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Abstract

The burning rate-pressure relation of solid propellant is an exponential relation; this is
means catastrophic combustion process in case of sudden increase in operating pressure.
This study reports on novel approach to minimize the dependence of burning rate on the
operating pressure using highly energetic nitramines (RDX). Nitramine-based double
base propellants with RDX content up to 20 wt % were manufactured by solventless
extrusion technology. The impact of RDX content on burning rate, specific impulse,
exhaust velocity, and thrust were evaluated using small-scale ballistic evaluation rocket
motor. Specific impulse (Is) was enhanced by 20 %. The action burning time (tb) was
increased by 14 %. The total thrust impulse (IFT) was significantly improved by 22%.
One of the main outcomes of this study is that burning rate pressure exponent (n) which
was decreased significantly from 0.35 to 0.05. This novel ballistic performance means
minimal change in burning rate with pressure variation. These novel findings confirmed
that RDX has a dual function as energetic filler and as a platonizing agent. This is the
first time ever RDX has been reported to act as a platonizing agent. It can be concluded
that many advantages have been achieved with one shot.
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1. Introduction

Double base (DB) propellants consist mainly of high molecular weight nitrocellulose
(NC) plasticized or gelatinized with liquid nitrate esters mainly nitroglycerine (NG); they
are best known as smokeless propellants [1]. In fact, NC and NG bring together carbon,
hydrogen, and oxygen necessary for the exothermic combustion reaction[2]. The
oxidizing and reducing elements which are involved in the release of energy through
combustion are combined in the same molecule; they are known as homogenous
propellants [3]. Other minor additives are also included in DB propellants to improve
their chemical, mechanical, and ballistic properties [4-7]. DB propellants are candidate
for tactical missile propulsion as they can offer many advantages including:

¢ Little or no solid particles in the gas jet.

%+ Good mechanical properties.

% High chemical and thermal stability.

%+ Low sensitivity to propellant temperature.

% Good aging capabilities, particularly under humid conditions.
However the burning rate of DB propellant is highly dependent on the operating pressure.
The burning rate-pressure is an exponential relation as represented by equation 1.

r=aP" 1)

Where: a is the burning rate constant, P is the operating pressure, and n is the
pressure exponent[8]. Equation 1 confirms the fact that any minimal change in
operating pressure will result in a dramatic increase in burning rate. This means a
catastrophic combustion process which might lead to rocket motor explosion. NC is

the main energetic constituent of DB propellants [6]. One of the main features of NC
combustion characteristics is that it combusts with the generation of large quantity

of CHO free radical[9]. That is why NC is one of the key factors to ensure burning

rate modification in smokeless propellants. The inclusion of small quantities of
various inorganic lead salts in DB propellants can result in so called plateau or mesa
burning over specified region of operating pressure (Figure 1).

Catalyzed DB propellants can demonstrate an increase in burning rate with burning rate
at low pressure values. This behavior is followed by plateau burning region, where the
burning rate remains almost independent of pressure variation. Platonized region is
characterized with n value ranging from 0:0.3. The post-plateau region is similar to that
of un-catalyzed DB propellants [10]. It is clearly apparent that the magnitude of n is one
of the most important factors for controlled combustion behavior and the suitability of
DB propellants for propulsion systems [11].
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The combustion wave can have a significant impact on DB propellant patronization.
Energetic constituents that can self-decompose with the release massive free radicals
as well as inert gases have the potential to minimize the burning rate dependence on
operating pressure [2]. It is widely accepted that the combustion wave of DB
propellants consists of five distinctive zones; each zone is characterized with
specific chemical reaction as demonstrated in Figure 2.

I) Heat conduction zone.

No chemical reactions associated with this zone. The thermal effect provided by
heat conduction from the burning surface causes temperature increase from the
initial temperature to the onset decomposition temperature Tu.

I1) Solid phase reaction zone.

The solid phase reaction zone is a very thin layer with temperature equal to the
burning surface temperature Ts. The overall reactions in this zone are exothermic
degradation.

I11) Fizz zone.
This zone is just above the burning surface where a series of degradation reactions
occur very rapidly in the early stages of the gas phase reaction zone.

V) Dark zone.
This zone is characterized by very slowly oxidation reactions between the products.

V) Flame zone.
This zone is characterized by high flame temperature where final combustion products
are formed, and the combustion products reach the thermal equilibrium state.
Energetic heterocyclic nitramine (RDX) can be ideal energetic filler for DB propellants.
RDX can offer potential characteristics including [13]:

e High thermal stability with decomposition temperature 213 0C

e High enthalpy of formation +318 KJ/Kg

e High heat of combustion 5.647 KJ/Kg

e High volume of gaseous products 903 L/Kg
All these features can inherit RDX a vital role for the development of DB propellants.
Therefore RDX can significantly enhance the combustion characteristics in terms of
specific impulse (thrust per unit weight of effective propellant), as well as burning rate.
RDX can act as a blowing agent generating large amount of inert gasses pushing the
luminous flame from the burning surface. Therefore it can offer superior platonization
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characteristics.

In this study, MDB formulations based on RDX as energetic filler were developed by
solventless extrusion technique. The impact of RDX content on combustion
characteristics particularly burning rate, specific impulse, exhaust velocity, and thrust
were evaluated using small-scale ballistic evaluation test motor; which has been
established as the most representative testing mean [14]. RDX demonstrated a dual effect
as energetic filler and as a platonizing agent. It enhanced the specific impulse and action
burning time increased by 20 % and 14 % respectively. Hence, the total thrust impulse
was significantly improved by 22%. It offered novel platonization of burning rate with n
value of 0.05. This is the first time ever to report on DB propellant platonization using
RDX.

2. Manufacture of DB propellants

The manufacture technology should emphasize mixing of different ingredients to
molecular level, good homogenization, high density, as well as dimensional stability of
final product [6]. Solventless extrusion technique can fulfill these requirements. The
production technology includes different main stages including [15]:
% Mixing of different ingredients to insure homogenization.
% Rolling phases to remove water and insure gelatinization by dual effect of
pressure and heat.
% Screw extrusion with variable feeding system under controlled temperature and
pressure to obtain the final shape.
% Figure 3 is a schematic of solventless extrusion technology.

DB propellants with RDX content up to 20 wt % were developed by solventless extrusion
technique. Ultrafine RDX with average particle size of 12 um was employed. Figure 4
demonstrated the average particle size using Transmission electron microscope (TEM).

The chemical composition of developed DB propellant formulations is represented in
table 1.

3. Combustion characteristics of DB propellants

Small-scale ballistic evaluation test motor is widely accepted as an effective method to
measure the real combustion characteristics during static firing [14]. One-inch test motor
(33 mm ID and 225 mm length) was employed[16] (Figure 5).

The pressure (P) inside the combustion chamber was recorded with time (t) during DB
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propellant combustion. Based on pressure-time curve, the average operating pressure,
burning time, burning rate, and characteristic exhaust velocity were evaluated [17]. In the
meantime the thrust was recorded with time during combustion process. All developed
DB propellant formulations demonstrated ideal stable burning over the combustion
process. This confirms the fact that modified DB propellants free from defects (cracks,
air bubbles) with good homogeneity have been developed. The pressure-time curves of
developed modified DB propellants are represented in Figure 6 [18].

Even though modified DB propellants demonstrated combustion behavior similar to
reference formulation in terms of operating pressure; they exhibited extended
burning/action time. This combustion behavior means enhanced total impulse. There was
an increase in specific impulse (s), characteristic velocity (m/s), thrust (N), total impulse
(N S) and action burning time (S) with RDX content (Table 2).

RDX as an energetic explosive material with slightly negative oxygen balance, and high
combustion temperature can offer high amount of low molecular weight combustion
gaseous products. This action could withstand the enhanced combustion characteristics.
There was a decrease in burning rate with RDX content. All these features inspired us to
deeply investigate the impact of RDX content on burning rate-pressure relation as it can
act as a novel platonizing agent [19].

4. Platonization of DB propellants

RDX can act as an energetic blowing agent, releasing massive amount of gasses, pushing
the flame zone from the burning surface. The burning rate for each developed modified
DB formulation was measured at different operating pressure. Five static firing tests have
been conducted for each developed formulation. The operating pressure was changed by
changing the throat diameter of small-scale rocket motor. The burning rate-pressure
relation for each developed formulation was plotted (Figure 7).

Figure 7 shows the burning rate (r) versus pressure (P) of the plateau RDX-MDB
propellants with different content of RDX. The pressure index (n) of each developed
formulation is represented. There was a decrease in n value with the increase in RDX
content. Consequently RDX offered insensitive combustion pressure to operating
pressure flocculation. RDX could alter the combustion mechanism by cooling down the
burning surface during melting and alter the chemical reactions associated with each
combustion zone described in Figure 2.
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5. Platonization mechanism with RDX

Oxygen content in RDX is not enough for complete oxidation of fuel elements (C, H).
Therefore RDX can produce large quantity of inert gasses as N2 as well as carbon black.
Active carbon black can react with the combustion product such as PbO as follows:

PbO(s) + Cisy = Pbis) +CO(,y AH =108.68 kj/mol 2)
F.E}U.:_:_-} + CU,:Q:, = Pb.:_:_-:, + CU: (g] AH = —63.79 kffmai (3)

Lead metal product from the above reactions plays a key role in the plateau effect. Under
the static ambient condition, lead metal is used as catalyst in the oxidation-reduction
reactions. Combustion process with high content of active carbon black will increase the
generated lead metal. This action could strengthen the platonization effect of DB
propellants[20]. Substantial amount of N2 through the C—N bond breaking in the near-
surface region will be resulted during RDX decomposition [10]. The pressure of N2 and
large fuel fragments dilute the concentrations of surface reactive species. This blowing
effect tends to push the primary flame away from the surface (Figure 8) [21].

Therefore, a thin luminous flame zone stands some distance from the burning surface and
a reddish flame is produced above this luminous flame zone. The luminous flame
becomes stable and one-dimensional just above the burning surface when the pressure is
high enough [22]. It was presumed that the different thermal decomposition process of
the nitrogen heterocyclic nitramines lead to the different flame diffusing model (Fig. 9)
[22].

Thermal decomposition of RDX remains with the solid to liquid state reaction [23]. There
are crystals transformations before the thermolysis of RDX [24]. Therefore the gas,
liquid, and solid phases exist in its condensed phase reaction zone. This endothermic
phase change could cool down the burning surface. Furthermore, the concave and convex
burning surface can increase the surface area of gaseous products jet, thus radial diffusion
becomes more important, resulting shorter flames [23].

6. Conclusion

RDX with high thermal stability, combustion heat of 5.647 kJ/g, and gaseous products of
903 L/Kg could be an effective energetic filler for DB propellants. The impact of RDX
content on combustion characteristics of DB propellants was evaluated using small-scale
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ballistic evaluation test motor. RDX significantly enhanced the specific impulse by 20%,
C* by 3 %, thrust by 7 %, and action burning time by 14 %. Finally, the total impulse
was significantly improved by 22%.

The novel finding is that RDX lowered the sensitivity of burning rate to operating
pressure over wide range of pressure (100-140 bars). The pressure exponent n was
decreased from 0.3 to 0.05. This novel platonization action was ascribed to its blowing
effect therefore pushing the luminous flame to some extent from the burning surface, as
well as the generation of free lead metal which could strengthen the platonization effect.
RDX could cool down the burning surface due to its endothermic phase transition over
decomposition.
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Table 1: The chemical composition of the reference DB propellant and developed NDBP
formulations (combine the two columns)

Other

NC NG Stabilizers . RDX
(wt %) (wt %) (wt %) (Wt %) (wt %)
Fo (Reference) 57.70 30.30 2.90 9.10 0
F1 (5wt % RDX) 54.82 28.78 2.76 8.64 5
F2 (10 wt % RDX) 51.93 27.27 2.61 8.19 10
F3 (15 wt % RDX) 49.04 25.75 2.47 7.74 15
F4 (20 wt % RDX) 46.16 24.24 2.32 7.28 20
Table 2: Ballistic properties of NDBP formulations
Characteristics F1 F, Fs Fs Fs
Specific Impulse (s) @2 178.3 189.4 193
Characteristic Velocity 1535 1538 1541
(m/s)
Thrust (N) D 989 1057 1034
Total Impulse (N.s) 361 390 401
Burning rate (mm/s) 25 12.46 12.22 11.48
Action burning time (s) 0.365 0.369 0.388
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Fig. 3: Schematic for solventless extrusion process for manufacture of MDB
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Fig. 4: RDX particle size by Transmission Electron Microscope (TEM)
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Fig. 5: Schematic for employed small scale ballistic evaluation test motor during
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Fig. 9 Schematic diagrams showing various burning surface of typical flame
diffusing model for combustion of modified double-base propellants
containing nitrogen heterocyclic nitramines
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