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Diode-Laser Sensors for Real-Time Control
of Pulsed Combustion Systems
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A diode-laser based, closed-loop control system has been developed to nonintrusively optimize a pulsed, 50-kW
dump combustor. The adaptive control system used temperature and water mole fraction measurements obtained
at 10-kHz rates from the peak absorbance values of H,O features near 1.4 ym. In addition, measurements of
CO, C;H;, and C;H4 concentrations in the exhaust, determined from diode-laser absorption spectra recorded
using a fast-sampling probe and a multipass absorption cell (nominal 33-m-long path), were used to evaluate
the effectiveness of the control strategies. A correlation was established between the magnitude of the observed
temperature oscillations and the measured CO concentration in the exhaust. Adaptive control strategies were
then applied to maximize the coherence of the burning vortices in the combustion region and thus optimize the
combustor performance. The closed-loop control system was able to adaptively tune the phase and amplitude of the
applied forcing within 100 ms and the forcing frequency within 10 s. These results demonstrate the applicability of
multiplexed diode-laser absorption sensors for rapid, continuous measurements and control of multiple flowfield
parameters, including trace species concentrations, in high-temperature combustion environments.

Nomenclature
A, = amplitude of secondary air forcing
fo = driving frequency
T;,  =estimate of amplitude at f
Tms =1 srms amplitude at f
0.4 = phase of secondary air forcing
Tact = characteristic actuator delay time
Tuaapt = adaptation time
¢ = equivalenceratio

Introduction

ONINTRUSIVE measurements of multiple flowfield param-

eters have been demonstrated in a variety of flowfields using
diode-laserabsorption diagnostics.® Multiple diode lasers can be
wavelength multiplexed by incorporating appropriate fiber splitters
to combine the multiwavelengthbeam and enable the sensor system
to access several species or different spectral regions of the same
species simultaneously. These multispecies sensor systems can be
used to measure temperature, pressure, and species concentrations
at kilohertz rates along several paths simultaneously without in-
creasing the number of laser sources.””® Rapid measurements of
important combustion parameters combined with a reliable closed-
loop control strategy offer potential for significant improvementsin
combustion efficiency and reduced pollutant emissions.

In the present work a multiplexed diode-laser sensor system is
applied to monitor and control a 50-kW combustor, which serves
as a model of an afterburner in a waste incineration system under
development at the U.S. Naval Air Warfare Center at China Lake,
California, for use aboard Navy ships. The multistage incineration
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system converts solid waste to gaseous waste using a starved-air
pyrolysis chamber and then removes the hazardous components us-
ing a secondary oxidation chamber or afterburner, which utilizes
the concepts of forced vortex combustion for a compact and effi-
cient design. Details of the afterburner, including the design, the
application of advanced diagnostics, and the determination of the
destruction and removal efficiency for both small- and large-scale
systems have been described previously” ™!

A clean-burning, efficient, multistage incineration system must
minimize effects caused by the time-varying flame speed, heat con-
tent, and flow rate from the pyrolysis chamber and the associated
changesin the afterburner(combustor) dynamics. Adaptive, closed-
loop control strategies'>*'* can compensate for these variations by
continually adjusting appropriate system inputs (e.g., forcing am-
plitude, phase, and frequency) to optimize the combustor perfor-
mance, provided effective sensors can be developed to accurately
and reliably monitor the full range of anticipated flow conditions
and appropriate system state parameters.

Sensors for real-time control must be capable of responding to
the relevant timescales of complex combustion flows. Radiative
emission'* !¢ (including CH, OH, CO, soot) and pressure!’ "2 sen-
sors have been used extensively in real-time control systems be-
cause of their response time, compact size, and relative ease of use.
Many laser-based strategies, although useful in analytical labora-
tory studies, use inefficient pulsed lasers that are large, expensive,
and difficult to operate in real-time control applications. Diode-
laser absorptionsensors, in contrast, are relatively inexpensive,easy
to use, easily coupled to optical fibers for remote probing of hos-
tile environments, and may be applied to yield rapid, nonintrusive
absolute measurements of important flow parameters.! ®-2! In the
context of waste incineration, diode-laser sensors offer the addi-
tional advantages that they require no calibration, are relatively un-
affectedby changesin the compositionofthe fuel, and are not subject
to the harsh, corrosive environment present inside the combustion
chamber.

In the present work diode-laser sensors and adaptive control
strategies were applied to measure and control the coherence of
vortices and extent of reaction in the combustionregion while mon-
itoring the CO and various unburned hydrocarbon (UHC) concen-
trations in the exhaust region.

Theory
The theoreticalbasis for determining gas temperature and species
concentration from measured absorption spectra recorded in com-

bustion flows?? and the spectroscopic parameters of the H,0
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Fig.1 Schematic diagram of the combustion-control experiment.

transitions (near 1343 and 1392 nm) and CO transitions (1568 nm)
probed?-* have been described previously.! 37+ In brief, the gas
temperature is determined from the ratio of measured H,O ab-
sorbances obtained by tuning the narrow-bandwidth diode lasers
across transitions near 1343 nm (v, +v; band) and 1392 nm
(2vy,v; + v3 bands). The mole fractions (or concentrations) of
probed species are determined from the measured absorbances at
appropriate wavelengths using the known absorption line strengths
at the measured temperatures.

Experimental Method

Figure 1 shows the general arrangementof the diode-lasersensors
and the incinerator (afterburner) facility. Details of the afterburner
operation can be found in Ref. 9. The primary airflow (900 1/min)
through the central jet (3.84-cm diam) was acoustically forced (up
to 100% rms) to create coherent vortices at the preferred mode of
the jet. Secondary airflow (180 1/min) was acoustically modulated
(near 100% rms) and injected circumferentially at a 15-deg angle
relative to the primary air. The pyrolysissurrogate (355 1/min N, and
43 1/min C,Hy; or 355 1/min Ny, 123 1/min CO, and 180 1/min H,)
was preheated to near 900 K and circumferentiallyinjected normal
to the primary airflow. The temperature of the pyrolysis surrogate
was typically 600 K at the injection point. A water-cooledaluminum
duct (18-cm diam, 61-cmlength) was sealed to the injection nozzle.

The laser system includes two independently operated distri-
buted-feedback (InGaAsP) diode lasers tuned at a 10-kHz rep-
etition rate over the desired transitions by ramp modulating the
individual injection currents to yield single-sweep spectrally re-
solved absorption records every 100 pus. The individual laser out-
puts were combined into a single path using appropriate single-
mode fiber splitters and couplers. The multiwavelength beam was
brought to the incinerator via an optical fiber encased in a protec-
tive conduit and directed through the flowfield using a gradientin-
dex lens (0.25 pitch, 3-mm diam). The transmitted multiwavelength
light was demultiplexed (spectrally separated) into the constituent
laser wavelengths by directing the beam at a non-normal incidence
angle onto a diffraction grating (1200 g/mm, A, =1.0 um). The
beams were diffracted at angles specific to each wavelength and
were subsequently monitored with InGaAs photodiodes (500-kHz
bandwidth, 2-mm diam). The detector voltages were digitized by
a 12-bit A/D card installed in a Pentium-based personal computer.
The measurement cycles were repeated at a 3-kHz rate (each re-
quired 200us for data transfer and 100 us for signal acquisition
and computation of gas temperature, water mole fraction, and con-
trol signal). The relatively short delay between the measurement
and the subsequent control output (0.4 ms) was approximately 10
times shorter than the effective response time of the actuator (t, =
5 ms), which was limited by the gas-flow time to the probed region.

A water-cooled, stainless-steel probe (4.1-mm i.d.) with 13
0.7-mm-diam inlet holes was used to continuously sample com-
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Fig. 2 Temperature measured at 3-kHz rate, 8 cm from the dump
plane, using the C,H4-N, mixture (top panel). Power spectral density
(1-Hz resolution) of a 1-s history of temperature measurements (bottom
panel).

bustion products for investigation with a multipass cell. The ex-
tracted gas was cooled, dried, and filtered to preserve the integrity
of the silver-coated mirrors. Differential absorption spectroscopy
techniques were used to determine absolute species (CO, C,H,, and
C,H,) concentrationsby tuning the wavelength of the lasers across
transitionsnear 1646 nm (v, + vy, vs + vy bands of C,H, ), the R(13)
transitionof CO (3v band) near 1564 nm, and the P(17) transitionof
C,H, near 1535 nm (v; 4 v; band). The absorption measurements
were recorded in a multipass cell (0.3-1 volume, 3300-cm nominal
path length) to increase measurement sensitivity2’

Combustion Measurements

Figure 2 (top panel) shows a time history of temperature mea-
surements recorded at a 3-kHz rate 8 cm from the dump plane. The
large periodicoscillationsat the forcing frequency( fy = 175 Hz) are
suggestive of strong coherent vortices and a proper relative phase
between the primary and secondary air forcing. The power spectral
density of the measured temperature (lower frame) confirms that
the temperature oscillations are a result of the applied forcing. In
the present work the rms magnitude of the spectral component near
175 Hz (the forcing frequency) was used as a measure of coherence.
For the case of optimized forcing (Fig. 2), T;,,,, = 38 K. No effort was
made in this work to control the higher-ordermodes visiblein Fig. 2.

Figure 3 shows the measured changes in the normalized values
of T,,s (measured 8 cm from dump plane) and CO concentration
(measured from gases sampled 45 cm from dump plane) as the
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Fig. 4 Variation in [C,H,] (@) and [C,H;] (m), with relative phase
of primary and secondary air, measured from gases sampled 27 cm
from the dump plane. Steady parameters are ¢ =0.575 and fy = 175 Hz.
The error bars reflect both the accuracy of the measurement and the
repeatability of the operational conditions.

relative phase between the electric signals modulating the primary
and secondary air was varied. The solid points correspond to the
C,H,-N, mixture and the open points to the CO-H,-N, mixture;
the normalizationparametersare indicatedin the figure caption. The
vertical dotted lines bound the phase values where the CO concen-
tration is within 20% of the minimum (and the T, is within about
10% of the maximum) and indicate a measure of performance(open-
loop operational boundaries) for the closed-loop control strategies.
The strong correlation between high 7, values and low CO levels
confirms that flowfield coherenceis a good indicator of combustor
performance, which allows the use of fast, nonintrusive 7}, mea-
surements for active control. The smaller 7, values measured in
the CO-H,-N, mixture may indicate that H, combustion was oc-
curring closer to the dump plane, reducing the energy content of
the vortices. This occurrence was confirmed by time-averaged mea-
surements of H,O mole fraction, which showed significantly more
variation with phase for the C,H;-N, mixture than the CO-H,-N,
mixture.

The variation in measured hydrocarbon emissions with phase,
sampled 27 cm from the dump plane, is shown in Fig. 4 for the
C,H4-N, fuel mixture. The similarity of the CO curves of Fig. 3
and the UHC curves in Fig. 4 confirms that there are no anomalies
in the optimal forcing conditions (e.g., wall quenching) that might
causereduced CO levels butincreased UHC levels. These results are
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Fig.5 Variation in measured CO levels with sampling location for the
C,H4-N; mixture.
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Fig.6 Measured variationin 7', and CO levels with forcing frequency
for the C,H4-N;, mixture.

also consistentwith previous measurements, which showed that CO
concentrationwas the lowest at the phase angle that most efficiently
removed benzene? Thus a measurement of CO can serve as an
indicatorof overall combustor performance. Neither C,H4 nor C,H,
were detected in the CO-H,-N, mixture.

In the absence of forcing, the CO concentration decreased expo-
nentially with downstream distance, as indicated in Fig. 5, for the
C,H4-N; mixture. Measurements of the UHC indicated similar per-
formance. The CO levels decreased monotonically with increasing
actuator power until the power limit on the actuators was reached.
With the application of optimized forcing, the CO levels are sub-
stantiallylower and follow a steeperexponentialtrend. These curves
demonstrate the importance of residence time in the destruction of
CO and show how the forced-vortex concept can substantially re-
duce the necessary size (Iength) of the combustor.

The combustor is expected to operate most efficiently at the pre-
ferred mode of the primary air inlet. For a constant Strouhal number
(Sr~ 1) the frequency of this mode should scale with the flow rate
of the primary air, that is, the optimal frequency should decrease
from ~180 Hz at 900 l/min to ~140 Hz at 700 I/min. Competing
resonances, which can interfere with (or “dephase”) the forced os-
cillations, arise from both the secondary acoustic drivers, the nozzle
geometry, and the various combustor modes. This mode competi-
tion can lead to a complicated frequency response and favor forcing
frequencies other than the preferred inlet mode.

The variation in 7},,; and CO levels with the forcing frequency
is shown in Fig. 6 for the C,H,-N, mixture. For this condition,
the optimal forcing is near 175 Hz. When the flow rates were low-
ered at a constant equivalence ratio, the optimal forcing frequency
shifted toward lower frequencies (to approximately 140 Hz), as
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expected. However, when the fuel compositionwas changedto CO-
H,-N,, the optimal forcing frequency was no longer consistently
near 175 Hz. For this fuel mixture the optimum was found to vary
between local maxima at 183, 205, and 220 Hz. This unexpected
shift signifies that in field operation, when the fuel mixture supplied
to theincineratorwill vary with time, the optimumforcing frequency
should also be expected to vary. Any control strategy, though, must
be robust enough to account for the complicated structure exhib-
ited in Fig. 6, which is a result of the complex and time-varying
interaction between the different combustor modes.

Closed-Loop Control

Closed-loop control was used to optimize the coherence of the
oscillationsby first varyingthe phase and amplitude of the secondary
air forcing. Once the timescales required for phase optimization
were understood, a second control strategy was implemented to
concurrently adjust the forcing frequency in a concerted effort to
maximize the amplitude of the forced oscillations.

First Control Strategy

The objective of the first control strategy was to maximize the
magnitude and coherence of oscillations at the forcing frequency.
Most of the energy associated with producingthe vorticesis supplied
by the modulation of the primary air. The aim of the secondary
forcing is to help entrain fuel into the vortex roll up, as the high
strain rates in the vortex both enhance the mixing and delay the
onset of combustion. As such, the secondary forcing is expected
to augment the temperature oscillations measured when only the
primary air is modulated. Therefore, a sinusoidal response, adjusted
by a characteristicdelay time t,, to be in-phase with the air forcing,
is defined to be the desired response. In general,

Tesirea (1) = Tmean.des + Tfo.des Sil’l[Z]TfO = Tae)] 1

where Tiean ges 18 the desired mean temperature, Ty, g is the de-
sired level (amplitude) of oscillations (set at 40 K in the present
experiments), and T, is the characteristicdelay time of the actuator
(5 ms). Defining the desired response will enable control decisions
to be made after each measurementinstead of waiting to accumulate
enough data for a representative power spectral density. Further-
more, slight adjustments to the actuators can be made to counteract
dephasing events in the combustor.

In previous work a fast-flow controller was used to stabilize the
mean temperature over timescales on the order of 7, (Ref. 26).
In the present investigation, however, only the f, component of T
was optimized. For applications in which minimum temperature
oscillations are desired (e.g., to reduce fluctuations or instabilities
in the combustor), T, 4 can be set to zero.*"

Several adaptive filter structures have been identified in
the literature'>*'3 and implemented on laboratory-scale combus-
tors.'®18720 The adaptationin the present strategy implemented the
least-mean-squared(LMS) algorithm.'? LMS was first used to filter
the temperature measurements by decomposing the time-domain
temperature into its three largest components in the frequency do-
main (i.e., the mean value Tican; the component at fy, Ty, ; and the
componentat 2 fo, To,) as

T & Tyean + Ty, sin(2rfot — 05,) + Toy, sin[27 (2 fo)t — 62, ]
2

The magnitudes (Tyean> 7,5 T2y,) and phases (8, 6, ) were adap-
tively varied to follow closely the measured temperature and isolate
the oscillationsat the forcing frequency. This algorithm was similar
to a variablefrequencybandpassfilter with a very small group delay.
The ability to quickly adjust the frequency was used in the second
control strategy, which will vary the forcing frequency.

The estimate of the oscillationsat the forcing frequency was then
used to evaluate the error, defined as the difference between the
measured and desired reponses, given by

er = Tjy aes SIN[27 fo(t — 1)) — Ty, sin(20fo1 — 65,)  (3)

The LMS algorithm then used a stochastic estimate of the perfor-
mance gradient to vary 6,;, and A,; and minimize this error. The
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Fig. 7 Overall response time of the first control strategy. The com-
ponent at the forcing frequency, as determined by the decomposition
algorithm, grows as the control converges.

new values of 6,;; and A,;; were computed according to the coupled,
nonlinear relations

eair.new = Uhir,old — (C/Tadapt)gTAair.old COS(ZNfOt + eair.old) (4)

Aair.new = Aair.old + (C/Tadapt)gT Si1’1(27'[f0t + eair.old) (5)

where C is a unit-normalizationconstant and T,qa is the adaptation
time. The new calculated phase and amplitude values were sent to
the secondary air speakers every measurementcycle,i.e.,ata 3-kHz
rate.

To counteractthe effects of dephasing (and minimize the response
time), Tyqap: Should be small. However, if 7,4,y is smaller than 7., the
system can become unstable. Thus, as a compromise between ac-
curacy and stability, the adaptation time Was T,gapy = 5Ty Or 25 ms.

The ability of the control strategy to increase the amplitude of the
temperature oscillationsis shown in Fig. 7. Here the decomposition
algorithm [Eq. (2)] is used to track the growth of the component at
the forcing frequency as controlis applied. The amplitude is shown
as the bold envelope. The control was applied to the CO-H,-N,
mixture with an adaptation rate of 25 ms, a forcing frequency of
205 Hz, and a desired oscillation level of 40 K.

The internal variables associated with the control are shown in
Fig. 8. The control was started with the phase at 180 deg, which
was near a performance minimum in the open-loop experiments.
The amplitude (bottom frame, right axis) at first decreased but then
quickly increased to the power limit as the phase began to converge
(bottom frame, left axis). Note that the phase reached the open-
loop operational bounds (i.e., anticipated CO levels within 20% of
the minimum) within approximately 100 ms. As the oscillations
grew in phase with the primary air forcing (top frame, left axis), the
error signal (temporally averaged magnitude) begins to decrease,
indicating convergence (top frame, right axis).

Toillustratethe effectof the adaptationtime on coherence(Fig. 9),
Tadape Was increasedfrom 25 ms (bottom panel) to 250 ms (top panel).
The large variations in the measured coherence in the top frame are
attributed to the complex interactions between the inlet mode, the
combustor modes, and the preferred mode of the jet.'” With faster
adaptation the control system was able to compensate for some
dephasingin the combustor, thereby both increasing and stabilizing
the temperature oscillations. There was roughly a 10% increase in
the 7},,s value when the adaptation time was set at 25 ms.

The fast-sampling system was used to track the CO concentra-
tion as the control was applied and verify its effectiveness. A typical
time-dependent CO measurement is shown in Fig. 10 for the CO-
H,-N, mixture. The transporttime (~2.5 s) is associated with pas-
sage through the length of tubing between the sampling probe and
the flow-through cell. The 1/e change-overtime of the gases in the
flow-through cell was approximately 1.1 s. The total flow-through
time was then the combination of these two times and settled to
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Fig. 10 Measured time history of CO concentration as control is
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within 10% of the final value after approximately 6 s. Because the
laser tuningrate is much faster than the flow-through time, the C,H,
and C,H,; measurements are also flow limited and have the same
response time as the CO measurements. The species selectivity, re-
sponse time, and absolute nature of these measurements underscore
the utility of diode-laser sensors for remote, continuous monitoring
applications. Locating the cell closer to the combustor or using a
cell with less volume can reduce the total flow-through time.
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Fig. 11 Opverall time response of the second control strategy, which
adjusted the forcing frequency (bottom panel) to maximize the temper-
ature oscillations at the forcing frequency. Maximum step size was 5 Hz,
and minimum step size was 0.5 Hz.

Second Control Strategy

The objective of the second control strategy was to optimize the
forcingfrequencyin additionto the phase and amplitude. A variable-
step hill-climbingalgorithm was used to shift the forcing frequency
every 100 ms to maximize the magnitude of the temperature oscilla-
tions. To avoid being trapped in the local minima of the complicated
performance surface of Fig. 6, large initial step sizes were used
(5 Hz). The step size was then slowly reduced to allow the algo-
rithm to settle on a maximum. This approach is similar in principle
to simulated annealing

The performanceof the second controlstrategyis shownin Fig. 11
for the C,H,-N, mixture. The initial frequency was set at 100 Hz.
After 5 s, the step size was reduced (by 5% every iteration) until
the minimum step size of 0.5 Hz was reached. This control strategy
typically converged in approximately 10 s.

The phase optimization algorithm of the first strategy was ex-
pected to operate independently of the frequency optimization al-
gorithm. However during the first 5-10 ms after a change in the
frequency, the desired oscillations were at a different frequency
than the measured oscillations because the combustor had not yet
responded to the new frequency. This would trigger a large phase
shift as the controller attempted to compensate, i.e., 5 Hz is equiva-
lent to a phase shift of 1.8 deg/ms. Although the typical phase error
was less than 20 deg, this interference could be mitigated by either
delaying the switch of the frequency in the temperature decompo-
sition algorithm and the desired response or suspending the LMS
adaptation until a few characteristic flow times had passed (10-
15 ms).

The small step size of the converged second strategy (0.5 Hz)
will allow the control system to track a slowly varying maximum.
However, there are situations where a nearby local maximum would
resultin lower CO emissions. Because the convergence time of the
second strategy was similar to the flow-through time of the fast-
sampling cell, an improved control strategy might incorporate the
CO measurements to determine whether to reset the step size of the
frequency searchingalgorithmto 5 Hz and allow the control system
to search nearby maxima for an improved forcing frequency. Ad-
ditionally, in a real combustor measurements of CO and unburned
hydrocarbonscould aid the determinationof the appropriate amount
of supplemental fuel injection or excess air addition for optimiza-
tion of the equivalence ratio, and the temperature measurements
couldbe used to detect flame instability and insufficient combustion
temperature.

Conclusions
A computer-controlled closed-loop feedback system that incor-
porates a multiplexed diode-laser absorption sensor was demon-
strated to monitor and control the magnitude of forced temperature
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oscillations (7, values) in the combustionregionofa 50-kW pulsed
incinerator.In addition, measurements of CO, C,H,, and C,H,4 con-
centrations in exhaust gases were recorded using a fast-sampling
probe and a multipass cell. The feedback system was applied to
maximize measured T, values and thus increase the coherence of
temperature oscillations by adjusting the relative phase angle be-
tween the primary and secondary air forcing. Effective feedback
control of T;,s substantially reduced the measured CO, C,H,, and
C,H, concentrationsin the exhaust.

The feedback control system could be improved by identifying
and actively suppressing higher-order modes in the combustor and
by incorporating adaptive logic that would anticipate frequency
shifts of these modes. Finally, the overall burner performance could
be improved further by using, in addition to measured temperature
values, measured CO and C,H, concentrations and pressure in an
advanced, comprehensive closed-loop strategy.

The successful demonstration of closed-loop control in a realis-
tic combustion system illustrates the high potential of diode-laser
absorption sensors for improved measurement and control of com-
bustionand other high-temperatureprocess streams, particularly for
applications that require remote and nonintrusive monitoring.
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