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We present preliminary results for a new passive optal sensor that is the basis for a
temperature pattern factor control system. The sesor uses the natural combustion radiance
in several spectral bands to deduce the local presmbustion equivalence ratio, which is
correlated with local combustor exit temperature. The sensor was applied in an arc-sector
combustor and in a closed-loop control system inf@ur-way laboratory burner.

Nomenclature

a = sensor output, giving local pre-combustion egleivee ratio from optical observation
a, = dependent-variable data at point 0

A, = matrix whose columrjscorrespond to thgth element ofag

Aa = matrix of row vectors, in whichy has been subtracted from each row
a = vector of sensed equivalence ratio pattern, fatiraptical observationsa}
C = Jacobian matrixg(a)/o(v)

C = reduced-rank Jacobian matriXa)/o(v)

FIA = fuel-to-air ratio, mass basis

K = proportional gain

M = number of fuel nozzles or valves

N = number of optical sensor stations

r = Euclidean distance between two points in mutielisional space

RQL = rich/quick-quench/lean

SLPM = standard liters per minute (reference camuli298 K and 1 atm)

T = temperature

t = time

B = intensity derivative parameter, atan2({@) or atan2(CHOH)

% = control valve setting

\ = vector of control valve settings

v = independent-variable data at point O

Av = matrix of row vectors, in whicliy has been subtracted from each row
1) = equivalence ratio

Ag = span of some physical quantity B, (max(B)-min(B))

c = standard deviation

T = characteristic time
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I. Introduction

Active control of turbine engine pattern factor ispemising technology for improving performance i
reducing costs of turbine engine systems. Pafsator, whichis thecircumferential variation in temperatt
at the combustor exit, has been relateihcreased maintenance costs and reduced sdifeib@e issues. In thi
work we describe a generally applicable patteriofacontrol concept based on passive optical senaod fue
redistribution that can be applied to a varietyusbine engine in both new and legacy aircraft.

Figure 1 shows a conceptual control system baseal diatributed network of simple, eng-mounted, passiv
optical sensors. The sensors and fuel controlegadwve pckaged inside a smart fuel nozzle. The valvesbheansec
to adjust the fuel flow over a small fractional ganto alleviate hwspots in the combustor. The probes col
naturallyoccurring light from the combustion zone and traihsthio a sensor ttt measures the relative emiss
intensity in a set of selected spectral bands.s T&iio provides an intens-independent indicator of the relati
temperature in the sector downstream from

smart fuel nozzle. The control system compare: Readout/ CONTROL VALVE
intensty ratios in each sector and adjusts the Controller

distribution among the fuel nozzles to equalize FJELLINE
sensor signals while conserving the overall fumivt \\\

to the combustor. The sensor bands used depe SENSOR OUTPUT &
the nature of the combustor. Different bands [ DAY
used for rich/quick-quench/lean (RQEpmbustors N
and premixed combustors, but the control syste
the same for all combustors.

The control system is sethlibrating and can t .
used for longerm prognostics of engir Y

COMBUSTOR

performance. The system can log and mair ; D

records of the observed band intensities & -4 :

function of operating conditions and uses a - SR Ny INTERSES el Si iy
base of such observationso calculate the

derivatives of each local sector temperature Figure 1. Conceptfor pattern factor control.

respect to fuel flow. This establishasmatrix of
variations thatis used to implement a global control strategy airaé minimizing the variation in temperatt
among all of the combustor segments.

The application of fuel modulation makes the systpanticularly robust and fault tolerant.Controlled
modulation of the fuel distribution is usénl measure the response of each sensor to chamfesl iflow in eact
burner. Thus the systemeasures the response of the meastemperature pattern thanges in fuel flow to eac
individual nozzles, which enables sedlibration and in the future may allow the conwbimultiple burners with .
small number of redundant sensors.

In the following sections we present preliminary results fershnsor and the control system. First we repel
results of optical measurements in a highssure RQL combustor that demonstrateability to measure the loc
equivalence ratio at the exit of tkembustor using a sensor embedin the field nozzle. We thedescribe the
implementation of a control system far multiple burner laboratory flame and a variety control schemes
involving an a priori calibration, self calibration basedfaal moduation, and finally control based on redund
sensors and fuel modulation.

II. Optical Sersing of Local Equivalence Ratio and Pattern Factom an RQL Combustor

Optical emissions were measured in a -pressure combustor using a set of passive ogsigados in an AFRL
sponsored test program [Lekal., 2010]. The combuor was a four nozzle sect®QL combustor designed a
operated by Pratt & Whitney. A set of passive cgdtsensors were incorporateco the fuel nozzles. The sers
were similar tothose used to monitor temperature, concentratiow, equivalence rios in higk-pressure
combustors [Goldstein 2002003a, 2003b, 2006]. Each consists of a passitieabprobe inserted into the nozz
a fiberoptic cable to transmit the light to treadout, and a set of spectrographs that recordpbetrall-resolved
emission from each probe. In this case, spectrographs were used for each nozzle, a UV/eissplectrograp
operating between 250 and 480 nmhich monitors chemiluminescent emon and soot emissioand a near If
(NIR) spectrograph operatirgetween 900 and 1600 nm, which monitors water eéonissThe spectra are recorc
on approximately 108z time scale and the data are processed to simthlatoutput of a simple be-pass filter
centered on various spectral bands. The ratigs@fands are then used as indicators of equivalesitio at the
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exit of the combustor. A scanning extractive prabthe exit Emissions Sweep Data

of the combustormakes an independent measure the + Unbalanced Fuel 4 Balanced Fuel
pattern factor of equivalence ratio at the exitd ewas Nozzle1 ~ MNozzle2  Nozzle3  Nozzled
compared to the optical signal. Etémperature was deduc e
from the wellestablished relationship between ¢ § 10 ! .
temperature and composition at the combustor 5 1l £ i Y
Preliminary tests in a higpressure mul-segment g 105 F a VNP AR Y
combustor have proven two critical properties @ tontrol @ .o CAY \of
system. First, changinghe fuel distribution among tt EOBD {‘3;-
various nozzles accordingly changes &t pattern factor oen ~
as shown in Figure 2. Pattern factor was measusewy a 0 20 40 60 80
rotating array of exhaust gas sammplet the exit of th Probe Location (degrees)
combustor Two fuel distribution gonditions are shov Figure 2. Pattern factor atthe combusto exit for
balanced and unbalar_]ced. The emission pat_ternsicmmm two fuel distributions.
of the fuel nozzles directly follows the relative @ammt of )
fuel injected into each segment. 5 Band Ratolos vs. FIA
The second key result is that optical probes, &xtat the -
front end of the combustocan track the F/A ratio in tir 3 Ratio A
combustor nozzle-sectorFigure 3 shows four indicators E /
downstream F/A measured by the optical sensor.hiaa 2 T T ' '
ratio of two specific spectral bands collected by bptical & Ratio B "*I
sensor. Each ratio has a monotonic fuorel dependence ¢ E
F/A over the full operating range of the combust&atio A E eRatio C
has the steepest slope at low power settings atidsReé-D = P |
have steeper slopes for high power settings. hBathese s -
band ratios are proportional to the segment averdy/A m = Ratio D /
ratio and the exit temperatures, and thus can bd as the 0 L

input signal for the control system.
05 06 07 08 09 1 1

Relative F/A
lll. Laboratory Tests of theControl System Figure 3. Band ratios vs. F/A in a fgh-pressure

Above we show that the sensor system producesnal: -ombustor.
that correlates with the local F/A and can thusubed tc
control temperature pattern factor. In order tst the fue-redistribution algorithm and ancillary routines ar
control loop, we appliedhe sensor to a laboratory scale flame. Tlaboratoryscale combustohas four
independently controllable propane/air burneWe used thesame sensor readout and control concept as th-
pressure combustor but a different set of speb#aatls to prduce intensity ratios for use in contr@and ratios fo
use in control of such premixed, Igwessure combustors are well established, and dacltatios o
chemiluminecent emitters, such as, CCH, OH [Docquier 2002,
Paschereit 2002, Yamaguchi 1997Hamatios ofportions of the water
emission band that yiela direct measurement of tempera [Goldstein
2002, 2003a, 2003b].

Figure 4 show a schematic of the combustor, which contains
premixed ribbonburners with individuallycontrollable fuel and air
flows. The burners are arranged in a linear array, sotki@a0.7-inch
wide active burner surfaces spaced on 1.5” centThe secondary air
ports were not used for this work. Two combust@llsvarequartz,
which allows the measuremeat the optical signals at the base of
flames. A set of four optical probes mounted outside thenlzostor
collect the light radiated from the froatd of each of the burnel The
probes are mounted with a view aB@ degree angle termination the
base of the burners. The field of view of the @®lsan be adjud to
control the amount of overlap between the meassstsor fields o

Secondary Air Ports

view. In most cases, it correspondedctme terminating in a-inch N

diameter spot centered at the surfaceasft burner. In other cases, th _ ]

spot diameter was increased to 3 indioesllow overlap of the sensc Figure 4. Schematic of burne.
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The light from the probes is routed by fiber-optiosa sensor system that returns the intensity naraber of
spectral bands and a set of band ratios. The seands the processed data to a fuel flow controlléie controller
compares the sensor data from each probe and adiesdistribution of fuel among the burners toaige the
sensor readings. The controller can also log setiata as a function of time, change fuel flow atte burner,
generate a database of sensor output as a furadtifuel flow, and compute the matrix of variatiohtbe sensor
output with respect to fuel flow among the burnets. calibration mode, the controller automaticadlycles the
combustor through a range of fuel distribution graits and records the sensor response and deratitie respect
to fuel modulation.

A. Sensor Signals used for Control

Figure 5 shows some representative calibrationltee$or two sets of sensor outputs as a functiomwiner
equivalence ratio. The first output is the ratiotledé water emission in two NIR spectral bands (Vdegter) that
measures the shape of 1.4 micron water band. atleeaf these bands is a direct measurement dethperature of
the water in the flow stream with an absolute terafpee calibration that can be calculated fromt firsnciples
without direct calibration [Goldsteigt al. 20002, 20003]. Figure 5 also shows the wateo rddita converted to
temperature in this way. The right-hand figuresvelihe ratio of Gand CH emission bands at 470 and 430 nm
which is the primary band ratio used in the conexgberiments. The controller can select amongetlidicators,
depending on the nominal operating range. Thentateperature can be used for lean flames withgaivalence
ratio of <0.9 and for moderately rich flames over a rangahmfutl.2 <¢<1.7. The @CH ratio can be used for
1.5<p and @>1.8. Other band ratios may be used for differeminal equivalence ratios.
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Figure 5. Sensor calibration, band ratios vs. equadence ratio: Left — water ratio. Middle — water ratio data
converted to temperature. Right — G/CH ratio.

We gauge the effectiveness of a sensor band ratiding &) for controlling local equivalence ratio by
comparing its uncertaintyof) to the variation of the signal with equivalenedia (da/dg). Figure 6 illustrates how
the ratio ¢,/ (da/d@)) varies with equivalence ratio. A set of senseasurements was recorded with a one-second
time constant and the standard deviation was caedpat each nominal fuel and air set point. Theadsted
deviation,ar, is converted to an equivalent error in the meastemperature or equivalence ratio. The one-skcon
averaged temperature data has a one-sigap(ecision of less than 10 K, which correspondaricequivalence-
ratio precision o, <0.01 over most of the useable range. THEWR ratio is more precise, wiihy, < 0.005 over
most of the useable range. Thus, while the watapégature measurement is an accurate absolute ragesut of
local temperature, thefCH is a more precise signal for use in controhe Pprecision of the sensor measurement is
sufficient to meet the goals of reducing temperjpattern factor from the current fleet averagalmutA; /T of
about 30% to well below 10%. In fact, the preaisiof the G/CH would propagate to an error band of less
thanAy<0.02 orAy <5K, and would use up less than 5% of the ovewaitrol system error budget.

The sensor measures in several bands simultane@mlythus has several band ratio outputs avaikbény
given time. By intelligently selecting from theailable presets, we have a reliable basis for &absignal over a
range of F/A ratios.
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Figure 6. Sensor error propagation relative to serivity: Left— gg/(da/dg) based on water band ratio. Middle—
measured temperature error,a/(dT/dg), based on water ratio. Rightg,/(da/dg) based on G/CH ratio.

B. Basic Control Concept

The control system measures differences amongehsor signals and responds by diverting fuel fommers
with high @ to the other burners to reduce the pattern fadtoe. system measures the pattern factor basedeon th
combination of sensor signals and estimates thagehan fuel distribution required to equalize tlemsor readings
subject to the constraint that total fuel flow i3nstant. The controller then periodically outpuiglated valve
settings that provide an incremental step towaetls pattern factor.

The control system can be implemented with a wadétsensor inputs and calibration functions. Fhaplest
approach uses the value of band ratios measuredcim combustor segment, and an estimated scalaatiler of
the sensor output with respect to equivalence .rafibe system is overdamped to make it relativebensitive to
the initial estimate of the derivative. It convesgo the condition of equal sensor signals pravitie controller is
sufficiently damped and the sign of the derivaiveorrect. At the next level of sophisticatiohe tderivatives of
the sensor with respect to fuel flow can be measutng an automated calibration procedure, andatixmof
variations used to provide a more accurate estiofatee path to equal sensor response. Finaklysyistem can use
the response of a common sensor, or group of setsduel modulation as the basis of the contrghai.

The controller compares the sensor signals fromfdhe burner segments, and computgs, the deviation of
sensor reading #om the mean reading of all sensors. The algoricomputes the changes in fuel valve settings,
Av;, for each nozzl¢ that will bring the system closer to equilibriunthis is done through simultaneously solving
N linear equations, indexed inof the form

—Aa; = ¥ (g_) Av, (1)

where Qa;/0v;) is the partial derivative of the signal at serismith respect to a change in fuel flow at vajyavhile
holding all other valve settings fixed. In matniatation, this is

Aa =CAv (2)

whereC is the Jacobian matrix. The resulting valve cleangctorAv is the one that produces changesag $uch
that the resulting set of sensor returns is uniform

As mentioned above, one of our objectives is tacedhattern factor without changing overall fuehgomption
rate. Therefore the total fuel flow is constrainede constant at a given operating point. Thisa constraint that
all changes must sum to zero. This constraint eaagplied directly in th€ matrix, reducing it fronM to (M — 1)
columns.

(C1,1 —cim) (Cip— C1,M) (C1,M—1 - C1,M)

- C,1—C Cyp—C o (came1—C

¢ = (21 ‘ o) (€22 2M) ‘ (c2m 1. 2M) 3)
(CN,1 —cnm)  (enz — CN,M) (CN,M—1 - CN,M)

By providingC andAa we can then solve for the recommended changelvie gtate Av.
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Avy Aa,
gl A2 | = A ()

AVM—I AaN

We provideAa and solve forAv using standard methods, such as those in LAPACKEIDER) [Andersonet al.,
1999] (or analogous routine). The value\of, is defined by the fuel flow constraint.

The calculation estimates a valve change vedwrthat will minimize the pattern factor.This vector is
multiplied by a fractional step siz€ to dampen the action, in anticipation that thes thehavior is only locally
linear. The control loop updates eveéty seconds, wherat is adjustable. Were the optimal solution to liese to
the original position, such that all systems weehdving in a strictly linear way, then the systeppraaches
equilibrium with a characteristic time constantgiven by:

A
Tcale = _tl (5)

In—%
If the final value of §a/dv)) is different from the initial estimate, the systeonverges with a different observed
time constantz,,s, providedK is sufficiently small.

C. Control using a priori Scalar Calibration

In its initial implementation, the Jacobian matok (0a/dv;) values is replaced with a diagonal matrix whose
diagonal elements are all the samemaking it effelstiscalar. These derivatives were based om@iori estimate
of sensor response based on the response curvwea $ind-igure 5. Figure 8 shows the response ofsistem
under closed loop control with an overall equivatenatio ofg=1.25 and an air flow of 18 SLPM. The system starts
with nominally equal air flow to all burners, andfugel distribution that keeps the sensor signalsaéin all the
burners. The fuel distribution among the burnersegaby a few percent, which counteracts the effe€uneven air
distribution within the combustor. At time0, the air flow is decreased to burner #2 by —5.84th concomitant
increases to the other burners of +1.9%. The obaystem responds to bring the sensors back mpdilerium,
resulting in a fractional fuel change of —-5.5% urrer #2.

Figure 8 plots the time history of the air flowgetBensor signals, the fuel flow, and the obserledd-base
water temperature for each of the two central lngtnd@his data was collected with a damping constanchosen
to be about 1/3 of that which produces sustaineidllaton. The observed decay time Rf=9.2 s is close to the
initial estimate ofr,c = 9.7 s, indicating a good initial estimate fog;(0v;)). Figure 9 shows the results when the
damping coefficient is chosen to send the systemsunstained oscillation.

The performance of the control system is summarirederically in Table 1. At steady state, the filelv to
each burner is held steady with a fractional rmsekr of just under 0.1%, which is approximatetjual to the
variation in the air flow. This is consistent withe observed variation in the sensor signal, auald% (Hz)"?
rms, given the longer averaging time=10s vs. the 1s averaging time for the sensor),tlh@dransfer function of
(do/da)/(@¢/a)=1/3. The response of the system to increaseesilts in an equal increase in fuel (within aroeof
+ 0.1%), indicating that the measured@H ratio is a good indicator of local F/A and risun stable control of
F/A at each burner. In short, the control systeaintains the F/A ratio within a control band of 2% including
both AC and DC errors.

In contrast, the temperature measured by the viaed ratio has substantial random and periodiatians,
that reflect flickering of the flame and other thdependent variations in the flame exhaust pattdinis is due to
the fact that the water temperature and th&CE ratio measure different parts of the flame: @#CH ratio
emphasizes the active flame region close to thedsuwhile the water emission comes from the flaxigaust. The
control system was set up to view a 2" diametetecatnthe base of the flame, which contains nedrlha G, and
CH emission. The water emission generally comes fhigher up in the flame, and the water signaty weéth
time as the flame height changes.
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Figure 8. Damped control system witiK=0.02. Top left: Air distribution, Top right: Sensor response (1 s time
constant), Bottom Left: Fuel flow, Bottom right: Temperature based on water ratio (1s time cnstant).
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Figure 9. Stable oscillation with sK=0.067 and a period of 13 seconds.

Table 1.Performance parameters for the control system.

Time Response RMS AC Step Change Response
- AT,
Condition K Teale Water T A Air, Burner A Fuel,
(%) (s) Tps (S) | Air % Fuel% Sensor % (K) Burner 2 2 Burner 2
Damped 2.0 9.6 9.2 0.08% 0.09% 0.95% 5.6 5.56% 20K 5.53%
Oscillatory 6.0 29 2.1 0.07% 2.18% 10.72% 12.2 5.58% 25K 5.67%
7
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D. Control with a Vector Derivative and Selt-calibration

In the next level of complexity, the Jacobian mawould be fully populatedo that variations from adjace
burners (wherei4j|=1 or mor¢ are taken into acco.. We chose to demonstrate the sallibration feature b
initializing the Jacobian fromxperimental data where there is definite f-of-view overlap andvhere a specifi
pattern is cycled among the valves. Wave not yet had the opportunity to use the vestoivative in closed loo
control.

To obtain the data experimentallye pointedand focussed our sensor fields of view to ia@3 spot on thir
respective burner surfaceBecause the burners espaced on 1.5” centerthere is significant spatial overlaWe
recorded sensor returns,(CH band ratiosfor our flame system in aeries of conditions wherein the air to ¢
burner was different than the other thregcling an equivalence ratio pattern +———) among the burners, .
well as one nominal condition in whigl=1.25 on all burne. Figure 10 shows the results pat in aggregate. A
with the function measured when all burner equivederatios are the sa (Figure 5) the intensity returned is n
linear in ¢, changing slope somewhere betwe values of 1.40 and 1.55. The data have scattequse o
differentsignal magnitudes between burners and/or sel deviation of the true equivalence ratio from tlominal
value due to mixing and com&tar irregularies, and also because of covariance between adjacemtrsuevery
sensor sees a portion of the flinem adjacent burner zor.
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Figure 10. Sensor outputversus nominalequivalence ratio. Data from all sensors is show.

In an operational system, the control system waudd a calibration function that is specific to tieminal
operating conditions.For any nominal condition, the calibration functisould be expressed in the form o
Jacobian matrix centered on the nominal fuel céoditThe Jacobian is calculated from a databaselibration
measurements, such as those in Figure 10. Invork, we calculated the Jacobian matrix centereg-at25 using
two methodsa linear fit, and a linearized secw-order fit. We then tested the results in termhafv well the
Jacobian could reproduce the traindaja set based on multidimensional ar extrapolation from a query poi

The first result is that for a linear fitsing all the data of Figure . The Jacobian was first fit to all of the d
simultaneously using a minimunmerm solution to the equatic

Av [C = Aa (6)

Figure 11 shows thcorrelation between prediction and data. I{earcthat the nonlinear portion of the dat:
affecting the quality of the fit.
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Figure 11 Correlation plot of linear multidimensional fit t o all data in Figure 10.

The second result is that forcanstrained seco-order fit. The flame data have a global nonlingatihat
degrades local linear fitsThe fit can be significantly improved ffitting the data local to the query point with
qguadratic model, then using only thieearized slope funion for the Jacobian. Locality was imposed by
inverse-distance weighting function etp(—572), wherer is the distance between the query point and tha
point in the scaled coordinate space of the d&igure 12 shows the performance of thisdlsian. There are sti
outliers, but the majority of theath are now we-predicted.

Some care is warranted with this type of fit, bessawhen there are not enough data in each coocediivaiction,
the seconarder coefficients, left unconstrained,n dominate the fit and produce nonsensical firster results.
Additionally, good results rely on a proper spesgifion of the quadratic lengthscale for the weigg—while
performance thus far has been generally insengiivkem when properly speied, grossly erroneous lengthsce
yield poor predictionsWe anticipate that the above caveats can be hesittedimple heuristics, and that this ty
of parameterization will be performed for a variefyburner operating poin
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Measured

Figure 12. Correlation plot for the constrained seconworder fit to all data in Figure 10. The result isbased
on a query location ofdp; = ¢, = 3 = p, = 1.25.

In this section, we have shown that we can imprbreccontroller’'s optimization solutioly fitting all of the
coefficients of the Jacobian matrixThis in turn increases the stability of the contogl providing a larger ain
margin. The improvement using the constrained linearizedos-order fit is substantial and will increa
convergence rate difie burner system to an even temperature pat

E. Fuel Modulation and Derivative Control

Until now we have been discussing control usthe uniformity among ratios of iband intensitie at several
burner-sectors as the control variabl&ut perhaps fe most exciting aspect of thisntrol technology is th
potential to use not ratios of intensities, bayt,using fuel modulation, to measure and use flogl-Herivatives of
intensities as the basis for controlAs we will explain below, thialternatve type of control signal measurem
could potentially reduce the number of sensorsepgine to one
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For intensity signals that ar@nlinear with respect to temperat or exitplane local equivalence ra, we can
exploit the nonlinearity in a waphat dramatically increases the robustness of the@-variable measureme By
continually modulating the fuel distribution among known pattgrwe can measure the intensity derivatives
each sensor/valve combination. But because theunement epends entirely on ratios of differences, having
sensor per burner would excessively overspecifyJdebian. In this scheme, as long as light freeryeburne-
sector is observed, theacbbian is uniquely determir. This can dramatically redudbe number of senso
required for complete and redundant coverage afrgine If light from all sectors of the engine can be sbgra
single sensor, then this is sufficient for cor using ratios of fuel-flow derivatives.

Experimental data from ouaboratory system show that tlp-derivatives in selected bands vary in a way
mapse while remaining inensitive to operating conditiorFigure 13 shows the experimentatlgrivedmapping of
intensity derivative ratios as a function of eqlevee riio.

C4Hg/Air flame, 10 SLPM air
10
Burner 2 — 1

Burner 3 ——--}

i
\
A
y

CHY/C,
o
:

10 L ! 1 1 L
0.9 1 1.1 1.2 1.3 1.4

Equivalence Ratio (¢)

Figure 13. Ratio of¢-derivatives of CH and G intensities in the laboratory flame at 10 SLPM airand a range
of equivalence ratios.

Figure 14 is a parametric plot of tlpederivative of the intensity in two sensor bandstasted by fitting ¢
polynomial ing to the data from each sensor and condition, thEerentiating analytically. Data for four sens:
and six air-flow settings are showrthe air flow settings are 10, 12, 14, 16, 18, a@dSEPM air. Despite th
factor of two range in air flow, the parametric (pihows a pattern in the equivalence ratio, suggest kind of
phase angle between the intensity curves whereplatjainstquivalence ratio.

20 T T T T T T 1‘4
15 - . !
Fq 1.3
10 | :
al 1F T 12
5 or JE4 1
-5 = -
A0 - 4
...‘--uh't‘ b ‘ : 'o. ‘e
15 - .-\.q.\'lr" . i 0.9
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Figure 14. Change ing with pairs of ¢-derivatives of two ir-band intensities, for a range 010.83 < ¢ < 1.4.
The color bar is¢ equivalence ratio.
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In Figure 15 we plot that angléhe figure shows a mapping between this angleequivalence rati@ for two
sets of intensity bands,@CH', and OHCH'. To avoid singularities at zemessings, we have parameterized
data in terms of its anglé in the parametric intensity space of Fig14, whereg is the angle formed by a de
point, the origin as the vertex, and point (1 The data form bands because they are derived fmomviews at si>
different conditions, but the general trends aeal - the angles maps closely to equivalence rafa each ban:
pair. This confirms that the derivative ratio is prindigasensitive to equivalence ratio, and far lesss#tese to the
peculiarities of condition changes (e.g., totalflate) and senst

Figure 15. Polar plot of equivalence ratio asa function of angle 8, for two pairs of bands. The data wa:
analyzed in the range of 0.83 @< 1.4.Radius is equivalence ratic

The extra cost ofising fuel flow modulation to meas! the derivatives is offsdiy the additional capabilitie
that thisprotocol provides. The first, and simplest bengfitthat any measurement offsets are eliminatee.
intensity offsets tend not to vary with fuel flowr vary slowly, and therefore vanish in the deiixat This
potentially eliminates interference frolmot metal parts whose emission responds more slmwyel changes the
the combustion flow.

Another benefit is fault-tolerancén the former direintensity method, when the number of measuremet
less than the number of burregetors, it is diicult or impossible to identify the fraction of entsity from a givel
light source without soma priori calibration. In the derivati-ratio concept, wre a sensor to fail, sensors wh
fields of view overlap that of the failed senson gaovide reangs.

Perhaps the greatest benefit is the opportunitgdoice the number of sensors to a number muchemthin
the number of valves. A small number of sensotth wierlapping fields of view can be used alonghwiiel
modulation to provide complete aneblundar pattern factor measurement.

IV. Conclusion

We have demonstrated two necessary conditionsofatra of pattern factor using optical sensors tedan the
fuel nozzle of RQL combustors: 1) the optical sessoack fuel/air ratio at the exit ¢he combustor, and :
modulation of fuel at the fuel nozzle controls #wivalence ratio at the exit. We have also deinatesl in the
laboratory a control system based on equalizingsresor signals from various segments of the cotobusing
fuel control. This system is consistent with an engiperation, in which the total fuel flow is conseryédt fuel is
redistributed to minimize pattern factdle have shown that the controller can be initiglifem a database
measurements, where thoseasurements could be acquire-flight. Finally we introduce a sensor conc
wherein the outputs are the fuel-flalerivatives of the measureme. This concept requiresontinual fue-flow
modulation andight integration between the sensor and coller but provides benefits @ficreased measureme
robustness and a high degree of fault toler:
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