctants would yield a mixture of NH3

-18-
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and HClOA which is richer in NH3 within the cell and more stoichiometrically
balanced. The burning velocity will therefore be higher within thar. between
cells where the reactant mixture will be very fuel lean. Correspondingly,
the heat flux back to the solid will be greater within the cells,  During
the burning of a single crystal of AP, cellular flames would be expected to
engrave a pattern on the surface., Such an engraved pattern has been found
by Price and Hightower (15) in their studies of the deflagration of single

AP crystals, in which they quenched the combustion and examined the surfacaz.

Another criterion which we believe must be met for cellular flames
to form is the lateral diffusion distance of an element of rea tant should be
compsrable to or larger then the reaction zone thickness. For AP at 80 atm
pressure a one-dimensional treatment such as given below yields a reaction
zone of sbout one micron. An sverage lateral diffusion distance, x, can be
estimated from

x = V2Dt = JZDy?vg (3)

where D is the diffusivity of NH, estimsted to be 0.015 cmzlsec at 1000° and
80 atm, t is the average time sP;nt in the reaction zone estimated as ylvg
where y is ~1 micron and vg is the average gas velocity which we calculate
to be approximately 35 cm/sec. x therzfore is "3 microns, and the ratio x/y
is about 3. For the cellular flames of butane-air studied by Markstein (16)
we estimate the analogous x/y ratio to be about 2, This criterion seems
therefore to be at least as well fulfilled for the AP system. We further can
estimate the cell size to be of the order of 100 times the reaction zone
thickness based on comparison with the butane=-air cells. This would predict
a cell size at 80 atm of ~50u, which iz approximately the dimension of the
engraved pattern observed by Price and Hightower at 80 a'm,

Cellular structure may be an important consideration when interpreting
some combustion behavior of AP, It 1is likely not to be Important when con-
sidering the burning of a single AP particle embedded in a propellant binder
matrix. Also in the deflagration of pressed strands of the oxidizer made

from AP of various particle sizes 1t may become washed out. Conditions are
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fulfilled to a greater or lesser extent in the other monopropellant-type
oxidizer systems for formation of cellular flames although they too may be
washed out and never observed by the melting and heterogeneity of the
samples. It does not seem profitable to analyze the other oxidizers as was
done above for AP since no experimental evidence exists for cellular flames

with these materials.

At this point we add the clarification that in spite of the
cellular structure we belleve AP and possibly the other systems exhibit,
it is still valid for some conceptual purposes to discuss the combustion

process in a one-dimensiocial model. In such instances a space-time averaging

out of the microstructure of the wave represents a useful simplification,

3. Gas Reactlon Zone Kinetics

The f.iysical model for the self-deflagration of the oxldizers can
be specified as %ollows: 1In the steady state the crystalline material gasi-
5 fies as a result of heat conducted to it from A gas reaction zone., The
vaporized reactants enter the flame, react exothermically, and heat flux
- back to the solid maintains the reactant supply. Thus the process 1s self-
sustaining and the crystal ablates at a constant rate. Such a process should
exhibit a positive pressure exponent, which 1s observed experimentally. The
surface will maintain itself at an approximately constant temperature, although
E the magritude of the surface temperature is unknown, as is its variation with
pressure, if any, except in the case of AP where at least the general magnitude
of the surface Cemperature is somewhat settled (17, 18). Gasification may
occur by “issociative evaporation or by decomposition to some greater or lesser
extent into intermediate species, the former mode being most often assumed and
the latter being tue mode which would give rise to ccndensed-phase heat re-

lease, The various modes of oxidizer gasification have been discussed (19).

The model can be formulated mathematically by writing a one-dimensional

heat balance at the surface:

e \ . )
: A a‘ / = n [CP (TS‘- TU) + AHvap- QC¢] \4)

The left-hand term is the heat flux from the gas flame and this must equal the

rate at which the convecti&e sensible neat plus the heat of vaporization less |
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any condensed-phace heat liberatiorn must be maintained. If we approximate

the temperature gradient in the gas phase as linear, then

A (Tf - Ts)

(5)
L [CP(TS -T)+ aﬂvap- le

The verm we are most interested in is L, the gas reaction zone thickness., Ig-
o’ we can calcula;e L from eq;ition (5) for AP using
the following measured values: T, 930°C"; T, n530°CT " Cp(TS- Tu), 150 cal/g;
AHvap’ 500 cal/gzo; X, 0.0002 cal/em sec deg (estimated). At 35 atm, for

example, vhere i is 0.8 g/cmzsec, L is found to be 2 microns. If condensed-

noring for the moment Q

phase heat release is included and arbitrari.y assumed equal in magnitude

to Aﬂvap’ then L is computed to be 7 microns. One can also calculate from
simple kinetic theory and an average gas velocity, temperature and molecular
weight, that at 35 atm a reactant molecule makes on the average of the order

of 105 collisions while passing through the flame zcne,

It is of interest to estimate L for the other oxidizers and the re-
sults are given in Table IV, TS was Eiken as 600°C for all cases and Cp and X
were taken as 0.3cal/g deg and 2 x 10 ~ cal/cm sec deg. AHvap is given in
Table T except for HNF which was estimated to be 400 cal/g. The L's refer to

. 2
=2 g/em see, and no condensed-phase heat release was assumed,

TABLE IV

Estimation of Gas Reaction Zoge Thickness for
Solid Oxidizers at m = 2 g/em” sec

Oxidizer L (microns)
AP 0.5
HAP 1.0
HP 2.0
HDP 1.0
HNF : 3.0

The magnitude of all the L's is seen to be of the order of one micron,

although individual values differ by as much as a factor of six. We note that
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a bad estimate of Ts would not substantially affect the results, although a
very bad estimate of Qc¢ would have a significant effect.

Next we turn to a consideration of what overall reaction kinetics
are required to produce flame zones of this order of magnitude in size. Let
us assume that reactants leave the surface of the solid at TS, pass through
a non-isothermal reaction zone of thickness L cm at an average velocity
v cm/sec, and emerge as combustion products at Tf. We consider two cases: a
reaction first-order overall in one of the species, and a reaction first-order
in each of two species with equal initial concentratiomns (which is equivalent

to a second-order reaction in one species). Then,

- gﬁ%l = kl{a] or k2[a12 (6)

Neglecting the minor effect of density change with temperature and also diffu-
sional effects, and introducing the Arrhenius expressiou for k, (6) becomes

for first order,

t
In ([al/{al) = -1n (1-F = [ A&expl-E/RI(0)] dt, -
[s]
and for second order,
F t
a1 - F) b [ A exp[-E/RT(t)] dt (8)

o]

where F is the fraction of a reacted and T is a function of distance through

the non=isothermal zone.

The approximation that T increases linearly allows us to write
T = T_[1+8v¢t] (9)

where v = m/Sg and 8 = (T~ T)/T_L, so that the right side of (8) can be

written
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t.
L

f A exp [-E/RT_ (1 + B v t)] dt (10)
O

In order to integrate, the term (1 + B v t)_l can be approximated as (1 - Bvt/m)
where m is a constant adjusted for each oxidizer (see Table V for values),
Then (10) becomes

tL }
k f exp [E B ¥ t/m RT_] dt (11)
o]

which integrates to

A exp [-E/RT_] [m RT_/E B v] {exp [EB W t,/m RT_] - 1 (12)

Naiel

The minus one term 1s negligible (so long as the vslue of the exponent is

greater than about unity), hence,

mRTS
= 1n (1 - F) or exp

F ~ L
[aO](l-F) - A[ESG m ]‘ (13)

Using equation (13) one may calculate "global" activation energies
for the gas reactions of the oxidizers. We have done this and the pertinent
input data and results are shown in Table V. We have taken the pre-exponential

13 -1 14

factors as 10 sec and 10 cc/mole sec for first- and second-order re-

actions respectively, and required F to be 0,99, The calculations are for

m= 2 g/cmzsec for all the oxidizers and the previous values of L were used
which refer to an assumed TS of 875°K and Qc¢ = 0. At this point, to avoid
any confusion, we emphasize that in reality HNF and HDP exhibit substantial
Qc¢ at low pressure and this is necessary to drive the deflagration, At high

N pressure, the extent of Qc¢ for HNF and HDP is unknown, but we believe HAP ex-

hibits Qc at high pressure and failure to sustain condensed-phase reactions

¢
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S TABLE V

Data and Results for Analysis of Kinetics of Oxidizer

{ - Flame Zones
|
E =3 - 6
0Ox. g x 10 v tL x 10 m E (Kcal/mole)
_ (cmnl) (cm/sec) (sec) lst Order 2nd Order
AP 7.55 38 1.32 1.5 32 16
HAP 4,93 36 2,78 1.5 36 19
HP 7.83 1160 0.172 2.5 46 7
HDP §.28 34 2,94 1.5 50 24
HNF 10.8 214 1,40 4.5 73 24
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may be the cause of the high low-pressure limit. However in the treatment
presented in this section, setting Qc¢ = 0 is a justified approximation
since the errors it introduces are tolerable for our purposes, They would

not be if a very accurate treatment were attempted.

To get some idea of the approximate overall order of each reactiom,
the L in equation (5) can be approximated by the energy balance:

f [cP (T~ T) +8H, - Q]

L = ap___ ‘cd
Q

(14)

where é is an average reaction rate through the gas zone, From (14) and (13)
it is found that

If it is now agsumed that no other quantitiesg are pressure dependent and the

reaction rate is proportional to pressure to some power, n', then

[+4

n'/2

P

Since ft = b pn describes the deflagration rates fairly well over moderate
ranges of pressure, then the n's of Figure 1 should approximately represent
one-half the reaction order, On this basis, for the pressures considered in

the kinetic analysis, AP, HAP and HDP are close to first-order overall and

HP and HNF are second-order.

The foregoing amalysis of the burning rates 1s well known to be an
insensitive method of determining reaction kinetics. We have made a parametric
analysis of equation (13), which shows the following. If the pre-exponential
factors for first and second order were a factor of 10 less than the values
chosea, E would be reduced by 3 to 5 kecal/mole, Similarly, if Qc¢ is chosen
such as to make L an order of magnitude larger, E is increased by roughly
5 kcal/mole at low E and less at high E, The activation energy is quite in-
sensitive to Ts’ a 50° reduction for example reduces E by less than 1 kcal/mcle,

It is nevertheless of interest to compare the activation energies with some
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experimental values found in the literature. The decomposition of perchloric
acid vapor (21) occurs with an activation energy of 45 kcal/mole. The cal-

- culated values in Table V definitely indicate that this reaction cannct be
controlling the deflagration of AP or HAP., The fact that HClO4 decomposition

- is first-order whereas HP deflagration seems to be second order suggests that

it does not control this deflagration either, (However, the calculated

second-order activation energy for HP is unreasonable,} Allowing for the un-
l certainty in the calculations, it does seem possible that HDP deflagration
could be controlled by HClO4 decomposition,

It is also relevant to ask whether the burning rates of the hydrazine-
based oxidizers could be controlled by the decompusition of N2H4. The decom~
. position rate is known to be faster than the oxidation rate for hydrazine if
| the oxidant is 0,, and vice versa if the oxidant is NOZ; reaction with HC1O

2
has not been studied. Actually the chemistry of the HNF system has been

4

1 elucidated (5) and it was determined that direct attack by N02 in a bimolecular
oxidation reaction governs the deflagration. Knowing that hydrazine decom-
position is first order with E = 54 kcal/mole, one would definitely

rule out this reaction as controlling. Hydrazine decompesition does not

appear to have a major role in HP deflagration either, based on the calcula-
tions in Table V. Finally, it _an be concluded that NZH& decomposition probably
does not control HDP deflagration whereas HClO4 decomposition possibly does,
ever though NZH4 is the slower of the two. When HClO4 decomposes, very likely
its reactive intermediate products would attack NZHA’ causing rapid reaction,
This would leave the perchloric acid decomposition as the slow step in such

a sequence,
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III. THE EXTINGUISHMENT OF SOLIL PROPELLANTS
BY RAPID DEPRESSURIZATION

A, DESCRIPTION OF APPARATUS AND TECHNIQUE

An experimental research stu&y was undertaken with the objective of
generating ‘data that would be in a suitable form to provide a proper test of
extinguishment theories. Data reported in the literature from motor firings,
while often of practical value, do not seem to provide the necessary dP/dt - P
history throughout the transient or at the moment of extinction. Additionally,
in motor tests there ar= the superimposed effects of erosive burning, the
pressure being determin:d by grain ablation as well as venting, and the
possibility of reignition, To overcome these disadvantages an optical strand
burner was modified for use as a laboratory-scale apparatus to study extinguish-
ment by rapid depressurization. Other advantages of this type of apparatus are
that studies can be conveniently carried out on small strand-size samples of
propeilant anc high-speed motion pictures can be taken of the extinguishment
event, A photograph of the disassembled equipment is shown in Figure 8., On
the right is the bomb body which has an internal volume of about 300 cc and
contains inlet and outlet connections for gas pressurizing and purging. Fused
silica windows are provided for taking motion pictures and for monitoring the
propellant flame luminosity with a phototube. A #6365 Dumont Multiplier Photo-
tube is used which has an S-11 spectral response, Also mounted in the body

in a plane with the propellant surface is a Kistler pressure transducer,

On the left of the photo is shown the bomb head which has a 1-1/4"
hole drilled straight through the top. This vent is sealed with a stainless
steel frangible diaphragm which, together with an orifice plate to control the
depressurization rate, is inserted under the screw cap on top. A diaphragm
in a set of retaining rings and three orifice inserts are shown at the bottom
of the photo. The head also contains ignition leads and posts to support the
stage on which strands are mounted, Attached to the top of the head is a

solenoid-driven plunger for rupturing the diaphragm,

A run is carried out by pressurizing the bomb and igniting a strand

(leached to prevent szide burning). After steady combustion is attained, the
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Figure 8. Photograph of Modified Optical Bomb for Study of Extinguishment.

of Solia -Propellant Strands by Rapid Depressurization.
(Discussed in text.)
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electrically-timed puncture of the diaphragm is effected and simultaneously
a dual-trace oscilloscope is triggered. The 6utputs of the phototube and
pressure transducer are fed into the scope which records the luminosity and
preasure decay with time. A Polaroid photograph of a typical os:illoscope
display is shown in Figure 9,

The oscilloscope display photos are analyzed by measuring tangents
to the pressure-time curve at a number of points along the line using an
optically flat piece of half-silvered glass. The instantaneous (-dP/dt)-values
are then computed and from a plot of these versus pressure the critical ex-
tinction (-dP/dt - P)-point (lunminosity zero) is determined, The apparatus
can be used at pressures as high as at least 2000 psi with corresponding
pressure decay rates of 5 x 10S psi/sec. At present there are only provisions

for venting to ambient pressure,

B, RESULTS AND COMPARISON TO THEORY

Extinguishment studies were carried out on three candidate composite
propellants. The first, designated Arcite, was a non-aluminized, polyvinyl-
chloride-based composite containing 10 percent dioctyl adipate plasticizer
and approximately 80 percent bimodal AP, There was a trace of carbon black
but no burning rate catalyst. The second, designated PBAA, was a simple poly-
butadiene-acrylic acid copolymer propellant with no additives, It contained
25,7 percent PBAA, 4.3 percent EPON 828 curative, and 70,0 percent unimodal
AP of nominal 80 micron particle size, The third, designated PBAA-Al, was
esgsentially the same as the second except it contained 5.0 percent powdered
aluminum of approximately 20 micron particle size., This propellant had 21,4%
PBAA, 3.6% EPON 828, and 70,0% AP. Burning rates were measured over the
pressure range of interest and are listed below where the values of b and n

refer to the equation

where r, is the steady-state linear burning rate in in/sec when P is in psia,
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15564

Figure 9. Polaroid Photo of Typical Oscilloscope Display
(Arcite Run No. 14). Upper Trace is Pressure
Decay from Initial Pressure of 129 psia. Lower
Trace is Propellant Flame Luminosity Measured
with Phototube. Horizontal Lines are Pressure
Calibrations of 15 and 73 psig. Sweep Time is
5 msec/division.
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Propellant b n_

Arcite 0.0128 0.567
PBAA 0.00778 0.498
PBAA-AL 0.01835 0.418

The Arcite propellant burns at least twice as fast as the PBAA at all
pressures encountered in the study, Since the theoretical critical pressure
decay rate for extinction, -d(ln P)/dt, is proportional to roz (gee below),
the twc propellants shouid differ by a factor of four in thelr extinguishment
criteria, (This is siightly reduced by the differences in the n's.)

A total of 47 useful runs were carried out on the three propellants:
14 on Arcite, 18 on PhAA, and 15 on PBAA-Al, Thirty--seven resulted in extin-
guishment and in 10 runs the depressurization rate was too low to cause ex-
tinction, The initial pressures varled from 67.5 to 487 psia. In general
what was attempted was to select a nominal initial pressure and then carry out
several runs at this pressure in which the derressurization rate was varied.
Then a higher or lower pressure was taken, and so on. In this way, fairly
good coverage of pressures and (dP/dt)'s was obtained. A summary of pertinent
data is given in Tables VI, VII and VIII, In these tables, Pi is the initial
pressure; Pe 1s the pressure at which extinction occurred which was read directly
off the oscilloscope records; -dP/dt 1s the rate of pressure decay at Pe, the

instant of extinction; and the columns listed r, will be discussed below,

We have taken Fastax movies of two extinguishment runs at approxi-
mately 3000 frames/sec. In one of these we failed to obtain an oscilloscope
record although the movie and run otherwise were normal. The second, Arcite
run #14, was satisfactory and the movie provided confirmation that the photo-
tube was properly monitoring the extinction event. On Figure 9 it can be seen
that the luminosity reaches zero at 8.8 milliseconds after the pressure begins
to decay. In the movie, the arrival of the expansion wave at the flame front
is very apparent and the light intensity was no longer visible 8.7 0.2 milli-

seconds later.

The results must be discussed in relation to theoretical concepts

of propellant combustion and extinguishment. Several theories of extinguish-
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TABLE VI

Experimental Extinguishment Data for Arcite Propellant

Run Pi(psia) Pe(psia) - —S—E { %z_i ) o r ( -i—%; )
. « 10-3 (Theory) ] (Exper.)
1 425 ro extinguishment
2 430 81 7.7 .12 .16
3 425 71 6.4 .12 147
4 102 25 1.55 12 .08
5 99 31.7 2.88 14 .095
6 105 34 2.4 .13 .098
7 103 no extinguishment
8 223 35 1,39 .095 .10
9 212 31 0.49 .06 .090
) 10 214 no extinguishment
11 67.5 no extinguishment
12 71 30.6 2,08 .125 .090
13 76 21 0.40 .066 .075
14 129 40.2 3.45 L4 105
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TABLE VII

Experimental Extinguishment Data for PBAA

Propellant
Pi(psia) Pe(psia) - %% X 10-3
(psi/sec)

102 35.6 3.00
98 37.1 3.30
101 24,2 0.55
201 39.8 1.01
203 55.3 4.5
298 90. 7.5
303 48.0 0.77
304 97. 12.5
199 33.2 0.30
109 28.7 0.29
262 27.6 0,193
388 27.2 0.180
97.5 19.8 0.0064
106 20.8 0.,00225
470 25,3 0.00208
192 22.7 0.00110
179 no extinguishment
375 no extinguishment
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TABLE VIII

Experimental Extinpuishment Data for PBAA-Al Propellant

Run P, (psia) P_(psia) - dP/dt x 1073
(psi/sec)
1 107 21.6 0.184
3 2 201 19 0.131
: 3 224 24.5 0.148
£ 4 487 27.8 0.153
Q 5 202 36.5 0.79
6 203 59.3 7.30
i 7 403 83 10.4
[ 8 90 18.7 0.0053
f 9 479 no extinguishment
E 10 379 no extinguishment
1 11 203 no extinguishment
] 12 275 10 extinguishment
‘ 13 106 26.3 2,72
14 298 21.5 0.264
15 %80 15 0.178
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ment have been presented {13, 22-26), and in this report we shall not review
these theories, but only note that there is substantial agreement among
those (13, 22, 26) that yield dimensional transient burning rate expressions.
The discussion is limited to a comparison of the experimental results with

the predictions of the theory of reference 13.

According to reference 13, the linear ablation rate of a solid pro-

l nellact grain during a pressure transient (decrease) is given by
ro= bpt (144 prifntl)dE, (15)
b2 dt

where o = A/pCp is the thermal diffusivity of the solid and b P" = t, is the

steady-state burning rate, Extinction occurs when r = 0O, so that

L B S R

9 2
n T
, & _ (bPYH 5
J : T 2on & 2an g (16)

A lop-log plot of dP/dt vs. P will yield a straight line which defines the
theoretical extinction boundary. Egquation (16) is plotted in Figures 10, 11
and 12 using the measured steady-state burning rates for the propellants of
this study and taking & = ,00020 inzlsec in every case, which is the approxi-
mate average thermal diffusivity for these materials, The points in the
fipures are the experimental data of the preceding tables. In Figure 10, an
actual experimental curve is shown along which extinction occurred. On each
figure is shown a typical experimental curve in which no extinction occurred;
the ne-extinction curves that are not shown all lie in the vicinity of those

selected for the figures,

An equivalent rough test of equation (16) can be made by computing

r 's from
)

Y P [61.19)

o dt

and comparing with the measured steady-state values at Pe‘ These are showm
for tne Arcite propellant in the last two columns of Table VI; the agreement

is comparable to that displayed in Figure 10,
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Figure 10, Comparison of Experimental Extinguishment Results for
an Arcite Propellant with Theory of Reference 13,

36




ATLANTIC RESEARCH CORPORATION
ALEXANDRIA, VIRGINIA

16937
20,000 I ] T il I L LA | ]
0
10,000 |- s
o o N
B & THEORETICAL |
EXTINCTION
- BOUNDARY
1000 BURNING =5
= EXTINCTION REGION =
= E REGION >
¢ [ -
™~  _ —
@
& — -
G -
B _
€ /
100 // -
. /EXPERIMENTAL
B CURVE o
/' NO EXTINCTION
B / .
! 00 / o
/ PBAA: o = 0.0002 in“/sec
/ bp" = 0.00778 p04%8 jn/sec
10 [ N AREEE Y o |1
1 4 10 40 100 40(

RESSURE (psia)

Figure 11. Comparison of Experimental Extinguishment Results for PBAA
Prapellant with Theory of Reference 13.
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Figure 12. Comparison of Experimental Extinguishment Results for

PBAA-A! Propellant with

38

Theory of Reference 13.

16.13
20,000
: ’ 17 T 11111 b b T T [ ]
1 __ 10,000 © ]
u ® ]
B THEORETICAL —]
E § L EXTINCTION -
3 BOUNDARY
[ 0] ]
/
BURNING /
REGION
I V4 —
—_ . EXTINCTION y —
0 | REGION / —
¢ L y =
/5] ! ]
L ) — /"
Fa
ST ’ n
T /’\
i , ]
/ N
o® ,/ EXPERIMENTAL
J/ CURVE
: + NO EXTINCTION
4 100{— Fa —_]
4 i " J‘f o
U F e
D o) N
PBAA-AZL: & = 0.0002 in%/sec
— bp™ = 0.01835 po'418 in/rec ]
o | |/n|m RN L
1 4 10 49 100

400




AT

ATLANTIC RESEARCH CORPORATION
ALEXANDRIA,VIAGINIA

We must now evaluate the comparisons of theory and experiment
shown in the figures, The theory is based on the change in preheat stored
in a propellant grain with change in burning rate., It is essentially a
"thermal” theory and the assumptions in it are discussed in reference
13, It was advanced as a useful concept which should be valid to a first
approximation in predicting the extinction criteria for solid propellants,
From this point of view the agreement between experiment and theory must be
judged remarkably good, :nd can be taken as mutually supporting evidence
for the general validity of both., It does appear however that the agreement
of the theory with the data of PBAA and the aluminized PBAA could be better.
The data show high scatter, but nevertheless in the highest and lowest dP/dt
regions the experimental points fall consistently above and below, respectively,
the theoretical extinction line. Examining the worst case, for example, PBAA
at 20 psia ertinguishes at a dP/dt that is an order of magnitude less than
the theoretical depressurization rate for extinction. Or, alternatively, for
this propellant at this extreme condition, the theory misses predictiang the
pressure at which extinction occurs by a factor of three. This disagreement
1s not serious emough to invalidate the theory as a good first-order approxi-

mation to extlnguishment criteria,
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THE EXPLOSIVE DECOMPOSITION OF CHLORINE DIOXIDE

A, INTRODUCTION
The known stable oxides of chlorine are chlorine monoxide, C120;
chlorins dioxide, C102; chlcrine hexoxide, C1206 (which exists as ClO3 in

the vapor phase); and chlorine heptoxide., 01207; in addition a fifth com~

1.5 probably the sesquioxide, 01203, has

been discovered in the course of this study.l The free-radical species

pound of empirical formula Cl0
Cl0 is known to exist2 and the peroxy radical C100 probably also exists.z’a’4
This class of compounds has been the subject of considerable research over
the past decades, and many publications have appeared dealing with their
reactions and slow and explecsive decomposition. The striking feature of all
the work on the kinetics of these compounds is that no mechanisms have been
proposed which account for the thermal decomposition of the stable compounds.,
The principal reason for this, in the case of the two simplest of the stable

oxides, C120 and Cl10,, is that the explosive decompositions are of a de-~

’
generate chain—branciing type. Delayed explosions such as these are due

to the buildup of an intermediate, which gives rise to a branched=-chain re-
action. The intermediates have not been identified, and hencz it was not
possible to postulate a decompositior. mechanism, even though accurate rate

data were availatble,

Arother impediment to understanding what elementary reactions have
an important role in chlorine oxides kinetics was an erroneous value for the
heat of formation of the Cl0 radical, 7Thus an extensive discussion of such
reactions by Szabo5 is no longer relevant, since he bezsed his arguments
entirely on a value of 37 kcal/mole, whereas more recent spectroscopic data
have established AHf°(298°K) for Cl10 as 24.2 kcal/mole.6

We report here a study of the explosive decomposition of ClO2 in
the range 54 to 134°C and 0.2 to 40 Torr. Experiments were performed on the
induction time to explosion as a function of pressure and temperature, the
effect of vessel size and added gases, and the effect of addition of other

chlorine oxides. The intermediate responsible for degenerate chaiu-branching
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g has been identified as (21203 The results of the present study together
with those of Schumacher and Stieger7 on the thermal decomposition, and

A present reliable enthalpy data on the chlorine oxides, allow us to write
a mechanism which can successfully account for the behavior of ClO2 over

a wide range of conditions,

B, EXPERIMENTAL

Chemicals: Chlorine dinxide was synthesized as neejed by mixing

A KClO3 with moist oxalic acid and warming to about 90°C:
H20
1
2KC103 + ZHZCZO& > K2C204 + 2H20 + 2C02 + 2C_02

=3

The reaction was carried out at atmcspheric pressure under a stream of Nz.
The ClO2 was passed through Drierite and Ascarite, which removed most of the
HZO and C02, after which it was collected at -196°C and finaliy fractionated
and stored under vacuum at -78°C. Purity was checked by measuring the vapor
pressure8 and infrared spectrum.9 No impurities were ever found, and we

estimate the purity as at least within a few tenths of a percent of one

hundred. Preparations and handlirg operations were all carried out in dark-

ness.

The chlorine heptoxide used in some of the experiments was synthe-

sized by dehydrating HC10, (72%) with excess P by the method reported by

8 10, 2%
Goodeve and Powney. Its vapor pressure was checked against the literature

valu«

The preparation chlorine hexoxide and chlorine sesquioxide for
use in this study has been reported.l Essentially cthe method consists of

irradiating C10, at ~45°C, and, upon completion, pumping away the Cl, and 02

2 2

products. The remaining products, C1206 and C1203, can be added to ClO2

selectively as required because of the difference in their volatility. The

purified Cl?O has approximately one Torr vapor pressure at 25°C,ll and this

6
correspongence to the reported value was taken as indicative of high purity

since all the other chlurine oxides have very high vapor pressures.

A-2
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The N2’ 02, ClZ' and He were standard high-purity gases which are

commercially available.

Apparatus: A standard apparatus for studying gas explosions was
used. This was constructed entirely of Pyrex and resembled in many of its
essentials that described by Kaufman and Gerri,12 who verified its applica-
bility for this tyre of study. It consisted of a 10G= or 200-cc spherical
explosion bulb connected by 8 mm i.d. tubing and an 8 mm bore straight-through
stepcock to a vacuum system. The explosion bulb was immersed in a glycerol
bath, the temperaturs of which was controlled (*0.1°C) by an American Instru-
ment Company Bimetal Thermoregulator. This controlled a relay which in turn

activated an immersion heater.

The vacuum system consisted of storage bulbs, traps, end a mercury
manometer. A vacuum of <0,1 Torr could be attained with a mechanical pump.
All stopcocks were lubricated with Kel-F grease and the mercury was covered
with a layer of Kel-F oil, No problems of attack by the chlorine oxides on
the grease or nil were encountered, The ClO2 synthesis train was connected

to the vacuum system.

The characteristic parameter that was measured inm this study was the
induction time to explosion. Since this time was of the order of seconds to
minutes it could be measured by a stopwatch. The procedure consisted of ad-
mitting the ClO2 from a r-servoir builb (covered with a black cloth bag) to
the explosion tulb by turning the straight-through stopcock. The pressure
was measured in the vacuum manifold after admission and this was taken to be
the pressure in the explosion bulb., Preliminary experiments showed that
approximately 987 of the manifold pressure was realized in the bulb. The time
from admission to explosion, as evidenced by a flash of white light, was
measured., Heating times at the highest <densities of this study were estimated

from reference 12 to be of the order oi tens of milliseconds.

C. RESULTS

General Remarks on the Reaction

Explosions with pure chlorine dioxide have been obtained at g1l work-

ing temperatures from 54 to 134°C. There is a lower temperature limit, which
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is at approximately 45°C. At this temperature, Schumacher and Stieger7 have
occasionally observed spontaneous cxplasions., In our work we have always had
explosions at 54°C, but at 30°C we have not observed spontaneous explosions
even with 50 Torr ClO2 which stood for as long as four days, finally being
consumed by slow decomposition, Pressure limits were not observed, and ex-
plosious were obtained at ail working pressures from approximately 0.2 Torr
(above 60°C) to 40 Torr. Induction periods varied from 3 seconds to 18 minutes
depending on temperature aud pressure, but were most sensitive to vessel walls,
It was found, for example, that if ClO2 was even allowed to remain in the
reservoir bulbs in complete darkness at ambient temperature prior to explosion
for varying lengths of time, the induction periods were so drastically affected
as to give rise to large errors in general trends of results. Dzta obtained
from ClO2 expanded from l-~liter storage bulbs differed markedly from those

from 0,5-1liter bulbs, Accordingly, to compare data from different sets of ex-
periments it was necessary to insure that such effects were being carefully
controlled, Likewise, light has a tremendous sensitizing effect on the re-

action and similar precautions had to be taken,

Typical variation of induction-time-to-explosion with initial ClO2
pressure is as shown by the curve of Figure 1. At high pressure the induction

time becomes independent of the initial €10, concentration; and at low pres-

2
sure it becomes a very sensitive function of it, Similar hyperbola-type
curves were obtained over the whole temperature range studied, &ll the data
presented below were obtained in a 200-cc spherical explosion bulb, except

those of Figure 2.

Effect of Added Gases

In Figure 1 also is shown the effect of added nitrogen on the induc-
tion times, The ordinate refers to the partial pressure of ClO2 only. We

have obtained the same type of curves with added 02, Clz, and He, which are

all but indistinguishable from that shown for N Neither have we found any

9°
dif ference in the effect over the temperature range 58 to 76°C. The greater
the amount of added inert gas, the greater the shorteningof the induction time,
The most significant property of the promoting effect of added gases is that

it is constant over the entire pressure range. Greatev or less promotion was

L ]
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not observed at high or low pressure over a range of almost two ordera of
magnitude, The added-gas promotion effect is therefore assigned to the
impeding of diffusion of radicals to the vessel walls where chain termina-
tion can occur, It 1s not at all consistent with promotion of three-body
propagation reactions, since this would require the promotion effect to
diminish with decreasing pressure, the frequency of termolecular to bimclecu-

lar colliaions being inversely proportional to pressure,

Effect of Varying Surface Area to Volume Ratio

Exploaions in 100- and 200-cc apherical Pyrex bulbs were made and
the results are shown in Figure 2. The variation in A/V ratio was 1.26; the
induction timea in the smaller reactor were shorter by approximately a factor
of 0.6, This ia strong evidence that chain initiation occurs on the wall,
as Schumacher and Stieger7 report for their experimenta at 45°C, The conclu=
sion is not unequivocal, since, as mentioned, reproducibility of aurfacea
waa difficult to obtain, However, repeated erperimenta indicated that the
surfaces of the two bulbs were of equal activity,

Another observation which bears on the matter of surface reactions
is the following. We hzve attempted to stream ClO2 highly diluted with N2 at
atmospheric pressure through an 8 mm 1.d. U tube maintained at 100°C, 1In
every case the ClO2 exploded as soon as it reached the U-tube entrance, Pack-
ing the tube with glass wocl prevented explosion and ClO2 could be passed
through iudefinitely. Thus, while an increase in surface area promotes ex-

plosion up to a point, enough surface can prevent it.

Ternperature Dependence of the Reaction

The induction periods as a function of temperature, over a concen-
tration range at each temperature approximately as in Figure 1, were determined
from 65 to 134°C. A plot of the data at 15 Torr, where the induction times
begin to become independent of pressure, is shown in Figure 3, A change in the
slope of the line at 90°C is very prominent. The line in the high temperature
region 1s given by the equation (v in seconds, T in °K):

log 1 = 24%29 - 5,56 (above 90°C)
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We note that if the data of Figures 1 and 4, for example, were
plotted on Figure 3, the two resulting points would not fall on the line.
This serves to indicate the magnitude of the scatter that 1s obtained when
prior handling and storage of ClO2 are nct controlled, or when reactor sur-
face changes occur, The data of Figure 3 were all obtained in a series of
experiments carried out at the same time, and using the same reserve supply
of 0102, with the exception of the run shown as an open circle which was
obtained the following day under identical conditions, The significance of

the temperature depeadance of 1 1s considered in the Discussion section,

Effect of C129717C103, and Light

The principal reason for examining the effect of added chlorine
oxldes on ClO2 explosions was to determine whether any of thesg was the in-
termediate, 0120 has been ruled out by Schumacher and Stieger who found
that it had a slight inhibiting effect and was consumed in the slow reactiomn.
We have added 2% 01207 to ClO2 and compared induction periods for this mixture
with those for pure ClO2 at 61,2°C. No difference was observed over the
pressure range 36 to 4 Torr. Infrared analysis of irradiated ClO2 {see below)
had established that the intermediate in concentrations of <l% would reduce
the induction time by approximately an crder of magnitude, Hence, C1207 was

confidently eliminated from further consideration.

01206 is a red oil with ca. 1 Torr vapor pressure at room tempera-
ture.ll The C1-Cl bond 1s reported to be 1.73 0.5 kcal/mole,13 and 1t exists
entirely as ClO3 in the vapor.ll The approach taken to determine the effect
of ClD3 was to fi1ll a 500-cc reservoir bulb with 0102 at a glven pressure,

The bulb contained a pool of C1,0, liquid, thus assuring that the CLO

276 2

contained 1 Torr C103. Induction periods for this mixture were compared to

those for pure 0192 and results for 64°C are shown in Figure 4, The percentage

always

ClO3 in ClO2 varied for each measurement, Thus the point at 82 sec on the
3 in 16.5 Torr ClO2 or 5.7%; the point
at 235 sec represents 1 Torr 0103 in 7.4 Torr 0102 or 11.9%. Cl0, is seen to

3
have an inhibiting effect and at approximately the 157 level it apparently

"C103-added" curve represents 1 Torr C10

prevents explosion altogether, This is presumably by the reaction

ClO3 + C10 » 2 ClOz. Chlorine hexoxide {or 0103) is known to form in the
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decomposition of ClO2 i and has been suspected as being the intermediate

which leads to explosion. This work shows this not to be the case.

Chlorine dioxide that has previously been irradiated is very sensi-
tive to explosion. The points on the "C102-irradiated“ curve of Figure 4
correspond to pure ClO2 that was subjected to low-intensity UV light through
Pyrex for 2 minutes. The first explosion, at 11 Torr, was made irmediately
after irradiation. The second point was obtained five minutes later, and
the third point after another five-minute delay (no irradiation during the
delays). It is clear from the position and shape of the curve that the inter-
mediate, formed in photolysis, is stable in the presence of ClO2 even upon
prolonged staniing. The concentration of intermediate that can be produced
in this way however is certainly small, since infrared analysis of irradiated

ClO2 failed to show any absorption bands not present in the pure material.
Effect of Clz_Q_3

Since none of the known chlorine oxides is the intermediate in the
delayed explosions of C102, but the intermediate can be produced by irradiating
0102, albeit in low concentrations, it was decided to photolyze ClO2 at low
temperature in the hope of being able to isolate the intermediate in sufficient
quantity to work with it. This approach proved successful and we were able to
synthesize and identify a new oxide of chlorine. The details of this phase of
the study have been reported previously1 and only an abbreviated summary will
be given here together with a description of the effect of this oxide on the

explosion.

When ClU2 is photolyzed at -45°C, a dark brown solid forms which is
a mixture of 01206 and 01203. The formation of the former compound has been
known for a long time; the composition of the latter compound was deter-
mined by degrading it to 02 and Cl2 and measuring the 021012 ratio. The
mixture has essentially zero vapor pressure at -45°C, but upon slight warming,

Cl.,0, volatilizes readily, while C1,0, remains non-volatile. This permits a

273 276
facile separation; however, when 01203 is allowed to vaporize inm vacuo it
explodes when the pressure reaches ca. 1 Torr. When C1203 is allowed to

vaporize into a ClO2 atmosphere, by slight warming from -45°C, no explosion

occurs. This technique was then used to determine the effect of added (31203

on ClO2 explosion induction times.

A-11
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The question one would liks to answer ia: How does the inducticn
time vary wi-h {C1203]/{C1021 ratio? This variation may depend on tempera-
ture and even on pressure. Attempta to get 8 precise and thorcugh answer

were not wholly successful for the following reasons: The ratio of

{C1203]/{0102] at explosion is very small, as is the change in this rario
with vemperature, Pure ClO2 upon atanding builds up 01203,
ClO3

which inhibits the explosion, Furthermore, when C1,0, is added to 0102,
the former gradually decomposes in significant amounts even during ahort

but it also yields

273

handling times. These complications led us to estimate the accuracy of the

following data as within a factor of 2 to 3.

Various amounts of C1203 were added to ClO2 and experiments were
made at 52, 62 and 72°C. Within the experimental uncertainty the quantity of
01203 needed to reduce the induction time a given amount did not vary with
temperature, Counplete invariance with pressure was found, as judged bty the
congruency of curves with and without C1203 added., In the following table

are the data at 62°C for four experiments at 15 Torr C102.

Table 1. Effect of Addition of Cl1,0., on the Induction Perilod

23
T = 62°C PClo = 15 Torr
2
% C1.0. Added Induction Time (Sec)
2—3
. 0 109
] 0.2 57
2 1
15 Flashback

] through Stopcock

Thus we conciude that C1203 is the intermediate, and in quantities
of the order o< 0.2% will reduce the induction time by a factor of two. The
effect is independent of pressure, and independent of temperature within a

j ) factor of 2-3.

A-12
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D. DIiSCUSSION OF THE EXPLOSIVE REACTION MECHANISM

The explosion of 81025 of adegenerate chain-branching type in-
volving the formation of a stable intermediate., Systems of this type are
referred to by Semenov15 where he shows that explosiony with induc.ion
reriods exceeding a few seconds cannot be thermal in nature or of the
ordinary chain-branching type. They are a special case of the latter in
which the reactant forms a stable intermediate. This intermediate gives
rise to chain branching, and the delay time is associated with the buildup
of this intermediate to a critical concentration. This type of reaction
system must follow a general scheme, which must in its essentials resemble

the following:

R 4. x+ ... initiation
R+x L. 1+... propagation
I+x -t ny+ ... branching
R+y L mx+ ... branching

v £ termination

Here R = reactant; x and y = highly reactive species (radicals); I = stable

intermediate; n and m are branching coefficients z 2,

For such a scheme, the steady-state approximatior will hold for
[x] and [y]. Thus

k [R) - K [1]
k TRT - ok 11

a1} _
dt ki[R]

whe: e

(m -+ n - 1) Ky [R) - kg
ko [R]+ K

=]
i

A

For o > 1 the system will explode since the denominator of rhe rate equatinn
will approach zero faster than the numerator. a will exceed unity when the

rate of reaction b' exceeds that of reaction t. When conditions of tempera~ i

PR

ture and pressure do not favor explosion, the steadv-state concentration of

R ey

£~
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intermediate will be

s T

e
—
L=
[
Q=

hence the system will explode when some fraction, l/a, of the steady-state

i concentration is reached.

To det2rmine the induction time to explosion, the above rate equa-
4 tion is integrated., It is assumed that [R] does not change appreciably
during the induction period; the critical conditions {integration limits)
are {I] = Qat t = 0 and [I] = [I]crit at t = 1, Integration then yields

(see equations 2-6 below):

A mechanism that ome would write for ClO2 explosion would have to
be of the general form of that shown above with variation to account for the
observed experimental results, the general features of which we summarize,
Chain initiation and termination take place on the vessel walls, These are

established by the promotion effects observed when the surface-to-volume ratio

is increased and when inert gases are added, respectively. In addition, a
homogeneous termination reaction is required by the observation of a lower
temperature limit and the absence of pressure limits, as will be shown below.
With the exception of C1203, none of the other chlorine oxides has an effect
of particular relevance for purposes here, Finally, a hvperbola-like depen-
dence of indvction time on initial ClD2 pressure must follow from the
inechanism. From the foregoing considerations together with known enthalpy

datz on the chlorine oxides and with 0120 identified as the intermediate,

3
the following mechanism is suggested for ClO2 decompositinn,

A~ 14
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We believe the initilation reaction to be

-
2C102 wall c10 + ClO3

the heat of which is 11 kcal/mole, bzsed on Hf°(298°K) of 25, 24 and 37

kcal/mole,respectively, for C102, Cl0 and C103.6’16 This reaction accounts

for the formation of Cl0, found in the slow and the explosive reaction, and

3
has the virtue of a low reaction heat and possibly a low activation energy.

The alternative unimolecular reaction

ClO2 -+ Cl0 + 0
W

has a thermocdynamic heat >f 57 kcal/mole and might require a high Eact even an

a surface. The formation of the intermediate is undoubtedly by the associa-~
tion react ~n

¢cl0, + c10 -+ ¢l

2 03 ’

2

The structure of C1203 is postulated as

0

0101-01-0 )

E‘ the arguments for which are presented in an earlier publication,1 where the
alternative structures 0-Cl-0-Cl-0, Cl1-0-0-0-Cl, and 0-C1-0-0-Cl are by impli-
cation ruled out, The Cl-Cl bond dissociation energy we estimate as a few
kcal, based on comparison with 03C1-C103 which has a Cl-Cl bond of 1.73 kcal.lj
If the 0,01-Cl0 bond is 4 kcal, then the heat of formation of Cl1,0, is 45 kcal/

2 273
mole, which value we use in the following discussion. The very weak bond ex-

plains why Cl is such a labile molecule in the gas phase even at low tempera-

0
273
ture but is stabflized by the presence of Clﬂz, presvmably by the rapid equilibrium

-+
ClO2 + C10 « C1203

As the intermediate builds up in concentrativn, its reaction with

the chain carrier Cl0 becomes increcsingly more important. The most reasonable
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. ways for this reaction to occur are

. Ccl10 + 01203 + 0201-C10 «+++ C10 » Cl0, + ClOC10

and

+ C100C1

02C1-C10 + C10 -+ 0201-010 ++++ QC1 » C10

2

In the first reaction, the Cl0Cl0 species could decompose in three ways:

cioclo ¥ cLo+o0

3 2

1 L C10, + C1
: Hi - He0

E"

None of these reactions 1s chailn branching or lead to branching, and need not
be considered in the explosion mechanism, We therefore choose the second re-
action since it readily leads to branching and explosion through C1-00-Cl,
which is a free-radical-type species similar to C1-00, Benson and Buss3
estimated D(C1-00) as 8 kcal. It seems likely that B{C1-00Cl) will be

approximately the same.* Thus, the dissociation reactions

Cl00Cl1 ~ C1 + 00C1 -~ 2C1 + 0,

should be rapid even at 50°C. Once Cl atoms are produced, the branching re-
é. action

Ccl + ClO2 - 2Cl0

is expected to occur, which is 6 kcal/mole exothermic.

The choice of the termination reactions which are dominant under

the conditions of this study is determired by the observed kinetics. The re-

actions

) cl + ClO2 + 012 + 32

and

* This assumption finds support by compsrison with the oxygen-fluorine analogs.
D(F~00F) is thought to be approximately 17 kcal; D(F-00) is estimated at 15
kcal [J. B, Levy and B. K. W. Copeland, J. Phys. Chem. 69, 408 (19€5)}. Hence
one would expect tie Cl-0 bonds in C1-00 and Cl1-00-Cl to be approximately the

same strength as each other, The fact that F202 is stable (enovugh to isolate

at low temperature) and Cl,07 is not is probably due to the F-0 bonds beling

considerably stromnger.
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- L R
e
serve to adequately describe the system,

The complete mechanism will then be

2C10 2 €10 + C10

2 W 3

1 . -
cl10 + Cle hrd 01203 AH = = &4 kecail
€10 + C1,0, z €10, + €100¢1 AH & - 2 keal
€100€1 3 c100 + c1 A # + 8l kéal
€100 8 a1+ 0, AH % + € keal
Cl + C102 2 2 ¢Clo AH = = 6 kcal
cl + 10, 5 a1, +0, AH = - 54 keal
el L o1/2 c1,

We make the assumption that the concentrations of the species Cl,
C10, C1202, and Cl00 are in a steady state during the induction period. The
rate of accumulation of intermediate, which is not in a steady state, 1is

then given by

d[Clzqgl kl[C102] - kz[C1203]

= Ka LRCRU RN ] (l)
dt kl[CIOZ] = akz[C1203]

where Ka is the rate of reaction a, and

3k~ k. )([C10,] - K
a = L 2 7 s K7 being
(kgt+ keI (C10,] + K,

the heterogeneous rate constant.

Examination of equation (1) immediately indicates that, since [C1203]
starts at zero, d[01203]/dt will go to infinity (mathematically) for o > 1, and

will go to zero for o < 1. Ignoring for the moment reaction 7, a will exceed
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unity when the rate of branching or ks 2xceeds the rate of homogeneous ter-
mination or k6. This condition is only a function of temperature, and as
mentioned earlier will occur above a temperature of approximately 45°C.
Surface termination (KT) will alter this condition, and by providing enough
surZace area, such as packing a vessel with glass wool which increases K7
and keeps o < 1, explosion can be prevent . even at high temperature, again
in agreement with experiment. Also, K7 is inversely proportional to the
total pressure since diffusion of Cl atoms to the wall is impeded by in-
creasing pressure, and added pgases would be expected to show a promoting

effect.

Laald B el

To determine the ClOz-pressure dependence of the induction time
for comparison with experiment, equation (1) must be integrated. Szabo17 has
shcwn how this can be done rigorously without a computer by using the corres-
ponding equation for - d[ClOZ]/dt and knowing or estimating the rate constants,

——r—

This procedure yields exact correspondence with the experimental data, which
is not required here since the decomposition hae such a strong heterogeneous
component. Furthermore, the rate constants are not known and most of them
could not be very well estimated. We have used a procedure which is less
rigorous but which takes into account the first-order effects. This involves
7 the assumption that ClO2 concentration remains constant during the induction
% period. Thie can be checked by referring to Schumacher's18 work where it is
seen that approximately 50 percent of the ClO2 decomposes prinr to explosifon,
We are really interested in the change in [C102] relative to the change in

; [C1203], and since the latter changes by orders of magnitude during the

induction period, the assumption seems very valid for purposes here,

We integrate equaticn (1) by writing it as

1 d _ 1-2¢ (2;
A dt l—a¢ e dd D e
. where ¢ = k2[C1203]/k1[C102] and
A= sza/kl[Clozl
' Integrating from O to ¢ and O to t:
(@ = 1) log (1 = ¢) + cp = At (3)
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The explosion condition 1s now ¢ = 1/o when t = 1, Hence,
1
(Ct—l) log (I-E)"'l ‘AT EEEEEE] (4)

Expanding the left-hand side as a power series and reducing,

1 1

.—‘
[
[

e m— e 4+ s 4 —— = AT "o (5)
z2 b 1267 a(a+l)o"
or Tox == e £(a) (6)
aA ’ LI ]

when f(o) contalns the series in the brackets of equation (5; f(a) converges
for o > 1 and becomes infinite for a < 1. The values of the series are tabu-

lated for some values of o:

[+ <1 1 2 3 o

f(a) = .97 .62 .57 .50

Und2r explosion conditions, a will be greater than unity but never very much
greater. Hence for purposes of determining the dependence of 7 on 1C102], f(a)

can be taken as constant =1.

Using equation (6) then as T = 1/aA we can determine the dependence
; of T on [C102]. The rate of the surface initiation reaction, which appears
in A, even though written as bimolecular, will be first order in [ClOz] at low

pressure, This reaction will probably occur by a mechanism such as

€10, + S 4 €10, « s

™ P —

n

ClOz'S + C10 products

a
2 -+
for which at low pressure = giozl = 2 kv IS][ClOz]

where S is a reaction site. True bimclecular surface reactiors involving a
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single reactant species, which for chlorine dioxide would be

! g ClO2 + C102 +5 - (0102)2- S -~ products ,
19
- are all but unknown. Hence we write

K. = k, [Cl0,)]

; The rate constant of reaction 7, which appears in a, will be in-
: vergely proportional to total pressure, since it depends on the diffusion

! coefficient20 which is inversely proportional to pressure. Total pressure
will be approximately equal to ClO2 initial pressure, hence we write K7 =

k7/[C102]. Making this substitution,

2
(3k5- k6)[C102] -k

' ¢ = . 7 )
1
. (k5+ k6)[C102] + k7
The induction time now becomes
k (k. +k,){Cc10.]% + k
1 5 6 2 7
4 T TR 0000000 (7

2
2 Ta (3 ks- kﬁ){C102] - k7

Equation 7 predicts a hyperholic dependence of T on {C102] as found experimen-

tally, and a good fit of the expression (not shown) can te made to the data

of Figure 1, Curve fitting is not prcfitable in this case since too many

3 estimates have to be made of the rate constants,

Next we analyze the temperature dependence predicted by equation 7.
A limiting case can be examined. 1In the high temperature and pressure regime
5 %" k6 and {C102] >> /'k7/(3k5— k6), then 1 = kl/3k2ka. For
these conditions, i activation energy of Figure 3 will be equal to
-E, + F
(-E;

of the study, k

o * Ea). Reaction 1 is essentially a radica: combinat.,on reaction
which should have littie or no energy requirement. Reaction 2 is a type of

radical displacement reaction and the activation emergy by Hirschfelder's
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rule should be about 5% of the (estimated 4 kcal) bond being broken, or
0,2 kcal, Thus the measured value of 11,1 kcal should be assigned almost
entirely to Ea' This represents the energy barrier to the activated acdsorp-

tion of reaction a'.

As temperature decreases, T increases and becomes infinite at ~45°C,
The asymptotic approach to this limit is shown in Figure 3., As pressure de-
creases, equation 7 predicts a lower pressure limit, which the explosica

theoretically must have, given by

L - .
[CIUZ] Vk773k5 k6

This limit must lie below 0.1 - 0.2 Torr, since it was not observed experi-
mentally.

Many other reacticns have been considered in the mechanism and all
of them have been found to yield results at variance with the experimental
observations. We should like to mention just one of these:

8

cld -

wa1l destroyed

This is not excluded as a heterogeneous termination reaction along with but

not replacing reaction 7. Including reaction 8, the explosion condition be-
comes ¢ = B/x where B = { 1 + Kalkl[Cloz] }, and the expression for t (equation
7) is the same but multiplied by the fac.or

' 2
kl[CIDZ] + KB

o
kl‘CLOZ]
This quantity approaches unity at high [C102], but never disappears at any

low [Clﬂzl. Hence reaction 7 is required to make t infinite when [C102] is

extremely low.
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