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Abstract: An aluminized AP/HTPB propellant formulation was experimentally studied, and the effect of formulation

parameters i. e. particle size of AP, catalysts on burning rate and pressure exponent were discussed. The results show that

the burning rate of propellant decreases with increasing the average AP particle diameter but with large diameters the de-

pendence of burning rate becomes weak. Liquid ferrocene catalyst is more effective to increase the burning rate as compared

to solid iron oxide. A 50% rise in burning rate with liquid ferrocene catalyst is observed while 22% rise with solid catalyst.

The experimental results of burning rate and pressure exponents were compared with the calculated results of the combustion

model. Model predictions and the experimental data are in good agreement.
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1 Introduction

The combustion phenomena of solid propellants in-
volve complex physicochemical changes from solid to lig-
uid and gas. One of the greatest challenges to the propel-
lant formulators is to understand the process of solid pro-
pellant combustion and to determine the burning rate of a
given formulation. Burning rate of AP/HTPB propellants is
highly dependent on particle size, shape and distribution
of AP. These variables also have a significant effect on the
mechanical and processing properties of propellants.

In spite of enormous current knowledge in the field
of solid propellant combustion for the theoretical and ex-
perimental concerns, the assessment of the new propellant
burning rate for a target application is still empirical as
well as the follow-up of the experience and the previous
production and test data. This is due to the fact that most
of the models are of qualitative nature and do not accu-
rately predict the combustion properties of real propellant
formulations'' . To bridge this gap between the theoreti-
cal models and the practical propellant formulations,
more results oriented modeling efforts and reliable experi-

mental data are required.
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Therefore, several experiments were conducted by
mixing a number of propellant formulations to study the
correlations between formulation parameters and propel-
lant properties in this paper. The experimental results of
burning rate and pressure exponent were discussed and
compared with the theoretical predictions of a simplified

combustion model developed by the authors.
2 Analysis and Experiments

2.1 Performance Estimations

Thermochemical calculations were performed using
the computer code PPC97 to optimize a propellant formu-
lation for the maximum energy. A preliminary propellant
formulation for an optimized performance is given in Table
1 and its theoretical energy performance of this formula-

tion is given in Table 2.

Table 1 Proposed propellant formulations

ingredient mass fraction / %

HTPB (hydroxyl terminated polybutadiene)

TDI (toluene diisocyanate)

MAPO ( trimethylaziridinyl phosphine oxide) !
antioxidizing agent

AP (ammonium perchlorate) trimodal 67.5
Al (aluminium) 18.0
plasticizer 3.0-3.5
burning rate catalyst 0.5-0.0
total 100.0
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Table 2 Theoretical energy performance of the the mechanical properties were tested on a standard Instron
proposed propellant formulation testing machine. The results obtained ( statistical mean
performance parameter value value of five test samples) from these tests have been sum-
combustion temperature T,/ K 3400 marized and discussed below.
nozzle exit temperature T,/ K 2157
average specific heats ratio in nozzle, k 1.138 3 Results and DiSC“SSion
isobaric combustion heat, Q / kJ - kg_l 5633
characteristic velocity, €*/ m - s~ 1600 3.1 Burning Rate and Pressure Exponent
thrust coefficient, Cy 1.593 B . fth 1 Iy adi d
pecific impulse. 1/ m + 5! 2547 urning rate of the propellant was generally adjuste

Note: * p, =6.0 MPa, standard expansion ratio.

Considering a 92% overall energy conversion effi-
ciency of the actual rocket motor, the delivered specific
impulse is expected to reach at 2343 m - s~ .

The density of the proposed propellant formulation
can be estimated from the densities of its ingredients

#z1.760g-cm_3 (1)
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Where A, is the mass fraction of the ingredient i in the

Py =

formulation and p, is the respective density. The calculated
density is in close agreement with the experimental results.
2.2 Experimental Work

An experimental program was designed to establish a
correlation between various formulation parameters and
the propellant properties. State of the propellant ingredi-
ents were selected as given in Table 1. AP particle sizes
and their distributions, amount and type of catalyst and
binder curative ratio were varied to study the effect on the
propellant properties.

A sufficient quantity of raw materials was prepared
and homogenized to ensure a uniform batch. A small-scale
vertical mixer was used for mixing the propellant slurry and
later the scale was enhanced to a larger mixer to observe
the effect. Several mixes of propellant slurry were prepared
to tailor the formulation. Propellant slurry was casted in
rectangular cartons under vacuum and cured at 70 °C in
oven for 3 days. Samples were prepared from the cured
propellant and were tested for burning rate, pressure expo-
nent, temperature sensitivity of burning rate and various
mechanical properties ( stress, strain, and modulus ).
Rheological tests were also performed for propellant slurry
after mixing and during casting operation. Burning rate

was measured using acoustic strand burning technique and

by two methods, i) by varying the mixing ratio of coarse
to fine AP and ii) by adding the catalyst. So in the exper-
ment the tri-modal AP compositions were firstly varied
while the total contents of AP remained unchanged. The
proportions of various AP fractions with the measured
burning rate (r) at 6.0 MPa and pressure exponent are

given in Table 3.

Table 3 Various proportions of coarse and fine AP with

burning rate and pressure exponent

AP(% )

r pressure

formulation
exponent

fine type I type II type | /mm s -l

e um 135 pm 250 pm 340 pm (6.0 MPa)  n
AH-101 3.5 24.0 400 5.81  0.420
AH-104  11.5  28.0 - 28.0  6.02  0.398
AH-105  11.5  28.0  28.0 - 6.44  0.387
AH-106 5.0  31.5  31.0 - 6.49 -
AH-107  15.0  26.5  26.0 - 6.39  0.400
AH-108  25.0  21.5  21.0 - 6.93  0.430
AH-10 25.0  21.5  21.0 - 6.88  0.430
AH-112 30.0  19.0  18.5 - 7.48 -
AH-113 35.0  16.5  16.0 - 8.74  0.530

Three types of spherical and one type of non-spherical
AP were used, referred to as type I,I1,1IT,and ‘fine’ re-
spectively. In formulations AH-101 and 104, type I, III,
and fine AP were used. Formulation AH-105 was repro-
duced with the same compositions as that of No. 104 but
replacing type I AP with type II. This change results in in-
creasing the burning rate and reducing the pressure expo-
nent of propellant which is according to the expected
trend. The rest of the propellant formulations were pre-
pared by using type II AP as coarse fraction and type | was
not used in later mixes. Formulations AH-106 ~ 108 were
charged with varying proportion of fine and coarse where
fine AP proportion was increased from 5% -25% which
was further increased up to 35% in formulation leading to

No. AH-113. Formulation AH-110 was just the repetition
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of No. 108 to verify the results. A good reproducibility of
the results was observed from Nos. 108 and 110.

The results of the experimental burning rate versus
fine AP contents are plotted and shown in Fig. 1. It can
be seen from the figure, the burning rate rises with the
increase in fine AP contents. The rise becomes more
quick when fine AP contents are increased from approxi-
mately 20% onward. This effect is more clearly visible
from Fig.2, where mass average diameter d,; of the three
AP fractions is plotted against the burning rate at

5.5 and 6.0 MPa.
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Fig. 1  Effect of fine AP on burning rate of propellant
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Fig.2 Change in burning rate with AP mean diameter

The burning rate 999decreases noticeably with d,; in-
creasing, but, when d,; increasing, such behavior has also
been observed in previous studies with bi-modal oxidizer at
stoichiometric oxidizer/fuel ratios”*'. Our base formulation
is also near stoichiometric (slightly fuel rich) composition.

This trend of burning rate dependence can be explained
if we consider the structure of the combustion zone. With
multi-modal packing compositions there is a lattice of large
crystals, and the interstices are filled with a mixture of fuel
and fine oxidizer. If burning rate of this mixture is high e-
nough, flame propagates between crystals of coarse oxidizer

and burning rate is roughly equal to fine oxidizer burning

rates. On the other hand, if the mixture in the interstices
burns very slowly the value of burning rate is nearly equal to
coarse value, resulting in lower rates.

Then the effect of solid and liquid catalysts on burn-
ing rate was also studied while the other conditions were
kept constant. The experimental results of burning rate
with 0.5% solid iron oxide catalyst and 0.5% liquid fer-
rocene catalyst are reported in Table 4 along with neutral
formulation ( no catalyst) for comparison. Tertiarybutyl
ferrocene (TBFe) is more effective to increase the burning
rate as compared to solid iron oxide. A 50% rise in burn-
ing rate is observed as compared to 22% rise with solid
catalyst. Further experiments were carried out by using

only liquid ferrocene catalyst.

Table 4 Effects of solid and liquid

catalysts on burning rate

formulation r/mm -+ s ' r/mm-s~' percent of r
code catalyst (5.5 MPa) (6.0 MPa) increase
AH-101 no catalyst 5.55 5.81 0
AH-109 0.5% Fe, 0, 6.77 7.14 22%
AH-103 0.5% TBFe 8.34 8.69 50%

The burning rate and pressure exponent with the ad-
dition of various amount of ferrocene catalyst are given in
Table 5. Formulations AH-117, 115, along with AH-103
and 102 show on the whole the increase in burning rate as
increasing the percentage of TBFe catalyst in the propel-
lant formulation and a lower burning rate pressure expo-
nent when the fine AP contents are not changed. It is ob-
served that the burning rate in the range of 8 -
9 mm + s ' could be achieved with a slight addition of a
TBFe catalyst ( formulations AH-117&115) and even
without a catalyst (formulation AH-113, Table 3). The
final selection between the both options may depend on
designer’s choice based on other performance properties
like mechanical behavior, processability, storage and
safety. Liquid catalysts have a disadvantage of migration
towards the interface at propellant surface and thus de-
crease the storage life of propellant. New prepolymers are
developed in which ferrocene is grafted and linked to the
HTPB prepolymer chain and cannot migrate. High burn-
ing rate aluminized propellants containing ferrocene deriv-
atives have been the origin of many accidents in the in-

dustry due to their increased sensitivity level®. This
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greater sensitivity associated with violent effects, demands

special precautions to be observed for their handling and

production.
Table 5 Effect of catalyst amount on burning rate
formulation TBFe fine AP r/mm - s

code /% / % (6.0 MPa) "
AH-117 0.1 15.0 8.23 0.36
AH-115 0.2 15.0 8.83 0.33
AH-103 0.5 3.5 8.69 0.38
AH-102 1.0 3.5 9.17 -

3.2 Combustion Modeling

A simplified model for the combustion of AP-HTPB
propellants was developed within the framework of well-
known BDP ( Beckstead-Derr-Price) multiple flame mod-
el'®’. The model is one-dimensional and steady state in
nature and incorporates single oxidizer particle size. A
picture of the multiple flame model is shown in Fig. 3.
Three flames as postulated by the BDP model are the AP
monopropellant flame, primary flame and final diffusion
flame. AP flame is followed by a diffusion flame where
the oxidizer rich products of the flame ( ~30% Oxygen)
react with the fuel rich binder pyrolysis products. The
height of the diffusion flame is related to the AP particle
size. The smaller the particle size is, the closer the flame
and higher the heat flux to the surface and therefore the
burning rate of the propellant. The pyrolysis of the inert
binder ( HTPB) is purely endothermic. The heat flux
from the final flame serves primarily to keep the binder
regressing. Complete description of the combustion mod-
el, computational descriptions and the model input pa-
rameters are given in Ref. [7].

Formulation given in Table 1 was used to calculate
the burning rates for a representative propellant. No addi-
tives were considered for these calculations. Final flame
temperature used as an input parameter in the model was
calculated using the propellant performance code PPC97.
The model accounts for only single oxidizer particle size.
Multimodal oxidizer burning rates were computed using
statistical mass average diameter of various oxidizer mo-
dals. The results of burning rates for the given formula-
tion were calculated at various pressures and plotted in

Fig.4 for 5 pm, 20 pm and 200 pm oxidizer sizes. The

effect of oxidizer particle size on calculated burning rates
is obvious for the three oxidizer modals up to 10 MPa
pressure. As a quantitative comparison with the experi-
mental values the pressure exponent for a 200 um AP
propellant is computed as 0.390 (T, =300 K, p, =5 -
10 MPa, R =0.992) which is in a good agreement with
the measured exponent for formulation AH-104 in Table 3
under the similar conditions. A slight inflection in the
slope of caculated burning rates for a 20 pm AP propel-
lant is attributed to the fraction of oxidizing reactants
(By) shift (from 1 to 0) , that means diffusion control re-
gion is dominant. Calculations show that B, effect occurs
at lower pressures as particle size increases. For 5 pm, it
occurs at about 12 MPa, for 20 wm at about 3.5 MPa and
for 200 pm B, shift occurs below 1 MPa.

final diffusion flame

AP monopropellant flame

primary flame
-~

binder

Fig.3 A sketch of the multiple flames model
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Fig. 4 Effect of pressure and oxidizer particle

size on caculated burning rates

Figure 5 shows the decrease in burning rate with in-
crease in oxidizer particle size at 6. 0 MPa pressure for
the sake of comparison with the experimental measured
burning rates. A reasonable agreement is found between
model predictions and experimental rates for relatively
large oxidizer particle size. The model cannot follow the

trend at lower sizes ( ~100 pm). This deviation is due
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to shifting transition from diffusion flame to the AP flame

control at this particular pressure.

g 1 model calculations

= experimental data

burning rate / mm-s”

100 150 200 250 300
average AP diameter dy3 / um

Fig.5 Experimental and calculated burning rates

with change in oxidizer particle size

The good agreement of model calculations with the
experimental data does not prove the generalized applica-
bility of the model to any propellant formulation because
of the incorporation of many empirical factors for the cal-
culations. However, it is believed that the model can be
used for a reasonable initial assessment of burning rates
and pressure exponent prior to any formulation develop-
ment. In this way much saving in time and cost can be

made by reducing the formulation processing trials.
4 Conclusions

Experimental work and laboratory tests were
performed on the proposed propellant formulation. The for-
mulation was tailored for burning rate and pressure expo-
nent. Effect of various fine AP proportions on these param-
eters is discussed. The propellant burning rate decreases

with increase in average particle diameter of AP fractions,

but with large diameters the dependence of burning rate
becomes weak. A 50% increase in burning rate is a-
chieved with ferrocene catalyst as compared to 22% rise
with equivalent amount of iron oxide. The experimental re-
sults of propellant burning rate have been compared with
the theoretically calculated results from a simplified com-
bustion model. The model predictions are in good agree-
ment with the experimental results. The experimental data
and the combustion model could be useful for propellant

developments in saving time and cost for future works.
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