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Abstract

A visualisation facility has been developed at Stanford Univer-
sity in order to study flow in a turbulent combustion boundary
layer. The motivation for the work arises from recent studies
of fast burning fuels for hybrid rocket propulsion where droplet
lift-off from the melting fuel surface is the dominant mass trans-
fer mechanism. The facility has been used to image the combus-
tion of various fuels with gaseous oxygen. This paper presents
recent results collected at atmospheric pressure. The combus-
tion of a liquefying fuel, namely paraffin wax (C32H66), is com-
pared to the combustion of classical hybrid rocket fuels such
as Hydroxyl-Terminated PolyButadiene (HTPB). Schlieren and
OH* chemiluminescence images of the flame are presented.
This is the first time that such images have been recorded for a
hybrid rocket motor configuration and provide new insight into
the combustion process within these motors.

Introduction

Hybrid rocket motors are a form of chemical propulsion sys-
tem where the fuel and oxidiser are stored in different phases.
The typical hybrid motor configuration utilizes a solid fuel grain
with a liquid or gaseous oxidiser. These motors are throttleable,
able to be stopped and restarted and use energetic propellant
combinations to deliver relatively high specific impulse compa-
rable to bi-propellant liquid engines. Hybrid motors typically
have superior performance over solid motors and are mechani-
cally simpler than liquid engines as they only require one liquid
feed system. Hybrid motors are much safer than both solid and
liquid systems as the fuel and oxidiser are separated both by
phase and distance, making it difficult to achieve an intimate
mixture of a large amount of propellant even in the event of an
engine failure. Hybrid motors have potential cost benefits over
existing liquid and solid systems and have been shown to be vi-
able alternatives to these motors for many exploration missions
[12, 3, 2]. However, despite their potential advantages, hybrid
rockets are not widely used in industry today.

The adoption of hybrid motors has largely been inhibited by
performance issues stemming from the use of slow burning, low
regression rate, fuels. The combustion of classical hybrid fuels
is diffusion limited and inhibited by the blocking effect [11].
Efforts to increase the regression rate of classical fuels through
increased heat transfer to the grain have seen only limited suc-
cess [1]. Thus, in order to achieve large enough fuel mass flow
rates to achieve sufficient thrust for most applications, com-
plicated multiport fuel grain designs are used to increase the
burning surface area. Multiport fuel grain designs inherently
have low volumetric loading. These grains also do not burn
evenly and combustion must be terminated as soon as one port
is close to a burn-through. Thus, these fuel grains have large un-
burned sliver fractions and are susceptible to chunking. These
issues have inhibited hybrid rocket adoption despite their poten-
tial cost savings and reduced susceptibility to explosive failure.
Such was the state of the art until 1997, when Karabeyoglu, Alt-

man and Cantwell discovered a class of high regression rate fu-
els in normal-alkane hydrocarbons with carbon numbers greater
than approximately 14 [8]. These fuels, which include paraffin
waxes, have demonstrated regression rates of 3 to 4 times those
of classical hybrids [8] and facilitate the use of a simple single
port fuel grain.

Karabeyoglu et al. proposed that droplet entrainment, shown
schematically in Figure 1, is the mechanism responsible for the
increased regression rate of these fuels [7]. They surmised that
a thin liquid layer with low viscosity and surface tension is pro-
duced on the surface of high regression rate fuels as they burn.
This liquid layer is unstable under the shear forces associated
with the oxidiser gas flow in the port. This results in the en-
trainment of droplets into the gas stream, leading to a substan-
tial increase in the fuel regression rate. The droplet entrainment
mechanism effectively acts like a spray injection system along
the length of the motor with increased surface area for mixing
and reduced sensitivity to the blocking effect.

Figure 1. Conceptual sketch of proposed liquid layer entrain-
ment mechanism via unsteady roll waves [1].

The discovery of high regression rate liquefying fuels for hybrid
motors has generated a renewed interest in combustion visu-
alisation experiments. The Stanford Combustion Visualisation
Facility was developed with the intention of confirming the pro-
posed droplet entrainment mechanism at both atmospheric and
elevated chamber pressures using high speed colour videos, see
Ref [4, 6]. The facility has since been equipped with advanced
imaging capabilities and is now being used to gain further in-
sight into turbulent boundary layer combustion for both classi-
cal and high regression rate fuels.

Methodology

The Stanford Combusiton Visualisation Facility, shown in Fig-
ure 2, was used to collect all results presented in this paper.
Development of the facility commenced in 2010 and an initial
test campaign was conducted in 2012. Over the past two years
a number of modifications were made to the facility culminat-
ing in a second test campaign conducted in 2014. A selection



of results from this recent test campaign are presented in this
paper.

Figure 2. Stanford Combustion Visualisation Facility. Oxidiser
flow enters from the left and travels through the flow condition-
ing system before reaching the combustion chamber [4].

The Stanford Combustion Visualisation Facility utilizes
gaseous oxygen as the oxidiser and nitrogen gas for purge. A
Tescom ER5000 with a 44-4000 dome loaded regulator and
choked orifice are used to supply constant oxidiser mass flow
rates throughout each test. Mass flow rates are measured using
a venturi and differential pressure transducer. Chamber pressure
and the temperature upstream of the fuel grain are also recorded
throughout each test. The oxidiser is fed through a flow condi-
tioning system prior to entering the combustion chamber. The
combustion chamber is machined out of a single piece of brass
to minimise the possibility of leakage. All wetted materials in
the combustion chamber and flow conditioning system are se-
lected to be compatible with pure oxygen at elevated pressures.
The combustion chamber is fitted with three viewing ports. For
all tests presented in this paper, quartz windows were installed
in the two side viewing ports with a brass blank installed in the
top viewing port. The fuel grain is supported on a copper sup-
port system within the combustion chamber. Figure 3 shows the
cross section of the chamber in the configuration adopted for the
testing described in this paper. Ignition is achieved through the
use of a nichrome wire at the fore end of the fuel grain coated
with a thin layer of epoxy. Shortly after ignition the nichrome
wire typically burns through, separates from the fuel grain and
exits the combustion chamber.

Figure 3. Cross section of the combustion chamber showing the
location of the installed windows, fuel grain and copper support
system.

This paper presents results for the combustion of six differ-
ent fuels with gaseous oxygen at atmospheric pressure. Five
classical fuels are presented, specifically Hydroxyl-Terminated
PolyButadiene (HTPB) with 0.5% by mass carbon black,
HTPB without carbon black, High Density PolyEtheylene
(HDPE), Acrylonitrile Butadiene Styrene (ABS), and Poly-
Methyl MethAcrylate (PMMA) as well as a liquefying high re-
gression rate fuel, specifically neat paraffin with 0.5% by mass

of black dye, referred to as Blackened Paraffin (BP).

The schlieren imaging method adopted in this paper is the clas-
sical Z-type two mirror schlieren system. This configuration
utilizes two identical mirrors with a focal length of 1.435 m set
up in a Z-formation, as shown in Figure 4. A MotionPro X3
Plus camera and a 105 mm Nikon lens with an f -number of
f/2.8 capture the schlieren images at 3000 frames per second
with a resolution of 1080 × 236 pixels, 13 µsec exposure time,
and a camera gain of 2.0.

Figure 4. Schematic of schlieren configuration [10].

Images of OH* chemiluminescence are acquired at 3000 frames
per second using a Photron APX ii2 intensified camera, a 105
mm Nikkor UV lens, and a high-transmission bandpass filter
centered at 313 nm with a full-width half-max of 5 nm (see Fig-
ure 5). All OH* images are acquired with an f -number of f/8
and a gain of 60% of the maximum gain of the camera. Gate
times were adjusted to maximize signal while minimizing the
risk of saturating the camera; see Table 1 for a summary of gate
times. At ambient pressure, the excited OH radical is primarily
produced as a byproduct of reaction rather than thermal excita-
tion [5], and when the excited OH molecules relax back to the
ground state, they emit photons near 313 nm. The band-pass
filter blocks (optical density of 4 outside of the pass band) most
of the black body emission from soot and chemklumenscence
from other species (e.g., CH*) [9]. Therefore, by collecting the
OH* emission, we obtain a global, path-integrated image of the
reaction zone.

Figure 5. Schematic of the OH* chemiluminescence setup.

Results

The test conditions are summarized in Table 1. The oxidiser
mass flow rate is kept constant throughout each test. The mass
of fuel burned is calculated from the change in mass of the fuel
grain before and after the test. Note that in the case of the black-
ened parrafin fuel grain, Test 5, there was significant melting
and sloughing of the fuel onto the diving board. This is likely



Atmospheric Pressure Test Summary
Test Test Oxidiser Mass of Fuel Burn OH* Image

Number Fuel Date Mass Flux Burned Time Exposure
[-] [-] [-] [kg/m2s] [g] [s] [µs]
1 Clear HTPB 04 August 2014 43.4 2 3.8 6
2 HDPE 04 August 2014 43.2 0.9 3.11 7
3 ABS 05 August 2014 43.2 1.9 3.45 9
4 PMMA 05 August 2014 43.2 2 5∗ 11
5 BP 06 August 2014 43.5 4.1 3.43 12
6 HTPB 07 August 2014 43.2 1.8 3.59 6

Table 1. Summary of test conditions. Note: * The burn time for Test 4 was not able to be determined from the OH* chemiluminescence
images since the end of the test exceeded the on-board memory of the camera. The time listed in the table for this test is the pre-
programmed burn time without the ignition or purge onset delays accounted for. It is expected that the actual burn time is slightly less
than this number.

(a) Test1 - Clear HTPB: t = 2.7 s (b) Test 2 - HDPE: t = 2.2 s (c) Test 3 - ABS: t = 2.1 s

(d) Test 4 - PMMA: t = 1.3 s (e) Test 5 - BP: t = 2.4 s (f) Test 6 - HTPB: t = 2.0 s

Figure 6. Typical OH* (top) and schlieren (bottom) image for each test. Oxidiser flow is from left to right. Times listed refer to the time
after ignition. The schlieren images are raw greyscale images, the OH* images are scaled to the maximum signal within each image.

the result of the low oxidiser mass flux leading to a relatively
thick melt layer on the surface of the fuel grain [7].

All fuel that remained on the copper fuel support system was
considered to be unburned when calculating the masses listed in
Table 1. The results shown in Table 1 indicate that for the same
oxidiser mass flux the amount of fuel burned varies greatly with
the selection of the fuel. The trend in burn rates is as expected
from existing regression rate correlations with the exception of
Test 2, where the mass of HDPE burned is significantly less
than expected. Other atmospheric pressure tests conducted with
HDPE in this facility do not show this anomalous behaviour.

The burn time listed in Table 1 is calculated from the OH*
chemiluminescence images. The average signal in every tenth
image is computed and then plotted against time, see Figure 7.
The ignition time is defined as the time that the signal increases
beyond the purge signal level.

High speed schlieren and OH* chemiluminescence images were
successfully recorded for each test. A selection of these images
is given in Figure 6. The visible light emitted from the flame
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Figure 7. Test 1 average OH* signal for each 10 frame mean
image versus test time. Vertical axis is in arbitrary units.



obscures some of the detail in the schlieren images of tests 1, 3
and 6. These tests, which used clear HTPB, ABS and blackened
HTPB respectively, produced the most soot at these test condi-
tions, and thus also produced the brightest light in the visible
range.

Conclusions

The first OH* chemiluminescence results for several solid fu-
els combusting with pure oxygen have been presented. These
images provide new insight into the reaction zone within a hy-
brid rocket motor. Future work work will overlay the schlieren
and OH* images to determine the location of the flame within
the boundary layer. Both sets of images will also be used to
estimate length scales of the turbulence and of the flame.
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