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Dynamics of Aluminum Combustion

Kristen P. Brooks* and Merrill W. Beckstead+
Brigham Young University, Provo, Utah 84602

A study has been performed modeling both steady and unsteady combustion of aluminum. Law’s steady-
state aluminum combustion model has been expanded to include the effects of multiple oxidizers and their
products, oxide accumulation on the surface of the burning aluminum particle, and convection. Both transport
and thermodynamic properties are calculated internally for varying temperatures, relaxing the normal as-
sumption of unity Lewis number. The aluminum combustion model has been compared to experimental data
from burners, laser-ignited particles, and propellant under a variety of conditions, showing a reasonable degree
of agreement. Calculations with the model show that O, is a stronger oxidizer than H,0, which in turn is
stronger than CO,. The aluminum combustion model was incorporated into a computer model for predicting
acoustic effects in a Rijke burner. Calculations have shown that a significant part of the increase in acoustic
growth due to the addition of aluminum is due strictly to the change in the gas temperature profile. The change
in temperature profile apparently causes the location of the velocity antinode to shift relative to the Rijke burner
flame and thereby cause an increase in the flame response. The acoustic model agrees reasonably well with
available acoustic growth rates for data where aluminum particles have been added to a propane Rijke burner.
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= sum of the mole fractions of the oxidizers in Eq. (1)
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C, = heat capacity, J/kg

D = diffusivity, m*/s

d = particle diameter, m

F = ratio of total mass flux to mass flux aluminum

H = total flux of energy in aluminum combustion model,
W/m-?; heat of reaction, J/mol

] = mass flux due to diffusion, kg/m?/s

k = arbitrary constant in Eq. (1)

M = nondimensional mass flux used in Law’s aluminum
combustion model

m = mass flux, kg/m*/s

Nu = Nusselt number

p = pressure, N/m?

Q. = heat production due to a reaction, W/m?; heat
caused by radiation, W/m?*

Q- = enthalpy in the region from the flame to infinity

g = heat flux, Wm?

Re = Reynolds number

r = radial distance, m; reaction rate, kg/m?/s

T = temperature, K

time, s

velocity, m/s; volume, m?

transport property weighting factor

x = mole fraction

fraction of vaporized oxide that moves toward the
particle surface
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# = fraction of metal oxide that vaporizes at the flame

‘A = fraction of metal that reacts with the particular
oxidizing species

v = stoichiometric mass ratio of oxide or oxidizer to
metal

¢ = fraction of condensed products with move inward or
outward ‘

p = density, kg/m?

7 = characteristic time lag, s
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¢ = any given transport property
¥ = arbitrary complex constant
w, = angular frequency, s™'
Subscripts

A = region between particle surface and flame
B = region between flame and infinity
b = burnt value

¢ = condensed oxide

f = flame

& = gas

i = gas species

inf = location of edge of boundary layer
p = particle

s = particle surface

v = vaporized oxide

Superscripts
* = acoustic property with time dependency removed
= nondimensional mean property

Introduction

ESEARCHERS at Brigham Young University have uti-

lized a propane-fueled Rijke Burner'~¢ to study the in-
teraction between aluminum combustion and unstable com-
bustion. Propane gas was chosen because of its convenience
and the high flame temperature needed to ignite aluminum
particles. Organ—pipe-type acoustic standing waves develop
within the tube due to the interaction of the flame and the
acoustics. Metal particles can be entrained in the gases and
will ignite after passing through the flame. Braithewaite' found
that addition of burning particles of aluminum and zirconium
carbide increased acoustic growth. Barron® continued with
the work of Braithewaite using the improved experimental
apparatus modified by Finlinson.® He found that some Al and
ZrC particles cause an increase in acoustic growth. However,
he found that small Al particles could cause a decrease in
acoustic growth at high concentrations. These observations
will be considered in this article.

A mathematical model of the Rijke burner has also been
developed by Raun,*®7 which calculates the frequencies and
acoustic growth rates in the Rijke burner both with and with-
out particles. Raun’s Rijke model also compared to Braithe-
waite’s experimental results using a simplified model of alu-
minum combustion based on liquid hydrocarbon droplet
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combustion. The model predicted an increase in acoustic growth
due to the particles; however, the predicted increase was much
smaller than that observed experimentally. The current efforts
have been directed at resolving this discrepancy.

Background of Aluminum Combustion

Typical composite propellant combustion products include
H,0, CO, CO,, HCI, and N,. There is little molecular oxygen
in the products. Thus, in solid propellant combustion the
primary oxidizing compounds for aluminum combustion are
apparently H,O and CO,. The aluminum reacts to form liquid
Al O, with traces of gaseous aluminum hydroxides, chlorides,
and substoichiometric aluminum oxides.

Aluminum Ignition

Aluminum ignition can follow two potential pathways: 1)
the destruction of the protective oxide coat to allow the alu-
minum to be exposed to the oxidizing atmosphere or 2) the
self-heating of the particle due to oxidizer diffusion through
the oxide coat. The relative importance of these two pathways
remains disputed. Research seems to indicate that the de-
struction of the metal oxide coating, rather than the self-
heating, is the dominant mechanism. Generally, for the size
of aluminum particles studied in the Rijke burner (e.g., 10—
60 wm), the ignition temperature is believed to be in the range
of 1700-2200 K.%

Basic Understanding of Aluminum Combustion

The combustion of aluminum has been found to be similar
to liquid fuel droplet combustion. The reaction is believed to
be limited by the diffusion of oxidizer towards the particle
and the vaporized metal away from the particle surface. A
flame zone develops at a distance of 1.5-4 radii from the
particle surface where the oxidizer and vaporized metal meet
and burn. The heat from the flame is conducted back to the
surface to cause additional aluminum vaporization. However,
unlike liquid hydrocarbon fuels, aluminum combustion pro-
duces a condensed phase. This condensed phase oxide forms
submicron particle smoke that surrounds the particle and forms
a flame trail.'” Some of the aluminum oxide from the reaction
products can diffuse back to the particle surface and have
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been seen as bright islets.!' The condensation of products on
the surface of the particle contributes to the growth of an
oxide cap and provides additional energy that can increase
the combustion rate of the particle.!? However, the oxide cap
can reduce the surface area available for combustion and
radiate heat away from the particle. Both of these effects
would slow the reaction increasingly as burning of the droplet
progresses.

A complete understanding of aluminum combustion has
been difficult to obtain for three reasons:

1) Combustion occurs around micron-sized particles, burn-
ing within milliseconds, and under very harsh temperatures.

2) The combustion characteristics vary widely over exper-
imental conditions.

3) The experimental data have not been reproduced using
similar experimental techniques and conditions to assure va-
lidity of individual data sets.

Most data have been correlated assuming the burning time
to be proportional to the diameter of the original particle
squared. In a limited number of cases, this law has been
applied successfully; however, in general, burning time is pro-
portional to the diameter raised to a power between 1.5-2.0.
This variation may be due to experimental error, but several
other explanations for the drop in exponent have been pro-
posed. Pokhil'? suggests that as pressure increases, the ex-
ponent drops. King'* has shown that finite kinetics could cause
a drop in exponent. Law'? suggests that the aluminum oxide
covering reduces combustion rates of large particles. Kuo'?
suggests convective effects as a primary cause for a reduced
exponent. Further studies are needed to resolve this question.

Russian authors'? have proposed a simple empirical burning
rate law that allows for variations in oxidizer concentration:

(1)

t.is the reaction time, d is the diameter, and qa, is the sum of
the mole fraction of the oxidizers including O,, H,O, and
CO,. However, Micheli and Schmidt'® have suggested that
weighting all oxidizers equally is incorrect and propose that
experimental evidence contradicts such practice. This idea will
be addressed later in this article.
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Table 1 Aluminum combustion model comparison
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Theoretical Models

Several models have been proposed to describe aluminum
combustion. Brzustowski and Glassman!” proposed one of the

earliest models using many of the same features as hydro--

carbon droplet models.'® However, unlike droplet combus-
tion, the aluminum flame temperature was assumed to be
limited by the boiling point of the oxide, and the outward-
flowing condensed oxide could inhibit the diffusion of the
oxygen to the flame zone. Most later models were outgrowths
of these original concepts. The salient assumptions involved
in several of these models are outlined in Table 1.

Law'? followed the basic concepts of Brzustowski and
Glassman, but also included product diffusion to the particle
surface and allowed for a wide range of experimental con-
ditions. He did not elaborate on the products that would
diffuse to the surface, but based on the Brzustowski and Glass-
man spectral observations of AlO, ALO, and Al near the
burning surface, one assumes that the products in Law’s model
include the aluminum suboxides, AlO, Al O, etc. Law later
included an extended condensation zone,' which was found
to be important for low-temperature surroundings only. King'*
relaxed the assumption that the kinetics of the reaction were
infinite. However, the uncertainty of the kinetic data used
leaves the quantitative nature of his model in question. The
exponent in the d” burning law was predicted to be in the
range of 1.35-1.90 for finite kinetics as compared to the value
of 2.0 associated with infinite kinetics.

Micheli and Schmidt'® included the variation of properties
in the zones surrounding the flame and effects of multiple
oxidizing species including CO,, H,O, O,, and CI~. Their
model includes the thermodynamic equilibrium of the reac-
tion products and the corresponding heats of reaction. Rather
than a closed-form solution as in previous models, the dif-
fusion and energy balances were integrated numerically in a
stepwise manner allowing for varying properties and com-
positions.

Models emphasizing convective effects have also been pub-
lished in the Russian literature.?*->> More recently, three
models™~* have been developed based on Law’s work. The
Turns and Wong model follows Law’s work very closely. The
Brooks model extends the Law model and will be discussed
later in this article. The Bhatia—Sirignano model is analogous
to Law’s model, but also determines the flame and surface
temperatures from thermodynamic and vapor pressure data.
The Bhatia model also allows for transient heating of the
particle. All three models account for the condensation of
oxide at the surface, and both the Brooks model and the Turns
and Wong model allow for the inhibition of surface processes
due to oxide accumulation.

The various models do seem to predict qualitatively the
experimentally observed trends. The aluminum particle burn-
ing rate has been found to be a strong function of oxidizer
concentration and particle size, but is essentially independent
of pressure, which only enters into the equations through
thermodynamic and transport properties.

Aluminum Combustion Model Derivation

Law’s Aluminum Combustion Model

The model by Law'2 was used as a backbone for the current
work because it conformed to the following criteria. First,
Law’s model leads to an analytical solution rather than a
numerical solution. This was desirable because the current
aluminum combustion model is only a single module embed-
ded in the Rijke acoustic model. It is accessed hundreds of
times within that model, and thus the need for relative sim-
plicity. Second, Law’s model is based on physically realistic
parameters, most of which are available in the literature (e.g.,
densities, boiling points, diffusivities, heat capacities, etc.).
Third, the model appears to describe the majority of the
experimentally observed behavior, including a vapor phase

diffusion flame and surface formation of aluminum oxide due
to diffusion of suboxides from the flame.

Law’s model is a diffusion-limited vapor phase combustion
model based on the conservation equations of energy and
species

d D
L PH = —(VopoH) = (V-q) = (n¥0) + 224 0, ()

S = ~[V-ow + i) + 1, 3)

The model assumes that as the aluminum particle burns, a
fraction of the products remains as vapor and a fraction con-
denses. This oxide vapor that is created at the flame can
diffuse both towards the particle surface and towards the sur-
roundings. The oxide vapor that diffuses to the particle surface
condenses, resulting in increased aluminum vaporization. The
vapor that diffuses to the surroundings may or may not con-
dense. The condensed phase is convected away from the flame
zone based on the bulk gas motion. The vapor that diffuses
to the surroundings and the condensed phase do not appear
to impact the particle combustion rate significantly.

The mass fluxes of the various species between the particle
and the flame (region A) and between the flame and infinity
(region B) are based on the mass flux of metal M, away from
the surface of the particle (see Table 2).

The symbols 6 and 7 represent the fraction of oxide product
that is vaporized and the fraction of vaporized product that
moves toward the particle surface, respectively. The symbol
vis the stoichiometric mass ratio of oxide product p or oxidizer
i to metal. The symbol A is the fraction of metal that reacts
with a particular oxidizing species. ¢, and &, are the fraction
of condensed products that move inward or outward, respec-
tively. The total flow in these regions is determined by sep-
arately summing the terms involved with inward flow and
outward flow. Assumptions of the model include pseudo-steady-
state burning, spherical symmetry, negligible viscous forces,
isobaric conditions, infinitely thin flame zone, negligible vol-
ume fraction of the oxide smoke, burning aluminum particles
at their boiling points, and Fick’s and Fourier’s laws.

After integration and application of the boundary condi-
tions at the flame, the equations of energy and species take
on the form

mr~' — /")y = —4apD,

y | mC,(T, — T)
o mC(T, = T,) — mQ — m.Q, — H
“4)
. mY,, — m,
m(r' — r/Y) = dmpD; 1 (m) (5)

for both the regions between the particle and the flame and
between the flame and infinity. The mass fluxes of reactants
and products are determined by stoichiometry and the heat
flux H determined from the conditions at the particle surface.
These equations can then be combined and the mass flux m
removed from the solution. The ratio of condensed to va-
porized oxide or the flame temperature is determined from
these equations. Once a solution is obtained, the mass flux
of aluminum can be calculated and the burning time deter-
mined.

Unlike other similar models, Law includes the effects of
product diffusion to the surface of the particle. Law also makes
an effort to account for the directions of bulk flow, as they
are responsible for the motion of the condensed phase oxide
product. Four potential modes of burning are postulated, based
on the temperature and composition of the surrounding gas
(see Fig. 1 and Table 3).
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Table 2 Mathematical descriptions of
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species in the aluminum combustion model

Species Region A Region B
Vaporized metal M, —_—
Oxidizer species i —_ M s = ANuM,
Vaporized metal oxide M.\ = —6unM, Mvy = 6u,(1 — n)M,
Condensed metal oxide M. n= —(1 = 8)u,é M, M.y = (1 — 0)v,éM,
Table 3 Modes of aluminum combustion
Gas Flow direction .
temperature Fraction
or oxidizer Between flame Between flame Flame of oxide
concentration and particle and infinity temperature vaporized
Low Qutward Inward <T boil 0
Medium Qutward Inward at T boil 0-1
Medium Outward Outward at T boil 0-1
High Outward QOutward >T boil 1
Flame Zone and between the flame and infinity (region B). Averaged

Oxygen Vaporized

luminum

Y /gxide

Products

Fig. 1 Schematic diagram of Law’s aluminum combustion model.

At low gas temperature or oxidizer concentration, the mo-
tion of the gas is toward the flame and the flame temperature
is below the boiling point of the oxide. With increased tem-
perature or oxidizer concentration, the flame temperature
reaches the boiling point of the oxide and the fraction of
vaporized oxide begins to increase. Higher quantities of va-
porized oxide result in an increase in diffusion of matter away
from the flame and the gas flow between the flame and infinity
switches directions. At high gas temperature or oxidizer con-
centration, all the oxide is vaporized and the flame temper-
ature once again rises with increased concentration or sur-
roundings temperature.

Modifications to Law’s Model

Several of the original assumptions made in Law’s model
have been relaxed and are tabulated in Table 4. A schematic
diagram of the features included in the modified model are
shown in Fig. 2.

By applying the boundary conditions at the particle surface,
flame, and at infinity, a set of equations describing the species
concentration and temperature in the inner and outer region
results as seen in Table 5. These equations are then combined
to form i + 1 independent equations and i + 2 unknowns
(where / is the number of oxidizing species). To complete the
degrees of freedom (DOFs), we recognize that the sum of
the fraction of oxidizer must be equal to one. The i + 2
equations are solved using a multivariate Newton—Raphson
technique. Relaxation must be included for the equations to
reach convergence.

To achieve an analytical expression, the integration of the
energy and species equations assumes constant properties in
the regions between the particle and the flame (region A)

transport properties are determined for each of these regions,
by weighting the properties at the particle surface s, flame f,
and at infinity %, according to Chung and Law>":

bap = [V(w + DS, w + .) (6)
where ¢ is any given transport property. A value of two is
used for the weighting factor w, as suggested.>® These property
values are allowed to vary throughout the solution as the
concentration of the gaseous species vary during the com-
bustion process. In addition, the Lewis number is not con-
strained to unity.

Finally, the improved model allows for multiple oxidizers
including water, carbon dioxide, and oxygen, since all three
are present both in the Rijke burner and in propellant exhaust
gases. Other models have been based on oxygen only.

Heat and Mass Transfer Effects

Convection effects were accounted for using the Frank—
Kamenetski?” “reduced-film™ approximation as in Gremy-
achkin’s model.>"~2! This approximation consists of choosing
some ‘“‘region of influence” around the particle in which the
change in temperature and concentration occurs. Outside this
layer, the temperature and concentrations are assumed to be
at the bulk value. This approach works reasonably well for
the steady-state modeling of aluminum; however, it should
be noted that it does not describe the characteristics of fluc-
tuating aluminum combustion.

Heat transfer by radiation is treated solely as gray-body
emissivity between the flame and the particle surface and the
flame and the surroundings. The oxide smoke, not the gaseous
flame, is responsible for the majority of the radiation from
the flame to the particle surface. Determining the optical
thickness of the oxide smoke has not been addressed in this
study.

Oxide Buildup on the Particle Surface

Finally, an understanding of the condensed oxide on the
surface of the particle has been considered important by many
experimentalists.!'->*2? In order to account for the change in
combustion rate due to surface coverage of condensed alu-
minum oxide, the burning rate is proportioned according to
the surface area covered by the oxide to the surface area if
no oxide were present. According to pictures taken of partially
burned particles,” the aluminum and oxide “cap” can be
approximated as fractions of attached spheres. For modeling
purposes the smaller cap has been assumed to be a half-
sphere, while the larger aluminum particle is assumed to be
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Table 4 Comparison of original law model and modified model
Law model assumptions Assumptions of the modified model
Properties constant everywhere Calculation of properties based on weighted average
of properties at particle surface, flame, and infinity
Oxygen only reactant Multiple species allowed with variable transport and
thermodynamic properties
Burning in stagnant gas Convective effects based on the Nusselt number
Radiation neglected Radiation between particle, flame, and surroundings
Lewis number = 1 Allows Lewis numbers different than 1
Oxide on particle surface has no effect Reduced burning rate due to oxide surface coverage.
Table 5 Species concentration and temperature equations in regions A and B
Region A
) 1
Aluminum MF, |1~ = —u|l = F Y]
7
. . I FAY.,
Vaporized oxide MFE 1 -] = —un|l+—=
f bo,m
! FA(T, = T,)
Temperature M, F, <1 - 7) = Len i [1 + AN _
¥y 1 - Q:OV,,T) - Q.4
Region B
- 1 1 F,Y..D,
Oxidizer MF, | — =)= —u|l+———
Fine Ty, A Dy
. . 1 1 FY. ,
Vaporized oxide MF,\——-=)= 0|l - ———
Finr vy, 0";;(1 -7
1 1 FB(T/’ - 7Aﬂz)
Temperature M, Fy ( - 7) = —Ley /u [1 ——
Fint vy, FB(T_/‘ -T1,)— ¢
1500 L) ¥ 1 v T v T M T
Flame Zone i — Without Oxide Accumulation
e meesemen With Oxide Accumulation
c —
2 o
g | :
S Aluminum Particle = .
s 4 and Oxide Cap - 1000 35 um particle
[ § o Tinf = 2500°K
02,H20,C02 =
§ Vaporized ] P=1am
H2, CO . — o Y H20=0.114
Juminum » Y CO2 = 0.209
5 3 Y 02 = 0.065
g £ 500 ]
] ]
5 xide Pa a
(&} roducts e '~.,.
[ S \ [ Closer to a d*.5 law .~"~.,
0 — i N 3 i " i PR | o
0 1 2 3 4 5 6

Fig. 2 Schematic diagram of aluminum combustion model used in
this study.

a partial sphere, restricted by the cap. During the combustion
process the cap grows due to the diffusion of the oxide vapors
to the surface, while the aluminum particle decreases in size
due to its combustion rate. These rates are converted to vol-
umetric changes using the densities of the materials. The vol-
ume changes are then related to the change in surface area
available for combustion. As the aluminum particle burns out,

Burn Time (ms)

Fig. 3 Effect of oxide accumulation on the particle surface.

the literature. A description of the results of these parametric

studies follows.

Effect of Particle Diameter

Figure 3 shows the calculated particle diameter as a function

aresidual oxide cap remains. This concept is normally equated
to combustion of agglomerates, but the model also indicates
that it is important with any particle of aluminum. Results
are presented in the following section.

Results of the Steady-State Aluminum Model
To evaluate the model, a parametric study was performed

and the results compared to experimental results available in

of time. Initially, the oxide cap on the particle is not suffi-
ciently large to inhibit burning significantly, as the particle
burns over virtually the entire surface. However, as oxide
accumulates, the burning rate slows due to the decreased
surface area. The predicted instantaneous burning rate ap-
pears to be correlated by a d'* law, due to the variation in
surface area caused by the oxide accumulation. However,
when comparing the overall burning times for different par-
ticles, the general D? law seems to hold.
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Fig. 4 Calculated aluminum burning rates showing the effect of ox-
idizer concentration, holding the other two species constant.

Effect of Concentration

[t has been suggested by numerous experimentalists that
the burning time is inversely proportional to the oxidizer con-
centration.™ The Russian empirical correlation [Eq. (1)] sug-
gests that the burning rate is proportional to the total oxidizer
mole fraction to the 0.9 power. In both cases, the oxidizer
concentration is summed. This implies that all oxidizers have
similar effects on the burning rate. Using the model to test
these assumptions, it was found that each oxidizer has a dif-
ferent effect on the burning time and their values cannot
simply be summed together (see Fig. 4). Oxygen has the
greatest effect on the burning rate and CO, has the smallest
effect.

A more appropriate correlation appears to be

b= C <dz / > c,.x,.) ™

where C is a constant based on ambient temperature and
pressure, and ¢; and x, are the constants and mole fractions
for the individual oxidizing species, respectively. The con-
centration was varied over a range of approximately 200%
for each species. For conditions similar to those found in the
Rijke burner, the values of ¢, for O,, H,O, and CO, were
calculated from Fig. 4 to be 1.0, 0.533, and 0.135, respectively.

These results are not surprising considering the higher heat
of reaction associated with oxygen. Also, oxygen has twice
as much oxidizer per mole as the carbon dioxide, which should
enhance the combustion rate of oxygen relative to carbon
dioxide. If the constants are normalized with respect to the
heat of reaction on a per weight basis multiplied by the dif-
fusivity, the oxidizer effects become nearly equal. This result
stems primarily from oxygen having a higher heat of reaction.
Water and carbon dioxide have comparable heats of reaction,
but water has a lower molecular weight and a higher diffu-
sivity. Carbon dioxide has only a marginal effect as an oxi-
dizer. These results suggest that the simple summing of oxi-
dizers is inadequate and cannot account for the differences
in heats of reaction, stoichiometry, transport properties, and
products formed from oxidizer to oxidizer.

Changes in the flame standoff distance with respect to ox-
idizer concentration were also investigated. It was found that
for conditions similar to those in the Rijke burner, the di-
mensionless flame radius increases with the addition of oxygen
from a value of 1.5-2.5. With an increase in water concen-
tration, the same dimensionless flame radius decreases from
2.5 to 2.0. With an increase in carbon dioxide concentration,
the flame radius remained almost constant at a value of ~2.2.
These results are qualitatively similar to numerous experi-
mental investigators,'**! who report a dimensionless flame
radius of ~1.5 for atmospheres with water and ~3 for oxygen.

Effect of the Surroundings

An increase in ambient gas temperature resulted in an es-
sentially linear increase in burning rate when the flame tem-
perature is lower than the boiling point of oxide. As the flame
temperature reaches the oxide boiling temperature (at an am-
bient temperature of approximately 1500 K), the slope of the
curve increases.

The effect of the particle being immersed in a flowfield was
also investigated. Under stagnant conditions, the Nusselt
number of a sphere has a value of 2. In the model, the burning
time is not effected by convection between Nusselt number
values of 2 and 2.1. For Nusselt numbers larger than 2.1, both
the burning time and the flame radius decrease.

Kuo'* has suggested that in high flow conditions, the burn-
ing rate is changed from a d> law to a d'-* law due to convective
effects. This result stems from the fact that for a sphere, the
Nusselt number can be represented as Nu = 2 + cRe%*. As
the Reynolds number gets very large, the Reynolds number
dominates the value of the Nusselt number. The 4% in the
Reynolds number then causes the exponent in the burning
time to drop to 1.5. As the Reynolds number approaches
infinity, the equations in this model also give the same result.
However, using Reynolds numbers up to 25, the burning time
correlation in the model was found only to drop to d'#* due
to high convective flow. It was not possible to simulate higher
flows due to numerical convergence difficulties. Additionally,
Reynolds numbers greater than 25 are probably not realistic.

Additional Parameters Investigated

The relative effect of several parameters in the model that
are not well-quantified, but that were studied parametrically
are discussed below.

Radiation

For particles less than 40 um, radiation between aluminum
particles and condensed oxide at the flame has little effect for
emissivities between zero and one. For particles 50100 um
and a flame emissivity of one, heat radiated from the flame
to the particle has a larger effect (e.g., a 10-20% decrease
in burning time). Realistically, the emissivity of the flame
only becomes large when oxide has accumulated in the flame
zone. This will occur when the particle is near burnout and
is small. Thus, radiation to the aluminum droplet should ac-
tually have little effect on the overall burning time of an
individual particle.

Transport Property Weighting Factor [Eq. (6)]

By weighting the properties either totally by the conditions
at the flame or totally by the conditions at the particle surface
and infinity, a maximum change of 50% in burning rate re-
sults.

Heat of Vaporization

Although aluminum vaporization during combustion is usu-
ally considered to be due only to the boiling of aluminum
liquid at the particle surface, it has been postulated that sur-
face oxides react with the molten aluminum to form suboxides
that also leave the particle surface. Thus, the value of the
heat of vaporization may not be a simple boiling phenome-
non,*' but could well be a reactive dissociation such as

ALO; () + Al(l) — Al(g) + ALO(g) + AlO(g) (8)

To evaluate this possibility within the model, an arbitrary 50%
increase in the heat of vaporization yielded a 25% decrease
in the particle burning time. This is an idea that needs more
study.

Diffusion to Surface

An increase in the diffusion of oxide to the surface was
shown to increase the reaction rate by as much as 45% in the
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model. This result is due to the increased heat release from
vaporized aluminum suboxides condensing on the surface of
the particle. In this scenario, it was assumed that all the energy
from oxide condensation goes into the particle to vaporize
additional aluminum. It was further assumed that oxide con-
densing on the surface reacts with aluminum and leaves the
surface rather than forming an oxide cap. Even with these
restrictive assumptions the effect of diffusion to the surface
is significant.

Oxide Accumulation on Surface

The oxide accumulation on the particle surface covers part
of the area where aluminum would vaporize from the surface
and slows the reaction rate. Considering this effect without
including the additional heat that would be generated from
condensation of oxide (as in 4), the model shows a slowing
of the reaction rate by approximately 25% due to surface
coverage. Again, this is a phenomenon that needs further
study.

Overall. it appears that the diffusion and condensation of
oxide on the surface is a larger effect than oxide accumulation
on the particle surface. Further studies are needed to quantify
which suboxides diffuse to the surface and how they react
there. Also, more quantitative information is needed on het-
erogeneous reactions between the aluminum and various ox-
ides, both at the surface and within the particle. For tracta-
bility these reactions have been neglected.

Comparison with Experimental Results

Experimental results from several sources were compared
to the model to determine its accuracy and versatility. Ex-
perimental data were found that came from aluminum ignited
in gas burners, laser drop tube experiments, and propellant
experiments. Calculations were made for each data set con-
sidering the two extremes:

1) Oxide diffuses back to the surface and its condensation
provides energy to the particle, resulting in increased reaction
rate.

2) Oxide on the surface forms a cap, reducing the effective
reaction area, thus slowing burning. The data are compared
to the calculations in Fig. 5, plotting the surface burning rate
determined by the two approaches.

Experimental results from gas burners were taken from
Friedman and Macek.%**** The upper error bar values rep-
resent the calculation that allows diffusion of oxide back to
the surface of the particle and no oxide cap forms. The lower
error bar values represent the calculation with no diffusion
of oxide back to the surface of the particle. The model gen-
erally compares very well to these gas burner experimental
results. Most of the disagreement is believed in these cases
to be associated with small particles burning very rapidly (e.g.,
=4 ms). Error probably stems from experimental difficulties
in measuring such short burning times.
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Fig. 5 Comparison of model to experimental data.

Aluminum combustion data for laser-ignited particles were
reported by Prentice™ and Wilson and Williams.*' The data
were taken at lower temperatures and generally higher oxygen
concentrations. Primary oxidizers were oxygen and carbon
dioxide with traces of water vapor present. Only data taken
at oxygen concentrations lower than 30% were considered
because fragmentation occurs at higher oxygen concentra-
tions, confusing the data. The upper portion of the error bar
seems to fit the data best. This result suggests that oxide
diffuses to the particle surface, increases the reaction rate,
but does not form a nonpenetrable oxide cap.

Propellant experiments performed by Davis* and Hartman3+
provided the third data set. Unlike the other data sets that
were performed near atmospheric pressure, their work was
done at typical rocket pressures (~20 and 50-68 atm). For
the lower pressure data, the model follows experimental trends
reasonably well. However, the higher pressure experimental
results indicate a substantial increase in burning rate that the
model does not predict. Pressure only enters the model in the
temperature-dependent properties associated with increased
particle and flame temperature. For this reason, the model
only predicts a 20% increase in burning rate over the range
of 14-1000 psia; much lower than apparently observed ex-
perimentally. Further work is needed to determine the pres-
sure effect, either from an experimental or modeling per-
spective.

The model has also been compared to the more recent data
of Turns and Wong>-** in Fig. 6. The model calculates burning
times of ~25-30% longer than the experimental times. Also,
the calculated dependence on diameter gives an exponent of
~2, while the data give an exponent of ~1.8. The source of
these discrepancies could not be ascertained within the model
nor within potential sources of experimental error.

It is informative to compare these calculations with those
made by other models. Calculations with the Turns—Wong
model* bracket the data depending on their assumption rel-
ative to the surface inhibition due to the oxide cap. If they
assume that the cap inhibits the available surface area (as in
the current model), their calculated times are ~40% longer
than those measured. If there is no inhibition, their calculated
times are just slightly less than the data. In the Bhatia—Sir-
ignano model** their calculated times are in excellent agree-
ment with the 10% O, data of Turns and Wong. The calcu-
lated diameter exponent for both the Bhatia—Sirignano model
and the current model is ~2, whereas the Turns—Wong data
indicate a value of 1.77 = 0.20. A final area of comparison
is the calculated dependence on oxygen concentration. Tests
in 25% O, show a reduction in burning times of ~45% over
tests with 10% O,. Calculations from the Turns— Wong model
and the current model both reproduce the ~45% reduction
in burning times. However, the Bhatia—Sirignano overpre-
dicts the O, concentration dependency, calculating a reduc-
tion in burning times of ~65% for the two cases.

a Turns-Wong 10% Oy
o] Turns-Wong 25% Op
model 10% Oy

""" model 25% Op

100
Diameter (um) 1000

Fig. 6 Comparison of model to experimental data of Turns and Wong.
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Each of the three models compared here are either a direct
derivative of, or are very similar to, Law’s model.'? Thus, it
is not surprising that they produce very similar results. How-
ever, there are also significant differences. The Bhatia—Sir-
ignano model seems to have the best-agreement with the basic
data (i.e., the 10% O, data). The Turns— Wong model is closer
to agreement with the data if the surface inhibition due to
the oxide cap is neglected. In the current model this is also
true. Thus, the method of calculating the oxide cap inhibition
of the reacting surface area apparently is not simulating the
real physical phenomenon accurately. Also, it is not clear why
the Turns—Wong model seems to predict the diameter de-
pendence better than the other two models, nor is it clear
why the Bhatia—Sirignano model overpredicts the depen-
dency on O,, while the other two models seem to predict it
correctly. Further studies are needed to clarify the physical
characteristics that result in these apparent discrepancies.

Each of the three models also calculate the size of the oxide
cap formed from the combustion. Both the Turns—Wong and
the Bhatia—Sirignano models calculate oxide caps of ~65%
of the original aluminum agglomerate. This is in good agree-
ment with the data reported by Turns and Wong. In the
current model oxide cap diameters of ~90% were calculated,
but these correspond to the density of the oxide at the tem-
perature of the oxide used within the model (i.e., the boiling
point of the oxide, ~4000 K). If the size of the oxide cap is
recalculated using the density corresponding to ambient con-
ditions, the size of observed caps would be ~60-65% of the
original aluminum. Thus, all three models are in agreement
with this observation.

Interactions of Acoustics and Aluminum Combustion

In the Raun Rijke acoustic model®” mean properties do |

not vary with time and are solely a function of location in the
burner. Oscillatory properties describe the acoustics and are
a function of location in the burner and frequency. Solution
of the equations describing the oscillatory properties in the
burner require a knowledge of the variations in mean prop-
erties of the gas and the particles in the hot section. To obtain
profiles of these mean properties, the location and rate of
aluminum combustion must also be known.

Ignition Delay

Knowing the location of particle ignition is important to
allow for the proper calculation of mean properties. In the
current work, the terms responsible for particle convection
of momentum and energy

du, oh,

P, Py and P10, Py 9

have been incorporated into the continuity equations to allow

for the influence of acceleration and heat-up on ignition delay.

Ignition is assumed to occur when the particles reach some
specified temperature.

To determine a reasonable ignition temperature, the un-
steady energy equation including convective terms was solved.
This simple stand-alone model was compared to available
experimental results. With a melting point of aluminum oxide
of ~2300 K, and considering thermal stresses during heat-up,
ignition temperatures in the range of 1600—-2300 K were con-
sidered. The assumed ignition temperature was adjusted until
ignition delay times matched the experimental work of Fried-
man and Macek® and Davis,* with the best fit occurring for
an ignition temperature of approximately 1900 K. Using val-
ues of 1600 resulted in calculated ignition delay times ap-
proximately 30% low, while values of 2300 resulted in values
~30% high. Thus, the value of 1900 was used in all other
calculations in the Rijke acoustic model to determine the
location of aluminum ignition in the burner.

The ignition delay times calculated by the expanded Rijke
acoustic program were then compared to the solution of the
simple stand-alone computer model. Equations describing both
the energy and momentum of a single particle were solved in
order to determine if the step size of the Runge—Kutta cal-
culation was sufficiently small to properly calculate ignition
delay. The results of the Rijke program were found to differ
by less than 5% from the results of the simple model for
particles in the range of 15-65 um in diameter.

Aluminum Combustion Model

The features of the modified aluminum combustion model
were incorporated into the Rijke acoustic model, and the
results compared to the stand-alone aluminum model. Dif-
ferences of less than 5% were determined, which was deemed
acceptable.

Within the model heat transfer can occur between gas and
particle phases in the following ways: 1) convective heat trans-
fer between the particles and the gas, 2) radiation between
the particles and the surroundings, 3) production of heat due
to the reaction of aluminum with its oxidizer, and 4) heat loss
from the gases to the surroundings. Calculated gas temper-
ature profiles are shown in Fig. 7 varying the oxide emissivity
and the percentage of aluminum. In most respects the curves
follow expected trends. However, for values of oxide emis-
sivity greater than 10%, the outlet gas temperature with alu-
minum addition is actually lower than the case with gas only.
It appears that heat from the gas is convected to the oxide
particles and then radiated to the surroundings, reducing the
exhaust temperature.

Acoustic Properties in the Rijke Burner

Raun used a linear perturbation of a liquid droplet com-
bustion model to describe the fluctuating particle reaction
rate. His acoustic growth rates due to the fluctuating alumi-
num combustion for an acoustically inactive burner flame
were an order of magnitude lower than those observed ex-
perimentally by Braithewaite. These results provide motiva-
tion for the current modeling work.

The fluctuating aluminum reaction rate is calculated using
a linear perturbation equation:

R ar, o ar, + ar, or, (10)
F,=—T, — , + i
P ar e T ap P T P T g

g (d g

where the derivatives of the particle reaction rate r, are cal-
culated numerically from the modified aluminum combustion
model. Once again the acoustic growth rates calculated with
the improved model were an order of magnitude lower than
those seen experimentally. Subsequently, three reasons for
the discrepancy were examined: 1) an incorrect form of the
particle reaction rate equations, 2) incorrect interactions be-
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Fig. 7 Gas temperature for 25-um aluminum particle for various
emissivities and percentages of aluminum.
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tween the particle reaction model and other parts of the Rijke
model calculation, and 3) limiting assumptions of perturbation
theory.

Form of Particle Reaction Rate

Both Raun’s Rijke model and the one of this study assume
the aluminum reaction rate is diffusion limited. To test the
possibility that the reaction rate could be kinetic limited in-
stead, the particle reaction rate was assumed to be an Ar-
rhenius function of the surface temperature. For reasonable
values of the order of the reaction (n = 2) and the activation
energy (E, = 40,000 cal/mole), the values of the perturbed
reaction rate continued to be an order of magnitude too small,
suggesting that the form of the equation is not the primary
reason for the discrepancy between the model and experi-
ment.

To determine what form the reaction rate expression should
take and the magnitude of the parameters required to produce
the proper results, an empirical fluctuating reaction rate equa-
tion of the form

?,=(Y,p + V2,)F, (11)

(where ¥ is an arbitrary complex constant) was assumed.
Calculated acoustic growths of the proper magnitude could
only be achieved for values of ¥,, the pressure-dependent
complex constant, real and on the order of 107, and values
of the velocity-dependent complex constant, ¥, imaginary
and on the order of 1. These results suggest that the fluctuating
reaction rate must be in phase with the pressure and 90 deg
out of phase with the acoustic velocity, similar to what would
be expected by the Rayleigh criteria.*®

Interactions between Particles and Flame

To evaluate the possibility of acoustic interactions between
the particle reaction rate and the propane flame, the revised
Bailey flame model (as used by Raun; see also Bailey*”) was
used to make parametric calculations of the flame response
without the effects of the fluctuating aluminum reaction rate
(but allowing for the mean particle combustion effects). Model
results indicated that the addition of aluminum particles in-
creased the acoustic growth (see Fig. 8), similar to that seen
experimentally, in spite of the fact that the fluctuating alu-
minum combustion terms in these calculations were set to
zero. This surprising result seems to indicate that the addition
of aluminum changes the mean properties of the burner suf-
ficiently to cause changes in the propane flame response with-
out the need for the fluctuating heat release due to the par-
ticles.

This phenomenon can be explained as follows. The acoustic
mode shape and location of nodes and antinodes of the stand-
ing wave are determined by the temperature profile within
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Fig. 8 Calculated acoustic growth rate vs percent aluminum for the
revised Bailey flame model using various sizes of aluminum.

the burner. If the temperature profile is changed. then the
location of the acoustic nodes and antinodes in the burner is
also changed. Maximum driving occurs when the velocity an-
tinode is located at the Rijke burner flame. Changes in the
temperature profile due to aluminum combustion can move
the velocity antinode towards the flame, resulting in an in-
crease in acoustic growth, or away from the flame, resulting
in a decreased acoustic growth. For all of the conditions and
Rijke flame models studied, this “indirect” mechanism of
distributed combustion can be a significant portion of the
acoustic growth (e.g., 30—100% of the total increase due to
the aluminum particle addition).

Key particle parameters effecting this indirect aspect of
distributed combustion include the weight percent aluminum
added to the burner and the emissivity of the smoke created.
Initial aluminum particle diameter and oxidizer concentration
have a somewhat lesser effect on the mode shift. Ignition
temperature has very little effect on the acoustic growth change.

Oxide emissivity has the largest effect on the acoustic growth.
Although the emissivity of a single particle of oxide is quite
well-quantified (e.g.., 47% at 1500 K). the effective emissivity
of a cloud of oxide particles is more difficult to determine.
Raun used a value of 0.25 for the emissivity of the oxide.
Glassman™ suggests that, in a cloud of particles, there are
little radiative heat losses because a single particle sees pri-
marily particles of the same temperature. A reasonable
emissivity value for a cloud may well be very small. Calcu-
lations were made varying the emissivity from small values
up to the single particle value. As exhibited in Figs. 7 and 9,
an increased value of emissivity causes a significant drop in
hot section temperature profile, and a significant increase in
the calculated acoustic growth. Because of its importance in
defining the temperature profile and the acoustic growth rate,
further study is needed in this area.

As evidence of the indirect mechanism of distributed com-
bustion, Barron® noted an increase in acoustic growth in the
Rijke burner with the addition of aluminum oxide particles.
This increase was originally attributed to some possible cat-
alytic effect. Because aluminum oxide does not burn, the
direct distributed combustion effects due to fluctuating re-
action rate would not be present. It would not seem unrea-
sonable, however, that the introduction of the aluminum ox-
ide would cool the hot section of the burner sufticiently either
due to heat absorbed or radiated to cause a shift in the acoustic
mode such that the acoustic velocity antinode was nearer the
flame. This would result in the increased acoustic growth seen
experimentally.

In addition to changes in the acoustic growth due to a mode
shift, the Rijke burner flame model increases the magnitude
of the acoustic properties in the hot section of the tube. Such
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increases yield increased values of the fluctuating reaction
rates as Eq. (11) would suggest. Therefore, the acoustic growth
due to the fluctuating particle reaction and flame can couple
to give a much larger value than their individual components.
Parametric calculations showing this result are illustrated in
Fig. 10.

Limiting Assumptions of the Perturbation Theory

A third reason for the difficulty in fitting the experimental
data with the acoustic model is the limiting assumptions of
the perturbation theory. Two difficulties are encountered when
using simple perturbation theory to solve for the fluctuating
particle reaction rate rather than solving the unsteady con-
servation equations in their entirety. The first difficulty is that
of taking derivatives of empirical correlations. The majority
of the aluminum combustion model is based on conservation
equations. Taking derivatives of these equations should be
possible without losing the physical nature of the solution. In
contrast, calculation of the derivative of the reaction rate with
respect to velocity requires the use of a Nusselt number cor-
relation. Unlike continuity equations, the Nusselt number
correlation is created by fitting experimental data. The func-
tional form of the correlation may not be physically correct.
Therefore, when the derivative is taken it may not represent
physical reality. Error from perturbing such empirical cor-
relations is difficult to determine, but may be significant.

A second difficulty associated with perturbation theory is
that the reaction rate is assumed to respond instantaneously
to the acoustic properties. For a diffusion-limited process, it
would seem that changes in the bulk of the fluid would not
have an instantaneous effect on the fluctuating reaction rate
or heat release, but that there would be a lag time associated
with the aluminum combustion.

Further evidence of the need for a lag time can be seen in
the results of using the Bailey flame response to model the
propane flame in the Rijke burner. The Bailey model is based
on two parameters: 1) a flame ignition delay time and 2) the
derivative of the flame speed with respect to the flameholder.
Measured propane flame time lags are on the order of mi-
croseconds. With a time lag of microseconds, little to no acoustic
growth resulted. To obtain the acoustic growth rates due to
burning aluminum shown in Fig. 8, the flame ignition delay
time in the Bailey model had to be on the order of millisec-
onds. A time lag of milliseconds is actually more characteristic
of particle combustion, and not the premixed propane flame
of a Rijke burner that the model was designed to describe.
Thus. the Bailey flame model can produce results similar to
experiment by simulating the time lag associated with burning
particles. Although strictly an artifact of the mathematical
model, such a result does suggest the need for a time lag in
the aluminum combustion model.
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Fig. 10 Increase in acoustic growth due to addition of aluminum with
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Note sharp increase with combined effects as compared to the algebraic
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In an effort to account for such a lag, the fluctuating re-
action model was modified to include a delay time of the form

) ar, 7 ar, ar, ar, ) (12)
P, =\=T, + —p +—p, +—70,) et
; ‘:’Tg « ap P pr b, do, e

where the first part of the term is from the original model
[Eq. (10)] and the exponential term accounts for the time
delay. In the exponent, w, is the frequency of oscillation and
7 is the lag time. This time lag is based on the time required
for the oxidizing species and temperature effects in the bulk
to be felt at the flame surrounding the aluminum particle. Its
value is calculated from the steady-state aluminum combus-
tion model. The problem becomes one of determining the
thickness of the region through which changes in acoustic
properties must travel to influence conditions at the aluminum
diffusion flame (r,,;). The thickness of this region can be no
greater than the interparticle distance and no less than at the
flame front. Calculated values of the interparticle distance
vary from ~4() diameters at 15% particles to ~80 diameters
at 2%. The actual location of the boundary layer (or r,) is
believed to be somewhere between the flame front and this
interparticle separation distance.

Parametric calculations were made varying values of r,,,
which show a maximum acoustic growth for a value of 25.
This compares favorably to a calculated value of 20 for a coal
particle in Stokes flow.?” Not surprisingly, this maximum cor-
responds to a 90-deg phase shift. With this phase shift, the
energy release due to a velocity perturbation would be in
phase with the pressure as predicted by the Rayleigh criterion.

As mentioned previously, the fluctuating reaction rate with-
out the time lag was an order of magnitude too small. By
including the lag, the acoustic velocity component of the re-
action rate becomes dominant over the acoustic pressure com-
ponent. The importance of the acoustic velocity in the cal-
culation of the fluctuating reaction rate had also been proposed
previously by Beckstead and Brooks* and Rudinger.!

Comparison with Experimental Work

Using an r,,, value of 25 and an emissivity value of 0.25,
the Rijke acoustic model was compared to the work of Barron®
(see Fig. 11). The acoustic growth values predicted by the
new Rijke model compare reasonably well with the experi-
mental data at low concentration. The order of magnitude of
the acoustic growth rate is correct, and there is an increase
in acoustic growth for larger flow rates of aluminum particles.
At higher aluminum concentrations, however, the model and
experiment are more dissimilar. Reasons for such variations
could stem from either the model or experimental data.

Certain aspects of this experimental data remain in ques-
tion. A precise, constant flow in the particle feeder has been
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difficult to obtain, especially for small particle sizes. It has
been suggested that the drop in acoustic growth for the 15-
pm aluminum particles could be the result of fluctuations in
the particle feed rate. At high aluminum mass fluxes, such
errors are magnified, resulting in the larger data scatter at
high concentrations. In addition, the particles used experi-
mentally are not a single diameter, but rather a wide size
distribution, resulting in varying burning rates and heat trans-
fer characteristics. Efforts are currently underway to obtain
improved experimental data and resolve the particle feeder
and size distribution difficulties.

The model assumes that the particles burn as individuals,
not affected by other particles surrounding them. At concen-
trations greater than 8% aluminum, group combustion is pos-
sibly occurring based on photographs taken of the experiment.
Individual particles cannot be seen during aluminum com-
bustion in the Rijke burner; only a bright ball of fire exists
in the reaction zone. Under these conditions, the combustion
mechanism could be different and the assumptions of the
mean and oscillatory aluminum reaction models could break
down. According to Chiu (taken from Kuo'’), even 1% alu-
minum could result in group combustion for the size particles
in question. However, Chiu assumes that the oxidizer must
diffuse from the surroundings into the cloud for combustion
to occur. In the case of the Rijke burner, the particles are
premixed with the oxidizer, thus, the equations of Chiu would
have to be rederived for this situation.

Conclusions

Law’s aluminum combustion model has been expanded to
include the effects of multiple oxidizers and their products,
oxide accumulation on the surface of the burning aluminum
particle, and convection. There are no adjustable parameters
in the improved aluminum combustion model, and both trans-
port and thermodynamic properties are calculated internally
for varying temperature.

The aluminum combustion model has been compared to
experimental data from burners, laser-ignited particles, and
propellant under a variety of conditions. In spite of large data
scatter, the aluminum combustion model compares more fa-
vorably to experimental data than a simple liquid droplet
model. The discrepancy in the comparison between the model
and experimental data is believed to be due both to difficulties
in obtaining experimental data and shortcomings of the model
due to the complexity of aluminum combustion. Calculations
also indicated that simple empirical models, based on a summed
mole fraction of oxidizer, could be erroneous in environments
that contain several oxidizing species.

Three relatively recent models that have been compared
here are either a direct derivative of, or are very similar to,
Law’s model.!? and produce very similar results. However,
there are significant differences. The Bhatia—Sirignano model
seems to have the best agreement with the basic data. The
Turns—Wong model is closer to agreement with the data if
the surface inhibition due to the oxide cap is neglected. In
the current model this is also true. Thus, the assumption of
the oxide cap inhibiting the reacting surface area may not be
a good assumption. Also, it is not clear why the Bhatia—
Sirignano model overpredicts the dependency on O,, while
the other two models seem to predict this dependency cor-
rectly. Further studies are needed to clarify the physical char-
acteristics that result in these apparent discrepancies.

The aluminum combustion model was incorporated into the
Rijke program, and the mean and acoustic properties of the
burner were studied separately. Efforts to characterize the
location and amount of heat transfer between phases yielded
the following:

1) Comparison with experimental work suggests an ignition
temperature of ~1900 K for conditions found in the Rijke
burner.

2) The size of the aluminum particle, the concentration of
the aluminum and its oxidizer, and the emissivity of the metal
oxide were all found to have a significant influence on the
gas temperature profile.

The effects of aluminum combustion on the acoustics in the
burner were determined by carrying out linear perturbation
of the time-mean aluminum combustion model. Similar to the
results of Raun, the increase in acoustic growth due to the
addition of aluminum was much lower than corresponding
experimental data. Using the more complex model of alu-
minum combustion did not appear sufficient to cause the proper
increase in acoustic growth. The flame/acoustic interaction
and the fluctuating reaction rate were studied to improve the
fit of the experimental data.

Calculations have shown that a significant part of the acous-
tic growth with the addition of aluminum is due strictly to the
change in the gas temperature profile. The change in tem-
perature profile apparently causes the location of the velocity
antinode to shift relative to the Rijke burner flame and thereby
cause an increase in the flame response. The flame response
can also couple with the fluctuating particle reaction rate re-
sulting in a synergistic increase in acoustic growth over the
individual effects.

To further improve the fluctuating aluminum combustion
model, a time lag between the acoustic properties and the
fluctuating heat release was added. This time lag is based on
the length of time needed for an effect in the bulk to be
transmitted to the aluminum diffusion flame through the
boundary layer. For a boundary-layer thickness of approxi-
mately 25 particle diameters, the time lag shifted the effects
of the acoustic velocity 90 deg out of phase. Such a boundary-
layer thickness is very reasonable, and results in the heat
release being in phase with the acoustic pressure, yielding a
maximum in the acoustic driving.

The new Rijke acoustic model agreed within 10% of the
acoustic growth rates observed by Barron for 25-um alumi-
num particles. Discrepancies between experiment and model
for the 13- and 43-um aluminum particles were larger, but
similar qualitative trends were seen.
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