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Abstract The chemical stability of a propellant and its
influence on the ballistic properties during aging is a sub-
ject of interest. The effect of aging on ballistic properties,
viz., ignition delay, burning rate, and heat of combustion
for an aluminised ammonium perchlorate—hydroxyl-termi-
nated polybutadiene (AP/HTPB) composite propellant
during accelerated aging were investigated. Samples of
composite propellants were aged at 60 and 70 °C at relative
humidity of 50% in a climatic chamber. The propellant
samples were tested with pressurized nitrogen gas envi-
ronment for ignition delay measurement. Test results
indicate that aging does not have any appreciable effect on
ignition delay. The change in ignition delay time is less
than 3% within the scatter of the data. Experiment results
indicate that burn rate do affect with pressure but aging
does not have much effect on burn rate. It was also
observed that the burning rate at low pressures did not
undergo significant changes during the aging period. The
most significant of all the ballistic properties of this pro-
pellant is the burning rate exponent which increased by
about 10% during the aging period.

Keywords AP/HTPB propellant - Ballistic properties -
Accelerated aging - Burn rate index
Introduction

Despite the widespread use and long investigation history
of ammonium perchlorate (AP)-fuel mixtures, it still can be
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said that AP/HTPB (hydroxyl-terminated polybutadiene)
composites remain among the most confounding materials
in research. Thermal analysis is a frequently used tool in
propellants’ researches [1, 2]. The most important proper-
ties that affect the choice of a solid propellant used in
different applications are the specific impulse and density.
If the application is for a tactical purpose, the significance
of burn rate characteristics decides the smoke and flame in
the exhaust. Knowledge of the burn rate and a pressure
index is greatly helpful in deciding the ability to burn the
propellant to be loaded in a volume with minimum free
space in a given time. The burn rate—pressure behaviour is
many times very complex phenomena best described by
Vielle’s law. The measurement of the ballistic properties of
solid propellant mainly involved the steady-state combus-
tion of the propellant in a vented vessel meant for main-
taining the combustion pressure constant. The obtained
data are most often correlated by the equation, r = ap”;
where a is called the pre-exponent and n is the pressure
index of burn rate [3, 4]. In respect of initial temperature
dependence, experiments have been conducted by essen-
tially soaking the propellant at a specified temperature
(between —40 and +55 °C) for a sufficiently long duration
[5]. The procedure using a set of data-analysis definitions
specifically treats the effects of variable exponent, non-
instantaneous burnout, mean propellant shrinkage, hard-
ware variations, and non-neutral pressure to reduce bias
and scatter in measured burning rates was discussed in Ref.
[6]. Modern composite propellants consist of inorganic
oxidizer, fuel, binder and burn rate modifiers (metal oxi-
des), and other additives (like curing agent). In the pro-
pellant used here, oxidizer is AP, the fuel is aluminum (Al)
and HTPB as a binder which also acts as fuel. When AP/
HTPB-based composite solid propellants are preserved
over a long period of time, undergo degradation. The
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degradation of solid propellant is generally the limiting
factor in the service life of rocket motor; therefore, it is
necessary to understand the mechanisms of the propellant
aging process at various storage temperatures. These pro-
cesses are usually chemical reactions and physical changes
in the propellant, and may be different at different tem-
peratures. Attempts made in the past to understand the
aging behaviour of composite solid propellants emphasize
mainly their mechanical properties [7-9], with only limited
understanding of the aging mechanism. A systematic study
carried out by Kishore et al. [10] revealed that the rate-
controlling process in the aging of composite solid pro-
pellants is oxidizer decomposition. There is experimental
evidence that the slow chemical reactions inside the pro-
pellant cause degradation [11]. As the propellant degrades,
its mechanical and ballistic properties may also change
over a period of time. Therefore, the degradation and the
performance of the propellant can be monitored by mea-
suring the changes in its properties that are either
mechanical or ballistic. Since the determination of change
in properties of a propellant subjected to natural aging
takes a very long time, the propellant is subjected to
accelerated aging at elevated temperatures, and the changes
in the properties are measured.

The first step in propellant combustion is ignition.
Ignition of solid propellant is the process occurring
between the application of some external energy stimulus
(can be electrical, chemical, or even mechanical) to full-
scale combustion. This study focused on the aging behav-
iour of aluminized AP/HTPB composite propellant by
accelerated aging at elevated temperatures of 60 and 70 °C
and at 50% RH by observing the changes in the ballistic
properties like ignition delay and burn rate variation with
pressure. The AP/HTPB composite decomposition and the
combustion mechanism were extensively investigated in
the last decades and the appearance of advanced methods
In this article, the results of experimental investigations
carried out on ignition of a composite propellant using
thermocouple technique have been presented. Heat of
combustion test was conducted for both the aged and
unaged propellant samples of 1 g each in a bomb calo-
rimeter. Thermal diffusivity measurements were also car-
ried out using a laser flash apparatus (LFA) at the regular
intervals during aging period.

Experimental procedure

Heat of combustion test was conducted for both aged and
unaged propellant samples using bomb calorimeter. The
sample was pressurized to 25 bar by nitrogen gas in the
bomb. Thermal diffusivity measurements were carried out
using a laser flash apparatus (LFA) at the regular intervals
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during aging period. The propellant samples for these
measurements were of circular disc-type with 2.5 mm
thickness and 12.5 mm diameter. The experiments have
been carried to measure the ignition delay period. A new
thermocouple technique has been used to measure surface
temperature versus time trace during ignition transient.
This technique has been demonstrated successfully for the
sandwich propellant, Sridhar et al. [12, 13]. In this tech-
nique, temperature at propellant surface is directly mea-
sured using Pt/13%Rh-Pt (40 pm diam.) thermocouple. In
the experimental study, ignition delay, temperatures versus
time history during ignition transient of AP-based com-
posite propellant samples have been measured. The sam-
ples have been tested at three different pressures, i.e., 1, 5,
and 10 bars for measuring the ignition delay. The effect of
aging on ignition delay has been investigated.

Under the ballistic testing of the solid propellant, burn
rate measurement of the propellant strands has been per-
formed at different pressures. Fuse wire technique has been
used to measure burning rate in a nitrogen-purged com-
bustion bomb [14, 15]. Propellant strands of dimension
5mm x 5 mm x 65 mm have been cut from the com-
posite propellant block. Three nichrome wires of diameter
100 um were embedded across the propellant strands by
keeping the distance between the wires as 15 mm. Strands
were coated with resin and titanium-di-oxide on the sides
as an inhibitor to ensure linear burning. A propellant holder
supported by brass rods and hylum block houses the pro-
pellant strands vertically in propellant strand burner. A
24 V auto variable transformer was used for heating the
ignition coil. The three fuse wires have been connected to a
timer circuit of 2-timer display. Once samples have been
ignited, the flame regresses and reaches the first fuse wire;
it gets fused and the timer count starts, similarly when
flame reaches the second wire, it also gets fused; this stops
the first timer count and starts the second timer, i.e., suc-
cessive breaking of the fuse wires starts and stops the timer
count. Thus, the time taken by the flame to reach the fuse
wires kept at fixed distance was recorded in the timer cir-
cuit. By knowing the distance and the time, the burning rate
has been calculated. Burning rate experiments were con-
ducted for the AP/HTPB composite propellant samples
drawn at different aging temperatures of 60 and 70 °C at
50% RH.

Results and discussion
Heat of combustion and thermal diffusivity
Experiments have been conducted to find the heat of

combustion for both the aged and unaged samples. From all
the tests, it was noticed that the change in heat of
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combustion with respect to aging is insignificant irrespec-
tive of the aging conditions. The value varied from 10.121
to 9.845 MJ kg~ of propellant, and these values lie within
the error bandwidth of bomb calorimeter experiments
conducted on the samples. Thermal diffusivity measure-
ments were also carried out using laser flash apparatus on
both aged and unaged samples. But no significant change in
diffusivity could be noticed. The diffusivity varied from
0.301 to 0.299 mm? s~' during the aging periods.

Ignition delay measurement:

The sample dimensions used in the present investigation
are 25 mm length, 6 mm width, and 8 mm depth. For
placing the thermocouple, the sample is exactly cut into
two-halves and thermocouple is placed on the one half of
so that junction exactly lies at the surface. The two wires
are kept apart such that included angle between them is
more than 90°, Fig. 1. Then the other half is placed on it,
retaining its initial shape. Figure 2 shows the surface
temperature variation with time for composite propellant
sample during ignition transient for surface heat flux,
SHF = 7 kW m ™ in inert pressurized environment of N,
gas at 10 bar of gauge pressure. The curve shows a long
inert heating time followed by a sudden thermal run-
away. Propellant surface temperature increases continu-
ously with time. Marginal increment in temperature with
respect to time can be noticed during initial stage of inert
heating period. In latter stage, increment in temperature is
moderate. At the end of inert heating period, sudden
increment in slope indicate thermal run-away. In the
present investigation, surface temperature versus time
curve for composite propellant consists of three different
slopes. The inert heating consists of two slopes. The first
slope is of positive value near to zero followed by a slope
with moderate value. At the end of inert heating time,
slope value becomes near to one as thermal run away take
place.
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Fig. 1 Positioning of thermocouple in propellant sample for ignition
delay measurement
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Fig. 2 Surface temperature versus time curve for composite
propellant
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Fig. 3 Effect of pressure on ignition delay of composite propellant

Figure 3 shows measured effect of pressure on ignition
delay for various values of SHF. The composite propellant
samples were tested at three different pressures, i.e. 1, 5,
and 10 bar gauge pressure in inert atmosphere. The SHF
values were varied from 7 to 22.67 kW m~~ for 10 bar
inert pressure, which resulted in ignition delay values of
7-36 s, i.e., 223% in increase of SHF value resulted in
decrement of ignition delay by 414%. For 5 bar inert
atmosphere SHF value is varied from 5.47 to 56 kW m ™2,
which resulted in decrement of ignition delay from 24 to
2.5 s (90% decrement). For 1 bar inert atmosphere SHF
value is varied from 32.8 to 64.3 kW m™2 (95% incre-
ment), which resulted in decrement of ignition delay from
31 to 4 s (87% decrement). The chemical stability of a
propellant and its influence on the ballistic properties
during the period of aging is a subject of interest. The
results of ballistic tests during the aging period are pre-
sented here. The behaviour of ignition delay with respect to
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Fig. 4 Effect of aging on ignition delay

aging time is shown in Fig. 4. The incident radiant heat
flux to the propellant surface was about 1.3 kW m 2. The
propellant sample was tested with pressurized nitrogen gas
environment (at 10 bar). Samples of composite propellants
were kept at 60 °C and relative humidity of 50% in cli-
matic chamber ignition delay tests were carried out on aged
propellant samples using a micro-thermocouple technique.
Measured ignition delay for unaged sample was of 10.93 s,
which is higher than all aged samples. Ignition delay
obtained for 72 days aged sample is 9.1 s. The change in
ignition delay time is less than 3% within the scatter of the
data. Test results indicate that aging does not have any
appreciable effect on ignition delay.

Burning rate measurement

Propellant burning rates were determined from strand
burner set up. Burn rates depend on the test pressure, initial
temperature, and lateral velocity past the surface of the
burning propellant (erosive burning effect). The burn rate
tests were carried out at 1 atm pressure in nitrogen gas
environment. From experimental results, it can be noticed
that the change in burning rate due to aging is less than 1%.
The pressure dependence was described by Vielle or Saint
Robert law, r = ap” where a is called the pre-exponent and
n the pressure index of burn rate. The burn rate dependence
on aging was summarized with a single pressure exponent.
Pressure—burning rate plot for both aged and unaged pro-
pellants is presented in Figs. 5 and 6. Burn rate exponent n
values obtained for aged and unaged propellants were
0.386 and 0.424, respectively, for propellant store tem-
perature 60 °C. The burning behaviour is governed by a
surface heat flux balance. The heat flux from the gas phase
usually increases with pressure because, with increase in
pressure, higher density of molecules allows for smaller
collision distances, and hence completion of reaction at a
shorter distance from the surface. This leads to higher heat
flux into the propellant since the flame is closer to the
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Fig. 7 Effect of aging on burning rate index

propellant surface. This naturally increases the burning rate
with increase in pressure. Burn rate do affect with pressure
but aging does not have much effect on burn rate. This is
evident from the Fig. 7. From this study, it is observed that
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the burning rate at low pressures did not undergo signifi-
cant changes during the aging period.

Conclusions

The effect of aging on ignition delay, burning rate, and heat
of combustion was investigated. The following conclusions
have been drawn form the present experimental
investigation:

e The variation in thermal diffusivity due to accelerated
aging was insignificant (<2%).

e The variation of heat of combustion was also less than
2%.

e At low pressures, burning rate did not show any
significant change and the change was less than 1%.
But at higher pressures (>10 atm), there was some
noticeable change.

e An increase of 10% in the burning rate exponent during
the aging period was observed.

Acknowledgements The authors wish to thank Mr. Chandel Indrajit
Pratapsinh for his assistance in conducting experiments at CAP
Laboratories of Department of Aerospace Engineering, Madras
Institute of Technology, Chennai, India.

References

1. Rocco J, Lima J, Frutuoso A, Tha K, Ionashiro M, Matos J, et al.
Thermal degradation of a composite solid propellant examined by
DSC: kinetic study. J Therm Anal Calorim. 2004;75:551-7.

10.

11.

13.

15.

. Sun Y-L, Li S-F, Ding D-H. Effect of ammonium oxalate/

strontium carbonate on the burning rate characteristics of com-
posite propellants. J Therm Anal Calorim. 2006;86(2):497-503.

. Raman L. Mechanical behaviour of solid propellant. In: S.

Krishnan, et al., editors. Propellants and explosives technology.
Chennai: Allied Publishers; 1988. Chapter 5, pp. 149-225.

. Obborn JR. Evaluation of solid propellant ballistic properties.

Combust flame. 1971;20:193-7.

. Christiansen AG, Layton LH, Carpenter RL. HTPB propellant

aging. J Spacecr. 1981;18:211-5.

. Zenin AA, Finjakov SV. Burning-rate response functions of

nitramine-based propellants and HMX from microthermocouple
data measurements. J Combust Explos Shock Wave 2000;
36(1):76-95.

. Layton LH. Chemical structural aging effect. AFRPL-TR-74-77,

1974.

. Kishore K, Prasad G. Survey of solid-propellant aging studies.

J Spacecr. 1978;15:261-6.

. Kishore K, Prasad G. Mechanism of ageing of composite solid

propellants. Combust Flame. 1979;36:79-85.

Kaushal Kishore S, Sankaralingam S, Begum AS. Studies on the
ageing behaviour of Polyvinylchloride/ammonium perchlorate
composite solid propellant. Fuel. 1989;68:1476-9.

Pai Verneker VR, Kishore K, Varadaraju UK. Chemical changes
during the aging and decomposition of composite solid propel-
lants. Combust Flame. 1982;45:137—-46.

. Sridhar BTN, Padmanabham G, Proceedings of National Con-

ference on Air Breathing Engines and Aerospace Propulsion,
Hyderabad, India, 2000.

Sridhar BTN, Ravichandran K, Nagappa R. Energetic materi-
als—insensitivity, aging, monitoring. Fraunhofer-ICT: Pfinztal-
Berghausen; 2006. p. 79.1-79.12.

. Indrajit Pratapsinh C, Sridhar BTN. Proccedings of International

Conference and Exhibit on High Energy Materials at DRDL,
Hyderabad, India, 2005.

Kadiresh PN, Sridhar BTN. Experimental evaluation and simu-
lation on aging characteristics of aluminised AP-HTPB com-
posite solid propellant. Mater Sci Technol. 2008;24(4):406-12.

@ Springer



	Experimental study on ballistic behaviour of an aluminised  AP/HTPB propellant during accelerated aging
	Abstract
	Introduction
	Experimental procedure
	Results and discussion
	Heat of combustion and thermal diffusivity
	Ignition delay measurement:
	Burning rate measurement

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


