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Abstract
Ultraviolet absorption spectroscopy was used

as a non-intrusive probe to measure OH radical
temperature in the plume of a 2.5-in. hybrid rocket
motor.  Continuous radiation from a xenon arc lamp
was passed through the rocket plume onto the entrance
slits of a monochromator equipped with an intensified
charge-coupled device array detector and absorption
was measured around 306 nm.  The data are analyzed
using a multi-parameter curve-fitting routine.  This
program utilizes 153 rotational transitions over the
three vibrations band, R1, R2, and Q2, in these spectral
regions (306-312 nm).  The program determines
number density (concentration) and temperature of the
OH radical.  The OH concentration was measured in the
hybrid rocket motor plume over a range of oxidizer
flow values.  The results show that the OH
concentration does increase with flow rate at low flow,
level off at intermediate flow, and drop at higher values

Introduction
Earlier this group reported the use of

ultraviolet absorption as a tool for understanding the
chemistry of solid fuel burning for the purpose of
improvement of currently-used fuels and the
development of new materials 1,2.  Because the burning
is rapid, complex, and variable, investigative methods
must be fast and non-intrusive.  This work uses an
adaptation of techniques developed by Vanderhoff, et.
al.3-6 in which absorption of ultraviolet and visible light
was used to detect and measure species involved in
solid propellant combustion at modest pressure.

A hybrid rocket motor employs a solid fuel
grain through which the oxidizer is flowed.  It combines
some of the advantages of a liquid propellant motor
(start-stop-restart and throttle capabilities, and safety)
with some of those of solid-propellant motors (less
plumbing and higher propellant density).

It is commonly accepted that hybrid rocket
fuel burns according to the model shown in Figure 1.

Figure 1.  Hybrid rocket combustion
In the boundary layer between the fuel and

oxidizer flow, combustion takes place in the
intersection of the vaporized fuel flow and oxidizer.
This combustion zone is formed within the momentum
boundary layer and is the source of the heat flow to the
surface to maintain fuel vaporization.  The flame front
is located at about the point where stoichiometric fluxes
of fuel and oxidizer result and the thickness of the zone
is dependent on the chemical reaction rates.  Depending
upon the configuration of the exit nozzle and the
amount of turbulence, the respective zones of the
boundary layer may extend far enough beyond the end
of the rocket to be accessible to remote spectral studies.

Experimental
Spectral measurements were made on the 2.5-

in, 50-lb thrust hybrid rocket motor in the Department
of Applied Science at the University of Arkansas at
Little Rock (UALR).  It was developed and assembled
and is operated under the direction of Dr. Keith
Hudson.7  The principle fuel employed in the rocket
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motor is hydroxyl-terminated polybutadiene (HTPB)
and gaseous O2 used as the oxidizer.

The present work is a new approach to engine
efficiency based on calculations by Cohen, et al,
presented at the 35th Joint Propulsion Conference and
Exhibit in June 1999.8  Their use of a one-dimensional
kinetics code indicated that OH molecule concentration
at the exit of a Titan IV engine should be a sensitive
marker of mixture ratio.  The mole fraction of OH is
expected to reach a maximum at the stoichiometric
point for fuel/oxidizer ratio.  The spectra acquisitions
for this project were made over a period of time as
“piggy-back” experiments at the University of Arkansas
at Little Rock (UALR) during firings made by Dr. Ann
Wright.

Most of the components of the experimental
arrangement have been described in earlier reports, so
only a brief description will be included.  The spatial
arrangement is shown in figure 2.

Figure 2. Experimental schematic
Time-resolved absorption measurements were

made by passing a focused light beam from a xenon arc
lamp through the hybrid rocket plume.  Small circular
apertures were used to direct the beam and reduce
emission interference.  The transmitted beam was
focused onto the slits of a SpectraPro 300i 0.300-meter
monochromator (Acton Research Corporation)
equipped with a 2400 groove/mm grating, usually tuned
to the second order diffraction range.  The output of the
monochromator was detected with a Princeton
Instruments ICCD-MAX intensified 2-D CCD camera.

The optical bench was tested by detecting the
OH radical in a “model” hybrid rocket composed of a
Plexiglas fuel grain fed with gaseous oxygen.  This
specie has been studied quite extensively in solid
propellant flames and the characterization was
relatively straightforward.

In the absorption measurements the
wavelength-resolved intensity of the light source is the
primary measurement. This measurement is taken for

conditions where the absorber of interest is absent (i.e.,
the incident intensity, Io) and where the absorber is
present (i.e., the transmitted intensity, I).  The
transmittance is typically represented as the ratio, I/Io.
In this study Io is measured prior to combustion of the
rocket fuel.  During the burn the history of the
transmitted beam is recorded by collecting a
predetermined number of rapid scans into a number of
separate memories.  Typically, multiple memories were
stored with 10 scans per memory at an exposure time of
30 ms per scan.  This provided spectra 0.30-s time
periods for a total of up to 20 seconds detection, more
than adequate to provide safety for the personnel and
record the programmed 3-second burns.

In some cases, absorption path lengths, i.e.
plume diameters, were estimated from video records of
the rocket firings.  The tapes were projected on a large
screen and frame-by-frame examination was performed
to obtain the values.  Rocket diameter and nozzle-to-
beam distances were used as reference values to
determine the video system magnification factor.

In this study, spectra were obtained using
hydroxyl-terminated polybutadiene (HTPB) fuel.  N-
100 was the cross-linking compound in all cases.  The
data were analyzed using a multi-parameter curve-
fitting routine provided by Dr. Anthony Kotlar of the
Army Research Laboratory (ARL), Aberdeen Proving
Ground (APG), Maryland.9  This program utilizes 153
rotational transitions over the three vibration bands, R1,
R2, and Q2, in this spectral region (306-312 nm).
Parameters specific to the particular monochromator
and detector system were provided to the program for
all determinations.  Each specific data set was then
loaded along with estimated pathlength when available.
In most cases, the following parameters were varied to
determine the appropriate temperature and number
density: number density, temperature, baseline level
(background offset), slope, slit width, pixel width, and
reference channel.

Results and Discussion
OH absorption spectra were obtained in both

first and second order in the 306-312 nm region of the
ultraviolet spectrum.  Figure 3 (appended) is a typical
transmittance spectrum from the plume of a Plexiglas
model hybrid rocket.  This particular one was obtained
as a second-order spectrum in the blue flame region
approximately 150 mm beyond the rocket body.  The
absorption includes distinct contributions from the R1,
R2, and Q2 bands in the A2Ε-X2∏ electronic transition
of OH.

Spectra were taken during several rocket
motor firings, and an attempt has been made to choose
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those runs in which operating parameters such as fuel
flow rate, nozzle characteristics, and pressure were as
consistent as feasible.  A typical spectrum is shown in
Figure 4 (appended) showing the experimental data
points as the dotted line.  The curve-fitted results are
shown in the solid spectrum.  Figure 5 (appended)
shows the results of the OH number density
determinations vs. the gaseous oxygen flow rates.  The
data points in the graph are averages of at least three
runs at the indicated flow rates, within the control
parameters of the experimental setup.

Conclusions
Our results show that the OH concentration in

the plume of a hybrid rocket motor does increase with
flow rate at low flow, level off at intermediate flow, and
drop somewhat at higher values.  The maximum value
was around 0.10 lb/min flow rate.  We are now
calculating the regression rate of the fuel to determine
the values of the fuel and oxidizer flux.  From this we
will determine the mixture ratio corresponding to
oxidizer flow value, allowing us to compare our
measured maximum with the calculated stoichiometric
oxidizer/flow point for the rocket motor.
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Figure 3. OH Absorption in a model hybrid rocket plume

Figure 4.  Experimental and fitted spectra

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

C
A

L
IF

O
R

N
IA

 S
A

N
 D

IE
G

O
 o

n 
O

ct
ob

er
 1

5,
 2

01
5 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
00

2-
38

68
 



American Institute of Aeronautics and Astronautics
5

Figure 5.  OH concentration as a function of oxidizer flow.

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

C
A

L
IF

O
R

N
IA

 S
A

N
 D

IE
G

O
 o

n 
O

ct
ob

er
 1

5,
 2

01
5 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
00

2-
38

68
 


