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An experimental study is carried out to measure the size distribution of condensed particles in the combustion

products of aluminized composite propellant using quench bomb technique. One meter long and 200 mm diameter

quench bomb with propellant specimens of mass �32 g is used. The effects of geometry of propellant specimen,

quench distance, and chamber pressure on the particle size distribution are investigated. Size distribution of the

particles is measured by laser diffraction particle size analyzer and the surface structure is examined by scanning

electron microscope. The study shows that the particles are spherical and their sizes vary from 0.1 to 300 �m. The

particles have trimodal distribution with modes at �1 �m, �4 �m, and �70 �m. Although modes 1 and 4 �m
particles are alumina, mode 70 �m particles are aluminum agglomerates. About 30% of aluminum present in the

propellant converts into agglomerates. Results also show that coalescence of particles is higher if the particles have

higher residence time in the high-temperature region or when the flow is more turbulent. From the particle size

distribution obtained in the quench bomb tests, the size distribution is deduced for the combustion chamber of rocket

motor.

I. Introduction

A LUMINUMpowder is one of the important ingredients of most
of the current composite propellants due to its high heat of

combustion and density. On combustion, aluminum produces
aluminum oxide (alumina) in condensed phase. These condensed
particles vary in size from submicron to a few hundred microns, and
have the beneficial effect of providing efficient damping of pressure
oscillations in the rocket motor chamber. On the other hand, they are
responsible for problems like slag accumulation, two phaseflow loss,
erosion of nozzle, and exhaust plume radiation. For the accurate
estimation of these effects it is essential to know the particle size in
the combustion products.

Combustion of aluminum particles is rather complex and different
from that of other ingredients in the propellant. At the surface of the
burning propellant, the binder and ammonium perchlorate (AP)
decompose into gaseous products leaving behind the solid aluminum
particles, which accumulate on the surface. Ignition of these particles
is prevented by a thin layer of protective coating of alumina. When
the accumulated material extends to the higher temperature regions
of propellantflame, it leads tomelting of aluminum, local breakdown
of oxide coating, and ignition of particles. The molten aluminum
particles coalesce to form agglomerates which detach and are
convected away by the gases from the burning surface. As the
temperature of the agglomerate reaches above aluminamelting point,
the molten alumina retracts to form alumina cap on the droplet, and
an alumina particle is produced upon burn out. In addition to this, the
oxidation of the aluminum vapor from the agglomerates produces
very fine particles of alumina smoke. This plausible mechanism of
combustion of aluminumparticles is described by several authors [1–
4]. It suggests that the size distribution of particles in the combustion
products depends on the size of the agglomerates which is governed
by the size of the parent aluminum particles and their percentage, the
size of AP particles, fraction of coarse and fine AP particles, total

solid loading in the propellant, chamber pressure and burning rate of
the propellant [1,2,4–7].

Theoretical and empirical models are available in literature to
predict the particle size of aluminum agglomerate and alumina
[5,8,9]. The models provide insight into the physical processes
involved in agglomeration and aluminum combustion and can
calculate approximately the average size of particles for propellants
with narrow bandAP size distribution. However, inmany cases these
models are not adequate to predict the size distribution of particles,
especially for propellants with wider AP size range. Hence, one has
to rely on experimental techniques only.

Experimental methods have been adopted either through
simulated motor chambers [6,10–17] or directly in the subscale
motor chambers and in plume exhaust [18–21]. Compared with
direct measurements in motor chamber or plume exhaust, simulated
motor chamber tests such as quench bombs are much simpler, and
provide valuable information on aluminum agglomeration, com-
bustion, and particulate size distribution. The results from the quench
bomb test are more relevant to the particle size distribution in the
combustion chamber rather than in the nozzle region, because of
possible breakup or coalescence of particles in the accelerated flow.

Slag is produced in the annular cavity of submerged nozzles by
large particles in the combustion gases. During their travel toward the
nozzle, these particles deviate from the gas flow path owing to their
large momentum and accumulate as slag instead of ejecting through
the nozzle. Using computational fluid dynamic techniques, this
phenomenon can be simulated and the amount of slag formed in the
motor can be predicted if the distribution of particle size in the
combustion chamber is known.

In the present work, the quench bomb technique is used for the
measurement of particle size distribution in the combustion products
of aluminized composite propellant. The particle collection chamber
is of stationary type and is of much bigger size compared with other
studies [6,10–17]. This enables use of large propellant specimens
for more accurate results. Effects of three parameters, viz., geometry
of the propellant specimen, quench distance and chamber pressure
are studied in detail. Based on these quench bomb tests, the size
distribution of alumina/aluminum particles in the rocket motor
chamber is computed.

II. Experimental Details

A. Propellant

Hydroxyl terminated polybutadiene, AP composite solid propel-
lant containing 18% aluminum is used in the present study. Total
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solid loading in the propellant is 86%. Ammonium perchlorate of
wide range of particle size distribution, as given in Table 1, is used.
Particle size of aluminum (volume weighted mean diameter) is
33 �m.

B. Quench Bomb

The schematic of the quench bomb is shown in Fig. 1. It is a thick-
walled cylindrical steel chamber of 1 m length and 200 mm internal
diameter. The top and bottom ends of the chamber are closed with
flanges. The top flange is equipped with propellant specimen holder,
safety relief valve, pressure transducer, and needle valve for nitrogen
gas inlet and combustion gas exhaust. All the inner walls of the
chamber are insulated. A tight fitting vessel made of stainless steel
(SS), which contains the quench liquid, is placed inside the chamber.
A mixture of water and acetone in equal volumetric proportion
buffered with about 5% ammonium acetate (byweight) is used as the
quench liquid. The water-acetone mixture is chosen due to its good
wetting property [12]. About 3.5 liters of quench liquid is used in a
test. The propellant specimen is suspended from the top flange using
a SS tube. The distance of the propellant specimen from the quench
liquid can be varied by using SS tubes of different lengths. A quartz
plate is kept at the bottom of the SS vessel to protect the base from
possible flame impingement during propellant burning. Thin
nichrome wire (200 �m diameter) is used for the ignition of the
propellant specimens.

C. Variation of Test Parameters

Three parameters that can affect the size distribution of particles
are identified. These are geometry of the propellant specimen,
quench distance, and chamber pressure.

1. Specimen Geometry

Tests are carried out with machined propellant specimens (Fig. 2)
of three different geometries: 1) flat specimen (length 19 mm,
diameter 35 mm), 2) short ported specimen (length 35 mm, inner
diameter 25 mm, web thickness 5 mm), and 3) long ported specimen
(length 70mm, inner diameter 12mm,web thickness 5mm). Theflat
specimen is end-burning,while the other two having cylindrical ports
(ported specimens) are radially burning. Dimensions of the
specimens are such that the mass of all the three types of specimen is
the same (�32 g). In the case of ported specimen, aftend of the
specimen is closed with a disk of the same propellant of thickness
5 mm and diameter matching with the inner diameter of the
specimen. The nichrome wire is inserted at the center of the
propellant disk for the ignition of the specimen. For theflat specimen,
the igniter wire is brought to the edge of the burning end of the
specimen through the side. All the outer sides of the propellant
specimen are insulated with epoxy resin of about 10 mm thickness
and the specimen is bonded with the specimen holder.

2. Quench Distance

The distance between the propellant and the surface of quench
liquid is the quench distance. The particles from the burning
propellant travel this distance before being quenched in the liquid.
The time for which the particles are in the hot gases above the quench
liquid can affect the particle size distribution due to burning or
coalescence of particles.

If the propellant specimen is too close to the quench liquid in the
vessel, the liquid may be pushed sideways due to gas flow. This may
result in the particles hitting the surface of quartz plate instead of
being quenched in the liquid. The gas flow velocity is highest in the
case of long ported specimen. For this specimen, the least quench
distance and the volume of the quench liquid for proper quenching of
particles are fixed based on trial tests. The closest quench distance is
420 mm (called close) for the long ported specimen with 3.5 liters of
quench liquid. All the other specimens are tested at the same quench
distance for the comparison. Only the flat specimen (having the
lowest gas velocity) is tested additionally at the quench distance of
60 mm (called very close) after confirming that the hot gas jet does
not hit the quartz plate. All the specimens are also tested at another
quench distance of 740 mm (called away). The volume of quench
liquid in all the tests is 3.5 liters.

3. Chamber Pressure

The chamber pressure increases during the test due to propellant
burning. In the tests, the initial pressure is set at 1.8 MPa so that the
average test pressure is �3 MPa. To study the effect of pressure on
particle size distribution, the long ported specimen is tested at a lower
average pressure (�1:5 MPa) also. Tests at higher pressures could
not be done due to limitation on the operating pressure of the quench
bomb.

D. Test Procedure

Before the ignition of propellant specimen, the quench bomb is
flushed with nitrogen to remove atmospheric oxygen and is then

Table 1 Size distribution of AP

AP size ranges, �m Weight %

>500 1
500 � 355 7
355 � 300 14
300 � 100 30
100 � 75 7
75 � 45 16
<45 25

Fig. 1 The quench bomb. Fig. 2 Different geometries (cross section) of the propellant specimens.
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pressurized with nitrogen to the required initial test pressure
(�1:8 MPa). The pressure in the quench bomb is recorded during the
test.

During the burning of the specimen, the combustion products flow
downward and most of the particles get quenched in the liquid.
However, a small portion of the fine particles may remain suspended
in the gas above the quench liquid. To settle the suspended particles in
the quench liquid, the bomb is allowed to stand still for about two
hours before release of gas pressure. Computations show that two
hours are sufficient for settling of all the suspended alumina particles
bigger than 0:7 �m. After the slow release of pressure of the bomb,
the quench liquid along with the particles (slurry) is quantitatively
transferred to a glass jar. Fine particles sticking to the inner walls of
the SS vessel are transferred to the glass jar by washing with buffered
water-acetone mixture.

Chances of contamination of slurry with char particles from
burned epoxy insulation are minimal because the specimen burning
time is short (1 to 1.5 s). In the case of ported specimens, the flame
reaches the insulation only at the burnout. However, in flat spec-
imens, the flame is in contact with the insulation during propellant
burning. Post-test examination of the insulation showed the
insulation being intact in all the tests without much charring. In the
slurry, a trace amount of carbon particles is found floating. Because
the amount of these carbon particles is very small, their influence on
the overall particle size distribution is neglected.

E. Measurement of Particle Size Distribution

The particle size distribution in the slurry is measured by laser
diffraction particle size analyzer (MalvernMastersizer-2000) using a
small amount of representative sample from the slurry. Collection of
samples from the slurry using pipette, suction syringe, sampling
bottle or siphoning was not successful, because reproducible results
were not obtained. Hence, a slurry sampler as shown in Fig. 3 is
designed. It consists of two cups (with O-ring) made of Teflon, fixed
at the ends of a pair of tongs. Using this sampler, a fixed volume of
sample can be quickly withdrawn from the bulk slurry when it is
being stirred mechanically. The sampler can transfer 4 ml of slurry at
a time to the particle size analyzer. To disperse the particles well
during the particle sizemeasurement, the liquid in the analyzer tank is
mechanically stirred and ultrasound is applied. The reproducibility
of quench bomb tests is checked by repeating a few tests at the same
experimental condition.

F. Separation and Analysis of Particles

The particles of size>20 �m and in the size range�4:5 to 20 �m
are separated by sedimentation. First, ultrasound is applied to the
slurry to disperse the particles and then the particles in the slurry are
allowed to settle for 9min in a long glass jar. The top portion of liquid
of height 350 mm in the jar which contains particles of size<20 �m

is siphoned out. This process is repeated several times to ensure
complete separation. Each time, the volume of slurry is made up to
the original level by adding distilled water and ultrasound is applied.
The siphoned out portion of the slurry is separately allowed to settle
for three hours to collect particles in the size range �4:5 to 20 �m.
The collected particles in both the above ranges are dried in the oven.
A portion of the collected particles is subjected to chemical analysis
for the estimation of free aluminum.

Examination of the shape andmicrostructure of particles is carried
out using scanning electron microscope (SEM) of make Jeol, JSM
5600LV, Japan. For this, the particles are spread over an adhesive
coated graphite paper stuck over the stub and a thin coating of gold is
given over the particles to make them electrically conductive.

III. Results and Discussion

The schemeof quench bomb tests is given in Table 2. The results of
particle size distribution and the characteristics of particles (observed
by SEM) are discussed below.

A. Particle Size Distribution

The measured particle size distributions (volume percentage) in
various tests are plotted in Fig. 4. The data show a deviation of�1 to
3% from the average value in repeated tests. This deviation may be
due to small variation in representative slurry samples transferred to
the particle size analyzer in repeated measurements. Figure 4 shows
that the particles are in the size range 0.1 to 300 �m and the size
distribution is multimodal.

To further analyze the data of each test, it is assumed that the
particles with a particular mode follow the log-normal frequency
distribution [22,23] and the overall size distribution of particles in a
test is the sum of such log-normal distributions as given by Eq. (1):

’�X� � �1=p�2����f�ai=�i� exp����X � �i�=�
p
2�i��2�g

and �ai � 1 (1)

where X is the logarithm of particle diameter, ’ is the frequency
function of X, �i and �i are the average and standard deviation of the
logarithmof the diameter of particleswith ithmode, respectively, and
ai is the volume fraction of particles of ith mode.

Equation (1) with three modes fits well with the measured particle
size distribution in most of the tests. However, four-modal distri-
bution is required for two tests viz. FVN and SCN. The constants
used for fitting the Eq. (1) are obtained by trial and are given in
Table 3. The fitted distribution for each mode and the overall
distribution are shown in Fig. 4. They show that, in general, most of
the particles in the combustion products are distributed around three
modes: �1 �m, �4 �m, and �70 �m. However, particles with
mode at 70 �m are not present in FCN, FAN, and SAN tests (see
Table 3). In FCN and FAN tests, particles are present around 34 and
13 �m, respectively. Furthermore, in FVN and SCN tests, particles
are seen at modes 20 and 10 �m, respectively, in addition to the
above three modes.

B. Characteristics of Mode 4 �m and 70 �m Particles

As mentioned earlier, the particles of size ranges �4:5 to 20 �m
and>20 �m are separated by sedimentation for the examination byFig. 3 The slurry sampler.

Table 2 The scheme of tests

Sl. No. Test Specimen Port length Quench distance Average pressure

1. FVN Flat No port Very close (60 mm) Normal (�3 MPa)
2. FCN Flat No port Close (420 mm) Normal (�3 MPa)
3. FAN Flat No port Away (740 mm) Normal (�3 MPa)
4. SCN Short ported 35 mm Close (420 mm) Normal (�3 MPa)
5. SAN Short ported 35 mm Away (740 mm) Normal (�3 MPa)
6. LCN Long ported 70 mm Close (420 mm) Normal (�3 MPa)
7. LAN Long ported 70 mm Away (740 mm) Normal (�3 MPa)
8. LCL Long ported 70 mm Close (420 mm) Low (�1:5 MPa)
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SEM. Figure 4 indicates that the major part of the particles in the
former range is in mode 4 �m and later range is in mode 70 �m.

Two types of particles, gray and white colored, are seen in the
particles that are >20 �m separated by sedimentation. The gray

particles appear bigger but are lighter than thewhite particles because
they accumulate at the top when the container of particles is gently
tapped. This helps to separate these two types of particles for the
examination by SEM. The amount of white particles is very small

Fig. 4 Size distribution of particles in combustion products for various quench bomb tests.

Table 3 Constants of Eq. (1) for fitting quench bomb test data and computing particle size distribution in motor chamber

Serial number Test Mode 1 �m Mode 4 �m Mode 70 �m Intermediate sizes

10� a � 10� a � 10� a � 10� a �

For the quench bomb test data
1 FVN 0.9 0.50 0.31 3.4 0.28 0.34 74 0.03 0.18 20 0.19 0.25
2 FCN 1.1 0.43 0.32 3.4 0.40 0.35 —— —— —— 34 0.17 0.29
3 FAN 1.1 0.39 0.32 3.4 0.55 0.35 —— —— —— 13 0.06 0.22
4 SCN 0.8 0.75 0.29 4.0 0.19 0.37 71 0.01 0.24 10 0.05 0.25
5 SAN 0.9 0.80 0.29 4.0 0.20 0.28 —— —— —— —— —— ——

6 LCN 0.8 0.45 0.35 4.0 0.43 0.37 66 0.12 0.24 —— —— ——

7 LAN 0.9 0.48 0.35 4.0 0.48 0.35 66 0.04 0.24 —— —— ——

8 LCL 0.8 0.28 0.35 4.2 0.53 0.32 89 0.19 0.21 —— —— ——

In motor chamber
9 Near burning surface 1.0 0.58 0.32 4.0 0.15 0.35 70 0.27 0.24 —— —— ——

10 Toward the nozzle-end 1.0 0.50 0.32 4.0 0.50 0.35 —— —— —— —— —— ——

aNote: � and � are in the unit of log10 (�m).
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compared with gray particles. The color of the particles denotes that
the white particles are possibly alumina, whereas the gray particles
are most likely aluminum agglomerate. Chemical analysis showed
that the gray particles (from an LCN test) contain �66% free
aluminum, while no free aluminum is present in white particles or
particles in the size range �4:5 to 20 �m.

1. SEM of Gray Particles

The gray particles are spherical in shape with imperfections
(potholes and burrows) on the surface (Fig. 5). Some of the particles
have wart-like protrusions. These particles are similar to the
aluminum particles shown in [1], which experience heating and
subsequent cooling in laboratory test. The surface structure of
particles indicates the flow of molten material, possibly aluminum
(Fig. 6). As observed by Price and Sigman [2], the potholes and
burrows show that the agglomerate is not completely transformed to
molten droplet before it gets quenched. The inner structure of the
agglomerate shows the presence of accumulates with original
aluminum particles or their oxide shells (Fig. 7). The wrinkles or
dendrite-like patterns on the inner structure may be due to the
contraction of the molten aluminum in the oxide shell of the particles
on rapid cooling during quenching.

2. SEM of White Particles

SEMmicrographs of thewhite particles are shown in Fig. 8. These
particles are smaller comparedwith gray particles. They are spherical
in shapewith few or no imperfections on the surface. A broken white

particle (Fig. 9) found in the sample is used to understand the internal
structure of the white particles. The outer crust on the particle (of
�10 �m thickness) is possibly formed due to rapid cooling. The
inner core, which cools and solidifies later, detaches from the outer
crust and cracks due to shrinkage. The outer crust is porous, while the
inner core is flaky.

3. SEM of Particles in the Range of �4:5 to 20 �m

The SEM micrograph of particles in the range �4:5 to 20 �m
separated by sedimentation is shown in Fig. 10. Close view of the
particles shows that they are spherical with smooth surface.

The mechanism of aluminum combustion in propellant described
in the literature [1,3] enunciates three types of condensed particles
in the combustion products: 1) smoke oxide particles (<2 �m)
primarily formed by the oxidation of aluminum vapor, 2) residual
oxide particles (5–50 �m) formed from themolten oxide caps on the
aluminum particles or agglomerates at its burn out, whose size range
is largely determined by the size of the original aluminum particles
added to the propellant, thickness of the protective oxide layer on
these particles, size of the agglomerate, etc., and 3) partly oxidized
aluminum agglomerate particles (30 to 300 �m). These three types
of particles formed through different routes can produce three
distinct peaks in the particle size distribution. In the present study

Fig. 5 The gray particles.

Fig. 6 Surface structure of gray particle with burrows.

Fig. 7 Internal structure of gray particle; part b is a magnified view of

the portion marked in part a.

Fig. 8 The white particles.
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also, the size distribution of particles is trimodal with modes in the
size ranges mentioned above. Thus, mode 1 �m particles could be
smoke oxide particles; mode 4 �m are the residual oxide particles
formed from the oxide caps, and mode 70 �m are the aluminum
agglomerates. Log-normal distribution is adopted for approximate
quantification of the particles in different groups.

C. Effect of Parameters on Particle Size Distribution

Figure 4 shows that the parameters, viz. specimen geometry,
quench distance and pressure, do not substantially change the modes
(1 �m, 4 �m, and 70 �m) but significantly affect the quantity of

particles within the modes. The percentage of particles is given in
Table 4, from which the following points can be deduced:

1) In all the tests, majority of the particles are with modes 1 and
4 �m. The percentage of mode 70 �m particles reduces or becomes
nil with increase in quench distance.

2) For flat specimens, intermediate size particles (modes 13, 20,
and 34 �m) are also present. The ratio of the percentage ofmode 1 to
mode 4 �m particles decreases with the increase in quench distance.

3) For the short ported specimen, the amount of mode 1 �m
particles is considerably higher than the amount of mode 4 �m
particles whereas they are in equal proportion for the long ported
specimen. However, their ratio is independent of the quench distance
for both short and long ported specimens.

4) At lower pressure, higher amount of mode 4 �m particles are
formed compared with mode 1 �m particles.

5) The percentage of mode 70 �m particles is higher for long
ported specimen and the percentage increases with decrease in
pressure.

It is mentioned above in Sec. III.B that mode 4 �m particles could
be residual oxide particles formed from the oxide cap on aluminum
particles or agglomerates. In fact, an oxide coat on the surface of
the original aluminum particle (33 �m) due to the oxidation of
�0:2% of the aluminum can give a residual oxide particle of size
�4 �m. If all the mode 4 �m particles are residual oxide particles,
their number should approximately be equal to the number of
aluminum particles in the propellant. Nevertheless, experimental
results in Table 4 show large percentage of mode 4 �m particles
(19 to 55%) in the combustion products; in terms of number of
particles, this is several times higher (180 to 470 times) than the
number of aluminum particles originally present in the propellant.
This indicates that a considerable amount of mode 4 �m particles
have been formed by the coalescence ofmode 1 �m particles (smoke
oxide particles). The possibility of coalescence of the smoke oxide
particles is increased due to little or no net convection of gases in the
outward direction from the flame envelope of aluminum particle [1].

In the experiment, the aluminumparticles ejected from the burning
propellant surface have to pass through varying temperature regions
before quenching. Figure 11 shows the approximate distribution of
temperature in the quench bomb at �3 MPa for the three types of
specimens, as calculated by computational fluid dynamics. Near the
burning surface of the propellant and inside the port, mixing of the
hot combustion gaseswith the cold gases present in the quench bomb
is insignificant and the gas temperature is close to the adiabatic flame
temperature (�3375 K) [24]. Beyond this, the gas temperature
continuously decreases due to increasedmixingwith cold gases. The
temperature, gas velocity, and residence time of particles in these
regions are plausible parameters that affect particles size distribution.
For the present analysis, the temperature regions are broadly divided
into two: 1) a high-temperature region (HTR) with temperature
above the melting point of alumina (2328 K), where the molten
alumina particles can coalesce to formbigger particles, and 2) a lower
temperature region (LTR) below the melting point of alumina, where
the alumina particles solidify and do not coalesce. However, it can be
noted that the burning aluminum particles coming out from the HTR
continue to burn in the LTR also. In the closevicinity of these burning
aluminum particles in LTR, the flame temperature is high enough for
the alumina particles to be inmolten state and coalesce but away from
the burning particle the alumina particles solidify. The residence
time of particles in the different temperature regions can be obtained
from the particles’ velocity and length of the temperature regions.
The velocity of particle is assumed equal to the gas velocity, which is
computed considering the flow as a freejet and using the equations
given in [25]. The HTR is assumed to be the nonmixing region of the
freejet. The temperature of the nonmixing region is close to the
adiabatic flame temperature, which is higher than the temperature
limit chosen for the HTR. Because at the boundary of the nonmixing
region, the drop in temperature is steep, the boundary of HTR can be
assumed close to the boundary of the nonmixing region. In addition,
because the nonmixing region is conical in shape [25], the effective
length of HTR is taken as half of its total length. The gas velocities in
different regions are calculated as follows:

Fig. 9 Internal structure of white particle; part b is amagnified view of
the portion marked in part a.

Fig. 10 Particles in the range of ~4.5 to 20 �m separated by sedi-

mentation (overall and magnified views).
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1) For the ported specimens, the gas velocity inside the port is
taken as the average of the gas velocity at the aftend and at the exit of
the port. The gas velocities at the aftend and at the exit of the port are
calculated from the burning rate of propellant (7:4 mm=s at 3 MPa).

2) The velocity of gas in the HTR outside the port is assumed to be
equal to the port exit velocity.

3) The velocity of gas between the HTR and the surface of quench
liquid is taken as the average of the port exit velocity and velocity at
the distance of the quench liquid surface. The length, average gas
velocity, and residence time in the two regions are given in Table 5.

During the burning of propellant, aluminum ejected as single
particle burns out within a short period of time. The burning time of
the aluminum single particle (average size �33 �m) calculated by

the equation given in [26] (in the oxidants H2O and CO2 formed by
the combustion of the binder alone with AP [24]) is �3 ms.
Therefore, the residence time of particles in HTR given in Table 5
indicates that considerable portion of the aluminum particles that do
not agglomerate burns out in HTR for all the specimens. The
combustion of these particles mostly produces smoke oxide particles
of mode �1 �m and a portion of these particles coalesce to form
bigger particles. The coalescence of the particles is higher if the flow
is more turbulent [27] or the residence time of the particle in HTR is
high. Thus, the probable reasons for higher amount of mode�4 �m
particles in the combustion products are high flow velocity and
associated increased turbulence (in the case of long ported specimen)
and high residence time of particles in HTR (in the case of flat
specimen).

The volume percentage of mode 70 �m particles (aluminum
agglomerates) in various tests is also given in Table 5. Compared
with aluminum single particles, these agglomerates burn for longer
time due to their size and eventually get quenched in the liquid.
Combustion of these particles can be represented by the equation
[26,28]:

Dn �Dn
o � kt (2)

where Do is the initial diameter of the particle, D is the diameter at
time t, n and k are constants. Because the volume of the particle is
proportional to D3, it can be approximated that the volume
percentage of mode 70 �m particles to the power of n=3 is
proportional to t. In Fig. 12, the percentage of mode 70 �m particles
to the power of n=3 is plotted against the total residence time. Avalue
of 1.8 is assumed for n [26]. Figure 12 shows that at t� 0 (ie., at the
propellant burning surface) �25% of the total particles are of mode
70 �m. This means that �30% of aluminum in the propellant
agglomerates at the propellant surface. Figure 12 also shows that
almost all mode 70 �m particles will burnout within �25 ms. The
burning time of 70 �m particles calculated by the equation given in
[26] (in the oxidantsH2O and CO2 formed by the combustion of the
binder and nonagglomerated aluminum particles with AP [24]) is

Table 4 The volume percentage of particles in different modes

Serial number Test Volume percentage of particles

Mode 1 �m Mode 4 �m Mode 70 �m Intermediate sizes

1 FVN 50 28 3 19 (20 �m)
2 FCN 43 40 —— 17 (34 �m)
3 FAN 39 55 —— 6 (13 �m)
4 SCN 75 19 1 5 (10 �m)
5 SAN 80 20 —— ——

6 LCN 45 43 12 ——

7 LAN 48 48 4 ——

8 LCL 28 53 19 ——

Fig. 11 Approximate distribution of temperature in the quench bomb

at ~ 3 MPa for the three types of specimens obtained by computational

fluid dynamics method.

Table 5 Approximate length, average gas velocity, and residence time in different temperature regions

High-temperature
region

Low-temperature
region

Total residence
time, ms

% of mode 70 �m
particles

Ratio of mode
1 to 4 �m particles

Serial number Test Length,
mm

Gas velocities,
m=s

Residence
time, ms

Length,
mm

Gas velocities,
m=s

port outside

1 FVN 60 —— 4.8 13 —— 4.8 13 3 1:8:1
2 FCN 112 —— 4.8 24 308 3.4 115 0 1:1:1
3 FAN 112 —— 4.8 24 628 2.9 237 0 0:7:1
4 SCN 131 15.8 26.9 5.8 324 19.4 22 1 4:1
5 SAN 131 15.8 26.9 5.8 644 16.9 44 0 4:1
6 LCN 124 43.9 83.0 2.2 366 52.0 9 12 1:1
7 LAN 124 43.9 83.0 2.2 686 47.4 17 4 1:1
8 LCL 124 66.6 125.9 1.5 366 78.6 6 19 0:5:1
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�25 ms. Thus, the burning time of mode 70 �m particles obtained
from the analysis (Fig. 12) is in line with the calculated value.

From the above analysis, it can be concluded that:
1) About 25% of the particles formed near the propellant burning

surface are mode 70 �m particles (agglomerates) that will burn out
completely in �25 ms.

2) Mode 4 �m (residual oxide) particles are formed not only from
the alumina cap on the aluminum particles or agglomerates but also
by coalescence of mode 1 �m particles. When the flow is more
turbulent or the particles have high residence time in the HTR, the
coalescence of particles is high.

D. Extension of Quench Bomb Results to Motor Chamber

Conditions

The size distribution of particles in the motor chamber can be
different from that in the quench bomb due to the differences in the
thermal environment. Moreover, the two parameters in quench
bomb tests viz. specimen geometry and quench distance, which
significantly affect the particle size distribution, are not the
parameters for combustion in the motor chamber. Hence, from these
test results it is necessary to deduce a probable size distribution in the
motor chamber.

The quench bomb tests showed that the particles have log-normal
distribution mainly around three modes: �1 �m, �4 �m and
�70 �m and their mode values do not considerably vary with
pressure and other parameters such as specimen geometry or quench
distance. Hence, even though the conditions in themotor are different
from that of the quench bomb, the trimodal distribution with same
modes as that of the quench bomb can be expected in the motor
chamber. Thus, if the standard deviation and volume fraction of
particles for each mode is known, the particle size distribution in the
motor chamber can be calculated using Eq. (1).

Analysis of quench bomb results indicates that �25% of the
total particles near the burning propellant surface are mode 70 �m
particles (aluminum agglomerates). These particles continue to burn
as they travel through the hot gas medium and their percentage
reduces to zero in�25 ms (Fig. 12). The agglomeration of aluminum
particles takes place close to the propellant surfacewhere the thermal
environment does not vary much either in the quench bomb or in the
motor chamber. Therefore, it is assumed that in the motor chamber
also�25% of the total particles near the propellant surface are mode
70 �m particles. The burning time of these particles in the motor
chamber is also considered to be the same as that of the quench bomb
tests (i.e.,�25 ms) because the burning time is not a strong function
of temperature of gases around the particles [25].

Present study indicates that more number of smoke oxide particles
(mode 1 �m) coalesce to bigger (mode �4 �m) particles when the
particles have higher residence time in the HTR or the flow is more
turbulent. In large booster motors, the average residence time of
particles in the chamber may be 50–200 ms and the gas velocity may
reach up to 0.2–0.3 M at the nozzle-end of the grain. Thus, higher

amount of mode 4 �m particles formed by the coalescence of mode
1 �m particles can be expected in the motor especially towards the
nozzle-end of the grain. The long ported specimen or flat specimen
(with sufficient quench distance) have burning similar to the above
conditions for coalescence. In these tests, the ratio of the percentages
of mode 1 to 4 �m particles is 1:1 or lower. This ratio may be further
lower in themotor chamber because the residence time of particles in
the chamber is quite large. On the other hand, at the head-end of the
motor or near the propellant surface, as the residence time and gas
velocity are low, higher quantities of mode 1 �m particles can be
expected than 4 �m particle (similar to the short ported specimens).
Thus, for the present computation, the ratio of �1:1 for mode 1 to
4 �m particles is assumed near the nozzle-end of the motor and the
ratio of 4:1 is assumed at the head-end or near the propellant surface.
The fraction of mode 70 �m particles is maximum (0.25) near the
burning surface of propellant of the motor; this reduces to zero as the
particles move away toward the nozzle-end.

Regarding the statistical dispersion of particle size in different
quench bomb tests, large deviation of the value is not observed for a
particular mode (Table 3). Therefore, an average value of �i for each
mode is taken. In Table 3, the constants of Eq. (1) considered for the
motor chamber at the propellant surface and towards the nozzle-end
are also given. The particle size distributions in the motor chamber
calculated using these constants are traced in Fig. 13. It indicates that
the distribution varies along the port for large motors. Similarly, the
particle distribution can be different for small motors and large
boosters in spite of using the same propellant because the residence
time of particle in the combustion chambers are different.

In the above calculation, it is assumed that the size of the particles
in the motor chamber is the same as that in the quench liquid. The
increased size of particles due to thermal expansion at high
temperature in themotor chamber is not taken into account. For large
particles, the sizes at higher temperature may be maintained in the
quench liquid due to the formation of outer crust or shell over the
particles on quenching. On sudden cooling, contraction of matter of
the inner core leads to its detachment from the crust thus producing
voids (Figs. 5 and 9). However, for small particles the size at high
temperature cannot be maintained in the quench liquid. Hence, the
size increase due to thermal expansion of these small particles at
motor chamber temperature needs to be considered for a more
realistic picture.

In the present work, the available quench bomb results are
extended to predict the possible size distribution of particles inmotor
chamber. However, further parametric study is required to get more
accurate value of the ratio of the amount of mode 1 �m to mode
4 �m particles especially close to the propellant surface. Also,
quantitative information on the effect of residence time and gas
velocity on the coalescence of smoke particles is necessary for better
prediction. Further, in the present quench bomb test, the average test
pressure is limited to �3 MPa, which is lower than the average
operating pressure of many actual rocket motors. Quench bomb
experiments are to be carried out at higher pressures to understand the
pressure effect on the particle size distribution with more clarity. At
present, no data is available to us to validate the extension of quench

Fig. 12 Percentage ofmode 70�mparticles (plotted in the power of 0.6

scale) versus total residence time.

Fig. 13 Size distribution of particles in the combustion chamber of

motor.
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bomb results tomotor chamber. Such studies have to be carried out as
future work.

IV. Conclusions

Size distribution of condensed particles in the combustion
products of 18% aluminized hydroxyl terminated polybutadiene–
ammonium perchlorate propellant is measured using quench bomb
technique. The effects of geometry of specimen, quench distance and
pressure on particle size distribution are studied. The particle size is
measured by laser diffraction particle size analyzer and the surface
structure is examined by scanning electron microscope. The study
shows that the particles are spherical and their sizes vary from 0.1 to
300 �m. In general, the particles have trimodal distribution with
modes at�1 �m,�4 �m, and�70 �m. The mode 1 �m particles
are smoke oxide particles formed by the burning of aluminum vapor.
The mode 4 �m particles are formed from the residual oxide on
aluminum particles or agglomerates at burnout and also by the
coalescence of mode 1 �m particles. The study indicates that
coalescence of particles is higher if the particles have higher
residence time in the HTR or if the flow is more turbulent. The mode
70 �m particles are aluminum agglomerates. For the propellant used
in the present study, about 30%of aluminumpresent in the propellant
converts to aluminum agglomerates (mode 70 �m particles) which
burn completely in about 25 ms. Based on the quench bomb test
results, size distribution of particles in the combustion chamber of
rocket motor is obtained.
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