Paper # 715353 Measurement of Diatomic Oxygen in the Exhaust Plume of a Mini-Hybrid Rocket

Abstract

Hybrid rockets have advan tages over liquid or solid rockets because they are safer and can be stopped and restarted. The goal of
these studies are to characteri ze com bustion cfficiency and environmental impact of hybrid rocket motors. The design and testing of
diode laser sensors to m easure chemical constituents in exhaust plumes of hybrid rocketsis presented. A diode laser with outputin the
763 nm region of the oxygen spectrum was enployed to measure oxygen concentrations in exhaust plumes of mini-hybrid rockets
The tem peratures of the exhaust plumes were estimated to be 3000 K. This high temperature reduces the sensitivity of oxygen
measurements because the ox ygen molecules are spread over a much greater number of energy states than when at 300 K. Thus, there
are fewer mol ecules to absorb radiation at the m easuring wavelengths. A lock-in amplifier, using second ham onic amplification, was
used to measure the signal . Qualitati ve results showed a 50 mV signal, buried in 75 mV noise, when amplified, produced a 1.0 volt
signal with 150 mV noise.

Introduction

Diode laser spectrometers are powerful instuments for probing the chemical and physical properties of the exhaust plumes of
hybrid rocket engines. This study has two goals. The first is to measure oxygen, hydroxyl radical, water vapor and carbon dioxide
concentrations produced by these rocket engines in an effort to enhance their combustion efficiency and thrust capability. The second
is to measure the effect hybrid rockets would have on the environment. Information that can be leamed from these measurements
includes pressure, temperature, combustion efficiency, molecular vel ocifies and number densifies of important species. The diode
sers we plan to employ amit in the near infrared region of the clectromagnetic spectrum. This region of the spectmum yields s gnals
much less intense than those in the infrared region. However, diode lasers that currendly emit in the infrared require cooling to liquid
nitrogen temperatures for operation making them less attractive for sensors that are rugged and portable in the field. The negative
aspect of using lasers that amit in the near infrared is that the radiation consists of overtone and combination bands from the infrared
and these bands are very tem perature sensitive. Because of this, diode lasers tuned to wavelengths that measure water vapor, oxygen,
hydroxyl radical and carbon dioxide at room tem peratures may be useless at the estmated 30004700 K produced by hybrid rocket
motors. We are currenly modeling the spectra of water vapor, oxygen, hydroxyl radical and carbon dioxide in order to define
measurement wavelengihs that can be employed with a reasonable chance of success. This study examines the use of diode lasers to
measure oxygen in the rocket plume.

When the tem perature of a gaseous sample, such as oxygen, is mised, the spectrum broadens and the intensities of individual
spectral lines are reduced. Thisis explained by the Bol tzmann distribution of energies, defined in Equation |
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Although the arca under the curve of all the spectral transitions is a constant, at high tem peratures many more energy levelshte
occupied and consequently any single transition has a smaller contri bution to the overall spectrum. Because of this great diminishment
of signal, lock-in amplifiers and harmonic detection schemes must be employed to rescuc the signal from the noisy environment of the
exhaust plume

A very posifive feature of this rescarch is that, not only do these measurements apply to the exhaust plumes of hybrid rocket motors,
the measurament scheme can be applied to any combustion process truck and automobile engines, aimplane engines, power plant
chimneys and incinerator plumes. Diode lasers are non-invasive, oceupy a small footprint and require a minimal power supply. By
including these sensors in combustion processes, feedback loops can be designed to control the combustion process to optimize

polluion of

Experimental

Two single-mode VCSEL diode lasers, obtained from Laser Com ponents GmbH were employed in all reported studies. The lasers
were used to probe the oxygen spectrum in the region of 759 to 766 nm (See oxygen spectmum in Figure 1).
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Figures 1 and 2. Lefthand figure is the HITRAN-PC produced spectrum of diatomic oxygen at 296 K at a path length of 1.00 m.
The diode lasers obtained from Laser Components produce emission wavelengths in the range 759 to 766 nm. The ri ghthand figure
shows the spectral features that could be observed in the accessible region of our lasers.
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Figures 3 and 4. Oscilloscope traces of oxygen measurements of laboratory air over an open path. The two oxygen peaks centered
around 763 nm are visible in both figures. Figure 4 on the right is an optimized spectrum of the one pictured in Figure 3 after
expanding the time base to 0.2 milliseconds per division and increasing the path length between laser and detector. Figure 4 shows
the applied triangular ramp on Channel 2 of the osci lloscope. Each oscilloscope trace repeats the spectrum as the current ramp sweeps
posi i ve and negati ve across the set point current of the power supply. The repeated spectra are mirror images of cach other
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Important parameters for the VCSEL lasers used are summarized in Table 1. Notice the very small tuning capabi lif es as a function
of cither temperature or current. A ten degree temperature variation allows tuning over a wavelength range of 0.6 nm while a 2 mA
current sweep would allow the laser to be tuned 0.8 nm. This is why lasers used for spectroscopic measurements must be custom
fabricated, orhand pi cked from a stock of units. Figure 5 is a schematic of the measurem ent apparatus.

Parameter Symbol | Conditions Min |Typ |Max | Units
Threshold Current I, Lo (20 [40  [mA
Operating Current 1, I, = 15x1, 3 mA
Emission Wavelength 7 I, = 15x1, 759|763 766 |om
Optical Output Power (SM) P, 03 o5 mW,
Beam Divergence B FWHM 12

Bandwidth 100 Mz
Linewidth K% P,=03mW 30 Mz
Temperature Tuning Coefficient | _/__ 0.06 nm/K.
Current Tuning Coefficient 04 nm/mA

Table 1. Important parameters for VCSEL diode laser used in these studies.
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Figure 5. Schematic of apparatus used to measure oxygen. A stainless steel cell was constructed with dimensions 38 mm diameter by

1150 mm long and having 25.4 mm diameter sapphire windows to contain the oxygen and adjust its pressure as needed for these
studies. The temperature of the laser was controlled by a Thorlabs TEC 2000 Tem perature Controller attached to a Thorlabs Model
TCLD-M9 TEC LD Mount which housed the diode laser. For some of the studies, the laser temperature was m odulated by imposing a
signal from one of the signal generators onto the set point tem perature voltage of the temperature controller. The current to the laser
was provided with a Thortabs LDC 500 Laser Diode Controller. The laser current in some experiments was modulated by imposing a
sawtooth waveform, ~ 20 Hz, onto the set point current of the laser controller. This was accomplished with an INSTEK Model GHG-
8020H Function Generator. When the lock-in amplifier was used, a small, high frequency sine wave, ~20 kHz, was added to the laser
current. The sine wave was produced by a Stanford Research Systans Model DS335, 3.1 MHz Synthesized Function Generator.
These modulated diode laser s gnals were detected by a Thorlabs PDASS Silicon Photodiode Detector by direct measurement with a
LeCroy 9310 Dual 300 MHz Digital Storage Oscilloscope. For some of the m casurem ents, the silicon photodiode signal was fed into a
Stanford Research Systems Model SR830 DSP Lock-In Amplifier and the amplified signal, or one of its ham onics was m casured.
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Figure 6.

Figure 7. Figure 8.

Figures 6 through 8 shows different ways of amploying a lock-in amplifier when making spectral m easurements using diode lasers.
Each figure gives the results of measuring ambient laboratory oxygen concentrations over an open path of 2.225 m at 296 K. The
bottom oscilloscope trace in each figure is the signal obtained by connecting the silicon diode photo detector directy into Channel 2 of
the oscilloscope. Figure 6 shows the advantage gained by passing the signal from the photodiode detector thirough the lock-in
amplifier and measuring the first harmonic of the photo detector signal. The lock-in amplified signal is connected to Channel 1 of the
oscilloscope. The sweep rate of the oscilloscope is such that the same oxygen peak appears three times on the oscilloscope
The ox ygen produces a peak of approximately 50mV amplitude when observing the unam plified si gnal on Channel 2. Ifwe calculate
the noise in the signal as one-fifih of the amplitude of the trace being equal to one standard deviation, the noise is calculated to be 3
mV. This yields a signal to noise ratio of 16.7. The amplitude of the first harmonic of the oxygen peak measured after being
processed by the lock-in am plifier is approximately 10.05 volts and exhibits a one standard deviation noise level of around 0.2V. The
signal to noise ratio of the amplified first ham onicis 50.3 almost exactly three times better than the unamplified signal and a signal

reen

201 times larger. Figure 7 shows oxygen

under the same condi i discussed in Figure 6. This fime
the lock-in amplifier is used to amplify the second hamonic of the signal received from the photodiode detector. Almost exactly the
same noise levels and signal levels were achieved as before. However, there is no simple rlationship between the signal trace of a
second hamonic signal and the concentration of oxygen and significant mathematical manipulations must be carried out to obtain a
value proportionl to concentration. Sce J. Reid and D. Labrie, Second-Harmonic Detection with Tunable Diode Lasers ~ Comparison
of Experiment and Theory, Applied Physics, 1981, B 26, 203-210, for an excellent discussion of the topic. Figure 8is am casurement
of laboratory oxygen under the same experimental con ditions as Fi gures 6 and 7. This time the third harmonic of the amplified silicon
photo detectoris passed to Channdl 1 of the oscilloscope. Our assessment of these three methods indicates no real advantage for going
0 additional trouble of using second or higher harmonics when measuring oxygen when the amount of oxygen is substantial. These
methods do yield a significant c ch smaller however.

Results

Wavelangth, Arivary Units
Graph 1. Oxygen signal versus oxygen pressure.
Graph 1 shows the effect on the oxygen signal when the pressure of oxygen is varied from 780.7 to 27.8 torr. These measurements
were carried out in the apparatus illustrated in Figure 5. As the pressure is lowered the intensity of the signal becomes smaller and

narrower. The decrease in peak width is due to a reduction of pressure broadening of spectral lines. Doppler broadening, duc to the
range of veloci ies exhibited by the gas mol ecules at right angles to the m easurem ent axis, i

till present.
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Figure 8. Oscilloscope traces of oxygen measurement before

Figure 9. Oscilloscope traces of oxygen measurement during
rocket is fired.

rocket firing.

The great advantage of using a lock-in am plifier to measure oxygen concentrations becomes very apparent when trying to measure
through the noisy environment of the rocket exhaust plume. Figure § shows the oxygen concentration, as measured directly from the
silicon photodi ode detector being connected to the oscilloscope. This is recorded in the oscilloscope as Trace C. The oxygen detected
is the oxygen in the laboratory between the diode laser source and the diode laser detector with the rocket motor off. The distance
between laser and detector is 2.225 m. Notice the superposition of the 20 kHz modulation frequency on Trace C. This 20 kHz
frequency is the one *locked on” by the lock-in amplifier and only noise and signal at this frequency is amplified. The amplitude of the
oxygen signal is 0.45 volts for unamplified Trace C. Trace D, which is the amplified first harmonic signal from the lock-in am plifier,
is shown at the top of Figure 8. The aplitude of the oxygen trace from the lock-in amplifier corresponds to 6.0 volts, a gain of 13.3
over the unamplified signal. Figure 9 shows what happens when the rocket motor is being fired and the oxygen is measured. The
oxygen measured includes the laboratory air between the detector and s the oxygen in the rocket plume. The
unamplified signal from the photo detector is recorded on Channdl 1. As can be seen, it is virtually impossible to pick an oxygen
signal from the noisy environment of the rocket motor exhaust plume. The first hamonic of the lock-in amplified photo detector
signal is recorded at Channl 2 of the oscilloscope. The oxygen signal is casily measured.

ser as well

Conclusion

Although we have successfully measured, in a qualitati ve sense, the oxygen in the plume of a lab scale mini-hybrid rocket, much
challenging work lies ahead. Now that we have the basic equipment set up and operating, we plan to work diligently on reducing
noise in the entire measurement system. We plan to implement National Instuments LabVIEW software and hardware to allow us
greater freedom in desi gning the experiments needed and recording the data. Much work needs to be done in taking the raw data and
calculating a spectral line shape with sufficient accuracy to be able to do some curve fitting required to esti mated pressure and Doppler
broadening, tem perature and number density of the oxygen in the plume. This is an excifing, challenging project and we are looking
forward to working our way to a successful implementation of using diode lasers as sensors for hybrid rocket exhaust plumes and a
host of other combustion plumes.

Acknowledgements The authors would like to thank the NASA Arkansas Space Grant Consorfum for an undergraduate rescarch
fellowship for Philip Ashley. They would alsolike to express appreciation for a NASA Arkansas Workforce Development Fellowship
for Philip Ashley. We wouldalsolike to thank the NASA EPSCOR Program for funds with which to carry out these stdies. Dr. Keith
Hudson, Dean of the Graduate Institute of Technology, and Dr. Andrew Wi ght, P1, Professor of Applied Science of the University of
Arkansas at Litile Rock provided valuable advice and access to the Hybrid Rocket Faci lty at the University of Arkansas at Little Rock
We would like to thank Dr. James Podolske at NASA/Ames Rescarch Center for advice in making the measurements using second
harmonic detection. Special thanks is given for a NASA/Gerald Soffen Memorial Travel Grant awarded to Philip Ashley for him to be
able to attend this m ecting.




