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Abstract 
 
This paper reports on the discovery of unique flame structure of a composite propellant sample 
under hot wire ignition. The entire combustion process at atmospheric pressure condition was 
recorded using a high speed camera. Three hot wire orientations were chosen in this experiment 
for examining their effects on the propellant burning behavior. The results show that the wire 
orientations are crucial in propellant combustion process, as different flame patterns were 
observed when the hot wire orientation was altered. This paper provides an important insight into 
this specific ignition process that can be useful for researchers in the aerospace industry for better 
design and more realistic simulation results in ignition control. 
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¢1.0  INTRODUCTION 
 
Ignition process is one of the key areas in rocket propulsion 
research either for liquid or solid propellant system. A thin 
nichrome wire served as hot surface to ignite the hydrogen-
oxygen mixtures was reported in Buckel and Chandra [1] 
experiment. It was important to predict the hydrogen ignition 
temperature in early 90s as hydrogen appeared to be a promising 
alternative energy source for both spark-ignition and diesel 
engines. There was another hot wire ignition experiment on a 
pressed HMX pellet by Ali et al. [2] where the ignition process of 
a nickel chromium wire was captured with high speed camera. 
However, the actual wire location on the pellet surface was not 
discussed in their report. In more recent years, Paletsky et al. [3] 
placed a nichrome wire at around 1 mm from the surface of a CL-
20 sample and electrically triggered the wire in an argon 
atmosphere. The combustion process of the CL-20 sample was 
recorded by commercial camera at a frame rate of 25 Hz. A few 
other references that reported the use of nichrome wire as igniter 
are found in [4-6]. 
  Ammonium perchlorate (AP) oxidizer and polymetric binder 
fuels are typical ingredients found in a composite rocket 
propellant. AP flame structure in methane flow was studied by 
Smooke et al. [7] using planar laser induced fluorescence (PLIF) 
with CO2 laser ignition on AP pellets. Two dimensional, 
axisymmetric AP diffusion flame images were published in their 
report. Besides observing the flame structure of an AP oxidizer, 
two dimensional laminate propellant flames have been studied 
extensively by researchers in order to validate heterogeneous solid 

propellant combustion models. A simple model for diffusion 
flames of a heterogeneous propellant was briefly discussed by 
Buckmaster et al. [8]. The limitation of their proposed model was 
noticeable due to the assumptions that differ from the physical 
reality: sample surface was assumed to be flat, numerical value 
for temperature and mass flux were assigned, a single step 
reaction model was used, etc. Infrared (IR) and ultraviolet (UV) 
emissions and transmission imaging were used to observe AP 
based laminate propellant flames, as reported in Fitzgerald and 
Brewster [9-12], where intrinsic instability was discovered at the 
fuel binder layer. 
  Burning rate trends of an AP based laminate sample were 
investigated by Navaneethan et al. [13]. It was found that the 
AP/binder mixture ratio can influence the sample surface profile 
due to the leading edge flame during the combustion process. 
Burning rates increased drastically with higher AP loading in the 
laminate sample. The effect of AP particle size on the propellant 
flame structure was further studied by Hedman et al. [14] where 
bimodal composite samples were ignited with laser beam and high 
speed PLIF was used in their research. According to literature, 
split diffusion flame and merged-partially-premixed flame were 
observed with similar approach by Brewster and Mullen [15] on 
aluminized AP composite laminate sample. With different 
experimental setup, ignition with hot stainless steel was reported 
in Ramakrishna et al. [16] who studied AP based sandwich 
propellant flame structure. 
  Other than close-up observations on laminate samples as 
mentioned above, a cylindrical pellet shaped sample was used by 
Ulas et al. [17] in their experiment in order to understand the 
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combustion behavior of solid propellant. Ignition on the sample 
surface was also initiated by laser beam, while the combustion 
process was recorded with high speed camera. Another variation 
in observation method was reported by Yang et al. [18] using 
CCD line camera recording the burning characteristic of a pressed 
pellet sample. In the subject of aluminum reactivity in hot 
combustion environment, agglomeration process for an 
alumimized AP composite propellant was studied by Maggi et al. 
[19]. Metal particles were found to protrude into the flame zone 
and got ignited. 
  In general, most samples found in the literature were in the 
form of laminate or sandwich, while literatures reporting flame 
structure of a cylindrical shape sample was hardly available and 
limited. Thus, the authors feel the need to revisit the area of flame 
structure of a composite propellant under ignition initiated by a 
hot wire. This paper reports on a qualitative 2-dimensional 
observation on hot wire ignition report. 
 
 
¢2.0  EXPERIMENTAL DESIGN 
 
The ingredients used in the experiments are showed in Table 1. 
Particle size of AP was characterized with standard sieve of 250 
µm and stored in the oven at 60ºC for 24 hours to remove 
moisture. All the ingredients were weighed using an electrical 
weighting machine and mixed accordingly in a glass beaker to 
form the experimental propellant slurry. The slurry was pressed 
into a cylindrical plastic mould (5 mm diameter, 90 mm length) 
and stored in an oven maintained at 60ºC for a period of 48 hours. 
A copper wire was placed inside the cured propellant at a 
designed location after they were removed from their plastic 
mould. All samples used in this experiment were not coated with 
any inhibitor layer. 

 
Table 1  Propellant ingredients and their sources 

 

Propellant ingredient Type Composition 
(% by mass) 

Ammonium perchlorate (AP) 
(minimum 250 �m) Oxidizer 66 

Binder and curing agent Prepolymer 25 

Aluminum (Gred AA �m) Fuel 19 

 
 

 
Figure 1  Schematic diagram of the experimental setup 

The propellant sample was mounted either vertically or 
horizontally on an open platform. Three positions of copper wire 
were studied in this experiment: 1 mm from sample surface, 5 mm 
from sample surface and center core of the sample. The copper 
wire was connected to the D.C. power supply with a switch board 
as shown in Fig. 1. The entire experiment was conducted at 

atmospheric pressure condition without any nitrogen gas served as 
purge gas. Ignition of the propellant occurred when electric 
current of 6 amp at 20V were supplied through the copper wire. 
To capture the spontaneous ignition process of the sample, a 
phantom V710 high speed camera (HSC) was used in the 
experiment. The captured images were further processed with the 
manufacturer software (namely PCC 1.2). 
 
 
¢3.0  RESULTS AND DISCUSSION 
 
In order to understand the combustion process of a strand sample, 
a sequence of HSC images for a strand sample burning at 
atmospheric pressure are shown in Figs. 2a-e. These images were 
captured with 800 x 600 resolutions setting at 2000 fps without 
any filtering apparatus. The copper wire was positioned at 5 mm 
from the sample top surface. General observations of the captured 
images revealed the high temperature copper wire turned into a 
bright hot spot at the edge of sample followed by a spray of 
luminous burning product from the copper wire location. Blue 
color flame was spotted along the bright yellow color burning 
product spray stream. Tiny shiny particles were clearly spotted 
within the stream. It is believed that these shiny particles are the 
aluminum particles used in the propellant formulation. One of the 
distinguishable features is a constant flow of burning product 
from both side of the propellant strand with nearly symmetrical 
flow pattern. Other distinguishable features in the HSC images 
include: emission from the end of the propellant sample, the 
ejection angle of luminous spray changed from a horizontal 
position (0 degree) to a slope position (around 45 degree) as the 
burning flame moved downward to consume the propellant body, 
and a noticeable steady burning behavior without applying any 
layer of inhibitor over the propellant body. 

 

 
 
Figure 2  Solid propellant strand burning sequence. a) First spark spotted 
at t=0 s; b) Flame extended on one side of strand at t=0.5s; c) Flame 
extended on both side of the strand at t=1s; d) A unique flame was 
observed at t=1.5s; e) curved flame spotted at t=2 s. 
 
 
In the second experimental observations, the HSC images were 
captured with 320 x 240 resolutions setting at 2000 fps without 
any filtering apparatus. When the copper wire was positioned at 1 
mm from the sample top surface, several burning behaviors were 
observed (Fig. 3a-i). First, the strand surface was lit with many 
tiny bright non-continuous flames. As the hot copper wire 
consumed the surrounding chemical element, a tunnel was formed 
along the wire passage. This tunnel acts as an escape path for the 
combustion products (Fig. 3b-e). When the burning became stable 
within the tunnel, a clear luminous flame was ejected with 
horizontal straight profile which was noticeable at the wire 
location (Fig. 3f-h). A second important trend that could be 
observed from the images captured using the HSC system was 
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that the ejections flows from the tunnel were always in horizontal 
straight profile. This trend is very similar to the observations 
made in the first experimental settings (Fig. 2c). As the tunnel 
became bigger and more portion of propellant strand was 
consumed, changes of flame profile were noticed. Both straight 
horizontal flames at the wire location begin to combine into a 
single “fan” profile when the top of the sample was consumed in 
the combustion process (Fig. 3i). 

 

 
 
Figure 3  Observations on hot-wire firing at 1mm from strand top surface. 
Images were captured at a) t=0 s; b) t=0.2895 s; c) t=0.3445 s; d) t=0.4190 
s; e) t=0.4670 s; f) t=0.5125 s; g) t=1.0825 s; h) t=1.1675 s; i) t=1.7575 s. 
In order to verify the effect of hot wire position on the flame 
profile, the ignition was trigged 5 mm from the sample top surface 
in the third experimental setup. Fig. 4 is a sequence of images 
captured with 320 x 240 resolutions setting at 1000 fps without 
any filtering apparatus. A blue colored spark was spotted at the 
edge of the copper wire location when the igniter was triggered 
(Fig. 4a). A similar burning behavior was captured in the images 
where a few blow of luminous flames at the early stage of ignition 

(Figs. 4b-e). A group of sparkly dots were also observed within 
these luminous flames. These blow of luminous flames always 
occurred at either one side of the sample at any given time before 
the combustion became stable. 

 

 
 
Figure 4  Observations on hot-wire firing at 5mm from strand top surface. 
Images were captured at a) t=0 s; b) t=0.260 s; c) t=0.288 s; d) t=0.360 s; 
e) t=0.410 s; f) t=0.500 s; g) t=1.322 s. 
 
 
When the combustion within the tunnel area (copper wire 
location) became stable, a stream of flame was released 
horizontally and consumed the rest of the propellant body rapidly. 
It should be noted that the burning path of the hot flame moved in 
a hemispherical pattern from edges as it consumed the sample. 
This burning behavior can be clearly seen in Fig. 4h. However, 
this burning behavior can only be captured in 2-dimensional 
images through the current experimental setup. The sample was 
actually consumed by the combustion flame in 3-dimensional 
direction, thus some luminous flame was spotted at the back of 
the sample in Fig. 4i. 
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Figure 4  (continued) Observation on hot-wire firing at 5 mm from strand 
top surface.  Images were captured at h) t=1.330 s; i) t=1.800 s; j) t=2.070 
s; k) t=2.475 s. 

 
 

To ensure detail understanding in the ignition process of strand 
sample, a copper wire was pierced through the sample as shown 
in Fig. 5a. The HSC images were captured with 320 x 240 
resolutions setting at 1000 fps without any filtering apparatus 
(Figs 5a-h). As the ignition process was initiated by high 
temperature copper wire, a luminous flame and non-luminous 
flame were observed at both ends of the sample. It was a 
challenging task in spotting the non-luminous flame without 
observing the path made by the tiny shiny sparks from the hot 
tunnel. At the given orientation, the flame consumed the sample 
in a cylindrical pattern within the sample. A luminous flame in 
conical shape was clearly observed at one end of the sample. 
Thus, it is reasonable to make an assumption that the hot 
combustion product was channeled in a self-formed nozzle shaped 
tunnel after some period of time (Fig. 5g). Before the sample was 
fully consumed in the combustion process, the yellow colored 
layer was spotted within the non-luminous flame due to chemical 
changes in the hot combustion products. The flame spreading 
rates in this orientation seems faster compared to the earlier two 
orientations and this phenomenon can be explained with Andoh's 
[6] argument that there is a pressure difference between the two 
ends of the holes. 

 
 

 
¢4.0  CONCLUSION 
 
Experiments were conducted at atmospheric pressure condition to 
study the flame structure of a composite propellant under hot wire 
ignition. It is observed that orientation of hot wire in the 
propellant generate different unique patterns due to the regression 
rate of the hot energetic material surface. The igniter orientation is 
an important parameter affecting the propellant burning behavior 
and burning rates. Careful examination on the igniter orientation 
during designing a solid propellant rocket motor is crucial for 
avoiding catastrophic accident results from undesired flame 
pattern during ignition stage. This paper also provides significant 
insight for researchers in developing more realistic simulation 
models in the future. 

 

 
 
Figure 5  Hot-wire firing from center position of a horizontal sample. 
Images were captured at a) t=0 s; b) t=0.024 s; c) t=0.028 s; d) t=0.371 s; 
e) t=0.495 s; f) t=0.790 s; g) t=1.440 s; h) t=1.525 s. 
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