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Plateau Burning Behavior of Ammonium Perchlorate
Sandwiches and Propellants at Elevated Pressures
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Georgia Institute of Technology, Atlanta, Georgia 30332-0150

Further results on combustion of sandwiches made of alternating layers of ammonium perchlorate (AP) and
a matrix of AP particles in polymeric binder in an expanded pressure range of 0.345–13.78 MPa (50–2000 psig),
over a wide range of matrix lamina thicknesses, are reported. Inclusion of a nanoparticle-size burning rate catalyst
in the matrix is also considered. The sandwich burning rates indicate plateaus over the 6.89–13.78 MPa (1000–

2000 psig) pressure range for select ranges of matrix lamina thickness. These are correlated with similar plateau
trends in the burning rates of composite propellant formulations with bimodal particle size distribution of the
oxidizer and appropriate choice of coarse AP size, wherein the � ne AP/binder matrices are of identical composition
to those tested in the sandwiches. The dependence of the sandwich burningrates on the matrix laminathickness and
the quenched surface features are examined to explain the plateau burningrate trends. The results indicate that the
two-dimensional coupling of heat feedback from the hot, near-surface parts of the oxidizer/fuel diffusion � amelets
is diminished at elevated pressures due to their greater proximity to the burning surface and the corresponding
shrinking of their lateral extent.

Introduction

I T has long been recognized that the details of combustion of
compositepropellantsare inherentlymultidimensionalin nature,

although one-dimensional models incorporating multiple � ames,
such as the derivatives of the Beckstead–Derr–Price (BDP) model1

have been popular. Recent advances have been reported on multidi-
mensional modeling of sandwich and propellant con� gurations,2¡4

but such efforts are still fraught with dif� culties in terms of un-
certainties in chemical kinetic mechanisms and parameters and the
requirement of large computational resources. Moreover, available
results of modeling efforts are still con� ned to treating simple con-
� gurations of oxidizer and binder/fuel and do not as yet pertain to
real propellant situations that include the presence of widely differ-
ent oxidizer particle sizes, action of nanoparticle-sizeburning rate
catalysts and the mechanism of their action, and the possibility of
molten micro� ows of oneof thepyrolyzingingredients,for instance,
the binder, on the burning surface. On the other hand, advanced ex-
perimental diagnosticshave not yet been suf� ciently developed for
interrogationof the microstructure of combustion zone of compos-
ite propellants under high-pressure conditions to clarify its mul-
tidimensional details completely, including the complications just
mentioned, although some progress has been reported in the recent
past.5¡7 In view of this, multiple experimentalobservationson edge
burning of simpli� ed geometric con� gurations, such as alternating
layers of oxidizer and fuel (i.e., sandwiches) and the collective in-
terpretationof such observationscontinue to be relevant not only to
understanding the predominant combustion mechanisms under dif-
ferent conditions,but also to address speci� c issues of macroscopic
propellant combustion behavior. The present work is an example
in this context, in that the extension of previous studies on sand-
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wich burning over an expanded pressure range and the associated
advancement in the understandingof the details of the combustion
zonehavebeenused to explaina plateau trend in the burningrates of
sandwiches in an elevated pressure range. The work has prompted
examinationof propellantcompositions for similar plateau burning
rate trends, and striking correlations between sandwiches and pro-
pellants on such unique burning rate trends have been observed for
the � rst time.

In the present work, burning of sandwiches with slabs of
ammonium perchlorate (AP) forming the outer laminas and a ma-
trix of � ne AP particles and poly-butadiene acrylonitrile acrylic
acid (PBAN) binder comprising the middle lamina is studied over
the pressure range of 0.345–13.78 MPa (50–2000 psig). Inclusion
of nanoparticle-sizeferric oxide catalyst is also considered. This is
an extensionof past works at this laboratoryin the pressure range of
2.07–6.89 MPa (300–1000psig),wherein sandwicheswith the mid-
dle lamina made of 1) pure binder lamina,8 2) an uncatalyzedmatrix
of � ne AP and binder,9 and 3) a � ne AP/binder matrix with the addi-
tion of a nanoparticle-sizeferric oxide burning rate catalyst,10 were
tested.Reference11 summarizestheseresultsin a consolidatedman-
ner to a large extent.The resultsof sandwichburningobtained in the
present study and the explanation of propellant burning rate trends
reported here can be understood in terms of the background of the
insights gained from the past studies referred to earlier. Important
aspects of the past studies pertinent to the present work are listed as
follows (see Figs. 1 and 2, taken from Refs. 8 and 10, respectively):

1) The burning surface of the outer AP lamina far away from
the lamina interface exhibits the self-de� agration behavior of AP,
but there is lateral heat loss to the middle lamina in the vicinity of
the interface that causes the AP lamina to protrude in that region.
Correspondingly,this regionexhibitsa distinctlysmoothappearance
on the burning surface, referred to as the “smooth band.”

2) The cause for the smooth appearance on the AP surface just
referred to is not clear. It is known that the combustion of AP above
its low-pressure de� agration limit (LPDL) involves a reactive liq-
uid froth,12 possiblyone or more of its � rst decompositionproducts,
namely, ammonia and perchloricacid. In the regionwhere excessive
heat drain occurs to the middle lamina in the sandwich, the AP lam-
ina mightnot sustain the usual gas-phase� ame, but ratherundergoes
decompositiondue to heating from the oxidizer/fuel (O/F) diffusion
� ame. It is likelythat thedecompositionproducts,existingin molten
form, smear the details of surface features in this region, presenting
a smooth appearance in the quenched samples, as suggestedby P. J.
Paul and H. S. Mukunda in private communicationsin 1995. Such a
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Fig. 1 Combustion zone structure for an AP/HC-binder/AP
sandwich.11

Fig. 2 Typical dependence of sandwich burning rate behavior on ma-
trix laminathickness for pure PBAN, and uncatalyzedAP/PBAN matrix
in the 2.07–6.89MPa(300–1000psig)range10; dataobtainedat3.45MPa
(500 psig).

possibility has not been resolved by means of any experiments de-
signed speci� cally to investigate this aspect of AP combustion. In
further work,10 and in the present studies, situationshave arisen that
cause the leading edge of the diffusion � ames (LEFs) to be located
very close to the burning surface, resulting in a somewhat parched
appearanceof the region in the AP lamina immediately adjacent to
the lamina interface, as detailed later. This region has been referred
to as a “dry band.”10 In any of these investigations,the terms smooth
band and dry band are used to refer to surface qualities presented
in accompanying scanning electron micrographs (SEMs), without
further elaboration on what exists in those regions of the surface.

3) The O/F diffusion � ame is aligned along the stoichiometric
surface in the gas-phasemixing fananchoredto the lamina interface,
but it is not fully diffusion limited in the near-surface region. The
LEF propagates in a premixing � eld, allowing chemical kinetics to
play an important role.

4) The LEF has a certain lateral extent on the fuel-rich and
oxidizer-richsides of the stoichiometric surface,which is governed
by a) the stoichiometry of the gases emerging from the laminas on
either side of the interface and b) the proximity of the LEF to the
burning surface.

5) The burning rate variation with the binder lamina thickness
shows a peak around 50–75 ¹m for pure binder sandwiches, in-
dicating a two-dimensional coupling in the heat feedback to the

burning surface from the hot, near-surface LEFs. For small values
of the binder lamina thickness, the system is too fuel lean to enable
adequate heat release, and, for large thicknesses, the coupled effect
of the adjacent LEFs is weakened.

6) When � ne AP particlesare mixed with the binder in the middle
lamina, the LEFs in the mixing fan anchored to the lamina interface
edge are designated as lamina LEFs (LLEFs), to distinguish them
from LEFs that could possibly be attached to the � ne particles,
depending on their size and the pressure,13 resulting in particle-
attachedLEFs (PLEFs).9 With � ne AP particlesin the matrix lamina
at a mass ratio level of AP/PBAN D 5/5, the peak in the sandwich
burning rate variation with the middle lamina thickness appears
at a large-thickness value of around 250–275 ¹m because the AP
particles act as a diluent in the matrix. However, the LLEFs get
closer to each other as the stoichiometric surfaces above the lamina
interfaces move inward, and the lateral extent of the LLEFs are
extendedon the fuel-rich side due to the additionof the AP particles
in the matrix. The AP/PBAN D 5/5 matrix does not sustain burning
by itself.

7) When theadditionof � ne AP particlesin thematrix is increased
to the 7/3 level, the matrix is � ammable by itself. As a consequence,
there is a substantial rise in the burning rate peak with variation in
the matrix lamina thickness. It is expected that the 7/3 matrix burns
mostly in a premixed� ame with � neAP particlesof 10-¹m sizeover
the midpressurerangeof 2.07–6.89 MPa (300–1000 psig) (Ref. 13).
This � ame “canopies” the matrix and connects the fuel-rich sides of
the adjacent LLEFs on the burning surface of the sandwich. In the
limit of large-matrix lamina thickness, the sandwich burning rate
asymptotically tends to a value somewhat greater than the matrix
burning rate when tested alone. This indicates an interactive effect
between each of the LLEFs and the matrix � ame, as depicted in
Fig. 2.

8) When a nanoparticle-size ferric oxide burning rate catalyst
is added to the AP/PBAN D 5/5 matrix, it burns by itself in a
smoldering fashion and with a weak pressure dependence, but the
AP/PBAN D 7/3 matrix shows a substantial increase in the burning
rate with the addition of the catalyst. The burning rates of the sand-
wiches with eithermatrixshow a dramatic increasewith the addition
of the catalyst, but the peak in their variationwith the matrix lamina
thickness are not as pronounced as that in the case of the uncat-
alyzed sandwiches, particularly with the AP/PBAN D 7/3 matrix.
In interpreting these observations, it is noted that the enormous in-
crease in the density of AP/bindercontact lines in the matrix affords
active sites for the catalyst to participate in surface-layer reactions.
As a consequence, the gas-phase � ame complex is brought closer
to the burning surface. The greater proximity of the LLEFs to the
burning surface results in a parched appearance of the AP lamina
immediately adjacent to its interface with the matrix, as opposed to
a smooth appearance in the uncatalyzed case, referred to earlier.

Note that Fig. 1, retained from Refs. 8, 9, and 11, shows the
stoichiometric surface arising from the AP/binder interfacial edge,
as opposed to what is argued by Buckmaster et al.,14 based on � ux
balanceboundaryconditionsat the burningsurface. It will be seen in
the context of the present study that this detail is not that important
in interpreting the observationsat elevated pressures.

When theobservationsandconclusionsnotedare adaptedto better
understand the present results at elevated pressures, it is possible
to explain plateau burning rate trends observed at these pressures,
mostly within theconsiderationsof thedetailsof the gas-phase� ame
complex in the combustion zone. The explanation is seen as one of
the mechanisms that contribute to plateau burning rate trends in
composite propellants. One of the other prominent mechanisms is
related to binder melt � ow on the burning surface and its effect on
the decompositionandde� agrationof � ne andcoarseAP particlesin
the propellant.15¡18 In this regard, the choice of PBAN as the binder
in the present study is quite fortuitous, although it is not considered
a contemporary choice for composite propellants. PBAN has long
been considered a dry binder in that its thermal decomposition is
preceded by very little melting,16 and, hence, samples with that
binder have been reported to be “well-behaved.”19 Therefore, it has
been possible in the present context to explain the plateau burning
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trends based on the gas-phase combustion details clearly, without
any ambiguity relating to the details of surface-layerprocessessuch
as binder melt � ow effects.

Experimental
The present study employs two types of experiments: 1) burning

rate measurements based on combustion photography and 2) ex-
amination of quenched samples in the SEM. These experiments
are routine in propellant combustion research, and are detailed
elsewhere.20;21

Two types of samples are studied in the present work. One set of
samples consists of sandwiches, whereas, in another series of tests,
a family of bimodal propellants is tested. The � ne AP used in all
of the samples in this study was supplied by K. J. Krauetle of the
U.S. Naval Air Warfare Center, China Lake, California. It is found
to be in the size range of 10–20 ¹m, and is designated as “10-¹m
AP.” All test samples in the study contain PBAN binder. The binder
is made of PBAN prepolymer (64.14%), di–octyl adipate (DOA)
plasticizer (15%) and epoxy curing agent (20.86%), the percentages
in parentheses being mass proportions. The burning rate modi� er
used is designated as “Pyrocat,” a nanoparticle-size ferric oxide
powder; it is the same as that used in Ref. 10.

Three types of sandwich samples are considered.They differ pri-
marily in the matrix composition. The two uncatalyzed matrices
have � ne AP and binder in the mass ratio of 7/3 and 5/5. In compar-
ison, the stoichiometric O/F mass ratio for the AP/poly-butadiene
combinationis approximately9/1. The catalyzedmatrix has � ne AP
and binder in a mass ratio of 7/3, and the catalyst at the level of 1%
of the matrix by mass. The matrix lamina thickness in the sandwich
tests is varied in the range of 100–600 ¹m.

Five bimodal PBAN propellants are tested, with one of them
(mix 5) containing the burning rate catalyst. The catalyst is added
at the level of 1% of the � ne AP/binder matrix in the propellant
by mass. Four of the propellant formulations have a � ne AP/binder
matrix with O/F ratio at the 7/3 level, includingthe catalyzedpropel-
lant. The � fth formulationcontains � ne AP/bindermatrix in the O/F
ratio of 5/5 (mix 4). Coarse AP is added in all of the formulations
to take the total AP/binder ratio by mass to 87.5% in the propellant.
The coarse AP size in the three uncatalyzedpropellant formulations
with O/F ratio of 7/3 in the matrix is varied at size levels designated
as 200 ¹m (180–212 ¹m) in mix 1, 300 ¹m (300–355 ¹m) in mix
2, and 400 ¹m (355–425 ¹m) in mix 3. The ranges in the paren-
theses denote the size ranges of openings in standard sieves used
to segregate the particles. The 300-¹m AP is used in the remaining
two formulations. The propellant compositions tested in this study
are summarized in Table 1. All of the AP samples used in the study,
namely, the � ne AP, the coarse AP of different sizes, and that used
to prepare the slabs for sandwiches, are not conditioned with any
anticaking agent such as tricalcium phosphate.

All samples are tested for burning rate measurements by com-
bustion photography in the pressure range between 0.345 and
13.78 MPa (50–2000 psig). The pressure is monitored with the
help of regularly calibrated Bourdon gauges with resolutions of
0.035 MPa (5 psig) in the 0–0.345 MPa (0–50 psig) range,
0.069 MPa (10 psig) in the 0.345–2.07 MPa (50–300 psig) range,
and 0.345 MPa (50 psig) in the 2.07–13.78 MPa (300–2000 psig)
range.Thecombustionchamberis pressurizedwith nitrogen,a slight
amount of which is vented through a choked ori� ce (needle valve)
during burning of samples. The venting � ow is maintained at dy-

Table 1 Propellant compositions tested in the present study

Coarse AP
Mix % % Fine % Coarse AP/ Fine AP/ % Total
no. Binder Size, ¹m % AP Pyrocat � ne AP binder solids

1 12.50 200 58.33 29.17 —— 66.66:33.34 70:30 87.50
2 12.50 300 58.33 29.17 —— 66.66:33.34 70:30 87.50
3 12.50 400 58.33 29.17 —— 66.66:33.34 70:30 87.50
4 12.50 300 75.00 12.50 —— 85.71:14.29 50:50 87.50
5 12.45 300 58.09 29.05 0.42a 66.66:33.34 70:30 87.55

aProportion in propellant: 1% in matrix, as in the sandwich samples.

namicheadlevelsof 0.035–0.069MPa (5–10psig),monitoredwith a
differentialpressureBourdongaugewith a resolutionof 0.0069MPa
(1 psig). The venting serves the dual purpose of maintaining the
pressure in the combustion chamber constant during sample burn-
ing, and of clearing the optical windows of any smoke that might
obscure the viewing of the burning event.

Burning rates are obtained by noting the location of the burning
surface of the sample along the direction of � ame propagation in
successive frames of video images, and � tting a straight line to
the loci plotted as a function of time with a correlation coef� cient
>99.9%.The slopeof the straightlineadjustedfor the magni� cation
of the images gives the burning rate of the sample. At least 50% of
the tests are repeated, and the repeatabilityof the data is within 5%.

The focus of the quench tests is on sandwiches, in the elevated
pressure range, with speci� c attention paid to the pressure levels at
10.34 MPa (1500 psig) and 13.78 MPa (2000 psig). The accuracy in
pressurizationin these experimentsis the same as in the combustion
photographyexperiments, as detailed earlier.

Results
Sandwich Studies

Burning Rates

Figures 3 and 4 show the variation of the burning rates of sand-
wiches with the matrix lamina thickness at different pressures. In
Fig. 3, comparison is made of uncatalyzed sandwiches with differ-
ent matrices, namely, AP/PBAN D 5/5 and 7/3. Data at 2.07, 3.45,
and 6.89 MPa (300, 500, and 1000 psig) are taken from Ref. 9. In
Fig. 4, sandwiches without any catalyst and with 1% Pyrocat in
an AP/PBAN D 7/3 matrix are compared. Whereas the uncatalyzed
data at 2.07, 3.45, and 6.89 MPa (300, 500, and 1000 psig) are
from Ref. 9, as before, the data with the catalyst at these pressures
are from Ref. 10. The AP self-de� agration rates at different pres-
sures are shown along the left ordinate and the burning rates of
matrices that undergo self-sustainedburning at a given pressure are
shown in the right ordinate in both of these plots. The uncatalyzed

Fig. 3 Dependence of burning rate on matrix lamina thickness for un-
catalyzed sandwiches with AP/PBAN = 7/3 (� lled symbols and continu-
ous lines) and 5/5 (open symbols and broken lines) matrices at different
pressure levels (values noted in megapascal); burning rates of pressed
AP are shown on the left ordinate and those of matrix burning alone on
the right ordinate lines.
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Fig. 4 Dependence of burning rate on matrix lamina thickness for
sandwiches with uncatalyzed (open symbols and broken lines) and 1%
Pyrocat-catalyzed (� lled symbols and continuous lines) AP/PBAN =
7/3 matrices at different pressure levels (values noted in megapascal);
burning rates of pressed AP are shown on the left ordinate, and those
of matrix burning alone on the right ordinate lines.

AP/PBAN D 5/5 matrix self-sustains burning only at 0.345 MPa
(50 psig) in the range tested. The sandwich burning rates are logi-
cally expectedto approachtheAP self-de� agrationrateat each pres-
sure level as the matrix lamina thicknessapproacheszero.However,
at 0.345 MPa (50 psig), where AP does not exhibit self-de� agration
(with the initial temperatureof the sample being room temperature),
the sandwiches fail to burn to completion at a � nite nonzero value
of the matrix lamina thickness.This is indicatedby the curve falling
to the abscissa for the AP/PBAN D 7/3 (uncatalyzedand catalyzed)
sandwiches in Figs. 3 and 4. The sandwiches with AP/PBAN D 5/5
matrix did not exhibit such self-quenching in the range of matrix
lamina thickness tested.

Three important features are noted in Figs. 3 and 4 regarding
the data at elevated pressures [10.35 and 13.78 MPa (1500 and
2000psig)]relativeto thoseobtainedearlierat lowerpressures[2.07,
3.45, and 6.89 MPa (300, 500, and 1000 psig)]:

1) The peak burning rates of sandwiches at elevated pressures
are approximatelyaround the same lamina thickness range of 250–
275 ¹m, as in the case at lower pressures.

2) The peaks grow signi� cantly between 2.07 and 6.89 MPa,
particularly for the AP/PBAN D 7/3 matrix sandwiches, as pointed
out earlier, but begin to weaken as the pressure is increased to 10.34
and 13.78 MPa (1500 and 2000 psig). That is, the dependence of
the burning rate on the matrix lamina thickness is weaker at higher
pressures, particularly with the AP/PBAN D 7/3 matrix.

3) The peakburningrates (aroundlamina thickness250–275 ¹m)
increase only marginally between 6.89 and 13.78 MPa (1000 and
2000 psig), although the increase in the burning rate of sandwiches
with relativelythick matrix lamina (>400 ¹m) is proportionatewith
the increase in pressure.

Although the presentstudywas not originallyintended to explore
the pressure dependence as carefully as that on the matrix lamina
thickness, the preceding observations suggest plateau burning rate
trendswith variationin pressurefor speci� c matrix lamina thickness
ranges.To explorethis aspectclearly,theprecedingburningratedata
are replotted in Figs. 5 and 6 as a function of pressure for different
ranges of matrix lamina thickness, in the customary log–log scale.
In Fig. 5, the trends for sandwiches with the uncatalyzed matrices
with � ne AP/PBAN D 7/3 and 5/5 are compared, whereas in Fig. 6,
the trends for the sandwiches with the catalyzed and uncatalyzed
AP/PBAN D 7/3 matricesare compared.The followingobservations
can be made:

1) The matrix burning rates (when the matrix burns by itself) do
not show any plateaus.

2) The sandwich burning rates show signi� cant plateaus in the
6.89–13.78 MPa (1000–2000 psig) range.

3) The extent of the plateau (low-positive,zero, or negative pres-
sureexponent)dependson thematrix lamina thicknessin an interest-
ing manner. Plateaus are sure to arise for thin laminas (»100 ¹m),
become prominent for optimally thick laminas (corresponding to
maximum burning rates, 250–275 ¹m), but diminish for very
thick laminas, particularly for sandwiches with the AP/PBAN D
7/3 matrices.

4) With the 5/5 matrix, plateaus were present in the whole range
of matrix lamina thickness all of the way up to the thick lamina
limit, whereas with the 7/3 matrix, the thick lamina sandwiches did
not show any signi� cant plateaus, as mentioned in item 3.

5) Sandwiches with 1% Pyrocat in the AP/PBAN D 7/3 matrix
also exhibited plateaus in a manner similar to their uncatalyzed
counterparts, except for an overall increase in the burning rates at
all pressures.

6) Note that the pressure range of plateausexhibited by the sand-
wiches coincideswith a somewhat low exponentexhibitedby the AP
self-de� agration rate, designatedas “Regime II” by Boggs.20 How-
ever, note that all of the sandwich burning rate curves are above the
AP self-de� agrationrate curve in this pressurerange, indicatingthat
the AP lamina far away from the lamina interface does not control/
determine the sandwich burning rate. This is unlike the burning of
pure binder sandwiches at elevated pressures,where the AP lamina
far away from the lamina interface leads the burning surface and,
hence, determines the burning rate of the sandwich.

Surface Features

Quench tests were conducted on sandwiches at 10.34 and
13.78 MPa (1500 and 2000 psig), and the quenched surfaces were
viewed in the SEM for comparison with surface features reported
in the 2.07–6.89 MPa (300–1000 psig) range.9 The SEM examina-
tion of quenched surfacesof the catalyzed sandwiches did not yield
much information, even at lower pressures,10 because the region in
and around the matrix lamina of the sandwich burned so fast as to
leave a deep V-shaped crevice that was too dif� cult to view through
in the SEM. This situation is practically unaltered in the present
work at elevated pressures also.

Figures 7–9 show micrographs of quenched surfaces of sand-
wiches. Whereas Figs. 7 and 8 show comparisons of surface fea-
tures at 10.34 and 13.78 MPa (1500 and 2000 psig) of sandwiches
with 250–275 ¹m thick laminas of AP/PBAN D 7/3 and 5/5 ma-
trices, respectively, Fig. 9 shows surface features of sandwiches
with thin (200-¹m) and thick (460-¹m) laminasof the AP/PBAN D
7/3 matrix at 13.78 MPa (2000 psig). The latter are to be viewed
alongwith Fig. 7a. The followingoverall observationscan be made:

1) The point of maximum regression on the surface pro� le is
almost coincidentwith the lamina interfaceedge in these tests,more
so as the pressureis increased(comparingFigs. 7a and 7b or Figs. 8a
and 8b), when the AP content is greater (comparing Figs. 7a and 8a
or Figs. 7b and 8b), and as the matrix lamina thickness is increased
beyond the thin range, that is, <200 ¹m (comparing Figs. 9a, 7a,
and 9b). By contrast, at lower pressures, the point of maximum
regression on the burning surface pro� le is usually away from the
lamina interface in the AP lamina.9 The region in the AP lamina
in between the interface and the point of maximum regression is
usually protruded and exhibits a smooth appearance, namely, the
smooth band8 mentioned earlier.

2) The smooth band is usually wavy on the outer side (away
from the lamina interface) as it weaves into the frothy and porous
sites of AP self-de� agration. In the present case, this wavy edge
almost coincides with the lamina interface edge, as noted in item 1,
resulting in the existence of the smooth band only in patches along
the breadth of the sample. The tendency of a sample to exhibit this
behavior is in the order mentioned earlier.

3) In patcheson theAP lamina immediatelyadjacentto the lamina
interface edge where the surface features are appreciably different
from those of AP self-de� agration, there exists a dry quality. This
feature was noted at lower pressures only for the case of catalyzed
sandwiches.10 In fact, even for uncatalyzed sandwiches at lower
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a)

b)

c)

Fig. 5 Pressure dependence of burning rates of sandwiches with AP/PBAN = 5/5 and 7/3 matrices of different lamina thickness ranges: a) 100–200,
b) 250–275, and c) >400 ¹m.
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pressures, a dry region is discernible along the point of maximum
regression in the AP lamina a slight distance away from the lamina
interface edge, an aspect not highlighted in the previous studies.

4) Speci� c attention is drawn to the thin lamina sandwich
quenched at 13.78 MPa (2000 psig) seen in Fig. 9a, which exhibits
a distinct region of smooth band (not quite dry), with the point of
maximum regressionwell in the AP lamina, similar to the quenched
surfaces at lower pressures for most lamina thickness values. This
is in contrast to the other cases as described in item 3.

5) There is a sporadic presence of � ne AP particles in the matrix
lamina with their burning surfaces exposed, with froth and pores,
more or less all of the way across the matrix lamina thickness, par-
ticularlyunder conditionsof high pressure[13.78MPa (2000psig)],
high AP content in the matrix (AP/PBAN D 7/3), and/or matrix lam-
ina thickness greater than 200 ¹m. See Figs. 7a, 7b, 8a, and 9b,
for example. This is an evidence of the possibility of occurrence
of PLEFs. PLEFs were noticed in earlier studies only in the case
of 33.5-¹m AP particles in an AP/PBAN D 7/3 matrix lamina at

a)

b)

Fig. 6 Pressure dependence of burning rates of sandwiches with uncatalyzed and 1% Pyrocat-catalyzed AP/PBAN = 7/3 matrices of different lamina
thickness ranges: a) 100–200, b) 250–275, and c) >400 ¹m.

6.89 MPa (1000 psig), and that, too, only along the lamina interface
edge.9 In general, the presence of � ne AP particles in the matrix
lamina have been noticed in the form of mounds in a relatively
smooth coveringof the binder all of the way across the matrix burn-
ing surface, which has been taken to signify burning in a premixed
� ame.

Propellant Burning Rates

To verifyif theplateauburningratesobservedin the sandwichesin
the elevated pressure range are really witnessed in propellant burn-
ing, high solids-loading propellants were formulated and tested in
this study. Variations in the coarse AP size, the amount of � ne AP in
the matrix, and the additionof the burning rate catalyst are included
in the formulations. Figure 10 shows the burning rates of all of the
� ve propellant formulations tested in the present study, in the pres-
sure range of 0.689–13.78 MPa (100–2000 psig). Four of these for-
mulations indicated plateau burning in the 6.89–13.78 MPa (1000–
2000 psig) pressure range. Only the propellant with the 200-¹m
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c)

Fig. 6 Pressure dependence of burning rates of sandwiches with uncatalyzed and 1% Pyrocat-catalyzed AP/PBAN = 7/3 matrices of different lamina
thickness ranges: a) 100–200, b) 250–275, and c) >400 ¹m (continued).

a)

b)

Fig. 7 SEM images of surface features of sandwiches with AP/PBAN =
7/3 matrix of lamina thickness 250–260 ¹m, quenched at a) 13.78 MPa
(2000 psi) and b) 10.34 MPa (1500 psi).

coarse AP (� ne AP/PBAN D 7/3), that is, mix 1, did not show any
plateau burning rate trend.

Discussion
In this section, we examine the effect of increase in the pressure

in the 6.89–13.78 MPa (1000–2000 psig) range on the combustion
zone of the sandwiches with the different matrices tested in this
study, to explain the results collectively presented in the preceding
section, including the propellant burning rates.

At the outset, note that the � ne AP/binder matrices considered
in the present study undergo a diverse set of burning conditions:

a)

b)

Fig. 8 SEM images of surface features of sandwiches with AP/PBAN =
5/5 matrix of lamina thickness 240–270 ¹m quenched at a) 13.78 MPa
(2000 psi) and b) 10.34 MPa (1500 psi).

1)The uncatalyzed7/3 matrixundergoesself-sustainedburningover
the entire pressure range tested and most probably burns in a pre-
mixed � ame at all pressures,with sporadicexceptionsin the 10.34–
13.78 MPa (1500–2000 psig) range. 2) The uncatalyzed 5/5 matrix
does not burn by itself in the whole test pressure range, except at
0.345 MPa (50 psig). 3) The catalyzed 7/3 matrix undergoes an
enormous amount of interfacial near-surface exothermic reactions,
with unclear implications on its gas-phase � ame structure. In all of
these cases, the LLEFs are rate controlling because the sandwich
burning rates are different from the self-de� agration rates of the
matrix and the AP laminas. Hence, the focus of this discussion is
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a)

b)

Fig. 9 SEM images of surface features of sandwiches with AP/PBAN =
7/3 matrix with lamina thickness a) 200 and b) 460 ¹m, quenched at
13.78 MPa (2000 psi).

Fig. 10 Burning rate trends of the � ve bimodalpropellantmixes tested
in the present study.

primarily on the LLEFs, particularly their response to increases in
pressure.

As the pressure is increased in the aforementioned range, the
� ame complex moves closer to the burning surface, as indicated
by the appearance of PLEFs even on 10-¹m AP particles in the
matrix.13 Two important consequencesof the LLEFs moving closer
to the surface with increase in pressure are as follows:

1) The heating of the burning surface by the LLEFs becomes
highly localized around the vicinity of the lamina interface edge,
with the result that the two-dimensional coupling between them is
greatly reduced,except in quite thin matrix lamina sandwiches.This
results in the weaker peaks of the sandwich burning rate variation
with matrix lamina thicknessat higherpressures.The burningrate is,
however, sensitive to the lamina thickness in the thin lamina limit,
where the fuel supply is inadequate for appreciable heat release
in the LLEFs, despite the possibilityof intense coupling in the heat
feedbackfromthem.For thisreason,theburningrateof thesandwich

in the thin lamina limit is even lower than the matrix rate when tested
aloneand almost coincideswith the AP self-de� agrationrate (above
the latter’s LPDL) in the entire test pressure range (Figs. 5a and 6a).

2) The lateral extent of the LLEF reduces as it witnesses increas-
ingly nonpremixed reactants in a shrinking mixing fan originating
from the burning surface.

The preceding scenario can be deduced from the decreased
smooth band thickness in the AP lamina and the shift of the point
of maximum regression in the burning surface pro� le toward the
lamina interface edge as pressure is increased (Fig. 7a).

The LLEF standoff distance is governed by a heat balance be-
tween its chemical heat release and the two-dimensionalheat feed-
back to the burningsurface.A scenarioof decreasingLLEF standoff
and shrinking lateral extent with increase in pressure indicates an
increasingly locally nonadiabatic situation in that the heat loss to
the surroundings increase, whereas the chemical heat release itself
may be decreasingdue to the LLEF shrinkage.This would cause the
advancementof the LLEF toward the burning surface to cease with
increase in pressureat some pressure level. This situationappears to
prevail in the case of the sandwicheswith thin lamina (<200 ¹m) of
the AP/PBAN D 7/3 matrix. This can be seen from the fairly wide
smoothband, with actually a somewhat smooth appearance,and the
location of the point of maximum regression in the burning surface
pro� le being a � nite distance away from the lamina interface edge
(Fig. 9a). In this case, the fuel de� ciency due to the thin lamina
results in reduced heat release rate at the LLEF and causes it to
stay a little distance away from the burning surface even when the
pressure is increased.This results in burning rate trends that exhibit
a somewhat plateau trend in the elevated pressure range (Fig. 5a).

On the other hand, when the matrix lamina thickness is suf� -
ciently large (250–275 ¹m), the available fuel supply enables in-
creasedheat release rate with increasein pressure,causingthe LLEF
to move closer to the burning surface than it would with a thin ma-
trix lamina (noted in item 1). This is supported by the observation
of near coincidence of the point of maximum regression with the
lamina interface in the burning surface pro� le and the replacement
of the smooth band in that region by a dry appearance (Fig. 7a).
The accompanyingshrinkageof the LLEF results in a reduced con-
tribution to the heat feedback from the LLEF region itself, but an
increasingcontributionfrom the near-surfaceparts of the outer dif-
fusion� ame.This resultsin somewhatof a plateauin theburningrate
variation with pressure for the sandwiches with the aforementioned
matrix lamina thickness, particularly with the AP/PBAN D 7/3 ma-
trix (Fig. 5b). The competition between the LLEF and the outer
diffusion � ame at elevated pressures has been assumed on the ba-
sis of the BDP model itself early on,1 but not on the basis of the
multidimensional structure of the LLEF as considered here.

For very large matrix lamina thickness, the fuel supply from the
matrix to each of the LLEFs is quite adequate,and, hence, the LLEF
continues to get closer to the burning surface with increase in pres-
sure. This is observed from the minimal smooth band thicknessand
the coincidence of the point of maximum regression in the burn-
ing surface pro� le with the lamina interface (Fig. 9b). The two-
dimensional coupling of the LLEFs in terms of heat feedback and
reactant supply is lacking, even at low pressures with thick ma-
trix lamina, and continues to be so in the elevated pressure range.
Over the whole pressure range, the LLEF contributesto an increase
in the sandwich burning rate over the matrix burning alone (with
the AP/PBAN D 7/3 matrix), by greater proximity and local heating
in the vicinity of the lamina interface edge. This is termed as the
LLEF/matrix interaction in Fig. 2, and it prevails as the pressure is
increasedover the entirepressure range tested for the sandwichwith
this matrix (Fig. 5c). At elevated pressures, the contribution to the
local heating may also be from the near-surface parts of the outer
diffusion � ame.

In the case of the sandwiches with the AP/PBAN D 5/5 matrix
lamina, the LLEFs are fartherapartdue to the increasedfuel richness
of the matrix, and, moreover, the lateral extent of the LLEFs is
smaller than with the other matrix tested, particularly because the
matrix does not sustain burning by itself. This results in reduced
coupling between the LLEFs even at low pressures [·6.89 MPa
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(1000 psig)] when compared to the case with the 7/3 matrix. In
this situation, the competing contribution of heat release from the
outer diffusion � ame with that from the LLEFs in determining the
burning rate results in a weaker pressure dependenceof the burning
rate of the sandwichesat elevatedpressures,regardlessof the matrix
lamina thickness (Fig. 5).

On the other hand, in the case of the catalyzedsandwiches, it was
pointed out in Ref. 10 that the � ame complex is located very close
to the burning surface relative to the uncatalyzed case, even at low
pressures[<6:89 MPa (1000psig)],due to exothermicheatingof the
reactant gaseous species resulting from the catalysis of condensed-
phase or heterogeneous reactions along the � ne AP/binder contact
lines in the burning surface layer of the matrix.This situation results
in close location of the LLEFs to the burning surface, with the con-
comitant shrinking of their lateral extent and the two-dimensional
couplingof heat feedback.The major effectof thecloseproximityof
the � ame complex to the burningsurface is an overall increasein the
burning rate over the uncatalyzed samples under all conditions, as
pointed out earlier. Therefore, the burning rate trends with pressure
variation follow those for the uncatalyzedsandwiches, as explained
earlier (Fig. 6). In addition, the effect of the LLEFs being closer
to the surface is that the interaction between the adjacent LLEFs
becomes weaker at a lower pressure than in the uncatalyzed case,
when the matrix lamina thickness is adequately large for such an
interaction. Accordingly, look at Fig. 6b; the slope in the sandwich
burning rate curve with the catalyzed matrix is steeper in the 2.07–
3.45 MPa (300–500 psig) range as opposed to a similar trend with
the uncatalyzedmatrix at a higher pressure range of 3.45–6.89 MPa
(500–1000 psig). The subsequent plateau in the elevated pressure
range [10.34–13.78 MPa (1500–2000 psig)] is also additionally re-
lated to the LLEF shrinkage and predominance of the near-surface
parts of the outer diffusion � ame.

The crucial dependenceof plateau burning on the coarse AP size
in the case of propellants points to the role of the spacing between
the coarse AP particles on the burning surface (mix 2 and 3, as
opposed to mix 1, all with the AP/PBAN D 7/3 matrix).The spacing
between the coarseparticlesgovernstheextentof three-dimensional
coupling in the heat feedback between adjoining LEFs on these
particles. In the formulation with 200-¹m coarse AP particles, the
closest distance between the particles is large relative to the case
with larger particles at the same mass fraction, although the number
of particles is large. This is particularly so with the � ne AP content
being high, at 70% in the matrix, given that the total solids loading
is � xed. The relatively large spacing between the coarse particles in
mix 1 is not conducive for coupling between the LEFs on adjacent
coarse particles for an appreciable rise in the burning rate at low
pressures, followed by a plateau trend at elevated pressures, as in
the case of sandwiches with a 250–275 ¹m thick matrix lamina.

Finally, note that the plateausin these sandwichesand propellants
are not related to binder melt � ow, based on the followingconsider-
ations: 1) The binder used is PBAN, considered to be a “low-melt”
binder since of the times of pure binder sandwich testing in the late
1970s and early 1980s, based on symmetric burning of sandwiches
and SEM observations with that binder,19 as mentioned earlier.
2) The pressure range of plateaus is high enough to cause doubt
as to whether or not there may be any signi� cant binder melt layer
in the � rst place,with most binders.3) Earlier studies with a catalyst
have indicated that 1% Pyrocat in the matrix is considerably high
enoughto “wash out” any anomalouseffects thought to be causedby
binder melt.10 When it is taken into account that sandwiches with
Pyrocat also exhibited plateaus in the same pressure range as the
uncatalyzed ones in the present study, these plateaus are not likely
to be related to melt � ow. 4) These plateaus are not related to cross-
ing of any midpressure extinction boundaries of the corresponding
matrices in the pressure range in question (cf. Ref. 16). The extinc-
tion domains are, in turn, considered to be related to binder melts
in ways that are not clear yet.

Conclusions
AP/PBAN sandwiches with � ne AP particles in the matrix, and

with or without a Pyrocat ferric oxide burning rate catalyst, are

tested in a wider pressure range, between 0.345–13.78 MPa (50–
2000psig), than those reportedpreviously.Burningrate trendsof the
sandwiches are analyzed as a function of matrix lamina thickness
and pressure. SEM examination for features of the burning surface
quenched at 10.34 and 13.78 MPa (1500 and 2000 psig) is also
performed for different AP contents and thicknesses of the matrix
lamina. In the elevated pressure range of 6.89–13.78 MPa (1000–
2000 psig), the leading-edgeportion of the O/F diffusion � amelets
anchored at the interface of the AP lamina and the matrix of � ne
AP and binder tends to approach the burning surface with increases
in pressure. The standoff distance is dictated by the availability of
suf� cient fuel for appreciable heat release in the leading-edge por-
tion; for thin-matrix lamina, the approach may be limited, whereas
for larger laminas, the lateral extent of the leading-edge � ame di-
minishes as it approaches the surface. The diminishing extent of
the leading-edge � ame is accompanied by reduced contribution of
heat feedback from that zone, and the heat contribution from the
near-surface parts of the outer diffusion � ame may become signif-
icant. The overall effect is to produce plateau burning rate trends
under many conditions tested, except for large lamina of matrices
with appreciable � ne AP content. These trends are supported by
plateau burning rate trends in the same pressure range exhibited by
propellants with bimodal AP size distribution containing the same
matrices as tested in the sandwiches. The plateau trends are de-
pendent on the size of the coarse AP particles for the propellant
formulation with a high � ne AP content in the matrix, much as
the case with the in� uence of the matrix lamina thickness in the
sandwiches.
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