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Abstract: This paper discusses the enhancement in the ballistic performance of 
double base rocket propellants (DBRPs) by the addition of different copper salts 
vs lead salts as burning rate modifiers through stable combustion and the formation 
of a plateau region in the low pressure region.  Compositions based on DBRPs 
containing different percentages of lead stearate and different types of copper salts 
were prepared and studied.  For comparison, a conventional DBRP was studied.  
The ignition temperature and heat of combustion were determined experimentally, 
and the mechanical properties were measured and evaluated.  The performance in 
terms of ballistic characteristics (burning rate, operating pressure) were measured 
at different throat diameters (8, 8.5, 9, 9.5 mm) and at different temperatures  
(−20 and 50 °C).  Specific impulses were calculated using the ICT thermodynamic 
code.  The experimental data from the proportional study indicate that the 
compositions containing the studied burning rate modifiers are superior to the 
original DBRP in respect of ballistic performance and mechanical properties.
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1	 Introduction

Double base rocket propellants (DBRPs) consist mainly of nitroglycerine (NG) 
and nitrocellulose (NC) [1, 2].  The burning rate of DBRPs varies greatly with 
pressure, so that during their combustion in a rocket motor, small fluctuations in 
the combustion are translated into significant pressure variations [3].  Ballistic 
additives are added to the propellant to reduce the sensitivity of the burning 
process to pressure fluctuations, as well as to catalyze the burning rates to the 
higher regimes.  Some of these additives permit a burning rate independent of 
the pressure, within a given range of pressures (the plateau effect).  When the 
burning rate decreases with increasing pressure, this phenomenon is called the 
mesa effect [4, 5].

The effect of lead oxide (PbO) with lead copper salts of organic acids 
was studied.  Basic lead and copper salts of aliphatic acids have been found to 
produce more or less similar catalytic and plateau effects, whereas basic copper 
salts of aromatic acids were comparatively more effective in producing higher 
burning rates than the basic lead salts, although the reduction of the pressure 
index (exponent) values was more pronounced with the basic lead salts [6].  
These results have been explained in the light of existing theories on catalysis 
and platonization.  To understand the role of lead salts of organic acids in the 
combustion of double base rocket propellants, the thermal decomposition 
behaviour of propellants was studied by DTA and TGA methods.  Catalyzed 
propellants (including different lead salts) decomposed at lower temperatures 
than the control propellant sample, which was composed of NC, NG, carbamite, 
dinitrotoluene and dibutyl phthalate, without a ballistic modifier [7, 8].  

The effect of adding a combination of a lead component, a tin component and 
a copper component as ballistic modifiers for DBRPs was studied in a US patent 
[9].  The effect of PbO2, SnO2, TiO2, and Bi on the combustion of propellants of 
various compositions was investigated.  It was established that SnO2, TiO2 and Bi 
have a significant effect on the burning rate of propellants without carbon black 
and additional plasticizers [10].  The calculated thermodynamic parameters, 
from the TGA-DTA curves, gave real information about the effect of the different 
burning rate modifiers on the thermal decomposition, the rate of decomposition, 
the reaction mechanism and the improvement that might occur in the ballistic 
performance characteristics of the propellants [11, 12].  The primary process in 
the combustion of DBRPs is the decomposition of the organic nitrates, RO−NO2.  
The cleavage of the O−N bond gives a free radical and NO2.  This primary reaction 
is followed by subsequent reactions between the NO2 and other decomposition 
products.  It ultimately leads to the final products, namely CO2, H2, H2O, N2 … etc.  
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During the steady state of combustion, four reaction zones, namely foam or 
subsurface reaction, fizz, dark and luminous zones have been identified [13].  

The present work is divided into two parts.  The first part includes a study 
of the influence of the different burning rate modifiers (mixtures of lead stearate 
and different copper [organic (aliphatic and aromatic) and inorganic] salts) on 
the ignition temperature, the heat of combustion and the mechanical properties 
of the prepared formulations at different temperatures.  The second part involves 
a study of the influence of the suggested burning rate modifiers on the ballistic 
performance characteristics, such as burning rate, operating pressure and specific 
impulse of the DBRPs at two different temperatures (+50 and −20 °C) using 
different throat diameters (8, 8.5, 9, 9.5 mm).

2	 Experimental

2.1	 Materials and preparation of DBRP formulations
Nitrocellulose (NC) with 12% nitrogen content, nitroglycerin (NG) and 
dinitrotoluene (DNT) were produced by the Abu Zaabal company.  Centralite I 
(C-I, diethyl diphenylurea), lead stearate, copper oxide, copper acetate, copper 
salicylate (Sigma-Aldrich), dibutyl phathalate (DBP) (Fluka), and carbon black 
(Riedel-Dehaën) were used in the preparation of the investigated double base 
rocket propellant samples.

Seven different DBRP compositions based on NG and NC with different 
percentages of lead stearate and copper (salicylate, acetate and oxide) salts were 
formulated.  Each sample contains 57.7, 30.0, 5.0, 2.0, 3.0 and 0.3%, of NC, 
NG, 2,4-dinitrotoluene (DNT), centralite I, dibutyl phathalate (DBP) and carbon 
black, respectively.  The different compositions of the burning rate modifiers 
studied in these propellants are listed in Table 1.  All of the samples were made 
on the pilot scale (10 kg batch) by using the extrusion method [14].  The control 
propellant sample and other samples (S1-S6) were extruded into multi-tubular 
configurations. 

Table 1.	 Composition percentages of various burning rate modifiers in the 
control and the studied propellants

Sample No.
Components Control S1 S2 S3 S4 S5 S6

Lead stearate  [%] 2.0 1.7 1.6 1.5 1.4 1.6 1.6
Copper salts  [%] 0.0 0.3a 0.4a 0.5a 0.6a 0.4b 0.4c

a Copper salicylate;  b Copper acetate;  c Copper oxide.
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2.2	 Ignition temperature measurements
The ignition temperature of each sample was measured by a Julius Peter’s [15] 
apparatus.  Three samples from each formulation were placed in test tubes and 
these tubes were then placed vertically into the heating device simultaneously.  
The temperature was increased uniformly at a heating rate of 5 °C·min−1 until 
the point of autoignition of the sample was reached.  The ignition temperature 
was recorded digitally on the control unit and the mean temperature of the three 
samples (the difference between two readings was not greater than 2  °C) is 
reported in Table 2.

2.3	 Heat of combustion measurements 
A PARR 6200 adiabatic bomb calorimeter was used for determining the internal 
energy of combustion of all of the formulations studied.  A weighed sample was 
placed in contact with a platinum wire inside the bomb and then filled with an 
excess of oxygen (20 atm).  The high pressure of oxygen is necessary to ensure 
complete combustion.  The measurements are based on recording the temperature 
increase in the calorimetric vessel after the combustion process.  The results 
obtained from the measurements are reported in Table 2 as the heat of combustion.

2.4	 Mechanical testing
A Zwick universal mechanical testing machine (model  1487) was used to 
determine the maximum stress (σm) and maximum strain (εm) of the propellant 
formulations.  Ten specimens in multi-tubular grain form, having length 12.5 mm 
and diameter 25 mm were prepared.  Five of these specimens were kept at +25 °C 
and the others at +50 °C for 2 h [16].  The mean value of five measurements of 
each formulation was recorded as shown in Table 2.

2.5	 Ballistic performance measurements 
The system used for measuring the ballistic performance of the double base rocket 
propellants was a TELDYNE TABER bonded strain gauge pressure transducer 
(model 206).  This system consists of an electrical signal which passes through 
the data acquisition system, amplifier, calibrator, high-level selector, digital 
voltmeter, UV (ultra violet) recorder and pressure transducer.  The average 
burning rate and operating pressure were determined by this system using 
a standard two inch rocket motor.  The samples were placed in steel cylinders 
then loaded in the testing motor.  The measurements were made using different 
throat diameters (8, 8.5, 9 and 9.5 mm) at different initial temperatures (−20 
and +50 °C) [17].  The results of the experimental measurements are presented 
in Table 3.
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2.6	 Thermodynamic calculations 
Calculations of the thermodynamic properties of the equilibrium mixtures 
were performed using the ICT Thermodynamic Code [18].  The code 
computes chemical equilibrium by solving the non-linear equations derived 
from the mass action and mass balance expressions.  The calculations were 
performed for isobaric adiabatic combustion at 7.0  MPa, assuming an 
adiabatic expansion through a nozzle in one-dimensional flow at chemical 
equilibrium and at an expansion ratio of 70:1.  The results of the calculations 
are presented in Table 3.

3	 Results and Discussion

It was observed from Table 2 that the control sample has the highest ignition 
temperature of all of the samples studied, and the addition of the different 
percentages of copper salts caused decreases in the ignition temperature. 

Table 2.	 Results of experimental measurements
Property

Sample
No.

Ignition 
temperature 

[°C]

Heat of 
combustion 

[cal/g]

Max. stress
σm  [MPa]

Max. strain
 εm  [%]

50 °C 25 °C 50 °C 25 °C

Control 192 818.98 599.87 1990.37 39.04 31.41
S1 184 820.14 735.49 2418.39 48.76 39.20
S2 182 821.58 797.72 2634.04 54.75 39.87
S3 176 822.34 802.92 2640.22 55.11 40.16
S4 173 824.25 827.71 2734.69 56.48 40.26
S5 170 828.20 796.35 2631.32 51.31 39.68
S6 171 827.45 753.42 2649.53 53.79 39.46

On the other hand, the heat of combustion of the control sample has the 
lowest value compared with the other samples containing different percentages of 
the copper salts studied.  These results are represented in Figure 1 which indicates 
a relation between the ignition temperatures and the heats of combustion for all 
of the samples studied. 

From Figure 1, a relationship, represented by a straight line, was observed 
between the ignition temperatures of the samples and their heats of combustion.  
This relation proved that increasing the percentage of copper salicylate in the 
sample caused an increase in the heat of combustion and a  decrease in the 
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ignition temperature of the sample.  This means that the control sample has the 
best thermal stability compared with the other samples studied. 
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Figure 1.	 Relation between the ignition temperatures of the samples and their 
heats of combustion.

From the mechanical parameters presented in Table  2, σm and εm, of 
propellants S1-S6, it is observed that the use of the studied modifiers led to 
improvements in the mechanical properties of these propellants at different 
temperatures (+50 and +25 °C) compared with those of the control, which is very 
important for good functioning of rocket motors during their use and storage [19].  
Figures 2 and 3 present the relations between the maximum stress and strain of all 
of the samples studied at +50 and +25 °C.  It is clear from these figures that the 
control sample has the lowest stress and strain results.  The addition of different 
copper salts caused an improvement in the mechanical properties compared with 
the control sample.  This result might be interpreted in terms of homogeneity 
and good mixing of the studied propellants, which protects them from the attack 
by atmospheric moisture, which might cause weak points in their structure [19]. 
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Figure 2.	 Relationship between the maximum stress and maximum strain of 
the samples at 25 °C.  
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Figure 3.	 Relationship between the maximum stress and maximum strain of 
the samples at 50 °C.  

Another explanation may be connected to the suitability of the particle size 
of the added burning rate modifiers to fill the spaces inside the matrix of the 
propellant samples, as supported by an X-ray test.  It is also clear that increasing 
the temperature of the samples (to 50 °C) has a great effect on the ability of the 
samples to resist high stresses.
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Table 3.	 Ballistic performance characteristics of the control and the studied 
propellants

Sample 
No.

Theoretical calculations Experimental measurements
Specific 
impulse 

[s]

Combustion 
temperature 

[K]

Throat
diameter

[mm]

at  50 °C at  −20 °C 
Pc

[bar]
rb

[mm/s]
Pc

[bar]
rb

[mm/s]

Control 220.5 2276

8 149.23 13.94 126.30 12.34
8.5 125.22 13.03 107.28 10.72
9 104.18 12.87 80.98 10.60

9.5 84.19 11.17 59.06 8.32

S1 220.7 2284

8 140.29 13.05 117.01 11.39
8.5 108.77 12.30 93.99 11.09
9 95.87 12.21 72.64 10.93

9.5 78.35 10.99 59.54 8.30

S2 220.7 2286

8 148.30 13.70 118.28 11.39
8.5 123.28 12.95 97.77 10.98
9 98.48 12.13 86.62 10.54

9.5 79.44 10.94 70.35 9.58

S3 220.8 2288

8 151.06 14.06 123.88 12.12
8.5 121.70 13.46 95.55 11.29
9 101.20 12.83 89.97 11.05

9.5 84.97 11.93 65.04 9.05

S4 220.9 2291

8 155.94 14.41 123.44 12.04
8.5 120.82 13.58 105.33 11.98
9 112.36 13.45 86.49 11.91

9.5 91.05 12.70 72.21 9.78

S5 220.9 2289

8 151.32 14.19 123.86 11.93
8.5 115.08 13.31 95.56 11.21
9 102.51 13.11 86.00 10.73

9.5 65.64 9.55 74.82 10.18

S6 221.1 2299

8 168.01 15.44 142.68 13.31
8.5 127.91 14.32 105.10 12.39
9 84.82 12.84 87.94 12.23

9.5 72.10 12.71 64.64 8.90

The chamber pressure-time curves obtained from the Teledyne taber system 
at +50 °C showed that the control and the propellants S1-S4, and S6 form stable 
burning areas on the chamber P/t curves using throat diameters of 8, 8.5, 9 and 
9.5 mm. 
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For sample S5, stable burning over the P/t curves was obtained using throat 
diameters of 8, 8.5 and 9 mm, while relatively irregular burning over this curve 
was obtained with a throat diameter of 9.5 mm.  The unstable combustion of 
this sample may be attributed to the increase in throat diameter, which in turn 
led to lower chamber pressure levels than those at which the stable burning was 
observed [20].  Figure 4 represents examples of P/t curves for sample S5.

The P/t curves obtained for the control and propellants S2-S4 at –20 °C 
showed stable burning over these curves at throat diameters of 8, 8.5 and 9 mm, 
while relatively irregular burning was obtained for these samples at a  throat 
diameter of 9.5 mm.  For propellants S1 and S6, stable burning over the P/t curves 
was obtained by using throat diameters of 8, 8.5, 9 and 9.5 mm.  For sample 
S5, stable burning over the P/t curve was obtained at throat diameters of 8, 8.5 
and 9 mm, while relatively oscillatory burning was obtained for this sample at 
a  throat diameter of 9.5 mm.  The relatively irregular burning obtained over 
the P/t curves at a throat diameter of 9.5 mm for samples S2-S4 at −20 °C may 
be attributed to two reasons.  Firstly, due to the increase in the throat diameter 
(9.5 mm) which in turn led to a decrease in the chamber pressure, to lower levels 
than those attained under the stable burning, i.e. at throat diameters of 8, 8.5 
and 9 mm, over the P/t curves for these samples.  Secondly, due to the decrease 
in the initial temperature (from +50 to −20 °C) which in turn might also lead to 
lower chamber pressures than those attained under stable burning, i.e. at throat 
diameters of 8, 8.5 and 9 mm at +50 °C, over the P/t curves, which was obtained 
for these samples. 

Figure 4.	 The P/t curves of sample S5 at +50  °C using throat diameters; 
a) 8 mm, b) 8.5 mm, c) 9 mm, d) 9.5 mm. 
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Finally, it is clear from the previous results that at +50 and −20 °C, the 
chamber pressure of the propellants was increased by increasing the temperature 
or by decreasing the throat diameter.  It was found that the ignition of the 
propellant samples was spontaneous and the combustion was generally stable and 
plateau regions could be attained using throat diameters of 8, 8.5 and 9 mm [21].   

Figure 5 shows the logarithmic relation between the chamber pressure (Pc) 
and the burning rate (rb) of DBRPs at +50 °C and −20 °C, and the experimental 
results from the TELEDYNE TABER SYSTEM are reported in Table 3.  These 
results indicate that at +50 °C, the suggested modifiers in propellants S1 and 
S4-S6 improve the ballistic performance of these samples through enhancement 
of the burning rate at lower pressures and exhibit plateau regions (where there 
is no dependence of the burning rate on the pressure value) in the logarithmic 
relation between Pc and rb, where the slope (pressure exponent (n)) is zero [3, 22]. 
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The results showed also that the suggested modifiers in the propellants S2 and 
S3, which had n = 0.3 and 0.25 respectively, led to development in the ballistic 
performance but with no plateau regions, and the straight lines in the logarithmic 
relation of these samples may be due to the dependence of the burning rate on 
the pressure value (Figure 5).

Furthermore, these increases in burning rate characteristics may be due 
to the exothermic reactions that occur between lead and copper salts and the 
evolved combustion gases.  The heat released is due to the conversion of CO2 
to CO and H2O to H2 [13, 23].

Simultaneously, the results at −20 °C indicate that the suggested modifiers 
in propellants S1, S3, S4 and S6 augment the ballistic performance of these 
propellants by increasing the burning rate in the lower pressure ranges compared 
with the control, and exhibit a plateau region in the logarithmic relation between 
Pc and rb in which the slope is zero (Figure 5).  The modifiers studied in propellants 
S2 and S5 led to development in the ballistic performance, but with no plateau 
regions and the straight lines in their logarithmic relation between chamber 
pressure and burning rate may be due to the relatively low dependence of the 
burning rates on the pressure values [20]. 

The results obtained indicate that the suggested modifiers showed 
improvements in the ballistic performance of these propellants at −20 °C and 
+50 °C, as indicated by exhibiting either a plateau or a linear relationship between 
the burning rate and the chamber pressure.  It is worth mentioning here that 
the plateau logarithmic relationship obtained between the burning rate and the 
chamber pressure is preferred over the linear logarithmic one, but both lead to 
better ballistics, combustion stability and lower pressure levels in the combustion 
chamber of these samples [20]. 

Finally, the results of the ballistic performance parameters obtained from 
the thermo-chemical calculations which are presented in this study, combustion 
temperature (T) and specific impulse (SP) are listed in Table 3.  The values of 
the specific impulse obtained from formulations S1-S6 are nearly the same as 
that obtained for the control sample.  These values indicate that the replacement 
of such propellant types by others does not affect the proposed rocket mission.  

4	 Conclusions

The suggested burning rate modifiers containing different copper salts decreased 
the ignition temperature of the propellants and increased their heat of combustion 
with respect to the control sample.  Samples containing copper acetate had 
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the lowest ignition temperature and the highest heat of combustion of all the 
samples studied.  Increasing the percentage of copper salicylate in the sample 
caused an increase in the heat of combustion.  The addition of all of the burning 
rate modifiers studied enhanced the mechanical properties (maximum stress 
and strain at maximum stress) of the control propellant sample.  Also they led 
to enhancement in the ballistic performance characteristics of the prepared 
propellant compositions, as revealed by exhibiting a plateau or linear relationship 
between the burning rate and the chamber pressure during their combustion.  
The burning rate modifiers did not significant effect the specific impulse and 
combustion temperature of the propellant. 
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