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of the oxide coating on the particles, radiation feedback from the post-flame
zone, and Nusselt Number. Mechanisms leading to the predicted dependencies are -
discussed.
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I, INTRODUCTION

Recent years have witnessed: a- large development of fuel-rich -
propellant technology to produce formulations for primary rockets in air-
breathing prvipulsion systems. Two types of -systems have been especially
prominent, air augmented rockets .and external-burning missiles or projectiles.
In an air-augmented rocket, the incompletely combusted products of a fuel-rich
primary motor formulation acé mixed and burned with i'am air inside a secondary
chamber at a pressure equal to or less than the air inlet recovery nressuie.
In- external burning, the fuel-rich primary motor exhaust is. injected directly
into the free-stream .around the missile and burns at atmospheric pressure
(sea level or altitude). Both-zypes of systems primarily utilize composite
solid propellants with ammonium-.per.hlorate oxidizer: thus non-metalized
formulations. typics1lly produce compounds consisting of C, H, 0, N, Cl, and
possibly F, while metalized systems also produce B, Al, Mg, or combinations

of these metals.

An -essential prerequisite of success in air-breathing applications
is rapid and efficient combustion of the primar, exhaust in air, It is.of
interest to spell cut here the cunditions for this combustion. In ducted
propulsion the pressures in the secondaiy range from 15 or 20 atm down to
perhaps half an- atmosphere depeading on the flying altitude and Mach Number,
.and the residence times typically are a few milliseconds. In -external burning
the pressures range from I to .1 atm, and the residence times are a fraction
of a millisecond. Thus it is easily seen that these 2ir-breathing systems
often place stringent demands on preignition and combustion times of the

-primary exhaust fuel products with air.

Boron is a partic-larly attractive ingredient for propellants for
air-breathing rocket applications due to its high heating value. Generally,
it is desirable that the amount of boron in the fuel-rich procpellant be
maximized, subjrct to processability and primary wmotor ejection efficiency
constraints. The practical upper limit -of boron loadirg is approximately 50

to 60- parcent by weight. At these loading levels, very iittle boron is burned
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in the primary motor due to lack of sufficient oxidizer -- thus, most of the
boron must be burnec in particulate form-with air in the secondary combustor
for its heating value to be utilized. In addition, at these high loadings,
primary motor flame temperatures tend to be low., These factors, combined
with the low residence times available for mixing, ignition, and combustion
processes in the secondary chamber have led to afterburning efficiency
problems, particularly under operating -conditions which result in afterburner

pressures of 50 psia or less. :

Substantial prior work has been reported on ignition and combustion
of pure boron (I1,2,3,4,5). However, at the outset of our project there
remained a large uncertainty as to the nature (physical state, chemical com-
position) and especially as to combustion characteristics o’ the condensed
material discharged from the primary motor, which is certainly not pure boxon.
The primary reaction must be expected to coat the existing particles with
reaction products and/or to generate new particles. Agglomeration of par- -

ticles is a definite .possibility.

The objective of the present work has been to characterize the
puature of the primary exhaust from fuel-rich motors containing beoron, and to
study its ignition and combustion characteristics, eupecially as compared to
the known information for pure boron. Section IIL of the present report :
describes (a) the rocket-motor firing program in which the condensed exhaust
(CE} from two different propellants was collected, and (b) the results of
thermodynamic computations for these formulations., Sections III and IV
coutain the results of the physical (microscopy, density measurement) and
chemical analyses of the CE. Section V deals with combustion of the CE.
Finally, Sections VI and VII report the results of modeling studies describing
the ignition of single boron particles in hot gas streams and propagation

of flames in boron-oxygen-nitrogen dust clouds.
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11. ROCKET PROPELLANTS AND MOTORS

Two propellants were studied. Both were composite ammonium per-
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chiorate=bindor formulations containing large amounts (almost 50%) of boron -
and a few percent of magnesium and aluminum. ARCADENE (Atlantic Research
Corporation trade name) 256A is a carboxy-terminated polybutadiene formula-
tion and ARCADENE 280 a polyester formulation. The boron used in both formu-
lations was the Kawecki Company material with nominal average particle dia-
meters of 3um. However, the diameters range widely from about 1 to 20pm or
more, Thus both formulations are made up of the following elements: C, H,,
‘ 0, N, C1, B, Mg, Al, In addition to these, the 256A formulation contains

a small amount of iron, because it is catalyzed by n-butyl ferrocene.

Two motors weve fired with each formulation into a large cylindri-
cal tank (5.2 m long,2.9 m in diameter) which was first evacuated and then
filled with argon to 0.3% atm pressure prior to each run. The rocket chamber
pressure and the tank pressure were measured continucusly throughout each

run,

Data pertaining to the four motor tests are given in Table I and
Figure 1., Each propellant grain was weighed before the test; as was the
residue remaining inside the motor after the test. Comparison of the third
and fourth columns of Table I in which the respective -weights are listed,
shows that the ejection efficiency ranged from 93.8% in Run & to 99.47 in
Run 2. During all tests, the tank pressure rose continuously from the initial
to the final value:; The low final value recordad in Run 2 can be ascribed
to the fact that the burning time was about twice that >f other runs, thus
allowing more cooling and condensation during the run. As shown in Figure 1,
each propellant was tested at a high and a low pressure. In three out of
four runs the chamber pressure remained at a constant value over a substantial
5 fraction of the test duration; in Ruw 1 it kept rising over most of the burn-

ing time, possibly due to clogging of the nozzle.

After each test the tank filled with argon was kept closed for about

1 hour so the CE would settle in a large (5.4 m2 surface area) metal trough
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Figure 1. Motor Cham! er Pressures for Twao Firings with B
ARCADENE 256A and Two Firings with ARCADENE 280.
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at the bottom of the tank. The trough was then -emptied into a bottle by
remote action without opening of the tank. Thus, the CE samples were not
exposed to air while hot, Thereafter, ordinary precautions were observed

to avoid undue exposure to air and humidity (e.g., the samples were stored

in corked vials in desiccators), but no attempt was made at absolute exclusion

of atmospheric oxidants.

A set of two thermodynamic equilibrium computations, "A'" and "B",
was made corresponding to each experimental motor run, The results are given
in Table II. Chamber pressures in runs 2, 3, and 4 are the plateau pressures
of Figure 1. The Run 1 chamber pressure of 10.2 atm is an average value over
the duration of the run. The exhaust pregsure was always taken to be 0.5
atm, corresponding to an average experimental value. Computations "A" took
into account most species which can reasonably be expected to appear in the
products, Computatious "B" omitted BAC and BN, two species which are very
important thermodynamically, but which are sometimes suspected not to appear
in reality for kinetic reasons. The species used in the computations are
listed in Table III. The underlined species in Table III are arbitrarily
defined as '"major': they are the only ones predicted to occur in amounts
exceeding 0.5 weight parcent of the total formulation in any of the computer
runs. However, they are not always "major"; e.g., in computations "B, Mg(g)
does not appear in any appreciable amounts. The last two columns in Table II,
gilving percentages of condensable .products, include not only liquids and
solids, but also those gases which condense when cooled to 300°K, all in
amounts computed in equilibrium under exhaust conditions. In other words,
the exhaust equilibrium was assumed to remain frozen during mixing with argon

and cooling..

The most abundant gas species is HZ’ which accounts for more thaa
50% of the total gas. in all computationg. Two other permanent gases are CO
and Nz! but the latter is absent, -or virtually so, in cases which "allow"

formation of BN,
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The only significant liquid species under exhaust conditions is

8203. In computations "A'", the amounts of B203 (1) range from 5 to 12 weight-

percent of the total formulation (6 to 13% of CE). In computations "B' these
amounts are substantially higher, 10 to 18% of the total (12 to 217% of CE).

The major difference between computations "A" and "B" concerns the
formation of solids. When full equilibrium is assumed ("A"), most of the
boron in the exhaust appears as solid BAC’ and a significant fraction as solid

BN. The amount of free boron, if any, depends on the ratio of boron to carbon

in the formulations: wvirtually all of the carbon is found in CO(g) and BAC(s),
so if there is excess boron left (after BN, BAC’ B203 and CO form), a sub-
stantial fraction of it will appear as B(s). ARCADENE 280 has. relatively
little carbon (high B/C ratio, low C/0 ratio), so computations '"A" on Runs 1
and 3 show some B(s), and no C(s). Computations"A" on ARCADENE 256A, which
has substantially more carbon (low B/C ratio), show a small amount of C(s),
but no B(s). In computations 'B", the formation of boron compounds is arti-
fically suppressed to a large extent. Thus much of the boron (range of 87
fé to 92% over the four runs) appears as B(s), and most of the remainder (7 to
%f 12%) as 5203(1); as mentioned previously, the amount of 3203(1) is substant-
: ially higher in computations "B" than in "A". Carbon in computations ''B"
appears almost entirely a: C’s) and CO(g), but the abundances of these two
species are very different in the two formulations: in ARCADENE 256A, -more
than 90% of carbon appears as C(s), and less than 10% as CO; in ARCADENE 280,
é only about 40% appears as C(s) and 60% as CO(g). In all computations vir-
é{ tually all of the aluminum appears as solid MgAlZOA’ which is always a major
solid species (about 7% of total exhaust). Magnesium distributes itself

among MgO, MgA1204 and MgClz(g).

ki s

The major condensable gases predicted by the computer are MgClz,
BZOZ’ 3203, B3H303, HC1l, and Mg. The amount of these gases appears to be
. mainly a function of the exhaust temperature. Since temperatures are always
{§ higher in computations "A"., these computations predict more gases than compu-

: § tations "B". The highest exhaust temperature is that of Run 1, computation

™
At

K g
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"A'"; the condensable gases according to that computation, comprising 19% of
the total exhaust, consist mostly of boron-containing species. At lower
temperatures (e.g. computations '"B") the equilibrium of boron-containing
species shifts toward formation of substantially more B203(1); the condensable
gases drop to roughly 10% of the total formulation, -and they consist mostly

of MgCl2 and HC1.

The theoretical characterization of the CE relevant to this report
can be summarized as follows: (a) 11 of the boron will be found in thé CE.
The fraction of the CE which is boron (any form) is about 507% for either propellant,
regardless of the type of computation ("A" or "B"). Quantitative data
on the amounts of boror in the CE of each run, both as predicted by the
thermodynamics and as determined experimentally, are detailed in Section 1V.
(b) Most of the boron (roughly 90% of it) is found in three solid species:
B, BAC, and BN. The question of the realistic distribution of boron among
these three,i.e., the relative merits of computations "A" and "B", must be
resolved by experiment. (c) The remainder of the boron is in the CE in the
form of boron-oxygen-hydrogen species. While some of these are rather volatile,
all will be condensed at the room temperature. (d) The remainder of the CE

consists: largely of MgALZO4 and MgClz in computations "A", and MgAIZO MgClz,

4’
and C(s) in computatious ‘'B".

10
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PHYSICAL ANALYSIS OF THE CONDENSED EXHAUST

1. Microscopic Examination

The condensed exhaust (CE), collected as described in Section

ave

11, was examined under an optical microscdpe with magnifications up to 5003

T Y AT AT e S Nt

The untreated CE consists of very large, but only loosely agglomerzted clusters.
; The tumbling of the clusters with soft (plastic) balls breaks up the mass of

: the CE into smaller particles. Microphotographs of CE samples (a) as col-
lected and (b) after tumbling are shown in Figure 2. The treated material
(Figure 2b) consists of particles ranging from about 3 to 50 pm in -diameter.
Larger particles in that range are no doubt agglomerates which could be broken

up by continued tumbling. The small material (< 10 yn) may be either firm

P T S I

agglomerates or single particles.

Several distinctive features can be seen under the microscope.
The bulk of the CE is dark and apparently amorphous, but quite a few crystals
are also visible. The crystals are either white or colorless. The dark
material could be carbon and carboneous material, elemental boron, or poseibly
BAC' The light material could be any and all of the following: B203 (color-
: less), B203' HZO (triclinic crystals, white), MgCl2 (colorless hexagonal),
: MgClz' H20 (white), MgA1204 (colorless), and BN (white hexagonal).

2. Density Measurement

Ve determined the density of the CE samples by suspending them
in inert liquids having several different specific gravities, The liquids
were mixtures of bromoform (sp. gr. 2.89) and carbon tetracnloride (sp. gr.
1.595). The samples were found to consist of particles having different

densities, mostly in the range of 1.8 to 2.1 gm/cc.

A complete set of such density measurements has been made
on -the CE sample collected in Run 1. Photographs of several suspensions
.2re shown in Figures 3, 4 and 5. These photographs allow interesting con-

clusions to be made.

11
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Figure 3 shows suspensions of the CE, as collected in Run 1,
in liquids having specific gravities ranging from 1.8 to 2.2. It can be seen
that all particles in the sample have specific gravities lower than 2,2, and

some even lower than 1.8, Most of the sample appears to be around sp. gr. 2.0.

A CE sample from Run 1 was washed in a hot mixture of methyl
and ethyl alcohol, a standard procedure for vemoval of BZO3 from boron powder.
Suspengions cf the washed sample are shown in Figure 4., It can be clearly
seen that the specific gravity of most of the washed material is- higher than
2.3. It should be noted here that MgClz, a major thermodynamically -predicted

constituent of the CE, is also soluble 1in alcohol.

For the purpose of comparison, two suspensions made with the
"off-the-shelf" boron powder (Kawecki Co. material used in all our propellants)
are shown in Figure 5: wvirtually all of the powder has the specific gravity
oi about 2,3, i.e., distinctly higher than the unwashed CE, but perhaps
slightly lower than the washed CE. The handbook value for the specific gravity
of pure boroa is 2.32-2,35. Thus the 2.3 value for the commerical powder
is very reasoniable, especially since the material is: known to contain about

2% 8203, which has a lower specific gravity.

Our conclusion is that, in the CE, low-density substances coat,

or are firmly attached to, solid B (and B,C, if any). The washing removes

these substances, and leaves a residue coﬁsisting largely of B (sp. gr. 2.32 -
2.35) and possibly graphite (sp. gr. 2.26), BAC (sp. gr. 2.54), or BN (sp.gr.
2.25). The possible low-density species are: 8203 (sp. gr. 1.83), 8203~3H20
(sp. gr. 1.49), and MgCl,

line water has the specific g avity of 2.33, Since carbon is insoluble in

. 6H20 (sp. gr. 1.56);'the—’MgC12 without any crystal-

alcohol; the fact tnat the washed CE contains little low-density material
suggests that the untreated CE contained little or no amorphous carbon (sp. gr.
1.8 to 2.1). This has to be interpreted in the Light of the thermodynamic
computations: the full computation on Run 1 (Section II), including E&C and
BN in the products, predicts no solid carbon; if BAC and BN are "suppressed,"
the thermodynamic computation predicts the CE to contzin about 7% carbon.

This comparison suggests that ccinputations "A'" may be somewhat more réalisiic.
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1v. CHEMICAL ANALYSIS OF THE CONDENSED EXHAUST

The CE samples from all four motor runs were analyzed chemically
for boron. The analysis was performed by Ledoux and Company, Teaneck, N. J.
on a subcontract from Atlantic Research. The CE samples were first separated
into the soluble and the insoluble portions by boiling water, and then each

of the two portions was analyzed for total boron.

The results of the chemical analysis are summarized in Table IV,
which lists (a) fraction of the CE which is boron (any form), (b) division of the
CE into soluble and insoluble portions, and (¢) fraction of the total boron
in -each of these portious. In each case we have listed the thermodynamic:lly
predicted values along with the experimentaily determined ones. The species
assumed insoluble for the purpose of comparison of the computation with the
experiment are listed in Table IV. The reader should censeit Table III to
see which species can occur in- any appreciable amounts (> 0.5% of total form-
ulation). Inspection of Tables III and IV shows that the inscluble boron
can be expected to be found in B, BAC and BN. The soluble boren may come
from a number of boron-oxygen-hydrogen species.

Before discussing the ind*vidual columns of Table IV we point out
that, generally, the experimental results show somewhat larger differences

from run to run than the theoretical predictions; moreover, the deviation

of the theory from the experiment is not always in the same direction from
run to run (e.g., always positive or always negative), but generally random.
The experimental procedure consisted of three independent steps: prcpellant
combustion (including ejection efficiency), sample collection, and chemical
analysis. Since the combination of all three contributes to the finmal results
listed in Table TV, we cannot ascertain the reasons for the random deviation
in all four runs. However, the combustion of Run 4 does appear to have been

faulty. Table I shows that the ejection efficiency of that run was unusually

poor. Table IV shows both an exceptionally low amount of boron in the CE

and an exceptionally low amount of insoluble matter in the CE; both results

SRCELE LY UL AL SO

indicate that in Run 4, for gome unknown reason, a significant fraction of
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the boron had remained in the motor (the residue was not analyzed). In
view of these atypical results, ve shall omit Run 4 from the discussion of
trends in Table IV,

In all three runs under comparison (Runs 1, 2, and 3), the measured
amount of boron in the CE agrees somewhat better with computation A" than
with computation "B", The average deviations from the experiment are 12%
for computations "A" and 19% for computations "B'. However, it must be pointed
out that the experimental data are not intermediate between the two computa-
tions, as might he expected if there were partial formation of Bac and BN:
rather, both theoretical results are low in Run 2 and high in Runs 1 and 3.

The partition of the CE into soluble and insoluble portions is pre-
dicted distinctly better by the computation "A" in Run 2, slightly better by
"B" in Run 1, and about equally well in Run 3. Average deviations from the

experiment: 6% for computations "A", 8% for computations ''BY,

The percentage of insoluble boron is predicted better by "A" in
Runs 1 and 3, and equally well by "A" and "8" in Run 2, Average deviations:
12% for "A", 20% for "B".

The measured amounts of boron in the soluble portion of the CE are
predicted quite well by both computations in Run 3, but very poorly in Runs
1 and 2, Computation "B" appears somewhat better of the two., Average dev-
iations: 41% for A", 29% for "B".

We conclude that according to both the experimental data and either
one of the two computations only about 50% of the total CE is boron. Beyond
that, one can see that three out of four questions which can be answered by
the results of the chemical analysis - namely, the amount of boron in the CE,
the fraction of the CE which is insoluble, and the amount of boron in the
"nsoluble portion - are predicted reasonably well (order of 10%) by the full
thermodynamic computation (column "A" in Table IV). Computations '"B" are
somewhat less successful, but it appears that they also give a rough idea of

the composition of the CE. Indeed, it is possible that the assumptions

19




inherent in the theoretical comparisons. - e. g., the freezing of the exhaust
equilibrium - introduce more of an uncertainty than the difference between
the two sets of computations. Only an extensive chemical analysis of several

species (Mg, BAC’ G, and others) could resolve the problem of the detailed

composition of the CE.
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V. ‘COMBUSTION OF THE CONDENSED EXHAUST

As -described in Section III, and shown in Figure 2, -the ball-wmilled
CE consists of many small particles with sizable agglomerates interspersed.
Prolonged -ball<milling and sieving through a 20 m mesh screen produced a
fine -powder consisting of particles having a fairly uniform size distribution
with- average diameters of 3 to 4 um. By careful screening between 30 and
35 um-we also found it possible to separate coarse powder samples consisting

~o£*f$tﬁA,qgg1gmefétes which could be treated as single particles.

>>CBm$u$tibnAof’;hg coarse CE samples was studied by a single-particle
techquueéggthizing a gas burner, which was previously developed and exten-
sivVely used at Aflantic Research for combustion studies of aluminum «(6, 7, 8),
beryllium (9; 10) and boron (2). Since particles smaller than 10 or 20 pm
in-.diameter are difficult to handle and observe singly, we adapted the gas-
buraer téchnique for a study of particle clouds. The newly developed tech-

nique was used to study ignition and sombustion of the fine CE powder.

A, The Gas»Bu;ner

The gas-burner used for both the work with- single particles,
30 to 40 ym in diameter, and clouds of fine particles, 3 to & um in diameter,
is- shown in Figure 6. In the single-particle work, the powder is introduced
directly into: the flo.ation chamber; -the lower chamber is not used.
This apparatus was described in detail in Ref, 6. The particles are entrained
through the hypodermic needle by an inert carrier gas, usually helium, and
thus introduced rapidly into the stream oif a burner gas having known composition
-and temperature. The linear velocity of the burner gas is of the order of
1 ¢m/msec; The -effect of the imert gas on combustion of particles can be
neglected; because the hypodermic tube is only 0.25 mm in -diameter, and

ignition of particles takes place several centimeters above the burner plate.

‘The modification of the burner to allow combustion studies of
clouds -consisting of small particles has been .accomplished by (a) the addition

of the lower chamber, and (b) enlargement of the hypodermic tube to 0,6 mm
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in diameter. The purpose of the lower chamber is to break up particle clusters,
or to prevent them from forming in the first place. This is done by the intro-
duction of a high-velocity tangential jet of the carrier gas which stirs up

the powder and the plastic balls with which the chamber is -packed. Iu this

way a steady stream of powder can be introduced into burner gases for pro-

longed periods of cime. Our experiments usually lasted 5 to 15 minutes,

One disadvantage of the continuous cloud combustion experiments is
that the effect of the carrier gas on ignition of particles cannot be neglected.
This is so primarily -because the preignition delays of small particles are
very short. Ag will be -described later in this réport, the CE particles ignite
w..en their temperature approaches 2000°K. Heat transfer estimates shew that
heatup times from room temperature to 2000°K of 3.5 um diameterepgrtiélegéi
injected into gases having temperatures of 2200 to 2500°K,are orly of the
order of 10 to 100 usec. The laminar diffusion mixing time for a 6 mm dia=
meter jet will be of the order of 0.5 msec, Thus, the preignition delays and
the carrier-gas mixing times overlap, so a quantitative study of ignition
delays would require detailed ‘heat transfer and mixing calculations. Our
work did not include suCh calculations. Ox the other hand, studies :6f posk-
ignition burning times are not seriously affected by the -carrier gas mixirg
process, because the témperatuvre of the gas adjacent .to the particle nust
approach the burner-gas -remperature (i.e., the mixing must be nearly completed)
before ignition. Moreover, in the actual experiments described in Section
V-C, the carrier gas was air, and the mole fraction of oxygen in the burner
gases was X = 0.2 in most gxperiments. Thus, the mole fractions of 02,»thé
most important oxidant, were matched in the two gases. Since the carfiet
air was initially cold, the effective gas temperature -during -combugtion was
not known accurately (it was probably a iittle below the gas-burner temper-
ature), but the gas temperature is not a dominant parameter during self-gus-
tained combustion; the mole fraction of the cxidant is. Thus,; the experimant-

is well concrolled as far as post—ignitisn processes are concerned.
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B, Single-Particle Experiments

The single-particle technique has been used for a study of
both the ignition and the subsequent combustion of a 30-40 ym- CE sample col-
lected in Run 4. The gas burner was run on propane~oxygen-nitrogen mixtures.
The burner gases consisted of 1.4 - 20% 02, most observations having been
made with about 20% O 2, 15 - 20% HZO, and 10 - 12% C02; zhe remainder was
mostly N . Gas temperatures were varied from 1850 to 2300°K. Velocities
of burner gases were about 1600 cm/sec, and thosc of the carrier (helium)

about 100 cm/sec.

Quantitative ignitior and combustion parameters of neat boron

powder in the 3G to 40 ym range are well known from our previously published
work (2)., Since it is of obvious interest to compare the combustion character-
istics of the CE to those of boron, we shall now briefly state the relevant
results of Ref. 2. The entire history of the boron particles (d = 35 pm)

in the burner gases (2240°K, 19% 02, 16% H20) can be divided into three phases:
a dark pre-ignition period (ca. 8 msec), followed by a peculiar two stage

comdustion, the durations of the two periods being t, = 4 mse: and ty = %1 msec.

The first combustion stage begins when the particle temperature is about

1850°K. The first stage is generally believed to correspond to slow combustion,
impoded by a layer of liquid 8203. Most of the mass of boron is consumed
during the rapid second stagec; controlled by the gas~phase diffusion of cxi-
dants toward the particle; -thus t2 approximates the total diffusiorn-combustion
time of the particie, t2 :'tb’ The minimum temperature of the burner gases

necessary for ignition of particles was found to be 1880-% 20°K.

The CE agglomerates, 30 pm < d < 40 pm, were found. to burn
as single particles: there is no separaticn of particle trajectories. Thus,

we can make a quantitative comparison of the CE combustion to combustion of

boron. When the CE, 30 pm < d < 40 ym, is burned in the same burner gases

as the 35 ym boron (Tg = 2240°K, 19% 02, 16% HZO - see previous paragraph),

the following differences are observed:
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1, The CE "particles® give well-defined burning times, but

there is no sign of two-stage combustion.

2, The average burning time of the CE is tb =10 £ 1.5 msec.

3. The CE ignites substantially iower in the burner gases than
boron: we estimate that the preignition delay of the CE is

30 to- 50% lower than for boroa particles.

In addition to the tests at constant gas temperature and con-
stant moie fraction of 02, we ran two series of expéeriments in which these
two parameters were varied. Variation of temperature at comnstant mole fraction
of 0, (ca. 0.2) showed that the minimum gas temperature necessary for ignition
of the CE is 1850 * 25°K,
stant gas temperature of 2200 to 2300°K shows that the CE continues to burn,
although very slowly, even at the lowest mole fraction of O2 which we tried,

0.014.

Variation of 0, content at the approximately con-
&

Since ‘the burning time of a particle is 2 strong function of
its diamcter, and since we have no accurate value for the average diameter
of the CE, the two values, t, = 10 msec for the CE and tb -t2 = 11 msec for

b
boron, must be considered the same within:-the experimental error.

C. Cloud Combustion Experiments

The cloud technique for combustion of small particles, des-
cribed in Section V-A, yields average preignition delays ti and burning times,

A cloud of burning CE particles (Run 1) is shown in Figure 7. Inspec~

t:b.
tion of this photograph will show that both ti and:tb are approximate, because
in a burning cloud one cannot define clear points of onset and cessation of
combustion. Furthermore, since the preignition delay necessarily overlaps
the carrier-gas mixing time (sece Section V-A for discussion), one cannot
obtain cloud ignition temperatures from measured preigunition delays as in
single-particle work; one can only determine relative ignitabilities of two

clouds by comparing the preignition distances in two replicate experiments.

Two CE samples, from Runs 1 and 4, have been studied by this

technique. The results obtained with these two samples are indistinguishable
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from each other. In the subsequent sections the "CE sample' means. either

Run 1, or Run 4, or both,

1. Particle Sizes

The CE samples used in the cloud experiments consisted
of the material which had passed through a 20 um mesh screen. However, since
the gas burner operates in such a way that the material is subjected to pro-
longed swirling with plastic balls (see Section V-A and Fig. 6), there is
no assurance that the particle size distribution injected into the burner
gases is the same as in the original (sieved) sample. We therefore sampled
the unburned material after injection into the burner gases, i.e., at a point
between the injection orifice but below the point of ignition. Microscopic
examination of the sampled material revealed that the particle diameters

were in the range between 2 and 7 pm. The average diameter was about 3.5 pm.

In addition to the CE, two other samples were studied by
the cloud-combustion technique for the purpose of comparison: an amorphous
boron sample, supplied by U. S. Borax, Inc., stated to be 98% pure, and the
material supplied by Kawecki, Inc. The Borax powder particle diameters are
in the narrow range of 1.0 * 0.2 ym. The Kawecki powder has a wide distri-
bution of particle diameters, ca. 1 to 20 ym, with the number average of

3 um. The Kawecki boron is used both in ARCADENE 256A and 280 propellants.

2, Ignition
A technique for direct measurement of minimum gas temper-
atures necessary for ignition of particles had been developed previously in
connection with our single-particle work (2): a stream of particles is
continuously injected into burner gases, the temperatare of which is gradually
decreased until the particles cease to ignite. This technique has now been
successfully applied in the cloud-combustion work. The mole fraction of 02

in these ignition-limit experiments was kept abvout 0.2,

The limiting temperature was found to be the same, within
the experimental error, for the Borax sample and for the CE: 1980 % 20°K.

It will be noted that this is 100 - 150° higher than the analogous temperature
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limit for 30 - 40 um particles of either the CE or crystalline boron (Section
V-B of this report and Ref. 2).

Measurements of the minimum gas temperatures rnecessary for
ignition of powders, which we shall refer to as "temperature limits" from
now on, have resulted in two conclusions: (a) temperature limits for clouds
of small (< 10 pm) particles are 100 to 150°K higher than for large (30 to
40 ym) particles; (b) regardless of the particle size, temperature limits

are the same for the CE and for boron.

We shall first discuss the second conclusion: similarity
of the temperature limits. This result is surprising for two reasons. First,
as discussed in Section 1V, only about half of the CE is boron. The remainder
consists of substances which have different ignition temperatures. Referring
to Tables II through IV, we can see that ignition temperatures of some expected
ingredients will be higher than those of boron (BAC’ BN, Al), while others
will be lower (Mg, MgClz, Fe, C). One would expect a priori that ignition
of any appreciable fraction of the CE would lead to ignition of the entire
sample. The experimentally determined ignition temperature of the CE perhaps
suggests that the amounts of ignitable ingredients are relatively small. We
have no chemical analysis of the CE ingredients other than boron, nor do we
know the critical degree of admixture of ignitable materials required to lower

the ignition temperature of samples below that of boron.

The measured ignition temperature of the CE also appears sur-
prising at the first glance, because the observed preignition delays are
substantially lower than for boron. This result, however, can be rationalized.
First, we point out that the density of the CE is lower than that of boron
(Section: III), Now the heating rate of a particle is inversely proportional
to its density:

dT 6 k  Nu 4

= & - -
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where p is density, C heat capacity, and ¥ thermal conductivity; the subscripts

p and g refer to particle and gas respectively., This means that the heat-up ;
time of a particle to any specifie< -temperature will be directly proportional §
to its density. Since the measured densities of the CE are 10 to 20% lower ’

than that of boron, the heat-up times will be lower by the same factor.

In addition to the density effect, there may be a more subtle
difference in the pre-ignition processes between the -CE and boron. The CE
particles are almost certainly agglomerates, so they are apt to have inuch
larger surface areas than crystalline boron, which was studied in Ref. 2.
Since during the pre-ignition stage the rate process will usually not be
controlled by gas-phase diffusion toward the particle, but rather by the
global surface kinetics - including the processas of diffusion across & sur-
face layer, vaporization, and chemical reactior (11, 12) - the pre-ignition
rate will be proportional to the effective surface area. The large surface
area of the CE may be expe.ted to have two observable effects: (a) the
ignition "runaway" temperature, and therefore the pre-ignition delay will be
decreased; and (b) the duration of the first combustion stage (t1 observed
in the case of boron) will also be decreased. As described earlier in this
section, a substantial decrease in the pre-ignition delay of the CE as com-
pared to boron was indeed observed. Concerning the second expected effect, ;
decrease in tl’ we have observed no first stage at all in the case of the CE,

Since a decrease in t1 by a factor of about 4 would suffice to make the first
stage elude the observation, a large increase of the effective surface may -

account for the effect; however, this is a matter of conjecture.

We now turn briefly to the other quantitative conclusion

regarding the ignition, namely that temperature limits of clouds consisting

of small particles are higher than for large single particles. A detailed
theoretical analysis of the boron ignition (11, 12, 14) shows that the process
is complex involving problems of heat transfer, gas-phase and surface-layer
diffusion, and vaporization. Examination of Figure 17 in Section VI (a

reprint of Reference 12) indicates +that 2 micron particles are predicted to

~ e T PO ) PRI TIPS
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have a minimum required surroundings temperature for ignition approximately
90°K higher than that predicted for 30 micron particles, consistent with the
experimental observations. (This is not conclusivé, however, since the pre-
dictions are in both cases for single particles and the cloud effect on
minimum required surroundirys temperature for ignition is not well-defined.)

3. Burning Times

The cloud combustion technique has been used for burning
time measurements of the CE, c¢f the Borax boron, and of the Kawecki boren.
The burning time tb was taken to be equal to the length of the burning cloud
(see Fig. 7), divided by the linear velocity of the burner gases. Since the
luminosity of the cloud both develops and fades out gradually, an approximate
visual judgement concerning the length of combustion must be made, The vel-
ocity of the burner gases can be calculated from known (metered) input gas
flow and known flame temperature; it can also be obtained by measurement of
single-particle velocities. The calculated and the measured values tsually
agree withir about 25%. We estimate i~hat the combined uncertainties of the
cloud length and particle velocity may conceivably lead to an error in deter-
mination of ty of up to a factor of two, but most £y values are probably better

than that. -

The average results of three cloud-combustion measurements
are shown in Figure 8. The burner gas properties in all three experiments
were: T = 2240°K, X(OZ) = 0,19, X(HZO) = 0.16. A single poiat for the &y
of a spherical boron particle, ¢ = 37 um, is given in the same plot. The
single-particle point is a smail extrapolation of an accurate measurement
(see Table VI of Ref. 5) in a somewhat different burner gas: T = 2280G°K,
X(Oz) = 0,23, X(HZO) =-0. Even with the extrapolation, the values of both
tb and of d are no doubt much more accurate for the single-particle point
than for the cloud measurements. In view of the uncertainties in the cloud
measurements, one should be careful about assigning a specific numerical value
to the slope n in Figure 8. However, an inspection of the figure shows that
even if the cloud data are in error by a factor of 2, n will still be closer
to unity than to a valug of 2, predicted by single-particle diffusion theories

(13 b} 14)‘0
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In addition to experiments run with burner gases having
a constant relatively high mole fraction of oxygen, X(Oz) = 0.2, cloud experi-
ments were made with decreasing values of X(Oz) both with the CE &nd with
the Borax boron powder. Gas temperatures in all the tests were kept at about
2300°K. Only visual observations were made. It was found that boch powders
burned about equally vigorously down to X(Oz) = 0.14, The combustion bright-
ness decreased rather sharply between X(Oz) = 0,14 and 0,12, and then very
gradually down to about X(02) = 0.05 with both powders. At very low mole
fractions of oxygen, 0.015 to 0.05, the CE powder burned very weakly, and
the boron powder hardly at all.

The single-particle experiments indicate that the burning times
tb of the CE are about the same as for boron. This appears a priori reasonable,
because one would expect the limiting process to be the gas-phase diffusion
of oxidants regardless of the chemical composition. Higher volatility of
some expected CE ingredients should accelerate the burning rate of particles.

Thus- if the CE is rich in species such as Mg, MgClz, and Fe, one should expect

it to burn somewhat faster than boron. On the other hand, if it contains
large amounts of Bac (and possibly BN), it may burn more slowly: B4C is known
to burn more slowly than boron (15), and BN has been observed to ignite only
with difficulty. In either case, the change in ty of boron caused by adulter-

ation is probably not sufficient to be clearly demonstrated by our experiments.
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MODELING OF BORON PARTICLE IGNITION IN HOT GAS STREAMS (Reprinted
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Boron Particle Ignition in Hot Gas Streams
MERILL K. KING

Atlantic Research Corporction, Alexandria. Virginia

Abstract—A model of boron ignition treating the inhibiting effect of a boric oxide coating has been developed.
Transiént differential equations describing the generation and removal of the oxide and assochited thermal effects
along wuth heat transfer between the particle and surroundings have been derived, converted to difference form
and-programmed for computer solution for determination of ignition limits and ignition times. Predictions for
particles studied by Macek-in a flat-flame burner have been compared with experimental results- agreement is good
for dry gas cases, but poor when the gas stream includes water. The program has been used to predict effects of
ininal oxide thickness, particle size, pressure, oxygen content, initial particle temperature, gas temperature and
surroundings radiation temperature on ignition. In addition, the originzl differential equatioas have been treated
by a stability analysis to determine=ignition limits~excellent agreement is found between results obtained with
the stability analysis and the numerical anulysis.

NOMENCLATURE
A, B, C, D, constants in  stability analysis
-£,:F dependent only on initial particle
size and such boundary conditions as
pressure, oxygen mole fraction. and-
ambiert temperature
Cppy ‘liquid boron hieat capacity (calfgm °K
Cops solid boroq heat capacity (caljgm %)
1,0, iiquid boron oxide heat capacity

h

k

M, N, S U

(MIF)y,
(MIW)y0,

Nu
I)

)
Py,
Pll,n,.nurt

P,

Bals
)
a0,

l)
HyOurt

]
I N0y

(zalfgm °K)

fraction of boron in the liquid phase
gas-patticls heat transfer coeflicient
(cal;em® sec°K)

mass transfer coefficient for transport
of boric oxide gas from particle to
free-stream (gm-mol/cm® atm scc)
constants defined by equations (20-23)
fixed by A B,C, D, E. F, Ty and X
boron atomic weight {gmfgm-mol)
boric oxide molecular -weight (gm’
gm-mot)

Nusselt Number

total pressure (atm)

_oxygen partial pressure in free stream

(atm)

boric oxide partial pressure adjacent
to particle surface (atm)

boric oxide vapor pressure (atm)
water gas partial pressure in frec
stream (atmj

water gas partial pressure adjacent to
particle surface (atm)

HBO, partial pressure adjacent to
particle surface (atm)

p"z();.":

Onrx
Qrx:

rp
RGEN

REVAP

T
Tep,
7" ’
Tran
T

v,

X

Dl‘:"au\'z
I)Illl(ig.,\'g

Dio.x,
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boric oxide partial pressure in free-
streain (atm)

heat release of B(s) 4+ 3
(calfgm-mnl)

heat refease of B(/) + 30, - 1B,04(7)
(cal/gm-inol)

gas faw constant, 82.06 atm-cm3/
gm-mol °K

gas law constant, 8.316 - 10~-crgfgm-
mol °K

molar rate of boron consumptiin
(gm-molfscc)

molar evaporation rate of boric oxide
(gm-molfsec)

molar rate of removal of B,O; by
water 1eaction (gm-molfsec)

boron particle-radius (cm)

mass rate of gentration of boric oxide
liquid (gm/sec)

mass rate of cvaporation of boric
oxide (gm/sec)

free stream gas temperature (°K)
particle center temperature ("K)
particle temperature ("K)
surroundings radiation temperature
(°K)

particle surface temperature (°K)
molecular volume of specics j (cm?)
oxide layer thickness (cm)

diffusivity of gascous -boric oxide in
nitrogen (em?’sec)

diffusivity of HBO, in nitrogen
{cm®isec)

diffusivity of water gas in nitrogen
(em3fsec)

=~ $B.04())
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heat absorbed by reaction of H,O
with B,Og({) (cal-gm-mol)
A, heat of fusion of boron (cal;gm)

AV7 T heat of vaporizauon of B.O4(/)
(cal’gm-mol)

% evaporation coeflicient of boric oxide
liquid

ey surroundings absorptivity

o, thermal diffusivity of boron (cm?sec)

« Stefan-Boltzmann  constant, 1.354 -
10 ' calfem® sec K?

€ particle emissivity

r Hertz-Knudsen impingement factor
(gm-moliem® atm scce)

0 time (sec)

i boron density (gm:cm®)

Piz0g boric oxide density (zmfcm”)

Superscripts

Overscore (T, X) indicates quasi-steady-state
value in stability analysis

Prime (T, X') indicates pertarbation value in
stability analysis
Subscript
0 indicates initial value

INTRODUCTION AND BACKGROUND

Recently. King (1972) published a model for the
ignition of single boron particles in hot oaygen-
containing gas streams. This model was used to
predict ignition times observed by Macek (1969) in
flat-flame burncr boron particle ignition studies and
to predict conditions required for ignition of boron
particles in air-augmented rochet cfterburners.
Macek (1969) observed in his flai-flame burner
studies that the combustion of boron ¢ecuys in-two
successive stages. After heat up to about 1800-
2000 “K.. the-particle becomes luminous. glows for
a short period of time, fades out. and finally
re-ignites 1o burn completely in a second stage
which is much brighter and longer than the first
stage. This author interprets the first stage as an
ignition stage during which the beron particle is
coated by a molten boric onide layer through which
ovygen must diffuse to react with the boton to
provide reaction heat for vaporizaton of the oxide
layer  Before the second stage of {ull-fledged
combustion can occur. the oxide layer must be
completely removed from the boron particle.

The processes occurring during the ignition of an
initially oxide-coated boron particle in a hot-gas
stream are complex.  First, there is o hieat-up stage
during which the comparatively cold boron particle

36

is heated solely by convective and or radiative
flun(es) from hotter surroundings. At sul]icicnlly
high particle temperature (approximately 1800 K.)
non-negligible sell-heating  of the particle by
exothermic oxidation begins 1o be superimposed
on the convective and radistive flunes. Since the
particle is initially coated with an oxide laver, the
onygen for this reaction must difluse through the
liquid oxide layer. As the onidation of the born
core oceurs. of course. it makes the oxide layer
thicker, increasing diffusional resistance. At the
same time. as long as the particle temperature
continues to rise. the viscosity of the oxide decreases
and consequently the diffusivity of oxyvgen in the
oxide increases. In addition. boiron oxide simul-
taneously evaporates and diffuses away from the
layer at a rate which depends on the particle
temperature.-tending to thin the ayer. -However,
this evaporation-is an endothermic process which
tends to cool (or at least lower the rate of heating)
the particle. Once the particle temperatuie rises
above the surroundings temperature tire convective
and radiative heat fluxgs turn negative and begin to
cool the particle. As-Jong as the sum of the self-
heating term and  convective radiative  heating
term remains greater than the-product of the oxide
vaporization rate and heat of vaporization. the
particle temperature will continue to rise. If this
situittion persists to the pomnt where the remaming
onide layer iy sufliciently thin, « temperature
runaway will oceur, the particle will fimish cleansing
itselt of oxide. and full-fledged combustion will
occur. If, on the other hand. the sum of the-self-
heating and comvectivesradiative terms drops below
the vaporization heat demand belore the sutiace 1
cicaned. the particke will not igmte.

In King'> (1972) original model. 1t was assumed
that oaide production s controlled by diffusion of
oavgen through the liquid onide film.  Henry's
Law. the Wilke correlutton-for diffusivity o a gas
through a liquid as « function of viscosity. and an
Arrenhius viscosity-temperature law were used to
derive o twe-constant expression for the ovygen
delivery rute to the boron core, the two constants
being evaluated from Talley and Henderson (1961)
data Tor the onidation of boron rods. It was
assumed that the removal of oxide from the surfuce
was evaporation-rite-contrulled. with an activation
energy equal to the ovide heat of evapotaton and a
pre-exponential  factor  determmed  agam  from
Talley and Henderson data.  Three nonhnear
unsteady-state differential equations 1 buron mass,
oxide mass. and temperature  resulung  from
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BORON PARTICLE IGNITION IN HOT GAS STREAMS 257

application of mass and enthalpy balances were
integrated numerically for given boundary condi-
tions and initial conditions to determine whether or
not a given particle would ignite and, it so. how
long the ignition time would be (both- important
factors in determining whether a boron particle
will release 1ts heat in a finite-residence-time after-
burner).

The original model of King (1972) has subse-
quently been revised to ecliminate several short-
comings. Details of the modified modeldevelopment
and results predicted with it are presented in the
subsequent sections. Briefly. the changes are:

1) In the original model, the heat of fusion of
the boron. which- must be supplied when ihe

_particlereaches the beron melting point of 2450 ' K,

was not considered—it is included in a modified
treatment of the enthalpy balance in the new
model.

2) It was assumned in the -oviginal model that
the liquic boric oxide removal rate was limited by
evaperation kinetics, witlh Talley and Henderson
Jata-being used-to-cbtain a pre- cxponr-ntml factor
taird thus an cvaporation coefficient of approxi-
mately 0.006). Thisassumption has been guestioned
by Mohan and Williams (1972) in ano: her horon
igniton model (discussed later) in which they
assume the oxide removal rate to be limited by
dilfusion of the oxide gas away from the particle
rather than by vaporization kinetics. A dimension-
less group, A 2 ..211y be examined to determine the
controlling nrocess. If this parameter is near unity
the resistances of the evaporation and diffusion
steps i neariy equal and neither resistance may
be neglected. while if it is much larger than unity,
the process is essentially evaporation rate con-
trolled and if it is much less than units. the process
is essentially diffusion controlled. Substitution of
expressions from Bird. Stewart. and Lightfoot
(1960) for A and » and use of an average gas
temperature adjacent to the particle of approxi-
mately 2000 K lcads to:

= (1)

ur /l rp
where # is the boric ovide evaporation cocflicient,
ry. is the particle radius in centimeters. and P is the
pressure in atmospheres.  Parametric  studies
leading to best fit of the data of Madek (1969) as
thscussed later indicate that « should be approxi-
matcly 0.04 -this value is consistent with a value
for boric oxide of 0.03 £ 0.0l measured by
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Blixckburn  (1965).  (The Blackburn value wis
brought to this author’s attention subsequent to
determination of the best fit value of 0.04)
Substitution of this value into equation (1) veelds
k'ar = 46.2{Pr;, where the particle radius s now
expressed in microns. In Maceh’s-¢xperiments. the
particle radii were 17.5 to 22 microns and the
pressure was one atmosphere. yielding A 7i~ 2,
Under typical afterburner conditions examned,
the particle radii ranged from 1 to 10 microns and
pressure ranged from | to 20 atmospheres. vielding
Ajor values of appronimately 0.210 5. Accordingly,
in the revised model no limiting assumption -is
made regarding evaporation-hinetics or osde gas
diffusion control {or-the oxideremov alstep-—rather.
these-processes-dare-vonsidercd-as-series Tesistances.

3) Water appears 1o have more  beneficial
cficct on boron particle ignition than would be
predicted by assuming that it diffuses through the
oxide Jayer to react with the boron core m the
same manner as oxygen. Accordingly, the moacl
has been modified to treat HiO vapor as reasting
ty a difftsion-limaned reaction with the borie onide
[H.O ++ B.Cs(/) - 2HBO,] to aid in removal- of
the oxide layer.

Mohan and Willlams (1972), hive developed
sinilar {though not identical) equations for the.
generation and removal of a boron onide kuyer on o
boron particle and the consequent vanatton in
particle temperaure with time. However. tather
than numerically integrate the resuluing equations
to determine whether or not a particle ignites and,

if 50, how fong the ignition time 1s. they have wahen.

« different approach to predict whether or not the
particle will ignite for a given set of boundary
conditions (with no informauon regarding the
time-involved). In this techmique., they convert the
boron and heric.oxide mass balance equations to
an equation for the derivative of oxide thickness
with time and use the-enthalpy balance to develop
an equation for the derivative-of particle tempera-
ture with respect to time. They then sei the
derivatives equal to zero and solve the resulting
algebraic equations for guasi-steady-state values of
oxide thickness and p‘uudc temperature for “he
given boundary conditions (particle size, surround-
ings temperature, ete.). They neat exanmune these
pomls for stability using a tincarization wechnque
around the quasi- slc.ldv state values. As part of
the current v.ok. this author -has applied Mohan
and Williams™ echnique to his cquations for the
basic processes vccurring during the boron particle
ignition. The basic differences  between  the
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stability analyses carried out by tais author and by
Mohan and Williams are:

1) Monan and Williams treat a planar gcometry
whereas this author treats a spherical geometry.

2) Mohan and Williams assume that the
removal of boric oxide from the particle surface is
gas-diffusion-controlled whereas this author treats
both evaporation kinetics and gas-dillusion resist-
ances in serics.

~3) Mohap and. Williams neglect heatloss from
the oxid¢ layer into the boron itself’ whereas this
author dazs not.

Results obtained. using the siability snalysiy
technique- and using -the numerical integration
treatment of the same basic equations are compared
ang discussed in a later section.

MODEL DEVELOPMENT

The boron ignition model employed is depicted-in
-‘krgure 1. 1t s a transient model treating particle
temperature. boron mass, and oxide mass (and,
consequently, oxide thickness) as time-dependent
parameters. Boric oxide is gencrated, boron is
consumed, and heat is released by reaction of
ovvegen which diffuses across the oxide layer with

boron at the boron-boric oxide interface. This
RADIATIVE CONVECTIVE
HEAT FLUX

"HEAT FLUX

SITE OF REACTION:
H,0lg) + B850 (¢} ~» ZHBO,(g)

BORON (solid or liquid)

By03 (liqui(ﬁ_/

SITE OF REACTION: j

8(5,0}+ 3/4 Opfg) = 1/2 By04(0)

O, CONCENTRATION PROFICE —-
KCROUSS LIQUID ByR5 LAYER

F1G. 1. Boron particle ignition model processes.

38

onide generation o assumed to be controlled by tne
diffusion of the oxygen through the liquid onide
layer. (Sample caleulations indicate that m excess
of 95 percent of the resistance of transport of
ovygen from the gas free-stream to the boron-borie
onide interface is in the hquid layer.) It is also
assumed that the keat released by this reaction
(and in fact any heat gained orlost by thezpashi- ie)
is distributed- rapidly-throughout the particle —that
is. it is assunred- that the particle 15 isotfiermal at
any given time. An eapression may be casily
derived for the difference between.partle surfuce
and center temperature as .2 funcuon_of the rate of

change of surface temperature:

JdONE.

Ts = Tep = (_‘—"—dr\l‘“)l . (3

bz,
Numerical calctlations indicate that for boron
particles being ignited by hot Mas streams except in
the later stages of thermal-runaway. for particles-of
10 microu radius. d7'dh < »--10* K second. Al
2000 "K. the thermal diffusiviey of boron is
approximately 5+ 10 *cm? sec.  Substitution of
these values into cquagton (2) vield . -rather
negligible temperature differential from- surface 1o
center of 17 K. Similar calculations for other
particle sizes yicld the same results since the
maximum  d7df value is essentially inversely
proportional to the square ol the particle radius,
It should be noted hawever that this a. amption of
an isothermal particle is totally untenable for heat
fluxes »ssociated with laser-ignition and the model
therefure cannot be used for laser-ignition studies.
While oxygen is diffusing in through the liquid
oxide layer to convert boron to boric oxide and
:2lease heat. boric oxide is simultancously vaporiz-
ing at the outer surface and ditfusing out to the
free-strcam.  As previously mentioned. both the
finite kinctics of vaporization and the diffusion

-process arc considered as series resistances con-

trolling this type of ovide removal. In addition,
in cases whepe the hot gas stream contains water
£15. this 11,0 is assumed to remove oxide from the
outer surface by a diffusion-limited reaction:
1LO() + B.Og() »21IBOug).  The model is
lisnited to treatment of low 14,0 concentraiions
(less than 10 to 20 percent)-thirough use of the lean-
gas approximation-in treatment of the H.Q and
HBO, dilfusion. Finally, hery is added to or
removed fron; the particle by convection and
radiation.

The careful obserser may note in examining

R
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some of the figures presented herein and considering
the vapor pressure versus temperature relationship
of-beric oxide that in some cases the vapor pressure
of the oxide exceeds the total pressure and that
boiling should thus be considered. Hswever, at the
times that such situations occur the oxide layer
is only on the order-of-10G Angstroms thick and-it
is not clear to this author-tkat the phenomenon of
generation of unlimited surface arca for vaporiza-
tion associated with boiling will occur. Accord-
ingly, the phenomenon of boiling is-not considered
and the suiface arez avaiiabls for transport of the
boric oxide from liquid to gas.phasc is assumed to
remain equai to the particle geometrical surface
arca. For ail cases studied, the-calculated partial
pressure of boric oxide gas at the surface does not
exaeed approximafely 19 to 20 percent of the total
pressure until well into thermal runaway since,
-due to the low evaporition coeflicient of the boric
onide, the pressure of oxide.at-the surfiice-remains
considerably ‘less than the cquilibrium vapor
pressure. (See equation (8).) The dark period
observed-by Madek (1969) between the first bright-
period and the subsequent very:bright periodinthe
history of an igniting boron particle iw his flat-flame
burner is probably due to the superheated oside
finally flashing off during some part of the thermal
runaway. temporarily blocking the inflow of oxygen
to the particle and causing a temporary temperature

drop- ~this part of the overall history is not included-

in the model.
With the above asse-iipuons ond limitations,
the following_three cquations (boron mass balance,

oxide mass balance. enthalpy balance) may be-

written {note that three different eathalpy balances
must be cemployed depending on whether the
particle temperature is less than. equal to, or
greater than the melting point of boron. 2450 ‘K;:

drp _ B‘l}(ﬂ”')"

= — 3)
dl 4z15.pn
(L«E‘ - (R ,;{.2 - R},._ —" R"\(AI”;)HQU, (4)
dlj 47 pppL0,
ar. _
di

(Ru(Qn.\') — KMy p) = Ry Ally l

l -+ 477“')- + X) I

X [T, = Tp) + arr dThan— T
(N=rhpucrps F 477 1X pRy0yCiao

(5a)

(T < M0 K, f=0)

‘R“(Q“‘\') - R,_(..\’I\ \l') - R” .\li” l

l -+ 477(1’,, 4 .\')' J

X [T, = T + 6rag T o — T3]
(D7rppu My,

(5b)
(Tp = 2450 K.O<Zf< D)
dTp
do
Ri(Qpxa) =~ RydAly () — Ry ANy, l
4 dm(rp 4 NV
X T, — 7)) + aragd Thran — 7';')1J

Ay —_, 2y -
(.\)‘.’rl PLCrBl + 4 1..\ P01 Cp Bt

(50)
(Tp > 2450°K. f=1)

Equation S5a expresses the rate of change of
particle tempersture for temperatures below the
melting point of boron (2450 “K) with df. d0 being
zero during this period. Equation (5b) expresses
tie rate of change of fraction of the boron melted
at the.boron meltung point. d7p.id0 being zero until
/ reaches unity. Finally. equation (5¢) expresses
he rate of change of particle iemperature for
temperatures in excess of 2450 "K., f being unity
and dfidl being zero in this region.

Ry ie the molar consumption rate of boron.
R is the molar rate of vaporization of boron
oxide, and Ry, is the molar rate of removal of
boric oxide by the reaction H,O -+ B.O4(l)—
2HBO,. (Sec Nomenclature for definition of
other symbols).

Talley and Henderson (1961) data were used in
cvaluation of the molar consuniption rate of ‘boron
(as limited by diffuston across the liquid B,O,
fayer). With the usc of Henrv's Law, the Wilke
correlation for diffusivity of a.gas through a liquid
as a function of viscosity. and an Arrenhius
viscosity—temperature law, tl.2 following equation
form may be ¢erived for Ry,:

dz(rp + XPK e BT (P )T
x

Rl;' = (6)
‘Talley and Henderson measured the oxide kaver
thicknesses at two temperatures in their experiments
conducted with boron rods at one atmosphere
oxygen pressure. In addition, they reported the
borua tonsumption rate per unit sample arca for
these two test conditions. These data permit
evaluation of the constants K, and A, in cquation
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(6). The resulting expression for the molar
consumption rate of boron is:

64.8(10%)(r pp 4 XV Tpe™>™71(P,,,)
X

In the development of an expression for Ry, (the

molar rate of evaporation of boric oxide from the

particle surface) both the kinetic limiations on

evaporation rate and the diffusional limitations on

transport of boric oxide gas trom adjacent to the

particle out to the free-stream were considered as
series resistances—thus,

Ry
d=(rp 4+ XY

Ry

™

v
’

— U > ¥
= 2 P05 — Ppaos,custace)

= k“’u:ﬂa.*urmvo - P"z“‘l.t) (8)

In this study, it was assumed that the partial
pressure of boric oxide in the free-stream (far from
the particle) was zero, Thus, thru. manipulation of
the two equalities in equation (8). the cxpression
for R, may be rewritten as:

Ry = dx=(rp -+ XParPh.ol(1 + 2/k) (82)

Following substitution of expressions for the
Hertz-Knudsen impingement factor », the boric
oxide vapor pressure (Py,0,), and & (equations (9),
(10), and (11)) into (8a), we arrive at equation (12)
as a final expression for Ry:

i SR'T),
"EARTN (MW,
= 3307} * molfem® atm sec {9)
Piyios = LS+ 10% 10T (10)
- Do N0 _ LISOT) T N) an
RT(rp + X) Prp + X)

1005 - 10"(rp 4 XYueT 1M1
BT 4 (4.50(1092P(rp + X Tp(N)]
(12)

Regarding the action of water vapor in the
ignition of boron particles, it is assumed that the
water gas reacts in a diffusion-limited endothermic
reaction, H,0(g) + B,Os())— 2HBO.(g) at the
outer surface of the oxide layer, removing oxide
and absorbing heat. Thus, the molar rate of
removal of oxide by this process, Ry. may be

expressed as:
Ry
dz(rp + XV
_ DII:O..\‘:(NU)
2r, + XIRT,.
4("[. + X)RT,.
(assuming that the partial pressure of HBO, in the
free-stream is negligibly small).

A relationship between the partial pressures of
H.0 and HBO, at the surface provided by thermo-
dynamics permits elimination of these quantities
from the two equalities-of equation (13) to yield

with use of equation=(*4) (Gilliland (1934)) for the
diffusivities, equatien (15) for R,

P“r_'(),’/, - P}I:o,anrtn(c)

(Phnos.uttace) (13)

T
PO 4 VA

N J )
(a\”l')i (“”r).\‘:
Ry = (9.15 - 107 PYNu)(rp, + X)T?

r 2
X cxp | 181 (! - "-;QQ)] X [-—0.15
ll
e
+N/0'0225 + Pio,, oXp [_IS.I (‘ - ~.100):H

rlr

D,x.=43-107°

135)

The following values were used for other param-
cters appearing in equations (3-5), (7). (12),
and (15):

My = 10.82
pi = 233 gm:em®
MWy 0, = 69.64
Pr.0, = 1.85 gm’em?
Qnx = 146.000 cal/mole
Al yp = 90,000 calimole
Al = 75.000 calimole
= 0347 - 10 Y(NWTY (rp 4 X)
calfem® sec °K
=08
oy = 1.0
Cppx = 0.507 + 7.0 - 107 3T, calfgm °K
Cp":n, = (.438 Ci\‘;g“\ K
A/l = 498 callgm
clrm = (.675 Cll"gln C‘K.
Q2 = 151,000 calymole
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For all of the cases considered to date in this
study  the Nusselt Number was set equal to 2.
That s, it was assumed that the particle is essential-
ly stationary with respect to the surrounding gases.
This is obviously not the case for a particle released
into a high-velocity gas stream for times very
shortly after such release.  For treatment of such a
sttuation. the model may be simply modified by
addition of a velocity-lag equation and suitable
Nusselt Number versus Reyvnolds® Number relation-
ships. For cases of practical interest, by the time
the particle is sufficiently hot for the reaction heat
release terms in equation (5) to be significant, the
particle velocity has equilibrated sufiiciently with
the gas velocity to yield a Nusselt Number of
approximately 2. This analysis is meant to deal
only with the ignition period (defined as the period
from initiation of first particle glow to initiation of
the second stage of combustion), the preceding
heatup time having been treated in the study by
Macek (1969). As mentioned carher, the evapora-
aon coeflicient, =, was varnied parametricaily in the
carly phases of this study, a value finally being
chosen (0.04) which gave good agreement between
prediction and Madcek’s experimental data,

The above set of equations [(3-5), (7). (12),
(133} was converted to difference form and pro-
grammed for numerical solution on the computer.
The following quantitics were supplied as input
parameters: pressure. free-stream oxygen partial
pressure. free-stream water partial pressure. ambient
temperature, radiation temperature of the sur-
roundings, initial oxide layer thickness, initial
parucle radius. and initial parucle temperature,
Outputs included particle radius, oxide thickness,
particle temperature, oxide mass, boron mass,
oxrde generation rate, oxids evaporation rate, and
rate of removal of oxide by water vapor, all as
functions of time. These calculations were per-
formed for sufficient time to permit conclusion
that for a given set of input conditions particle
ignition would not occur, or if it did occur, to
quantitate the ignition delay time.

As a sccond approach to calculating ignition
limits (minimum required ambient temperature for
ieniuon) the stability analysis technique used by
Williams (1972) on a somewhat different set of
equations describing the various processes occurring
during boron ignition was applied to the above
cquations. Numcrical calculations indicated that
the total boron plus oxide mass changed only very
slightly during the ignition process for particle
sizes of interest and that the stability analysis in
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all cases of practical interest should be applied at
particle temperatures well below 2456 K (boron
melting point). Accordingly. equation (5a) was
used (rather than (5b) or (5¢)) in this analysis.
and equation 3 was not used, r,. and (rp 4 X)
being set equal to their initial values. In addition,
use of this analysis was limited to no-water cases.
climinating the need for cquatton (13). Finally,
the variation of ar-k with particle temperature was
neglected as a- second order effect. With these
approximations, equations (4, (3a). (7). and (12)
may be reduced to:

d_-r£ _ A T"cs‘.!'.!.l‘.()l)"l'l' B(.‘ 110007
do X R
+ C(T, = Tp) 4+ D(Tiap~— T}) (16)
AX  ETpe 2901Tr  p, —3000.Tr

= - - 17
d0 X Y (

where A, B, C. D. E, and F are functions only of

the boundary conditions (pressure, oxygen partial
pressure, ambient temperature) and the initial
particle size, independent of 7%, and X

A = fi (Initial Particle Size, Py,)
B =, (Initial Particle Size, P)
C = f; (Initial Particle Size, T',)
L = f; (Initial Particle Size)

1: =f5 (P():)

F = f; (Initial Particle Size. P)

For a given set of values of boundary conditions
and a giv:n particle size, equations (16) and (17)
may be set equal te zero and solved for quasi-steady
ralues of particle temperature (7)) and oxide
thickness (X). The stability of this solution can
then be investigated by linearization abou! this
quasi-steadv-state. Such lincarization results in:

dTp ’ !
—L = _MX 4+ NT ¢
m MX + i r (!q)
dX’ T
L sy UT) 19
do l )
where:
M= AT l‘c,::-:,couz‘l',.l xe (20)
=22.600£7 22.60(
N = Ae _ r(l -+ ,-.)0)\)
Y Ip
Be= 31000 Tp g | 44,000 3
e \ar, T ) T
l' -~ I) ’.
(21)
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S = ET 280077t 72 (22) solve for the corresponding Vyalues. Equation (28)
is finally used to determine the unstable and stable
L= B 22000 T, 22,600) portions of cach 7'~ curve—the dotied line in
- v (I + T Figure 16 indicates the boundary between the
. P &

+ F(ﬂ < L0000 '['l,( ] ﬂz’im_s)

.rl ) -

Py e (3
g 2T, T )
Diflerentiation of equation (18) and subsequent
substitution of equation (19) yields:
Ty Ty .
—L o (5- Ny—L 4 (UM =SNMT,=0 (24)
/e d0

for which the general solution is:

7""

]

kl(,nuo + k;'cmzl)

—(S—=N)E (S — NP —4HUM — NS)

5

il

nmy

(25)

Examitnation of this solution indicates that for
stabulity , both roots (m, and m;) must be negative,
which n turn requires that:

S>N (26)
UM > NS @7

Numerical substitution indicates that if the second
incquality 15 satisfied, then the first one is also
satisfied-—thus, for UM > NS the solution is
stable and the particle does not ignite, while for
UM < NS the solution is unstable and the particle
ignites. Algebraic manipulation shows that the
inequality required for stability (27) reduces to:

0.5 41000 . . - .
(3 - =5 JICTe = To + DTS = Thaw)
e r

+ CH+4DTH >0 (28)

Equations (16). (17), and (28) arc used in the
following manner to examine ignition limits for
ignitton of boron particles in a hot gas strcam.
Farst, tie surroundings radiation temperature, the
gas stream temperature. pressure. and oxygen
partial pressure are chosen. Equation 16 is then set
equdl to zero and solved for the quasi-steady-state
temperature values for various particle sizes. In
this manner, curves of T, versus particle radius are
generated  for varous ambicut  (gas  stream)
temperatures (as shown in Figure 16 for P =1
atmosphiere. Py, = 0.2 atmosphere. 7y, = 300
K). Lquation 17 (set equal to zeroy is then used to

4

stable and unstable solutions (ignition versus no
ignition). Results and micrpretation of this analysis
are presented in the net section,

RESULTS AND DISCUSSION

In Figure 2, plots of particle- temperature. oxide
layer thickness. fraction boron melted. oxide mass
generation rate, and oxide mass evaporation raie
versus time are presented for a typical case n
which the numerical analysis predicts parucle
ignition. The particle treated is 20 microns in
diameter with an initial oxide layer thickness of
0.1 micron and an mital temperature of 1300 K.
The pressure is S atmospheres, the oxygen mole
fraction is 0.2. and the ambient temperature and
surroundings radiation temperatures are  both
2100 K. As may be seen, once the partcle
temperature exceeds appronmately 2000 K., the
oxide cvaporation rate rises above the oxide
generation rate, resulting in thinning of the ovide
layer. Particle temperature continues to mcrease as
the oxide layer thins until the boroa melting point
is reached. At this point the onide thickness and
temperature  femam  constant  while the boron
melis (this process requiring approximatels 13 per-
cent of the total ignition time). After the boron
has melted, the particle temperature resumes its
risc and the oxide laver thins enough that the
self-heating term  (limited by oxygen diffusion
through the oxide layer) becomes so large as to
cause @ thermal runaway. At this point. the super
heated oxide probably flashes off of the panicle.
temporarily intecrupting the influx of oxygen and
resulting in the dark period observed by Malck
(1969)—this process. as mentioned earlier. is not
included in the model.

In Figure 3. similar results are presented for o
tase identical except fur reduction of the ambient
temperature and effectine surroundings radiation
temperature by 100 'K to 2000 K. The initial
stages of the process are quite similar  however,
heat losses to the surroundings when the particle
temperature rises above the 2000 'K ambient
temperature are suflicient tu retard the evaporation
rate sufliciently that it drops back to the generation
rate with the result that the oxide layer ceases
thinning. In this case (referred to as a degenerate
ignition case) a stable quasi=steady-state is reached,
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FIG. 2. Predicted time dependence of important variables for particle which ignites.

the temperature levels out to a steady value, and
ignition does not oceur.

Figure 4 presents results for a third similar case,
this ume with a further 100 °K reduction in ambient
and radiation temperature to 1900 °K. In this case,
the oxide evaporation rate never does exceed the

BORON PARTICLE IGNITION IN HOT GAS STREAMS 263
3000 14 14 14 14 :
Tpo=1800°K  REVAP-N
PO, = 1 ATM
2800 1.2 1.2 1.2 12~ UNIDE —p=65ATM
THICKNESS P, o= 0 ATM l
o t&
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FRACTION o
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1800 02 02 02 02 4 ]
REVAP \
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generation rate and the oxide layer continuously
thickens, no ignition occurring.

Macek (1969) studicd the ignition and combustion
of 35 and 44 micron diameter boron particles in a
flat-flame burner. The partial pressure of oxygen
in the burner flame was approximately 0.25 for most

FIG. 3. Predicted time dependence of important variables for degencrate ignition case.

43

3000 14 14 14 14 ‘
i
2800 12 12 12 1] P
|
/\
2600 1.0 1.0 10 1] S S
3 F]
- 2 %
_ 2400 08 Eo8 Eoe So0s8). . ..
L. 0. 0%
& - |
3 2200 06 306 206 206 z .m}.- -
& ] & PARTICLE TEMPERATURE t
& = o« /- i X !
g 2000 04 04 04 04 Y i :
¥ Tpg™1800 K  Tpap = 2000 K
£ | PO, =1ATM tp o= 104
z >
i 1800 0.2 0.2 02 0.2 . — P~ 5ATM - a= 0.04 .
5 i Py.,0=0ATM XOEO.I;I
T,y = 2000°K
1600 0 0 o o : = ! |
0 2 4 G ) 10 12 14 16
TIME {msec)




FIG. 4. Predicted time dependence of important
varizbles for particle which does not ignite.

of the tests. with a total pressure of one atmosphere.
Water gas was present in several of the tests.
Single boron particles were injected into the flat-
flame burner product stream and their history was
observed with time-resolved photography. The
particles were observed to glow briefly. die out for
a short time. and finally glow brightly (full com-
bustion) until consumed. Heat and momentum
transfer calculations indicated that the first glow
occurred at 1900 °K, a temperature which the
model indicates would be reached with negligible
contribution from the boron-oxygen reaction.
Ignition time was micasured as the time between the
appearance of this first glow and the appearance of
full combustion.

These experimental results were used to check

14 . T . r
the ignition model. Since the initial oxide thickness W\ ! w00l O D meuNT FORPARTICLE
on the particles was unknown. calculations were 12 ',7\‘ O DATAPOINT FOR PARTICLE

performed with initial thicknesses of 0.02 to 0.10
microns (a range likely to emcompass the actual
initial thickness)—variation over this factor of 5
resulted in only about 20%, variation in the
predicted ignition time. Predicted and experi-
mental results for a series of tests in which- no
witler was present and the oxygen mole fraction in

the burner product gases was approximately 0.25 s— PN S s ==
are presented in Figure 5, in the form of ignition P . —_——
ime v bient g: ature for cach of th 2[.7e, > 225A™ _| assumep iviTiaL oxie i
time versus ambient gas temperature for cach of the Pg0*0 THICKNESS » 0.1% T oeom
two particle sizes (17.5 and 22 micron radius) for Pt ATM Tp 0 = 1900°K i

* . 3 1 i 1
several assumed values of the boric oxide evapora- Do 700 2300 2900 2500 2000 2100 2800 2900 300w

tion coeflicient (). As may be scen. use of & = 0.04
gives quite good agreement between experimental
data and prediction. Accordingly, a value of 0.04
was used for o in all further studies.

MERRILL K. KING

Another test of the model is its capability to

14 14
| predict the minimum ambient temperature required
12 12 /uﬁe TS for ignition of the particles, a value also measured
| by Matek (1969). For a dry gas stream at onc
10 IO 10K T Tae 1900 atmosphere with an oxygen partial pressure of
3 % | eoperam Taap ® 900K approximately 0.25 atmospheres, Madek found the
Jos $os - P AT 0 10 minimum gas temperature requited for ignition to
e 2 2 [ Xpeou be 1960-1990°K wiien the diluent used was
209 506 R R nitrogen and 1930 °K when the diluent was argon.
g g PARTICLE TENPERATURE This compares extremely well with the model
o4 o4 —i 7 which predicts a minimum ignition temperature
/-—-;—i——‘—~ under these conditions of 1950-2000 °K. (The
02 T X range of temperatures given, rather than a precise
o o | ©_ RGEN value, results from the fact that bcl_\\./ccn 1950 jK
o . 1 and 2000 °K, the model predicts ignition. but with

‘ignition times of greater than 30 milliseconds. the
maximum particle residence time in Madek's
apparatus.)

As indicated in the model-development section,
an attempt was made to incorporate the effects of
water gas cn boron particle ignition into this
model. In Table I, predicted and observed ignition
times for exact test conditions employed by Macek
are presented for ail of his tests, including thosc
with water gas in the flat-flame burner product
stream. As may be scen, based on limited evidence,
it appears that the model underpredicts the cfiect
of oxygen partial pressure on ignition time relative
to the effect of ambixnt temperature. More
important, the model grossly overpredicts the
effect-of water vapor on the ignition time. More-
over, with a water mole fracticn of approximately
0.15-0.20, Macek observes a minimum ambient
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FIG. 5. Predicted and observed ignition times for
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TABLE I. COMPARISON OF MEASURED AND PREDICTED IGNITION TIMES FOR
: EXACT CONDITIONS USED BY MACEK (1969) IN FLAT-FLAME
BURNER BORON PARTICLE IGNITION STUDIES.

ProtaL=1ATM
; a=0.04
: - TRADIATION = 300°K
: ASSUMED INITIAL OXIDE THICKNESS = 0,1u
o IGNITION TIME {msec)
: Po, (atm) Ph,0 (atm) Too (°K) PREDICTED __ OBSERVED
‘ a. PARTICLE RADIUS = 17.24
: 0.23 0 2280 5.26 44
: 0.20 0 2430 3.85 4.8
' 0.23 0 2870 2.24 34
0.20 0 2400 4.09 5.0
: 0.08 0 2510 2.82 *
; 0.28 0 2490 3.50 3.6
) 0.37 0 2450 3.72 2.1

0.19 0.16 2240 149 4.0

0.21 0.16 2330 1.76- 3.5
. 0.19 0.19 2430 1.20 3.8
¢ 0.20 0.21 2640 1.00 2.6
b. PARTICLE RADIUS =-22.14
0.23 0 2280 7.99 5.5
: 0.20 0 2430 5.83 5.7

0.23 0 2870 3.40 5.0
: 0.37 0 2450 5.61 3.3
! c.19 0.16 2240 230 7.2
; 0.21 0.16 2330 2.76 5.8
e 0.19 0.19 2430 1.88- 6.1
0.20 0.21 2640 1.55 5.6
i *IGNITED, BUT IGNITION TIME NOT MEASURED
: temperature required for ignition of 1870-1890 wdas unsuccessful. A possible eaplanation is that

“K.: the medel predicts ignition with this amount  such-a reaction (which is quite endothermic) 1s in
of water vapor at as low as 1600 °K (the lowest  actuality-Kinetics-limited. However. this author is

: ambient temperature tested in the program).  unawarc ofany data on the Kinetics of this reaction,
i Thus, it appears that the attempt to model the  Therefore, the-attempt to mode! the effect of water
. effect of water vapor on boron particle ignition by ~ vapor on boron particle ignition has been dis-
: assuming a diffusion-limited reaction, -H,0(g) + continued (at least for the time being) and the
: B,O,(/) -~ 2HBO,, removing oxide from the surface remainder of the work conducted in this study is
£
g
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fimited to ignition of boron particles in dry gas
streams.

The mode} of boron ignition developed in this
study (minus considerations of the effects of water
viipor) involves seven independent  variables,
values of which must be input to the resulting
iumerical computer program for prediction of
particle ignition time. These parameters are:
initial oxide thickness. initial particle temperature,
initial particle size. ambient temperature (surround-
Ings  gas temperature). cflective  surroundings
radiation temperature. pressure, and oxygen molé
fraction (or partial pressure). As part of this
study. each of the above independent parameters
(except initial particle temperature} has been
< stematically varied to determine its effect on
whether the particle will ignite and, if so, what the
ignition time will be. Results of these parametric
studies are presented in Figures 6-15 and Table 11

In Figare 6, the effect of assumed initial oxide
thickness over a five-fold variation on ignition
ime is presented. As may be seen. the smaller
particle ignition times are more sensitive (o assumed
initinl oxide thickness. With a one micron radius
particle. itcreasing the assumed initial oxide
thickness from 0,02 microns to 0.10 microns approxi-
mately doubles the predicted ignition time. while
for 13 micron radius particles. similar variation in
assumed mital thickness changes predicted ignion
time only 20 10 25,

The effects of pressure and oxygen mole fraction
in the gas free-stream on minimum gas temperature
required for particle ignition are shown in Figures
7 and 8. These calculations were all performed for

24 T T T T ; T T

IGNITION TIME FOR PARTICLE WITH
2z 0.1u THICK OXIDE COATING -
|GNITION TIME RATIO ~ IGNITION TIME FOR PARTICLE WITH

002, THICK OXIDE COATING

g 20 i g
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£
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F1G. 6. Effect of assumed initial oxide thickness
on predicted ignition time,
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FIG. 7. Minimum gas temperature required for
ignition versus total pressure for various oxygen
mole fractions.

particles of 2 micron radius with an initial tempera-

ture of 1800 °K and an initial oxide thickness of

0.02 microns.  Similar trends were noted with
other particle sizes and initial oxide thicknesses.
As shown in Figure 7, increased total pressure
raises the gas temperature required for ignition at
low oxygen mole fractions. but lowers the required
gas temperature at high oxygen mole fractions.
When the data are cross-plotted as shown in
Figure 8. it is seen that the gas temperature
required for ignition is independent of oxygen
mole fraction at one and two atmospheres total
pressure, but shows increasing dependence on
oxygen mole fraction at higher total pressure.
required temperature decreasing with increasing

2200

l :- 20 ATM Teo=1800°K X 1ATM
2150 EX L o2 O 2amM
] i Xg # 002 A saATM
z % ThaD " Teo T 1AM
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FIG. 8. Minimum gas temperature required for
ignition versus oXygen mole fiacuon for various
total pressures.
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FIG. 9. Ignttion time versus total -pressure for
vartous oxygen inole fractions at To = 2200 K.,

oxygen mole fraction. These fairly complex
dependencies result from interaction of the effect of
onygen partial pressure on the onide generation
rate and the cffect of total pressure on the oxide
removal rate (increased total pressure leading to
increased resistance to diffusion of B,O; gas away
from the particle). Sunilar effects on the ignition
tume at a fixed gas temperature as functions of
total pressure and oxygen mole fraction are shown
i ligures 9 and 10, Atlow oxidizer mole fractions,
igniton  wine  mcreases  With  increastag  total
pressurc while at high oxidizer male fractions, the
pressure dependency 1s reversed. Sunilarly, at one
atmosphere total pressure, igntion time is predicted
to be mdependent of oaygen mole fraction while
at hagher total pressures, 1gnition time decreases
with increased oaygen mole fraction. the sensitivity
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FIG. 10. Ignition time versus oxygen mole fraction
for various total pressure at Ty, = 2200 ‘K.
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FIG. 11. Oxide cvaporation rate versus time at
various total pressures at fixed oxygen mole fraction.

increasing continuously with increased total pres-
sure,

The cause of the increase in ignition time with
incraasing total pressure at fined oaygen mole
fraciion for low oxygen mole fraction (0.1, 02) is
shown in Figures 11 and 12, where the oxide
removal rate and particle temperature are plotted
against time. As indicated on the figures, the ratio
of oxide evaporation rate (o the evaporation rate
that would be observed in vacuc decreases with
increased pressurc, since the diffusional resistance
to oxide gas removal from the vicinity of the
particle increases. Since. for fixed oxygen mole
fraction, the oxygen partial pressure increases with
increased total pressure. carly in the process the
rate of diffusion of oaygen through the oxide layer
for reaction with the boron to release heat .nereases
with increascd total pressure, leading to a faster

3200 .
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FIG. 12. Particle temperature versus timc at various
total pressures at fixed oxygen mole fraction,
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temperature rise as shown in-Figure 12. However,
the increased total pressure also dJecreases the
oxide removal rate at any given-temperature with
the net result that tne removal rate increases only
very little with increased pressure during the early
stages. less than the generation rate increase.
As u result, the oxide layer thickness versus time
is higher in the higher total pressure cases, eventu-
ally causing a decrease in heat release rate despite
the higher oXygen partial pressure so that the
temperature versus time curves cross in Figure 12,
temperature rising more quickly with time in the
low total pressure case than in the high total
pressure case. This. combined with the higher
diffusional resistance to evaporation in the high
pressure case-causes the oxide removal rate to lag
well behind that in the low pressure case in the
later stages. The net result’is an increase in ignition
time with increased total pressure at fixed oxygen
mole fraction, ambient temperature, ctc. At
higher mole fractions of oxygen on the other hand
(0.5 and 1.0) the increased retardation cf oxide
removal rate associated with increased total
pressure is overshadowed by the increased heat
relcase rate associated with the higher oxygen
partial pressure, resulting in decreased ignition
time with increased total pressure at fixed oxygen
mole fraction, ambient temperature, ctc.

The effect of particle radius on minimum
ambieat temperature required for ignition was abo
studied. Results, presented in Figure 13, indicate a
decrease in minimum required gas temperature
with increasing particle size for pasiicles in the
1 to 10 micron radius size range. (The upper end
of cach bar indicates the lowest temperature
examined which resulted in ignition while the lower
end indicates the highest temperatare investigated
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FIG. 13. Efficct of particle -radius on minimum
ambicnt tem}.crature required for ignition.
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which did not result in ignition). The.dependency
noted with these small particle sizes (1 to 10 microns)
is associated with the oaide removal rate being
mainly evaporation hinetics hmited (kjor 3 1) for
the smaller sizes.

In Figure 14, predictions of ignition time versus
particle radius for particles which are predicted to
ignite arc presented for several gas temperatures
ranging from 2050 °K to 2200 K. Fcr the higher
temperatures, the ignition time increases mono-
tonically with increasing particle radius due to the
increase in parcticle mass 1o surface area ratio
with increasing radius. At the lower surroundings
temperatures, however, predicted ignition time
decreases with increasing particle radws at the
lower sizes and then increases with further particle
size radius. This region of increasing igmtion
time with decreasing particle size is associated
with the increase in mintmum required gas tempera-
ture for ignition with decieasing particle size.

The effect of ambient temperawre on predicted
ignition time (radiation surroundings temperature
being set equal to ambient gas temperature) is
shown in Figure 15. Ignition time may-be seen to
be quitc sensitive to gas stream temperature,
ignition time decreasing with increased gas tempera-
ture. This sensitivity increases with decreasing gas
stream temperature and increasing particle size.
Finally, the effect of varying surroundings radiation
temperature at fixed gas stream ambient tempera-
ture is shown in Table H. As would be cxpected.
ignition time decrea: es with increasing serroundings
radiation temperatuse, all other parameters bemg
held constant. In fact, for a gas stream temperature
of 2050 °K for the conditions studied, particle
ignition will not occur for a surroundings radiation
temperature of 360 K or 2050 "K. but will occur
for radiation temperatures of 2300 “K or higher.
ignition time decieasing markedly with [furthes
increases in radiation temperature-above 2500 K.
This, of course, implics that conditions for ignition
of an optically thick boron cloud or a boron
aluminum or boron/magnesium cloud” should be
much less stringent than for ignition of a single
boron partiele in a transparent gas stream looking
at relatively cold radiation surroundings.

The stability analysis described-in the previous
scction for determination of whether -or not a
boron particle will ignitc for given boundary
conditions wprs employed to genctate the information
presented in Figures 16 and -17 far a surroundings
radiation temperature of 300 K and a total
pressure of_onc atmosphere (independent of oaygen
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mole Traction). For each of several ambient gas
temperatures equations (16) and (17) (with the
dervatises set equal (o zero) were used (o generate
cunves of Ty (quasi-steady state temperature)
versus particle radius (solidh curves in Figure 16).
Equation (28) was then used to determine the
“stuble™ and “unstable™ portions of these curves.
For ambient gas temperatures below 1940 K.
upper and lower curves were found o el gas
temperature -m all soch cases, the uppar curve
represented unstable solutiens Ggmuony while the
fower curve represented  stable solutions (no
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FIG. 15 | fTectof gas temperats re on boron partide
rrmtion lime.

ignition). For ambient temperatures of 1940 K
and higher there were nght-hand and left-hand
branches. The dotted line drawn through these
curves separates the zpition region (above the
doded line) from the no-ignition region (below
the dotted line). it 1> of interest 10 compare these
curves to simslar curves generated by Williams
{1972). For the larger particle sizes. they are quite
stmitlar (not surprsing smcee for the farger sizes the
difiusional resistancee to B.O, removal dominates.
s asumed by Willams), However, at low
particle sizes the curves of Frgure 16 and those
presented by Williams differ markedly in that
Williams pred-cts no left-hand  branches of the
~olid curves. This dilference results from the fact
that he assumed dilfusion-limied 3,0, removal
even for small particle sizes whereas the model
presented  herem. which treats the evaporation
knetics and diftusin process a5 series resistances
mdicates that for the smaller sizes. the evaporation
hineties dominate.

laterpretation of the results plotted in Figure 16
is as follows, At anv ambient temperature below
1940 K. the particle will not ignite unless the
particle wemperature s nitially greater than or
cqual to the value given on the upper curve for
that ambient temperature for the given particle
radius,  Though this value of initmal particle
temperature is a necessary condition for ignition,
1L 1s not ¢lear that it » sufficien. -one can imagine
1 case where the imitial particle temperatuie exceeds
the necessary value, but the inttial onide thickness
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below the necessary value before the onide laver
thins sufliciently for thermal runaway.

For ambient gas temperatures of 1940 'K and
hizher, there are regions where there is no particle
temperature at which 7. d0 and dV d can
stultaneously equal zero. For mstance. for an
ambient gas temperature of 2000 K. this is the
case for particles with radii between 3.7 and
42 microns  Thus a quasi-steaa, state cannot
evst at 2000 K gas temperature for particles n
this size region and they will ignite for any initial
conditions. Quiside this region (targer or smaller
radius) @ minimum requiremient on witial particle
temperature exists for ignition. This requitement
is given by the portions of the 2000 “K pas tempera-
ture solid curves lying above the dotted line.
(Again, this is a nccessary but not nccessarily
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TABLE Il. EFFECT OF Tgap # Teo ON IGNITION TIME
tp= 21, Xg=0.021, POy =1 ATM, P=2ATM, Tp g = 1800°K

IGNITION TIME
Tm (OK) TRAD|AT|0N (OK) (mcec)
2200 300 c.2e8
2200 0.268
2500 £:260
3000 0.232
3500 0.201
2100 300 0.690
2100 0.557
2500 0.475
3000 0.370
3500 0.286
2075 300 1.901
2075 0.910
2500 0.658
3000 0.451
3500 0.322
2050 300 NO
2050 NO
2500 1.442
3000 0.600
3500 0.372
1+ so large that the panticle temperature drops sufli ation,  The numerical analyse must

or such cases to determine wiether
or not 1g wHl occur. However, since the
heat gener -ierns in equations (5) and (16) are
much more sensitive to particle temperawre than
to oxide thickness 1t scems likely that an miual
temperatire more  than 25-50 'K above  the
“necessary” value will resultin ignition for virtaally
any initial oxide thichness.)

As indicated, for cach gas temperature above
1940 K, there exists a range of particle sizes Tor
which ignition will occur independent of inital
conditions, this range being given by the right
most point of the left branch of the solid curve for
that gas temperature and the left most point of the
right branch. Thus. the data of Figure 16 may be
used to generate a curve of minimum ambient gas
temperature required to guarantee ignition (for

be pertes
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any initial conditions) versus particie radius. Such
a curve is presented for the case of one atmosphere
total pressure and 300 K surroundings radiation
temperature in Figure 17, As may be seen. there
is & mimmum in the curve at a particle rad s of
approaimately 15 microns.  Above this size the
required ambient temperature to guarantee ignition
under all mitial conditions rises with pasticle size.
This results from the fact that for large particles
wbsere difTusion controls the oxide removal rate, this
rte. which strongly influences the heat generation
tern. 1s proportional to the particle radius, as is the
rate of convective heat transport between particle
and surroundings while the radiation loss term is
proportional to the square of the radus.  Accord-
inglv. as may be shown from manipulation of
equittion (16) (with proper substituticn for A, B,
C. ete,) with the derivative set equal to zero,
increasing particle radius zequires a corresponding
inercase in gas temperature for the equality to be
satisfied.  Below a particle radius of approximately
13 microns however, control of oxide remcval rate
shilts to vaporization kinetics with the result that
the heat generation term is controlled by a param-
cter which is proportional to the square of the
particle  radius.  Morcover. this term s large
compared te the radiation term. Manipulation of
I:quation 16 shows that in this regime. increasing
particle radius requires a corresponding decrease
in gas temperature for the derivative to be zero.
Abo shown on Figure [7 are results of numerical
calculations of minimum ambient temperature
required for ignition for four different particle
radn. (The upper end of the bar indicates the
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lowest temperature tried for which ignition
occurred while the lower end indicates the highest
tested temperature at which ignition did not occur.)
As may be seen, agreement between results ¢f the
stability analysis procedure and the numerical
integration technique is excellent,

Thie shape of the curve in Figure 17 leads to some
interesting consequences for particles above 15 u
radius. As indicated previously, the stability
analysis was performed using the initial particle
radius in the various equations (neglecting change
in the radius during the ignition process). Accord-
ingly, the numerical analysis results for the 50 y/
radius particle skown in Figure 17 were generated
with the particle radius held constant. If on the
other hand, the radius is allowed to vary. the
particle, after an initial transient, quickiy reeches a
quasi-steady state in which the -temperaturc and
oxide thickness remain nearly constunt and the
particle radius slowly decreases. Eventually the
radius decreases far enough (say from 50 microns to
30 microns) that the minimum ambient temperature
for ignition decrcases correspondingly (in accord-
ance  with the curve of Figure 17, from
2030 °K to 1970 “K) that the particle may ignite
even though a particle with a radius held at 50
microns would not ignite—however, the times
involved are very long (thousands of milliscconds)
compared to the times associated with the normal
ignition process.

As part of this study. a fundamental question
regarding applicability of the stability analysis
approach was examined. Namely, this analysis
involves solving for a quasi-steady-state tempera-
ture and oxide thickness for given boundary

0
20T 7T
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FIG. 17. Minimum gas temperature required to
insure ignition for any particle initial conditious,
Tian =300 K

T A TR i i — -




T yTy— e
B G A et 3T R

- ~ S

22

conditions and examining this point for stability:
the question arises as to whether one, starting from
an arbitrary point in the particle temperature~
oxide thickness plane can expect 1o follow a path
in this planc which will take them close enough to
the quasi-steady-state particle temperature—oxide
thickness point associated with the given boundary
conditions for the lincarized stability analysis to
apply. It is quite unlikely that this can be achieved
for all initial conditions for a given set of boundary
conditions. However, results from the numerical
analysis showing essentially no dependence of
minimum ambient temperature required forignition
on initial conditions and the good agreement
obtained between predictions with the two analyses
indicute that for a wide range of initial conditions
the path followed in the particle temperature-oxide
thickness plane passes close enough to the quasi-
steady-state point(s) associated with the given
boundary conditions to permit application of the
stability analysis. The results of Figure 18 in
which the paths followed by the particles in the
particle  temperature-oxide thickness plane are
plotted tor various initial conditions for onc zet of
boundary conditions show this clearly. -Over a
wide range of initial conditions. the paths may be
seen to pass quite close to the upper or lower
“stability™ points, with ignition occurring in some
cases and not in others. Thus, application of a
two-dimensional stability analysis to boron ignition
appears quite valid.

SUMMARY

A model of the ignition of boron particles treating
the remosval of a boron oxide layer f;om the surface
of the boron particle through numericai integration
of difference equations describmg the generation
and removal rate of boric oxide has been revised
to more accurately treat the various processes
invohed. This new model yiclds predicted 1gmtion
times and minimum ambient temperature require-
ments tor particles studied by Maek (1969) 1 dry
gas streams which are in good agreement with his
measured data. An attempt to treat the effect of
waler gas on boron particle ignition as -being a
dilfusion-limited reaction of the water with the
boric oxide coaling to form gascous 11BQO, was
unsuccessful.  Effects of various parameters on
boron particle ignition wer: studied with this
model. Oxide thickness was found to moderately
affect predicted ignition times. this cffect decreasing
with increasing particle size, The ecffects of total
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FIG. 18. Typical parucle temperature-onide thich-
ness paths followed by boron particles in oxygen-
containing gas strean,

pressure and oxygen mole fraction on minimum
ambient temperature required for ignition and on
ignition time were found to be fairly complen. At
low oxygen mole fractions. increasing total pressure
leads to more difficult ignition while at high oaygen
mole fractions, the reverse is true. At low total
pressure, ignition was found to be independent of
oxygen mole fraction: at high pressure, increasing
oxygen mole fractions lead to easier, faster
ignition.

Initial particle radius cffects are also somewhal
complex. For the case of surrounding radiation
temperature cqual to the gas temperatare. mini-
mum ambient gas temperature required for ignition
increases with decreasing particle size {or parucle
radii below 10- 15 microns. Ignition time generally
decreases with decreasing  particle size except
where affected by the ignition limit dependency on
particle size. Ignition time is predicted to increase
strongly with decreasing gas temperature.  The
same type of dependency on surroundings rudiation
temperature is predicted in the region of ambient
gas temperatures which are marginal for ignuion.

The same cquations used in the numerical
analysis have aiso been used in a stability analysis
to define conditions (e.g. ambient temperature)
required for ignition. Excelent agreement was
found between results obtained with the numericat
analysis and the stability analysis.

This study was supported by AFOSR under
Contract No. F44620-71-C-6124 and was monitored
by Captain L. R. Lawrence.
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PREDICTIONS OF LAMINAR FLAME SPEEDS IN BORON-OXYGEN-NITROGEN DUST
CLOUDS (Expanded Version of Paper Presented at the 15th Interna-
tional Symposium on Combustion)

Merrill K. King

Atlantic Research Corporation, Alexandria, Virginia

ABSTRACT

A detailed model of boron-oxygen-nitrogen dust cloud flames

including consideration of the details of boron particle ignition and the
cffects of oxygen depletion has been developed and used for prediction of

fiame speeds as functions of numerous parameters. Reasonably goud agreement
between measured flace specds and those predicted by this model has been
obtained. In addition, a simplified closed-form flame speed expression has
been developed and the effects of the various assumptions used in its develop-
ment on predicted flame speeds have been examined. The detailed and simplifiecd
models ftave both been used to study the effects of initial temperature, pressure,
initial oaygen mole fraction, weight fraction particles, initial particle size,
initial thickness of the oxide coating on the particles, radiation feedback
from the post-flame zone, and Nusselt Number, Mechanisms leading to the pre-

dicted dependencies are discussed.
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INTRODUCTION AND BACKGROIND

Boron is a particularly attractive fuel for air-breathing missile
engines due to its high volumetric heat of combustion. Among its possible
places of applicarion are air-augmented rockets, slurry ramjets, powder ramjets,
and external burning missiles. In combustor design for these applications,
information regarding laminar flame speed of boron-oxygen-diluent (e.g., boron-
alr) dust clouds and the dependency of this flame speed on various parameters
is important for proper design of flame-holding regions.

Considerable effort has been carried out over the years on develop-
ment of models for prediction of laminar flame speeds for all-gas systems:

(1)

reviews of these models have been presented by Dugger, Simon, and Gerstein s

(2) (3 (4)

Williams ,» Von Karman , and Stephenson and Taylor , among others. The
first two references contain excellent discussions of what Williams calls the
"eold boundary difficnlty". The problem referred to is that one cannot obtain
a unique value of flame speed if he allows finite rate chemical reaction at the
cold boundary of the system. This problem is avoided in practice by choosing

a temperature greater than the initial temperature of the stream below which
chemical heat release is set equal to zero and allowing the region between the
initial temperature and the chosen temperature to be heated by feedback from
downstream regions (the ignition temperature concept). A heat balance equation

of the following type may then be written at the location of this chosen tempera-

ture (X = 0 in the coordinate system closcn for use in this paper):

(¥4,/4) Ep (T, = T)) = A ﬂL . + R, (1)
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MT/A = mass flux

Eb = average heat capacity of stream between temperatures T0
and Ti

Ti = ignition temperature

T0 = initial temperature

>/
It

thermal conductivity of stream

g = temperature gradient at location where T = Ti

R, - ° = radiation flux across X = 0 boundary
Various approaches tc describing the temperature field for X » 0 and thus per-
mitting evaluation of the terms on the right-hand side cf the equation as
functions of the mass flux and various independent parameters are described
for gaseous systems in References 1 - 4: these permit determination of l:UA
and thus the flame speed for a given set of conditions. For given conditions,
only one value of mass flux will permit integration of the equations describing
the flame from the known initial conditions to the known final conditions 42 -
boundary eigen-value problem).

Several models have also been developed for prediction of flame speeds
in liquid sprays (e.g. Williams (2), Sundukov and Predvoditelev (5)). For the
limiting case of very fine droplets which atomize before significant chemical
reaction occurs, simple modification of the gas-flame models is adequate, while
for very large droplets where negligible vaporization occurs before ignition,
the modeling of the heat release distribution is also relatively simple. (Both
of these limiting cases are described well by Williams. (2))

In addition, several models have been developed for prediction of flame

(6)

speeds in coal dust-air clouds, Essenhigh and Csaba developed a model in
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which they assumed that the ignition temperature and flame temperature were
essentially equal and that all heat transfer back to the pre~combustion region
was accomplished by radiation from thair optically thick combustion zone.

Bhaduri and Bandyopadhyay @

extended this model by including treatment of
finite rate heat release in the cloud (dropping the assumption that the ignition
and flame temperatures were equal), but they also neglected conductive heat
feedback relative to radiative heat feedback. In addition, they made several
other assumptions and approximations, including:

(1) Temperature equilibrium between particles and gas at all positions.

(2) No change in gas density or dust concentration through the cloud.

(3) No ignition delay period (arbitrarily chosen ignition temperature

independent of all other variables.

(4) Heat capacities independent of composition and temperature.
For boron-air dust clouds, preliminary analysis indicates that conductive heat
feedback cannot be neglected since the zone in which the boron is burning is
physically and optically quite thin. (For typical cases, the ratio of the areca
subtended by boron particles in the combustion zone to the total geometrical
area is on the order of 0.01.) The physical thinness of the combustion zone,
typically less than 1 millimeter, indicated by this analysis also results in a
high value of temperature gradient and thus a large conductive flux relative to
the radiative flux from the combustion zone. Dcwnstream of the combustion zone,
all of the products are gaseous with a resultant low post-flame zone emissivity
for reasonable effective post-flame zone thicknesses (discussed further in the

(8,9

model development section). In addition, studies by King indicate that
with boron there is an appreciable particle ignition delay time which must be
included in any accurate description of boron-air dust cloud flames. Accord-

ingly, the two models referred to above are not applicable for prediction of
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boron-air dust cloud flame speeds.

Cassel, Gupta, and Guruswamy(ﬁg;eloped a closed-form expression
for calculation of flame speeds in dust clouds which included radiative and
conductive lieat feedback through use of an equation like Equation 1 with sub-

stitution of [(T ) / Flame Zone Thicknesé] for dT/dx'x =0

flame T ignition
and substitution of an expression for the radiation term which summed the
radiation contribution of all of the particles in the flame zorne, assuming
them to all be at the final flame temperature. The flame zone thickness was
estimated as a function of the flame speed by use of a d2 ~ burning law to
obtain the particle burning time and estimation of the ratio of densities of
the burned and unburned gases to permit conversion of this time to a distance.
This model is much more nearly applicable to the boron-air dust cloud flame
speed calculation problem than the two previously referenced models -- however,
it does have several shortcomings which are eliminated in the model developed
in this study:
(1) Particle ignition delay time is not treated analytically; instead
an ignition temperature independent of other parameters is assumed.
(2) Property (heat capacity, density, thermal conductivity) variations
with temperature and composition are not treated in detail.
(3) A linear temperature profile with réspect to distance is assumed
between the ignition and burnout points. It is easily shown that
a continuous decrease of the temperature gradient accompanips heat
release throughout the combustion zone -- thus the initial gradient

must be higher than the average gradient over the zone.

(4) The effect of oxygen depletion on burning time is not treated.
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(5) Change in gas velocity resulting from conversion of solid
reactants to gaseous products is not considered.
(6) A d2—law is used to describe the particle combustion. 1In the
pressure-particle size regime of interest in this study, Macek(ll)
indicates that a d'-law (kinetics-limited combustion rather than
diffusion-limited combustion) should be used for boron particle
combustion.
Without development of a detailed model treating the problems listed as items
1-5, it is not clear how severely these simplifications affect flame speed
predictions for boron-air dust clouds. (The effect of the last item, if large
extrapolations from particle sizes for which burn-time data are available to
particle sizes of interest are used is obvious.) Accordingly, a complex computer
model employing a minimuan of assumptions and approximations has been developed for
prediction of boron-air dust cloud flame speeds. 1In addition a much simpler
closed-form expression using the d'-law for particle burning but otherwise using
much the same approach as that used by Cassel, Gupta, and Guruswamy (10) has been
‘developed fcr comparison.

MODEL DESCRIPTION

Prior to development of the detailed equations used in this model, a
brief description of the overall model will be given. A sketch of the flame
structure with division into various zones which are treated by different sets
of equations is given in Figure 1, It should be noted that the model as deve-
loped is limited to fuel-lean cases, though it could be modifijed to also handle
fuel-rich cases, Preliminary estimates indicate that Zones 1 through 3 (from
To + § to T34, where 6 is a small number) are quite short (on the order of 1 to
S millimeters) compared to typical flame diameters for cases of interest-

accordingly one-dimensional analysis may be used for treatment of -these zones,




However, as will be discussed later, the fact that the post~flame zone is
all gas results in effective optical depths of tens of centimeters being
required for attainment of emissivities of even 0.05 to 0.10. Thus, for
typical flame diameters, multi-dimensional znalysis of Zone 4 must be carried
out for each given geometry to obtain an estimate of the effective emissivity
of that zone as seen by the preheat region. Instead, it was decided to simply
‘parametrically examine the effects of varicus assumed post-flame zone effective
emissivities in this study.

Zone 1 of Figure 1 is the preheat region in which the gas-particle
mixture flowing from left—-to-right entering at velocity Uo (at temperature To)
is heated solely by conductive and radiative heat feedback from downstream from
TO to 1600°K. (1600°K is chosen as the beginning of the ignition zone since it
is safely below the temperature at which oxide-coated boron begins to react
appreciably.)* In this analysis, a value of UO (or MTotal/A’ the mass flux)
is guessed. An enthalpy balance cver Zone 1 then permits calculation of the
temperature gradient at the boundary of Zouaes 1 and 2 (X = 0), Since oxygen
depletion effects are being considered and since due vo nonlinearities the
oxygen mole fraction and temperature profiles are not similar, either the oxygen
mole fraction or its axial gradient must also be assumed at X = U (double eigen-
value problem). Assuming either one permits calculation of the other by a species
mass balance across Zone l. In this model, the gradient of oxygen mole fraction
is guessed. Thus, with initial guesses of the flame speed and this gradient, all
conditions at X = 0 are defined, permitting the beginning of integration of mass,
species, and enthalpy conservation equations thru Zone 2.

In Zone 2, the boron particle ign.tion processes take place. The

processes occurring during the ignition of a particle of boron initially coated

Sample cases run using 1400°K rather than 1600°K as the temperatvre at the
end of Zone 1 indicated no effect of this change on calculated flame speeds.
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with an oxide layer are complex. First, there is a heatup stage during which
the comparatively cold boron particle is heated solely by convective and/or
radiative flux(es) from hotter surroundings. -Once the particle temperature ic
sufficiently high (approximately 1800°K) non-negligible self-heating of the
particle by exothermic oxidation begins to be superimposed on the convective and
radiative fluxes. Since the boron particle is covered with a molten boric oxide
layer below about 2100-2500°K, the oxygen must diffuse through the liquid oxide
layer. As this oxidation occurs, of course, it makes the oxide layer thicker,
increasing diffusional resistance. At the same time, as long as the particle
temperature keeps rising, the viscosity of the oxide decreases and consequently
the diffusivity of oxygen in the oxide increases. In addition, boron oxide
simultaneously evaporates from the layer at a rate which depends on the particle
temperature, tending to thin the layer. However, this evaporation is an endo-
rhermic process tending to cool the particle (or at least lower its rate of
temperature rise). Once the particle temperature rises above the surroundings
temperature the convective and radiative heat fluxes to the particle will turn
negative, also tending to cool the particle. As long as the sum of the self-
heating term and the convective/radiative term remains greater than the product
of the oxide vaporization rate and the heat of vapurization, the particle tempera-
ture will continue to rise. If this situation persists to the point where the
remaining oxide layer is sufficiencly thin, a temperature runaway will occur, the
particle will finish cleansing itself of oxide, and full-fledgea combustion will
occur.

In the integration of mass, species, and enthalpy conservation

equations through Zone 2, an analysis of single particle boron ignition
9 ;e

as a function of surroundings conditions developed by King coupled with
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these equations to permit calculation of the removal of the oxide from the
particle until thermal runaway occurs. At this point, all concentrations,
temperatures, and gradients of these parameters are stored for the beginning

of integration of mass, species, and enthalpy conservation equations in Zone 3.
In this zone, combustion of the cleansed boron particles by a kinetics~limited
(d*-law) process with Macek (1) data- being used for rate-constant determination
is treated. The equations describing the particle combustion rate as a function
of oxygen concentration and particle size -are coupled with the mass, species, and
enthalpy equations and the integration is carried on through Zone 3, which ends
when the particle radius goes to zero (burnout).

In cases where the post-flame zone emissivity is assumed to be zero,
the integration of the equations ends at X = X34. For finite Zone 4 emissivities
an energy balance is applied over Zone 4 to correct the temperature at X = X34 to
a final temperature. The final calculated: temperature and oxygen mole fraction
are now compared to values calculated from stoichiometric and overall enthalpy
balance equations. If there is disagreement, the initial guesses on UO and the
oxygen mole fraction axial gradient at X = 0 are adjusted ana the procedure re-
peated. This cycle is continued until satisiactoiy matching of the final boundary
conditions occurs.

DETAILED MODEL DEVELOPMENT

Zone 1 - An energy balance may be written over Zone 1, in which no heat

release occurs, as follows (see Nomenclature for definition of cymbols):

_ d—'r‘ . - -
JAvg,1 = Meov dx o * 9pap, v T IRap, our P

———
::>l =

)(lGOO—TO) Cp

where the total mass flux (ﬁT/A) of particles plus gas is related to the flame

speed (UO) by:




3

(MT P(MN)gI (1 + ke o+ kqxf)uo (3)
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As an early part of this study, a very simplified model (described later)

was derived and used to calculate approximate flame speeds and characteristic
zone dimensions for typical cases of interest. These values were then used

in calculations to determine reasonable simplifications of the analysis. One
such calculation indicated rhat the particle .and gas temperatures are essen-
tially equal at any given location within Zone l and thus that separate energy
balances for gas and particles need not be written in this region. In addition,
it was found that the burning zone is so short as to be optically thin (projected
area of all particles in this region being less than 1 percent of the total area)
with the result that radiation feedback from this zone to Zone 1 is negligible
compared to conductive feedback (less than 5 percent) for cases of interest.
Therefore, in consideration of radiation effects one is left with radiative
exchange between the post-~flame (all gas) Zone 4 and the preheat Zone 1. Calcu-
lation- of the effective emissivity of this post-flame zone in which the only
eriitting species are various boron oxide gases (mostly B203) is quite geometry
dependent -- accordingly it was decided to treat this emissivity, €cs paramet-
rically ia this study. However, it is instructive to estimate the post-flame
zone emissivity as a function of its effective thickness. The approximate

*
relationship between this zone thickness and the emissivity is given by (through

analogy to HZO and CO2 gas emissivity data presented by McAdams (12)):
AX& = 2 I;xp (30 ef) -q 4)
—— ,
g P

It should be noted that this is an empirical expression fitting emissivity
data for path length-partial pressure products of 5 to 150 cm-atm and should
not be extrapolated outside this regime.
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where P is in atmospheres and AX, in centimeters, For an initial particle-

4
to~-gas mass ratio (kf) of 0.1 and a pressure of 1 atmosphere, this equation
indicates that an effective post-~flame zone thickness of approximately 400 cm
is required for an emissivity of 0.1, 70 cm for an -emissivity of 0.05, and

20 cm for an emissivity of 0.02. For emissivities in this range, the afore-
mentioned simplified model indicates that radiation feedback from the post-
flame zone to the preheat zone, while not negligible, does not dominate the

conductive feedback. Based on the above discussion, radiative heat transfer

in and out of Zone 1 was treated as exchange between Zones 1 and 4:

.

. ) 4 4]
QRAD, N qRAD, our = %555 [rf - Fio (1600) (5)

where F10 is a correction factor for Zone 1, ranging from approximataly (.3
for T, = 300°K to 0.5 for T, = 1000°K, to allow for the fact that the entire

zone is not at 1600°K., Equations 2, 3, and 5 may be combined to yield:

4. k -
ar _ PO g (L + ke kDU (1600-T )Cp 0 g
Sl PP RT, *1500
4 a]
[+ - F R
Ceop|Te — Fyp (1600) (6)
—
1600

The average heat capacity over Zone 1 is obtained straightforwardly by imte-
gration of the temperature -- dependent heat capacity functions for each ingre-

dient from To to 1600°K. Thus, given a guessed Uo’ dT/dx < for the gas and

particles may be obtained from Equation 6.
Due to the nonlinear nature of the equations for mass, species, and

energy coaservation across Zones 2 and 3, the temperature and oxygen mole
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fraction profiles are not similar. Accordingly, either the oxygen mole fraction
or its axial derivative at X = 0 must also be guessed to start the integration
through the downstream zones (double eigen-value problem). In this model, the
value of the gradient is guessed and the mole fraction itself is then calcu-

lated from a mass balance on 0, across Zone 1:

D T dYO
, 1600 "o 2
Yo, x=0 " Y0, 177U Te00 dx | _ (7
2 2 o X

Thus, with selection of a temperature below which chemical reaction
is negligible as the boundary between Zones 1 and 2 (preheat and ignition zones),
and guessed values of the flame speed (Uo) and thc oxygen mole fraction axial
gradient at x = o, we arrive at the initial conditions listed below needed to
begin integration of mass, species, and enthalpy conservation equations for

gas -aud particles through Zone 2.

= T
Tg, X =60 P, X =0 (Selected as 1600°K, a temperature
below which reactions are negligible)
¢T = EEPl {Obtained from Equation 6)
dx | _ _ d=x
X = 0 X =o0
dYO
2 l (Guessed)
dx
X =0
Yo (Obtained from Equation 7)
/D) X =0
oo =0 7 (Known initial boron particle radius)
PHas =
be = o (Known initial cxide coating thickness

on boron particle)

A e et

Zone 2 - In Zone 2, differential equations on gas temperature, particle
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temperature, and oxygen moie fraction derived from species, mass, and enthalpy
conservation equations are coupled with differential equations describing the
Processes taking place during the cleaning of the boron oxide coating from the
surface of the boron particles (boron ignition process) and integrated from the
initial conditions described in the previous paragraph to the point at which
the oxide thickness approaches zero and thermal runawav occurs (end of Zone 2,
the ignition zone). The equations used to describe the processes occurring
during boron particle ignition werc developed and described in detail in Ref-
erence 9. Application of a differential enthalpy balance to the gas (assuming
that all chemical heat release occurs in the particles in this zone and is only

transferred to the gas by conduction) leads to:

u dT ﬁ lui
__g ( )(dx) 1lc _ 2 Sy =
~d \dk —%— pg l——n e N (T - T) = 0 (8)

where the number of particles per unit volugre, Np’ is given by:

3P (MW) ol kf

N (9)
p 3
4PRTgrpIpB

In the derivation of Equation 8, variation in thermal conductivity with tempera-
ture (aad thus position) was allowed for, resulting in the second term. The
change in molecular weight resulting from the consumption of oxygen and produc-
tion of boric oxide was neglected in this ignition zone as being second order,
as were changes in the gas and particle mass fluxes accompanying these reactions.
(In general, only a very small fraction of the boron is consumed during the
ignition phase.)

Application of a differential oxygen mole ! alance, including consumption

of oxygen by the boron particles, resulted in:
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- (MigI/A-)‘(‘dYOZ/d‘x)+’(MW)‘gId['(DP’/R’§‘g)‘(dsz/d'x)‘:]]dx-(BRBNP'/A‘)«(M'.-.')g1=0 (10)

where RB is the molar consumption rate of boron per particle.

As with thermal conductivity in- the enthalpy equation, the variation in dif-

is

fusivity with temperature (and thus with axial position) was included. R,3

the molar consumption rate of boron per particle.

A differential .enthalpy balance on the particles, including all heat
effects associated with the reaction of oxygen which diffuses through the oxide
layer to react with the boron and evaporation .of the oxide, and also including

radiative gains from the post-flame zone and losses to the preheat zone may be

written as (for Tp < 2459°K.)

o) o 1, - oy oo’
py ofn 4 o 4) 2 2|4 4
-( CPB dx }+ oga V Hr (Tf Tp oy Npﬁrp LTp I"10 1600 ,

/ 2 v - . ! " )
+ Np mr_p h(l‘g - Tp) + r\p |L (QRX) Rg (L\HVAP)] 0 (11)

Rp is the molar vaporization rate of boric oxide per particle. At 2450°K, the
boron particle begins to melt and CPB(dTp/ax) in the first term must be replaced
by ;um (df/dx), where f is the mass fraction of the boron melted. When this
fraction reaches one, Equation 11 is again employed, with substitution of a new
heat capacity expression and a different value for QRX to allow for the heat of
melting. 1In addition to the two second and one first order differential equations
above, two additional first order differential equations describing mass bal-

ances on the boron and the condensed phase boron oxide are employed in Zone 2:

{ ) ’

dr Md ) P

£=- i A (12)

X 4liy .

Hrp ou (MgI/A) Rrg
\
R /2 - ) GIW)
b _ ( d ( I’203) gl (13)

dx e 2
4xrp




The molar rates of consumption of boron and evaporation of boric oxide (per

particle) are given>by (See Reference 9):

-8 2. o ~22600/T by vy
. 64.8(107°) (r_ +b)" T e p (®) Yo, ()

b

4.02.10% (x, + b)2e T44000/T,

o T 1/2

- (15)
1+ {1.8(10%) P (rp + b)} / {(Tp) (Nu)ﬂ

The heat transfer coefficient h, appearing in Equations 8 and 9, :the thermal

conductivity A, and the diffusivity D, are calculated from:

..  (Nu)

_( -
h = (16)
)
A = 0.69 (1079 Tgo's (17)
-6
g 0-555(107) dt
ax © 0.2 : (18)
T " dx
g
3.6.107 1 32
D = 5 & (19)
4 5.4.107° T 1/2 dT
dap _ — 2 _8 (20}
dx P dx

From the Zone 2 initial conditions, calculated as described earlier, the two
second. order differential equations (8, 10) and the three first ovder differ-

ential equations (11-13 ) are numerically integrated with the help of the
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ancillary equations (9, 14-20) through Zone 2 until the oxide thickness
] approaches zero and the particle temperature begins to run away. At this point,
3 Zone 2 calculations are terminated and values of rp, Tg’ dTg/dx,'Yo , and dY¥q., /d~

are saved as initial values for Zone 3.

Zone 3 - In- Zone 3, the cleaned. boron particles undergo full-fledged

e
NI P
yrmonrr

combustion, releasing heat and boric oxide gas and -consuming particulate boron

L
X

AL 5 e RAALT 2 YA

. and oxygen, Calculations by Williams (13) indicate that boron particles maintain

S

a constant particle temperature of about 2500°K during full combustion. Since
S , . o oaes (8,9). .. e
the ignition modeling studies- of King indicated that igniting boron par-

L | ticles were well into thermal runaway by the time th=ir temperature reached

- 2500°K, the location at which this particle temperature was achieved was chosen

fi as the termination point of Zone 2. It was then assumed that this .particle

2 temperature remained constant throughowt Zone 3, all heat release going to the

gas phase. As a result differential equations required for Zone 3 are limited

to equations in particla radius (:p), oxygen mole fraction (YO ), gas temperatury
- o

(Tg), and gas mass flux (ﬁolA). (Recall, that due to the small amount of con~-

wversion of boron to oxide in Zone 2, changes in the relative amounts of gas aau

particle mass flux and in effective stream

molecular weight were ignored in thai

zone —- these effects are no longer second order in Zone 3 and must be con-—

T I AR A T R W b

sidered. A separate differential equation for particle mass flux is not required

?% since its change is simply the negative of c¢hange in gas mass flux.) A mass

1%

%f ) balance equation on boron results in the following differential equation in

1%

ii gas mass flux:

S

5 d( /A)

SE = RY (MW 21

o — =Ry Wy N (21)
';!i

1%
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b
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where Np can no longer be calculated from Equation 9 due to the non-negligible
changes in molar gas flux and gas molecular weight affecting the gas density,
but must now be calculated as:

3p (mq) kf (My/A)

N) . (22)
P 4lrr oF IDB(\l /A) (1 + ko)

Application of a species conservation equation to oxygen results in (with the

approximation percentage changes in (MW)g and (ﬁg/A) are equal):

< L\
i T
’ )+ p {dD 07)_ DP (dT Yool % _
(\m) R’l‘ PENAR N \dx wp 2\ax N dx )T T
g

An enthalpy balance written over a differential element of Zoae 3 (assuming,

as mentioned earlier, constant particle temperaturie in this zone) vields:

T () (19, (%))
’ dx2 —( A CPg \ dx +ax NNdx + R QRX =0 (24)

where Ré is the molar rate of consumption of boron per particle and Qéx is the
heat release assocrated with the reaction of 1 mole of liquid boron at 2500°K

with 3/4 wcles of 0, gas at 'l.‘g to yield 1/2 mole of B gas at Tg'

203

A mass balance on boron particle mass yields:

dr R (.\in) P (mg)

11
dx 2 .
41x M /A N
p B ( g/t) o

(25)
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Application of boron-particle burning-rate data obtained by Macek (11) for
particle radius-oxygen partial pressure products below 5 to 10 atmosphere-
microns (range of interest for this study) yields the following expression for

the molar consumption rate of boron per particle in full-fledged combination:

2.0—ﬁrp2 Py PYO9

Ry' = G ) : (26)

Equations 17-20 are used for the thermal conductivity {()) and diffusivity (D),‘

while the gas mclecular weight and heat capacity are estimated as:

(M, /8)7 (1 ;/4)

where all of the individual component specific hecats are curve fit versus

temperature.

0.° and dYO /dx stored at
2

the end of the Zone 2 calculations and the initial value of ﬁg/A , Equations 21,

Starting with the values of rp, Tg’ dTg/dx, Y

23, 24, and 25 are simultaneously integrated with the use of ancillary equations
17-20, 22, 26-28 across Zone 3 until the particle radius rp goes Lo zero

. (burnout). In cases where the post-flame zone emissivity is zero, calculation

SR e KA W § GO AR} £ Rl 2SS A OnE PR 4

stops at this point (since it can be shown in this case that temperature is

constant in Zone 4) and the final values of gas temperature (Tg34) and oxygen

mole fraction (Y02 ) are compared with those calculated from straightforward

3
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stoichiometry and thermochemical calculations. (The thermochemical calcu-
lations are performed with no allowance for species dissocjation and the same
heat capacity fits as used in the abovejdescribed procedures for internal con-
sistency.) If these do not match, adjustments are made to the guesses on flame
speed (or equivalently total mass flux) and oxygen .mole fraction axial gradient
at X = 0 and the entire procedure is repeated. This loop is continued until
satisfactory final boundary condition matches are achieved.

Zone 4 - For cases where a non-zero erissivity is assigned to Zone 4,
calculations must be carried on through this zone to account for heat transferred
out of this zone back to the preheat zone. Sinc: earlier-mentioned estimates
indicated that this zone must be quite thick to have any apprcciable emissivity,
and ‘thus temperature gradients through this zone are very shallow, conductive
transport is naglected in Zone 4 in this analysis. With this simplification,
it is readily shown that the final tempcrature (which is the one to be checked
against the temperature obtained from thermochemical calculations) is approxi-

mateély related to the temperature of the end of Zone 3 (Tg34) by

4 4
T . oefuB{Tf - (1600) Flo]
i - - AV
final g34 (MT/A/ Cpg3 4

(29)

It is also ecsily shown that the oxygen mole fraction does not vary through

Zone 4: thus, Y = YO . The same type of final boundary condition
2,final 2,34

checks as described above for cases where €g = 0 are applied using Tfinql in

o
place of Tg34'

SIMPLIFIED MODEL

As mentioned earlier, a simplified model similar to that of Cassel,

Das Gupta, and Guruswamy(lo) except for use of a d'-law for particle combustion
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and a modified radiation treatment consistent with the complex model described
above was also develcped for comparison purposes. The simple model begins with

a combination of Equarions 2, 3, and 5, with (1L + k_ 4 kowf) replaced by -unity

£
4
and Fp o (1600)* replaced by TO', leading to:

P—(‘x\ﬂngOCp (Ti - To)
= = (30)
T=TIL 0

4 4 dT
€ o - X —_—
me(rf To)+ T = TI dx

vhere ’1‘i is the minimum temperature required for igniticn cf single boron
particles under static conditicns, approximately 1900°K. The temperature gradient

at the ignition point is next approximated by:

T, - T, T, -~ T. T. - T,
o ol e el s AT (31)
T ="Ti flame burn avg burn o (—:T———‘)
‘o

Tiie beren particle ounning time is then calculated from the d'-law expression

used in generation of Lquaticn 26 (neglecting oxygen depletion) as:

Combining Equations 30 - 32, ona obtains the feliowing expression for flaame

4 4
€ UV (T - T ) R/ € .00
- k B\'f G f "R\ £ - n
U : REotpr(Ti ¥ Ty

( 2 v(m.')gcp('ri - 'ro)

. 2 &x{r, - T.) KPY (ZT )p(..w) . - T)
(T,q _ To4> + £ i K’R 02,1‘, o g P& i o

RT
o

which in tha apscnce of radiution ¢, = 0 reduces to:
P S
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The follewing

A

For each set of

model, Equation

TR T

r

(34)

2 lues were used for properties appeaiing ia these equations:

- o
= 254107

30 gm/gn—mol
= 0.5 cm/atm sec

conditions analyzed with the previously described detailed

33 or 34 was used to calculate flame speed for comparison with

values calculated by that model.
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RESULTS AND DISCUSSTION

Detailed predicted profiles of gas temperature, particle temperature,
oxygen mole fraction, particle radius, and oxide thickness through the ignition and
combustion zones are presented in Figure 2 for a typical boron-air dust cloud case.
For this case, the initial temperature was 600°K , the pressure was 5 atmospheres,
the initial mole fraction oxygen in the gas was- 0.2 (air), the weight fraction of
particles (1l micron radius, .02 micron oxide thickness) was 0.06, the Nusselt
Number was 2 (pure conduction), and the post—flame -emissivity was 0. As may be
seen, the oxide coating initially thickens, due to the rate of the boron reaction
with oxygen diffusing through the oxide layer exceeding the evaporation rate, until
a particle temperature of approximately 2000°K is reached, at which point the
evaporation rate rises above the oxide generation rate. Up to about 2100°K, both
rates are sufficiently slow that the rate -of heat transfer between particles and
gas is sufficient to keep both at essentially the same température. At this point,
the oxide layer has been sufficiently thinned and the rates of oxide generation
and exaporation raised to the point where the particle temperature rises above the
gas temperature, eventually reaching the melting point, and, soon after melting of
the boron particle is complete, running .away {as the oxide layer thickness goes
rapidly to zero). Subsequently, the particle burns freely with the radius decreasing
approximately linerly with distance until it has been consumed. Examination of the
oxygen mole fraction curve reveals that diffusion from upstream of the calculation
starting point (Zone 1) through Zone 2 results in the oxygen mole fraction through-
out the full-fledged combustion region being nearly equal to the final stoichiometric
value, indicating the importance of consideration of oxygen depletion in the modeling

of boron-oxygen-nitrogen dust cloud flames.
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It should be noted that the temperature of the ga. at the point at which
the boron particle begins full combustion is not the static single particle boron
ignition temperature of approximately 1900°K (used in the simplified model), but
approximately 2280°K. Moreover, examination of Table IT in which results of various
cases are presented reveals that this "ignition" temperature varies with the different
independent variables, not being one fixed value for all cases. While in the
simplified model it is assumed that full combustion begins at 1900°K, it may be seen
from Figure 2 that for the case presented there, the axial distance from the 1900°K
point to the end of the ignition zone is essentially equal to the length of the
combustion zone itself (.,012 cm versus .0llcm). Finally, the non-linearity of gas
temperature versus distance in the combustion zone should be noted, in comparison
to the assumed linear profile in the simplified model.

It is naturally of interest that flame speeds predicted with the detailed
model be compared with experimental results. An extensive search for boron-oxygen—
nitrogenr dust cloud flame speed data unearthed but two data points, with precise
input data available for neither of them. These two data points, supplied by br.

Irv Liebman (14), were obtained in tests at the Bureau of Mines in which the speed

of propagation of a laminar flame through a dust cloud blown through a one~inch

diameter tube was measured. The particle loadings, gas composition, initial
temperature, and pressure for each test were well-defined. (See Table I for values.)
However, the borom particle size was not well defined ("under ten microms"). For

the calculations, the diameter was assumed to be approximately 5 microms in each case. In
addition, no information was available on initial oxidé thickness. In other
applications of the boron ignition model employed within this model, use of an

initial oxide thickne;s of 0.02 microus was generally found to give good agreement

with data: accordingly, this value was used 4n the detailed model. -(As will be

shown later, predicted flame speed is not very sensitive to this parameter.) From

the geometry of the test apparatus, the post-flame emissivity was-estimared to be well
76
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under 0.01: at this valua, the effect of radiation feedbacl is at best second
order

Measured and precicted rlame speeds for these two rcases are given in
Table . 1t should be ewpha .24 that tais is nou intendot 1. a test betwueen Jhe
simplified and decailed mudels, but rach.. as a cherk to <o wnether these models

produce veasonable flame-spec] mizdictions. As may be

Wy

cen, the results are quite
uncouraging, the measured flane speeds bteing approximately 12 2m/sec in each cose
compa "ed to predictions of li.v and 10.4 cm/sec with the detailed model. Due to the
uncartainties of some of the model input parameters, the data points ao not provide
as rigorous tesiting of the model as desired; however, they do indicate that the
model is not unreasonable.
The fiarly clese agreement between flame speed predictions by the
detailed and simplified models sven in Table I, and later in presentation of parameter
effects as predicted by ihic .. models calls for some discassion. There are tlhzee
major potential error-producing assumptions associated wich the simplified model
(along wich other lesser problems such as neszle:t of temperature dependence of gas
propertias):
1. Neglect of the effect or oxygen depletion. This should resulr in
the simplified model vaderpredicting the combustion time and thus over-
predicting the flome speed.
2. Neglect of ienition delay time and distance. This should also result
in overpredicting of the flame speed.
3. Assumption of a linear <er wrature profile ithrough the combustion zone.
A5 is well known, heat release in a flame dominated by conductive heat
feedback is accompanied by a decreasing temperature gradient (negative
second derivative). Thus, the actual temperature profile in the heat
release zone is curved, concave downward, and tierefore, the temperature

gradient at the beginning of the zone (which determines the heat feedbsck
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to the preheat zone) is greater than the avarage fradient across
the zone., This factor should resvlt in the simplified model under-
predicting the flame speed.

For testing of the relative effects of these errors and the degree to
which the third item cancels the first two items, a third calculation was performed
for Casel, in which the third assumption was relaxed, but the first two;m:‘;tainedi
This was done by altering the detailed model to ignore all reactions in Zone z,

) svart Zone 3 at T = 1900°K, and to hold oxygen concentratiocn < ual to the initial
value througho:t Zone 3. Results of calculations vith the detailed model, the
simplified model, and this third "in-between' model are shown in Figure 3. As may
be seen, eliminacion of the third assumption results in a considerably higher value
of {dT/dx) at x = O compared to the "simple" model and thus to a much higher predicted
flame speed. Further eliminat-on of the first and second assumptions (resulting
in the detailed model), however, more than compensates, yielding a value of (dT/dx) at
x = 0 even lower than taat given by the simplified model (and thus a lower flame

"in-between'" model iandicates a

speed). Comparison of the detailed model to the
drastic difference in predicted flame speeds (4 to 1) as does comparison of the
"simpie'" model to the "in-between' model (2-1/2 to 1): however, the errors are in
opposite directions and largely cancel,resulting in the simplified model giving «
predicted flame speed only 50% greater than that predicted by the detailed wodel.
As may be seen from Table LI, this excess varies with condirdons, ranging from
essentially 0% to 130Z over the range of conditions studied.

As part of this study, the effects cf eight independent parameters cn
boron-oxygen-nitregen dust cloud flame speed were examined. These parameters
were Nusselt Number, Initial Oxide Thickness, Post-Flame Emissivity, Weight Fraction

of Particles, Pressure, Initial Gas Stream Oxygen Mole Fraction, Initial Boron

Particle Radius, and Initial Temperature.
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The effect of Nusselt Number on flame speed, as predicted by both the
detailed and simplified moduls is shown in Figuze 4. Lower flame speeds were
predictgd’wich the detailed model. 1In addiction, while no dependency on Nusselt
numbaf was predicted with the simpizfied model, the detailed model indicated a
decrease in flame speed with increasing Nusselt Number. Examination of detailed
profile plots similar to figurﬁ 2 indicated that this ei{fect was caused by -the
highef Nuaselt’ﬂc$bcr rerarding the takeoff of the ticle temperature(divergence
away from the gas Lemperaiure) lengthening the dgnition region considerably.

© the predicted effect of initial oxide thickness on flame speed is shown
iw Figure 5. Again, ccnsiderably lower flame speeds are prudicted with the detailed
moﬁel than with the simplified model. With either model, [lame speed is predicted
to decrease with increasing oxide thickness. All of the dependency shown in the
simplified model predictions and much of that shown in the detailed model pre-
dictions results from a decrease in flame temperature with increasing oxide
thicknuss (less boron fuel for i fixed weight fraction of parcticles). (See Table 1T
for flame temperatures.) Further dependence on initial oxide thickness shown by
the detailed model results from the ignition zone length required for remov.l of

the oxide lazer increasing with the amount to be removed.

results in increased predicted flame speeds with either model. This result basically
derives from lower conductive heat feedback requirements accompanying increased
radiative feedback. It should be recallud from earlier discussion, however, th.

Ffor an initial particla-to-gas mass ratio of 0.1 and a pressure of 1 atmosphere,

an effective post-flaae thickness o approximately 80 cm is required even for an
emissivity of 0.05, 400 cm for 0.16. From simple geometric view-angle analysis, the
ratio of effective post-flame thickness to diameter for a circular jet flame is
approximately unity--thus, very large diameter flames are required for post-flame

emissivaty to have appreciable effect in the absence of condensed phases.
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As shown in Figure 6, and as logically expected,increased post—flame emissivity




Increasing weight fraction of particles (on the fuel-lean side of
stoichiometric to which this model is currently limited) leads to predicted
increases in flame speed with either model. {(Again lower values are predicted
with the detailed model.) This effect is due to increasing {lame temperature with
increased weight fraction of particles. (Sce Figure 7.)

Predictions of the effect of pressure on flame speed are presented
in Figure 8, The simplified model predicts no dependency of {lame speed on
pressure since the effect of pressure on pre-heat zone hzat demand rate (pro-
portional to pressure at fined flame speed) is just offset by the effect of
pressure on burn time and thus on the temperature gradient in tne combustion
zone. With the detailed model, on the other hand, flame speed is predicted to decrease
with increasing pressure. The reason fcr this is that while increased pressure
lowers che particle burning time, it has little effect on the igaition ti. and
thus rhe increased heat demand of the preheat zone accompanying pressure increase
is not totally offset by effects on Zones 2 and 3. Since the ratio of mass flux
to flame speed is proportional to pressure, it may be seen that the simplified model
predicts a mass flux proportional to pressure wnile the dotailed moael predicts
mass flux ircreasing with increasing pressure, but with a lesser depandency.

As shown in Figure 9, both models predict increased flame speed with
increasing oxygen mole fraction, the detailed model again resulting in lower
predicted flame speeds than the simplified model. The observed dependency results
from increased oxygen mole fractions speeding up both tne ignition and combustion
processes (particularly the latter since it occurs mostly at or near the finai
oxygen mole fraction and for a given percentage increuase in initial oxygen model
gractior, v« percentage increase in final oxygen mole fraction is greater).

The effect of increased initizl boron particle radius is to decrease
predicted Flame speed (with eirher model). This results from increased particle
size causing increased ccmbustion time and combustion zone length. This effect

is shown in Figure 10.
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Firally, increasing initial remperature strongly raises flame speed,
as predicted by either model. (Sev Figure 1l.) This results from two Factors: :
(a) increased initial temperature reduces the preheat (and thus the heat feed-
back) requirement;. and (b) increased initial temperature results in higher flame
temperature, intensifying the heat reedback. It should be uoted rhat the mass flux
‘to §flame speed ratio is inversely proportional to initial temperature. however,
since as shown in figure 11, predicted flame speed increas.- more rapidly
percencagewise than initial temperature, then the mass flun also increases with
initial temperature.

SUMMARY -

A model for prediction of buron-oxygen-niirogen dust clouds treating
the becron particle igrition and combusticn prowe-ses in detall was developed.

The problem was formulated as a double-eigen value problem with numerical integra-

Lo 4 e

tion of mass, species and energy difference equations in combination with difference

ITRH

equations describing the ignition and combustion processes through ignition and
combustion zones. This model was found to yield predicted flame speeds in reasonable .

agreement with the limitcd borun-oxyvgen~nitrogen dust cloud {lame spued data avalablic.

A% ok

In addition, a vastly simplified closed-form flame speed expressi . n was

developed. Predicted flame speeds from this model were found to exceed those -
predicted from the detailcd modcl by O to 130% over the range of parameters examined.
1t was shown that two of the major error-producing approximations associated with

the simplified model tend to drive predicted flame speeds down, while a third tends :
to drive them up, leading to a large degrvee of cancellation of these errors. Over

the range of conditions examined, it appears that the simple closed-form model can

be used with a ccrrection factor dependent on Nusselt Number and pressure to obtain

reasonable estimates of borcn-oxygen—-nitrogen dust cloud flame speeds.
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‘Liffects of varjou= éqrameters on predicted flame speed were studied.
Fredivted flame speeds were found to increase with increasing initial temperature,
decreasing initial particle radius, initial oxygen mole fraction, decreasing pressure,
increasing particle loading (on fuel-lean side of stoichiometric), increasing post-

flame eiissivity, decreasing initial oxide coating thicknecss, and decreasin

24

Nusselt Number.
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NWOMENCLATURE

oxide coating thickness {cm)
heat capacity (cal/gm °K) -

average heat capacity between initial temperature and ignition
temperature (cal/gm °K

average heat capacity in Zone 1 in detailed model (cal/gm °K)
diffusivity of oxygen .in oxygen-nitrogen mixture (cem”/sec)
mass fraction of boron melted

correction factor defined in Equation 5

: - - < a 2
heat transfer coefficient for gas-particle transfer (calj/em”™ sec °K)

initial mass of boron per unit mass of gas
initial mass of oxide coating per unit mass of gas

constant in burning-rate expressior, Equation 32 (0.3 cm/atmsec)
molecular weight
, 2
mass flux (gm/cm”sec)
. . femEsae)
Total mass flux, gas plus particles (gm/cm sac)
R - . ~ . e "'3\
nusber of boron particles per uniz volume (cm 7)
Nusselt Number

Prassure (atm.)

ARSI ST L

Ve

. . e - . . 3 2
q rad,in vwadiation flux into preheat zone, Zonc 1 {eal/cm sec)
2
4§ xad,out vadiation flux out of preheat zone, Zone } (cal/cm“sec)
rp boron particle radius -(cm) )
% v, 3 ‘
5 R gas law constant (82.037 c¢m” atm/gm-mol °K)
gf 2 s
g% RX net radiation flux into preheat zone (ral/cm sec)
4

molar consumption race of boron per particle in igniton zone (gm-mole/sec)

o
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'Rﬁ molar consumption rate of boron -per particle in combustion zone
(gm-mol/sec)
- iA RE molar vaporization ra.e of boric oxide per particle (gm-mol/sec)
QRX heat release by reactica at T = T of .75 moles of oxygen gas with 1.0
moles of boron solid cr liquid toPform 0.5 moles of BZO3 liquid (cal/gm-mol)
Qkx heat release by reaction of .75 moles of oxygen at T with 1.0 moles of
boron liquid at 25C0°K to form 0.5 moles of 8203 gasgat Tg (c2i/gm-mol)
T temperature
Tg fleme temperature (°K)
® IFiual final temperature at end of calculacions from X=0 through Zone 4 (°K)
T, initial temperature (°K)
Tj ignition temperature {°K)
Uavg average velecity in combustion zone in simplified model (cm/sec)
L, flame speed [velocity at initial conditions] (cm/sec)
X93 distance from 2nd of Zore 1 to end of Zone 2 {cm)
X,,li distance frow end of Zone 1 to end of Zone 3 (cm) -
2 ]
Yy moie of oxygen/moles gas
2 .
v -
“0.rfinal oxygen mole fraction calculated at end of integration through Zones )
2 2 and 3 ’
ap ‘boron particle absorptivity
&"n mass heat of fusion of boron (cal/gm)
Auvap molar ‘heat of Qaporization of boric oxide -(cals -~mol) .
Axflame combustion zone thickness in simplifiéd model (em) 7
éX& effective radiation depth .of post—flam¢ zone (om) )
£ effective nost-£isme zone emissivity
by thermal zonductivsity (calfcm sec °K)
- 84 7
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density (gm/cmB)

12

Stefan-Boltzmann Constant (1.354.10 cal/cmzsec °K4)

particle burn time in simplified model (sec)

COMMONLY USED SUBSCRIPTS

conditions at end of preheat zone (Zone 1) in detailed model
initial conditions

conditions at end of Zone 2 (combustion zone) in detailed model
boron property

boric oxide property

gas property

particle property
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TABLE I11I. Effects of Various Parameters on Calculated
Boron-Oxygen-Nitrogen Dust Cloud Flame Speeds -
Detailed and Simplified Models.

Gas Temp.
at which
Final Ignition Flame Speed (U ),
Flame Oxygen Step is em/sec. °
Parameter Being Varied Temp. Mole Completed Detailed Simplified
And Value (°K): Fraction (°K) Model Model
Weight Fraction Particles
055 2225 .086 2197 4.73 10.1
:060% 2358 074 2262 7.67 11.9
UG5 2490 061 2314 9.38 13,2
.070 2620 .048 2343 10.39 14.3
.075 2748 .035 2355 11.30 15.4
.080 2876 .021 2387 12,30 16.3
Post-Flame Emissivity
0.00% 2358 074 2262 7.67 11.9
0.05 2358 074 2310 9.52 14,1
0.10 2358 074 2339 10.99 16.5
0.15 2358 074 2373 12,57 18.9
Initial Temperature (°K)
500 2274 074 2220 4.68 8.7
600%* 2358 074 2262 7.67 11.9
800 2532 074 2335 14,43 19.6
1000 2709 .074 2392 23.19 30.1
Pressure (utm)
1 2358 074 2182 11.45 11,9
3 2358 074 2234 5.09 11,9
5% 2358 074 2262 7.67 11.9
10 2358 074 2302 5.42 1.9
Initial Oxygen Mole
Fraction
0.16 2353 .033 2225 6.21 10.5
0.20% 2358 074 2262 7.67 1.9
0.24 2364 .115 2285 8.10 13.0
0.30 2371 ©L177 2307 8.90 14.6
0.40 2384 280 2336 9.89 17.1
Nusselt Numbor
2% : 2358 .074 2262 7.67 11.9
5 2358 074 2312 6.06 11.9
Initial Oxide Thickness
(microns)
0.0% 2406 .070 2285 8.57 12.3
0.02% 2358 074 2262 7.67 11.9
0.05 2216 .084 2193 4,22 10.0
Initial Particle Radius
(microns)
1.0% 2358 074 2262 7.67 11.9
2.0 2406 .070 2273 6.00 8.7
3.0 2421 069 2287 4,98 7.2
5.0 2434 .068 2305 3.67 5.7

v,

* Base Casc: Weight Fraction Particles=,060, Initial Temp.=600°K, Initial Oxygen Mole
Fractios 0.20, Tnitial Particle Radias=1 micron; Initial Oxide Thickness=0.02 micron,
Pressure=5 alm., Nusseli Number=2, Post-Flame Emissivity=0,
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(REACTIONS (END OF ;
NEGLIGIBLE OXIDE :
TO LEFT OF COATING (PARTICLE
THIS PLANE) REMOVAL) BURNOUT) ;
J { ¢
T= THame g — T S —— :
ZONE 1 /
- (PREHEAT ZONE) | 1
{Gas
»TEMP:EBAOTUBE 7 ~ ZONE 3 ,
T=T600°K = /—7 ZONE 2 (PARTICLE ZONE 4
- ) (IGNITION COMBUSTION | (POST-FLAME
TeT el I ZONE) ZONE) ZONE}

————# AXIAL DISTANCE, X

FIGURE 1. DEFINITION OF ZONES CONSIDERED IN DEVELOPMENT OF
BORON-OXYGEN-NITROGEN DUST GLOUD:FLAME SPEED MODEL
(STATIONARY FLAME WITH DUST CLOUD ENTERING-FROM LEFT AT VELOCITY U,)
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OF PARTIAL CANCELLING OF ERRORS ASSOCIATED W!TH
VARIOUS ASSUMPTIONS IN SIMPLIFIED MODEL
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FIGURE 4. EFFECT OF NUSSELT NUMBER ON

FLAME SPEED (cm/sec)

PREDICTED FLAME SPEED
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FIGURE 5. EFFECT OF OXIDE THICKNESS ON-PREDICTED FLAME SPEED
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FIGURE 6. EFFECT OF POST-FLAME EMISSIVITY
ON PRED!CTED FLAME SPEED
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FIGURE 8. EFFECT OF PRESSURE ON PREDICTED FLAME SPEED
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FIGURE 10.

FILAME SPEED (cm/sec)
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EFFECT OF BORON PARTICLE SIZE
ON PREDICTED FLAME SPEED
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il FIGURE 11. EFFECT OF INITIAL TEMFERATURE ON PREDICTED FLAME SPEED
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FIGURE 9. EFFECT OF OXYGEN MOLE FRACT!ON ON

PREDICTED FLAME SPEED
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