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ABSTRACT

MULTI-DIMENSIONAL MEASUREMENTS OF COMBUSTION SPECIES IN

FLAME TUBE AND SECTOR GAS TURBINE COMBUSTORS

By

Yolanda Royce Hicks

The higher temperature and pressure cycles of future aviation gas turbine

combustors challenge designers to produce combustors that minimize their environmental

impact while maintaining high operating efficiency. The development of low emissions

combustors includes the reduction of unburned hydrocarbons, smoke, and particulates, as

well as the reduction of oxides of nitrogen (N0,). In order to better understand and

control the mechanisms that produce emissions, tools are needed to aid the development

of combustor hardware.

Current methods of measuring species within gas turbine combustors use

extractive sampling of combustion gases to determine major species concentrations and

to infer the bulk flame temperature. These methods cannot be used to measure unstable

combustion products and have poor spatial and temporal resolution. The intrusive nature

of gas sampling may also disturb the flow structure within a combustor.

Planar laser-induced fluorescence (PLIF) is an optical technique for the

measurement of combustion species. In addition to its non-intrusive nature, PLIF offers

these advantages over gas sampling: high spatial resolution, high temporal resolution, the

ability to measure unstable species, and the potential to measure combustion temperature.



This thesis considers PLIF for in-situ visualization of combustion Species as a tool

for the design and evaluation Of gas turbine combustor subcomponents. This work

constitutes the first application of PLIF to the severe environment found in liquid-fueled,

aviation gas turbine combustors. Technical and applied challenges are discussed.

PLIF ofOH was used to observe the flame structure within the post flame zone of

a flame tube combustor, and within the flame zone of a sector combustor, for a variety of

fuel injector configurations. OH was selected for measurement because it is a major

combustion intermediate, playing a key role in the chemistry of combustion, and because

its presence within the flame zone can serve as a qualitative marker of flame temperature.

All images were taken in the environment of actual engines during flight, using actual jet

fuel. The results ofthe PLIF study led directly to the modification of a fuel injector.
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CHAPTER 1

INTRODUCTION

LLBasksmrnd

The higher temperature and pressure cycles of future aviation gas turbine

combustors challenge designers to produce combustors that minimize their environmental

impact while maintaining high Operating efficiency. The development of low emissions

combustors includes the reduction of unburned hydrocarbons, smoke, and particulates as

well as the reduction of oxides of nitrogen (NO,). The atmospheric sciences community

considers all such emissions to be important pollutants [Johnston et al 1989].

Atmospheric modelers are concerned about the levels of heavy hydrocarbons and their

role in stratospheric ozone depletion. Soot is believed to act as a nucleation site for cloud

formation, thereby possibly affecting local and global climatic activity. At lower

altitudes, particularly around airports, emittants of hydrocarbons are unsightly and

odorous, and smoke may contain carcinogens. NOx reduction is targeted because it is

believed to play a key role in the destruction of stratospheric ozone. Although higher

operating temperatures and pressures result in the greater thermodynamic efficiency

desired, NOx formation has an exponential dependence on combustion temperature

[Tacina 1990; Correa 1992].
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One strategy to overcome this apparent dichotomy is to use a combustor that

burns overall fuel-lean, which reduces the combustion temperature, thereby minimizing

NOX. While the idea is simple, implementation is not. The liquid fuel must vaporize and

mix uniformly with the air. Non-uniform mixing provides opportunity for the local

fuel/air ratio to vary. The consequences can be uneven burning, lower combustion

efficiency, higher NO, formation, flame instability, and possible materials degradation to

the combustor liner or turbine blades because of localized high temperature areas. This

example demonstrates that an improved understanding of the combustion process at these

operating conditions is necessary.

Engine manufacturers use modeling to aid in the development of combustors.

Included are models that reflect the turbulent processes encountered in real systems, from

the] injection [Deur and Cline 1996], to mixing [Bain et al 1995; Oechsle and Holdeman

1995] to phenomena within the combustion chamber itself [Hu and Prociw 1993;

DiMartino et al 1993; Mongia 1993; Rizk and Mongia 1993]. Detailed combustion

mechanisms are highly complex. The models include therrnochemistry, transport

properties, elementary reactions, and systematic optimization. They are omnivorous

consumers of computer processor time and memory. For this reason, modelers attempt to

reduce the reaction mechanism to as few steps as possible while mimicking the observed

chemistry. Mechanistic refinement requires information about key reactions and

combustion intermediates.

Combustion modelers are interested in hydroxyl (OH) as a major combustion

intermediate and because of its importance in the thermal NO formation mechanism



[Miller and Bowman 1989]. Combustor designers are interested in OH as well,

particularly as a flame zone marker. OH provides a relative scale of temperature because

its presence indicates where combustion occurs and, therefore, where heat is released. In

addition to its importance in the thermal NOx formation mechanism, temperature plays a

key role in engine lifetime. The spatial distribution of temperature is important because

radiative and convective heat transfer affect the survivability and lifetime of key

combustor subcomponents, such as the dome and liner. Hot Spots can play a deleterious

role at the combustor exit by harming the turbine material. A non-uniform temperature

distribution is also evidence of poor mixing of the fuel and air within the combustor.

Good mixing is a key factor in achieving high combustor performance and efficiency

[Lee et al 1993; Lefebvre 1983].

Established methods of analyzing combustion performance use gas sampling to

measure C0, C02, H20, 02, NO, N02, and unburned hydrocarbons. However, standard

gas analysis instruments cannot directly probe the combustor to reveal flame structure or

to see the underlying processes that lead to good or bad efficiency. Significant kinetics

information is lost as well because physical probes can measure only stable species.

Laser—based diagnostic techniques have demonstrated the capability to supply

nonintrusive information on such diverse parameters as species concentration,

temperature, velocity, and pressure. Of these methods, planar laser-induced fluorescence

(PLIF) offers the potential to acquire spatially resolved, species and temperature

measurements in combusting environments, which are of considerable value to research

in advanced gas turbine combustor design.
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PLIF of OH is a logical tool to aid in the development of gas turbine combustors.

While PLIF is typically more qualitative than quantitative, two-dimensional images are

important in design because they provide a picture of some property of the flowfield that

shows relative changes with a high degree of spatial resolution. Data presented in this

form can ofien be more easily interpreted than quantitative data that are not spatially

resolved.

Two challenges exist. The first is to implement the PLIF technique in an

environment previously untried: a realistic high temperature, high pressure gas turbine

combustor that simulates expected operating conditions. The second is to demonstrate

that the data obtained can positively affect combustor and fuel injector design (in both the

hardware evaluation and model validation arenas) to assess parameters such as pressure,

temperature, and geometry on emissions reduction and gas turbine combustor

performance.

LLQQmEmSDfIhsiis

Chapter 2 reviews past work in laser diagnostics for combustion, for measurement

of species and temperature. A brief theoretical foundation is also presented.

The combustor subcomponent test facility and hardware are described in Chapter

3. The optical systems used for PLIF imaging of OH are described, and general

procedures are outlined.

Chapter 4 presents images of hydroxyl radical (OH) obtained in a high

temperature, high pressure flame tube. The flame tube burns jet fuel at flow rates and



inlet temperatures that will be used in the next generation of aircraft combustors. These

are the first such images Obtained under conditions that simulate an actual aviation gas

turbine combustor. The images were used to influence an actual design.

Chapter 5 presents images of OH from an idealized gas turbine combustor sector

in which the flame structure immediately downstream of the fuel injectors is examined.

An examination of the interferences to the fluorescence Signal is included.

The conclusions of the entire investigation are summarized in Chapter 6.

Recommendations are also made for further work.



CHAPTER 2

LITERATURE REVIEW AND THEORY

LLBaszkzLQund

Laser-based diagnostic techniques have demonstrated the capability to supply

nonintrusive information on such diverse parameters as species concentration,

combustion temperature, velocity, and pressure [Penner et al 1984; Laurendeau 1988;

Kohse-Hdinghaus 1994]. However, most of these tools have been used to study small

laboratory scale burners and have not been used in a true diagnostic sense on real

combustor subcomponent hardware to affect design.

A major goal of this work is to use laser techniques as an applied tool for the

design and evaluation of realistic gas turbine combustor concepts (i.e., as a diagnostic

tool) as well as a tool for more basic research. Practical consideration in the selection Of

an appropriate diagnostic technique includes the size and mobility of equipment and

simplicity in its application. Other factors include the time that it takes to acquire data

and the cost of equipment. Of major importance is the likelihood of success.

The measurement of minor combustion species and temperature is the effort’s

primary objective, and general flame and flow visualization are secondary goals. Major

species were not considered in this study, as we are satisfied with the existing gas

sampling methods for their analysis. These data should allow the assessment Of
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combustor hardware and support validation of existing codes through the variation of

such parameters as temperature and pressure.

Two—dimensional methods were selected over pointwise methods. Flow

visualizations are useful in gas turbine combustor development because they provide the

designer with a picture of the flowfield that shows relative spatial changes, generally at the

expense of quantification. Since the data is seen two- or three-dimensionally, it can yield

information that is easier to interpret than that obtained in a pointwise manner. An example

of the benefits of two-dimensional methods can be found in Hanson’s [1986] review of

planar imaging techniques.

Planar laser-induced fluorescence (PLIF) spectroscopy was selected as the

primary measurement technique in these studies based on the goals of the work and the

limitations of the facilities.

2251.“. Il'

The Species-specific laser techniques that were considered included spontaneous

Raman scattering, coherent anti-Stokes Raman spectroscopy (CARS), and laser-induced

fluorescence (LIF). The theory for these techniques is comprehensively reviewed by

Eckbreth [1988]. Another method which is not species-specific, but which has useful

application in the measurement of combustion temperature, is Rayleigh scattering.

Of the four techniques listed, Rayleigh scattering, which is elastic scattering

(excitation wavelength = detection wavelength), is the simplest to implement and has

been used for bulk temperature imaging in gaseous systems [Lock et a] 1992; Stepowski
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and Cabot 1992; Zhao and Hiroyasu 1993]. However, it is not applicable in multiple

phase flows or in sooting or otherwise “dirty” environments, such as the present study

entails.

Raman techniques can be used to measure temperature and major combustion

species such as H20, C02, N2, and molecular fuel components. Spontaneous Raman

[Dibble et al 1987; Cheng et al 1992] is subject to interferences from soot incandescence,

which when coupled with its low yield, limits its application to point and linear

applications in relatively clean environments.

CARS has the positive attribute that it can be applied in dirty environments to

quantitatively measure temperature and major combustion species [Anderson and

Eckbreth 1990; Eckbreth 1980]. It has been successfully used in high pressure

environments [Kajiyama et a1 1982]. One drawback to CARS is that it is a pointwise

technique, so considerable time must be spent to provide spatial temperature and

concentration distributions. Another drawback is that it involves a complicated setup that

requires two laser beams to cross (forming the probe volume) within the flowfield. For

this application, system alignment and beam steering are problematic and possibly

uncorrectable once a test begins. Anderson et al [1986] describe a mobile and rugged

CARS instrument which might be applicable, with modification, to the facility used for

this study.

LIF is used to measure minor combustion species, such as OH, CH, NO, and 0.

Of all the methods considered, it is the only one capable of probing unstable species.

Some major species are also accessible, for example 02 [Lee et al 1987; Kim et al 1991].
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It has been extended to planar imaging (PLIF), and has been used to measure temperature

via thermally-assisted [Joklik 1992] and two-line techniques [Cattolica 1981; Lee et a]

1993]. LIF has been used in high pressure systems [Carter et al 1990; Reisel et al 1995].

The LIF signal from OH can suffer fiom potential interferences of soot or polyaromatic

hydrocarbons (precursors to soot). Other species may also interfere, dependent on the

overlap of spectra of the target species and its neighbors.

To summarize, CARS and PLIF have the greatest potential for success for

application at high temperature and pressure. Measurement of major species by the

CARS technique does not offer much advantage over the physical probe measurement

already available, other than its non-intrusive nature and the ability to measure at a

greater number of points. Therefore, its real advantage, for the purposes of the present

study, is that of temperature measurement. On the other hand, measurement of

temperature by PLIF is possible, yet unproven in the environment of this study. PLIF has

been proven for species measurement at high pressure and employs a simpler setup

compared to CARS. Given the great potential for minor species measurement and

somewhat less potential for temperature measurements, comparative simplicity of setup,

and planar measurement capabilities, PLIF was selected as the primary measurement

technique. Other optical methods may be used to complement the PLIF measurements.
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2.3 Review of Erevigus ELIE Work

The development of PLIF began in the early 19803 through nearly simultaneous

work by Dyer and Crosley [1982], who measured OH in a Bunsen burner flame using a

vidicon tube, and by Kychakoff et al [1982] who measured OH in laminar and turbulent

CH4-air flames using a reticon array camera. Soon thereafter, Cattolica and Stephenson

[1984] demonstrated the two-line vibrational temperature PLIF imaging technique in a

premixed methane-air flame. They found that their measurements were accurate to

within 10% for temperatures above 1800 K and suggested that two-line rotational

methodologies may be better suited if the range of temperatures includes values below

1800 K. Two-line approaches since have all employed the rotational method. Cattolica

and Vosen [1984] measured OH from a methane-air flame in a constant volume

combustion chamber, and compared the results with flame predictions. Kychakoff et al

[1984] examined premixed laminar and turbulent methane-air flames, sooting butane-air

flames, and nonpremixed turbulent flames of acetylene-oxygen, again demonstrating the

usefulness of PLIF as a flame diagnostic. Lee et al [1987] used PLIF of Oz

(predissociating) in air heated by an electric torch to image temperature near a rod heated

by the hot air.

Recent work in temperature imaging includes Seitzman et al [1993], who used

two-line PLIF of OH to measure rotational temperature in a shock tube, and Lee et al

[1993], who examined both one-line and two-line methodologies to measure temperature
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using PLIF of NO. The one-line technique was used to study a laminar heated jet, and

the two-line method was used in a supersonic underexpanded jet.

Methodologies for velocity imaging are generally based on the measured Doppler

shift of the absorption frequency, and is best resolved in supersonic and hypersonic flows.

Hiller and Hanson [1988] imaged velocity and pressure fields in a Mach 1.5

underexpanded jet, using fluorescence from iodine, which was seeded into the flow.

Recent work of Allen et al [1993, 1994] is focused toward the development of PLIF for

velocity imaging applied to scramjet burner study and development.

Spray flames Offer the complexity of a potentially multiphase system. Added

spectral interferences to the desired fluorescence signal can arise from elastically

scattered light from the liquid fuel, and from blackbody radiation if the flame is

luminous. Heptane-air spray flames have been studied at atmospheric pressure [Allen

and Hanson 1986], using PLIF of OH and CH, and at pressures up to 10 atrn [Allen et al

1994, 1995]. The latter work employed PLIF of OH, NO, and Oz, and found large

interferences from soot precursors.

Other studies at high pressure in small burners include the work of Battles et al

[1994], who developed a method for quantifying fluorescence signals in the burnt gases

region of a methane-air flat flame burner for OH, NO, and 02 at pressures up to 10.2 atm.

DiRosa et al [1995] developed models for NO and Oz in fuel-lean methane-Oz flames

from 1 to 10 atm. Neij and Aldén [1994] used a two-photon PLIF technique to image

water vapor in a high-pressure cell at approximately 10 atm.
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More applied uses of PLIF include species measurements in internal combustion

engines. Suntz et al [1988] used PLIF of OH to examine premixed propane-air flames in

a simulation piston-cylinder engine. Engine speeds of 500 rpm and pressures to 7.5 atm

were simulated in a square cylinder, which was limited to single cycle events.

Schipperijn et al [1988] also looked at a piston-cylinder (circular) burning a propane-air

mixture at 300 rpm and a 5:1 compression ratio. Firing occurred every third cycle.

Felton et a1 [1988] also examined a piston-cylinder engine burning propane-air. The

engine operated at 600 rpm and achieved pressures to approximately 13 atm. Andresen

et a1 [1990] used PLIF of NO and iso-octane fuel and laser-induced predissociative

fluorescence (LIPF) for imaging OH at pressures to approximately 20 atm. Other applied

work includes Stepowski et al [1994], who used PLIF of OH and velocity measurements

with a phase Doppler instrument to investigate flame stabilization of a methanol-air spray

flame from an air-blast injector. They used single shot analysis of lift-off location

(including height and radius) to validate a spray flame model. Finally, Versluis et al

[1992] examined a 100 kW natural gas atmospheric burner using PLIF of NO and

predissociated fluorescence of OH. The impetus for the study was a concern for

emissions reduction in ground-based power plants. Their work resulted in the improved

design of the burner to produce less NO.

As best as can be determined PLIF has not been performed in combustion

environments having the combination of continuous high flow (throughput), high

pressure, high inlet temperature, and fuel type that simulates the environment of an actual

aviation gas turbine combustor.
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Figure 2.1 Energy level diagram for the OH A2 2+ — X2 1'1 system where Q is

quenching, V(,) is vibrational energy transfer, and R”) is rotational energy transfer.



14

W

Fluorescence is the emission of light (photons) from an electronically excited state

of an atom or molecule. The energy level diagram for OH, Shown in Figure 2.1,

highlights the significant radiative and non-radiative processes for OH. In LIF, the target

species absorbs energy from a laser that is tuned SO that the photon’s energy, hv, is

exactly equal to the energy difference, AB, in electronic states. The photon energy is then

in resonance with AB. The lower state is the ground electronic state. Once excited, the

species has several ways to return to the ground state (dc-excite). First, if the molecule is

already in a resonantly excited state, the laser energy can stimulate de—excitation.

Second, it may spontaneously release energy (fluoresce) back to the ground electronic

state. Third, the excited molecule may transfer energy in a non-radiative fashion through

collisions with other atoms or molecules. These transfers are reflected through changes

in the vibrational or rotational energy levels (or a combination thereof), represented by

V(J) and R(J), respectively, where J is the total angular momentum quantum number.

Additionally, energy may be absorbed by the molecule, resulting in elevation to a higher

electronic or dissociative state. A thorough analysis of molecular spectroscopy is

provided by Banwell [1966].
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1

resonant excitation, the population of the upper and lower levels are N2 and N1, and by

conservation, Nl +N2 = N?. The rate equations for the population in each level are
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Figure 2.2 Two-level model for laser-induced fluorescence. W12 and W2, represent the

rates (3") of stimulated absorption and emission. A2, the rate of spontaneous emission,

and Q2, the rate of non-radiative quenching.

The mathematical and physical description of LIF can be described by a two-level

model, as shown in Figure 2.2. The rate of stimulated absorption is denoted W12.

Stimulated and Spontaneous emission fiom the upper level is represented by W21 and A2,.

The collisional quenching terms are grouped together and denoted Q21. All rates are in

3']. The population [molecules] in the lower level, before excitation, is N?. After

resonant excitation, the population of the upper and lower levels are N2 and N], and by

conservation, N1 +N2 = N?. The rate equations for the population in each level are

given by

dN2

dt

 

=W12N1_(W21+A21+Q21)N2 (2'1)

dN

EL:_W12N1 +(W21 +A21 +Q21)N2 (2-2)
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At the peak of the laser pulse, the populations are at steady state, and the population of

the upper level is given by

W7
N2 = 1" N1, (2.3)

"/21+ A21+ Q21

 

Under conditions of a weakly perturbing laser (low irradiance), the lower level population

can be assumed to be approximately constant; and both W13 and W21 are small. Then the

upper state population can be expressed as

W

'2 Nf’. (2.4)
’)

5 A21 'l' Q21

The fluorescence signal seen by a detector, Sf (photons), is proportional to the fraction of

the upper state population that spontaneously de-excites

S}. 0c A2| -N2, (2.53)

or, using Equation (2.4) and rearranging

A2] + Q21

where the parenthetical term Azi/(A21+Q21) is the fluorescence yield, Fy, which is the

fraction of the total excited state population that de-excites via fluorescence.

The rate of stimulated absorption can be written to reflect the coupling of the laser

with the absorbing molecules

W,,N,° = Bnlvan, (2.6)

where B 1 2 is the Einstein B coefficient for absorption (cmz-cm'lJl), Iv is the laser

spectral irradiance (W/cmZ-cm'l), n1 is the number density of the absorbing species

(cm'3), and V is the volume (cm3) of gas illuminated by the laser. The Einstein B
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coefficient describes the strength of coupling between the upper and lower levels, so that

the term IvBrz expresses the probability for absorption of a photon by the coupled

molecule during the time duration of the laser pulse.

The fluorescence signal per laser pulse collected by each pixel of the detector

array through a volume, VC, that marks the intersection Of the laser and fluid can be

expressed as [Cattolica and Vosen 1984]

Q

s,- = 1184—7;-(fBNrK.)°F.-'(1.,Bn) (2.7)

where n is the collection efficiency of the Optics, 8 is the detector efficiency, 0 is the

solid angle of light collection, f3 is the Boltzmann population fraction, and NT is the total

number Of excited species. The first parenthetical term describes the overall efficiency of

the optics and detector. The second parenthetical term describes the total number of

excited species molecules within the volume V0.

The absorption linewidth is typically described by a Voigt profile, which consists

of both Lorentzian and Doppler (Gaussian) profiles. The Lorentzian profile is the result

of the radiative decay rate of the excited state, which consists Of the spontaneous decay

rate plus the rate due to molecular collisions (which are a function of gas density). The

Lorentzian portion of the lineshape, therefore, is dependent on the temperature, pressure

and collision partners. The Doppler component of the Voigt profile results from the

relative shift in energy each molecule has as a function of its velocity with respect to a

fixed observer.
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The spectral coupling of the laser lineshape with the absorption lineshape is

reflected by the overlap integral, g(v) (see, for example, Gross et al [1987] or Battles et al

[1994]), and Iv = Ig(v), where I is the laser irradiance (W/cmz), independent of frequency.

The overlap integral is given by

g(v): I¢,(v)¢ahs(v,T,P)dv , (2.8)

where 4)] and (tabs are the lineshape functions of the laser and the absorption, respectively.

The fluorescence signal is then

0

Sf =nazg'fBNTVc Fv '[Bizj¢/(V)°¢ahs(vaTaP)dV- (2-9)

At atmospheric pressure, the laser linewidth is typically much greater than the

absorption linewidth, resulting in an overlap integral that approximates the absorption

linewidth. Thus, at atmospheric pressure, the entire absorption spectral band couples to

some portion of the laser spectral band, and there is little dependence of the strength of

the fluorescence signal on the surrounding environment. However, as pressure increases,

the absorption linewidth broadens due to the increased number of collisions. In this case,

the absorption linewidth can exceed the laser linewidth. The coupling of the laser

spectral distribution with the absorption spectral band is inefficient, resulting in the

excitation of fewer molecules (therefore a decreased fluorescence signal compared to the

signal at atmospheric pressure), and the coupling becomes a firnction of the combustion

environment in temperature, pressure, and collision partners. Collision partners include

the fuel; major combustion products such as C02, CO, H20, 02 (for fuel lean flames), and
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N2; and intermediate products such as fuel fragments, OH, and C2. Seitzman and Hanson

[1992] show that the overlap integral has increased sensitivity to pressure (for pressures

above approximately two atmospheres) but little response to temperature variation.



CHAPTER 3

EXPERIMENTAL APPARATUS

All work for this study was performed at NASA Lewis Research Center in

Cleveland, Ohio in test cell CE—S of the Engine Research Building. The facility consists of

the combustor subcomponent test cell where the rigs are run, the control room from which

the test rigs are operated, and the laser diagnostics facility. The test cell houses two test

stands.

Two unique, optically accessible combustion shells which were used in this study

are described in this chapter. The shells are the containment vessel for the flame. In

conjunction with the fuel injection systems being studied, they make up the combustion test

section. The two shells were NASA conceived and designed exclusively to mate with

existing facility hardware. These test rigs are operated (within the safety limitations Of the

windows) similarly to their non-optically-accessible counterparts.

This laboratory is the only one of its kind, capable of providing advanced

diagnostics for design and optimization of gas turbine combustors for high temperature,

high pressure applications. It arose from a need in government and industry to characterize

gas turbine combustor subcomponents at conditions which simulate the actual environment

in which they would be used.

20
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The combustion facility supplies non-vitiated air (the air does not mix with the

combustion products used to heat it) via a shell-in-tube heat exchanger at flow rates of up to

4.5 kilograms per second. Actual airflows through a test rig depend upon the design of the

test hardware. Four natural gas can-type burners provide air inlet temperatures between 589

K and 866 K to either of two Optically accessible firel-lean combustion shells. One test rig,

a single cup flame tube combustor, can support up to 0.68 kilograms per second of

preheated air. It is used to characterize fuel injector performance. The second test rig

supports multiple cup (sector) tests and can support heated airflows up to 3.2 kilograms per

second. This sector combustor is used to assess the interaction between firel injectors. The

two combustion rigs are henceforth designated “flame tube” and “sector”. The exhaust for

each combustion test rig is water-quenched to cool the gas stream to below 333 K. The fuel

used is JP-S, a high flash point kerosine. A schematic of the combustion facility is shown

inFigure 3.1.

W

The flame tube combustion shell [Roeloffs 1992] is shown schematically in

Figure 3.2. The subcomponents that can be varied in this test rig are the fuel injectors,

either in number or in manner Of injection. The shell measures 74 cm in length and has a

7.62 cm x 7.62 cm cross section flowpath, with a flow area of 58.06 cmz. Its housing is

water-cooled. The liner is made from an aluminum oxide castable ceramic material,

typically Greencast 94+. Four window assemblies, circumferentially 90 degrees apart, are
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Figure 3.1 Schematic of combustor test facility.
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Figure 3.3 A window assembly which has a metal plug installed. The plug is

instrumented with fifteen thermocouples.
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located such that the centers of the windows are 14.3 cm downstream of the flame tube

inlet. The shell is outfitted with up to four 1.27 cm thick ultraviolet grade firsed silica

windows, each with a clear aperture of 3.8 cm x 5.1 cm. This grade Of quartz has a

minimum light transmissivity of 80% over a Spectral range from 180 nm to 3300 nm.

The window assemblies (one is shown in Figure 3.3 with a metal plug) are designed

to safely withstand flame temperatures up to 2033 K and rig pressures up to 2068 kPa The

design limits the maximum ignition thermal cycle (in order to avoid window fracture) to a

AT of 889 K, from an inlet temperature of 867 K to an ignition temperature of 1756 K.

Water cooling and nitrogen film cooling are used to ensure that the windows can survive

this severe environment. The total nitrogen film cooling mechanism for the four windows

provides no more than 10% of the aggregate mass flowrate through the shell. The

window assemblies are designed so that, other than the small offset (approximately 3.5

mm) to accommodate the nitrogen film cooling, the windows are flush with the hot gases

that pass by.

Emissions gas sampling ports are located 50.8 cm downstream of the flame tube

inlet, and can be mounted from either the top or the bottom of the shell. The ports support

probes used by standard gas analysis systems. The Rosemount gas analysis system consists

ofnondispersive infrared meters for carbon monoxide, carbon dioxide, and hydrocarbons; a

chemiluminescent meter for nitrogen oxides; and an electrochemical meter for oxygen. The

flame temperature is measured with a water-cooled platinum/rhodium thermocouple located

58.4 cm downstream of the flame tube inlet.
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Figure 3.4 shows a schematic drawing of the sector hardware. As with the flame

tube, the housing is water-cooled and the liner is made by casting a ceramic material. The

flow path measures 21.6 cm x 21.6 cm. Within this area, three fuel injector domes are

fitted. The outer domes (top and bottom) are composed of lean premixed prevaporized

(LPP) injectors. The center dome can be either another LPP dome or a pilot dome

consisting of cyclone spray injectors. The center dome may be positioned with varying

upstream Offset relative to the top and bottom domes. The chamber necks down to an

exhaust area that measures 10.2 cm high by 20.3 cm wide.

The window assemblies used are identical to those used in the flame tube, and are

located so that the exit plane of the top dome can be seen. As with the flame tube, the

assemblies are mounted flush with the test section flowstream. The top and bottom

windows are centered on their respective sides. The two Side windows are offset from the

center by 2.54 cm. The field of view encompasses the intermediate region between the top

and middle domes. Radially mounted gas sampling probes are located 12.7 cm downstream

from the window trailing edge. Figure 3.5 shows the configuration of the windows and the

gas sampling probes. Nitrogen film flow across the windows accounts for approximately

13% Ofthe total gas flow through the rig.

32 I E' : .

The test rigs are warmed up slowly (~3.7°C/min), to reach the desired inlet

temperature. This rate is used to ensure Steady-state temperatures in the shell. Light-off is

achieved by adding fire] to the incoming hot air stream and igniting the mixture
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with a water-cooled hydrogen torch, located downstream of the fuel injectors. If the torch

fails to light, a fuel system Shutdown is initiated. Lightoff cannot be reattempted until ten

minutes have elapsed.

If either the temperature rise exceeds the maximum ignition thermal differential of

889 K or the lightoff temperature is not maintained for at least one minute, then a fuel

shutdown is triggered. Should either the water or nitrogen window cooling system fail to

provide adequate cooling, a fuel shutdown is again triggered. Back side thermocouples are

used to monitor the window temperature. Instrumented metal plugs can be used in place of

the fused silica windows for preliminary testing of the various subcomponents. Tests with

the plugs are used to set the window cooling flow rates and verify that the nitrogen and

water cooling will be sufficient when the firsed silica is installed. A possible window

blowout is indicated by rapid rig pressure loss and high readings of the back Side

thermocouples and will cause a shutdown to the fuel and the natural gas heater.

 

The laser system includes a Continuum NY-81C Nd:YAG laser with a 10 Hz pulse

repetition rate. Its pulse width (FWHM) is 7 ms. The Nd:YAG laser pumps a Continuum

ND60 dye laser. A computer controls the position of the dye laser’s diffraction grating,

thus providing remote tuning of the output wavelength. Supplemental doubling, mixing, or

mixing after doubling of the dye laser output is achieved with a Continuum UVX and UVT

wavelength extension package, which includes output wavelength tracking. The overall

laser system has a tunable wavelength range of 220 nm to 560 nm when using Rhodamine
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590 laser dye. It is capable of delivering 40 mJ/pulse at 283 nm and 8 mJ/pulse at 226 nm

when pumped with 760 mJ/pulse by the Nd:YAG second harmonic (A = 532 nm).

A variety of excitation wavelengths in the OH A22<—X2II (1,0) band were used for

the PLIF work, Spanning from the R1( 1) line (A z 281.46 nm) to the P1(8) line (A z 285.67

nm). To generate the R1(12) line, for example, the second harmonic of the Nd:YAG laser

was used to pump the dye laser, operating on Rhodamine 590 dye. The dye laser output at

A z 564.14 nm was frequency doubled in the UVX by means of the non-linear crystal BBO,

to produce the desired output wavelength of A z 282.07 nm. The output beam was

separated fi'om the collinear input beam with a pellin-broca dispersion prism. The R1(12)

line had a maximum measured energy of ~ 22 mJ/pulse when pumped using A = 532 nm

with an energy of 780 mJ/pulse. The procedure for generating the other excitation lines is

similar. Table 3.1 lists the dye laser output wavelength and maximum energy obtained at

each excitation line.

Table 3.1 Excitation Lines Used for OH PLIF, Nd:YAG Fundamental Energy of 780

mJ/pulse, using Rhodamine 590 Laser Dye.

 

 

 

 

 

 

 

  

OH Absorption Line Wavelength, nm Maximum Energy Used,

mJ/pulse

Rl(1) 281.458 16

R,(10) 281.607 15

R1(11) 281.824 16

Q1(l) 281.970 16

R1(12) 282.068 22

01(9) 284.010 16

Pl(8) 285.670 10  
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A small propane-air Bunsen burner flame was used to verify that the laser was on

the appropriate OH absorption line. A quartz plate was used to split off approximately 5%

of the UV output which was then directed through the flame. The fluorescence signal from

the (1,0) and (1,1) bands was collected at an angle of 90° with respect to the incident beam

with an f= 75 mm lens which focused the light onto a photomultiplier. The photomultiplier

was filtered using a WG-305/UG-ll filter set (described in the following section). Before

passing through the flame, a small fraction of the beam was directed to a photodiode, which

was used as a Digger pulse for the electronics. The photodiode and photomultiplier signals

were monitored using a Stanford Research Systems boxcar averaging system. An SR250

gated integrator averaged 30 samples having a gate width of typically 30 ns. The averaged

photomultiplier signals were observed using a LeCroy model 7200 digital oscilloscope. An

OH absorption line or a non-resonant line verification was performed by scanning the dye

laser through the appropriate wavelength region and observing the signal level on the

osciIIOSCOpe. When fluorescence excitation scans were performed, the processed

photomultiplier and photodiode signals were recorded using an Allen OmniScribe series

D5000 stripchart recorder. Once the excitation line was verified, PLIF images could be

taken, as described in the following section. Figure 3.6 is a schematic diagram of the

optical setup for performing both LIF excitation scans and PLIF measurements.
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The detector used for the PLIF work is a Princeton Instruments gated, intensified

CCD (ICCD) camera. Its detector array Size is 384 x 576 pixels. The detector is cooled

therrnoelectrically. The camera head is cooled with chilled water supplied by a Neslab

RTE-11 heat exchanger. The cooled surfaces of the array are kept free of condensate by a

2.5 ml/sec flow of high purity N2. The camera intensifier is synchronously triggered with

the laser pulse through a Princeton Instruments FG-lOO pulse generator. The Princeton

Instruments ST-100 detector controller was used to gate the camera for typical times of

50 or 75 ns. The ICCD camera is also used for non-specific flow visualization. Its fastest

non-gated shutter speed is 5 milliseconds.

The fluorescence signal was collected through a Nikon 105 mm UV Nikkor lens.

Princeton Instrument's WinView software was used to acquire the ICCD images. Two

filtering schemes were used to collect OH fluorescence and block scattered light. The

first used a combination of a WG-305 Schott glass filter (2 mm) and a narrow band

interference filter from Andover Corp. #313FS10—50 (2 mm), with a peak transmittance

of 16% at a wavelength of 315 nm, with a FWHM of 10.6 nm. The second filter set used

a 2 mm thick WG-305 Schott glass filter and a 1 mm thick Schott UG-ll bandpass filter.

The UG-ll interference filter passes a peak wavelength of 340 nm and has a bandpass

from 245 nm to 410 nm. The pair transmits approximately 56% of the incident radiation

in the band between 310 nm and 320 nm. The bandpass filter also passes light above 650

nm and has a peak transmittance at 720 nm of 0.27. The first filter combination collects

light only in the wavelength region of interest but sacrifices signal strength. The second



34

combination Offers greater light collection efficiency at the possible expense of increased

noise.

A Photometrics Star 1 CCD camera system, with an array of 384 x 576 pixels,

was also used for non-specific flow visualization. The camera head is cooled with an

ethylene glycol solution. The camera’s fastest shutter speed is 0.1 seconds and is best

suited for low light applications.

W

The high operating pressures used in the combustion facility mandate that all

aspects of Operation be performed remotely. The laser beam is transferred from the laser

room to the test cell using a series of remotely-controlled mirrors and traversing stages. All

mirrors are coated for the specific excitation wavelength band of interest with a high

damage threshold dielectric. For the OH PLIF work the mirrors are coated to achieve a

maximum reflectance at 285 nm and have a bandwidth of about 22 nm FWHM. The

mirrors have reflectances of at least 98% and manufacturer-specified damage thresholds of

greater than 5 J/cm2 for a nanosecond laser pulse at A = 1064 nm. The mirrors outside the

laser room use motorized micrometers that operate on dc current to control horizontal and

vertical tilt. The micrometers are operated by Oriel Model 18005 controllers, and have a

resolution of less than 0.05 p. As many as six mirrors are required to position the laser

beam properly.

Mirrors within the test cell are translated with a variety of stages. The stages are

used for initial alignment of the optical path and to traverse across the test section flow.
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The stages are moved by stepper motors and controlled from four four-axis controllers: one

Parker-Hannifin Compumotor 3000, one Parker-Hannifin Compumotor 4000, and two

Aerotech Unidex 1 1. Each controller can be operated as a stand-alone unit, or be computer-

controlled. Because three different operating systems are involved and the optical path and

traversal are dependent on the final destination of the laser beam, a program was written

that allows all stages to be controlled using one computer. The details of the program can

be found in Appendix B. Typical translation stage positioning accuracy and repeatability,

as specified by the manufacturers, are 2p per 25 mm and i1.3u.

The laser beam is formed into a sheet just before it enters the test rig. The sheet,

typically 0.3 mm thick, is formed by passing it through a 50-mm square cylindrical lens

having a focal length of 3000 mm. The height of the sheet is 15 mm to 30 mm, depending

on the size ofthe beam entering the cylindrical lens.

Figure 3.7 sketches the laser beam path from the laser room to the appropriate test

rig. The beam is directed up through the ceiling of the laser room, over the control room,

and through a shuttered opening in the test cell wall. Because the path of the beam and the

stages required are different for each test rig, a description Of how the beam is manipulated

into the flame tube and sector is reserved for Chapters 4 and 5. The total laser beam path

length to the flame tube windows is 18 m; to the sector, the path length is 25.5 m.
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CHAPTER 4

PLANAR IMAGING OF HYDROXYL IN A FLAME TUBE COMBUSTOR

iLlntththiQn

Good mixing is a key to high performance in any combustion application. Mixing

affects combustion uniformity and efficiency, liner cooling, materials survivability, and

emission characteristics. A primary element that affects mixing is the fuel injection

system. Single cup flame tube tests are used to assess the performance of fuel injectors,

typically by analyzing the combustion emissions through gas sampling. Gas analysis can

then be used to determine, by a carbon balance, the combustion efficiency.

Unfortunately, gas sampling techniques are not highly spatially resolved. The use of

probes, therefore, may not truly reflect the overall combustion efficiency, especially if the

actual flowfield has a non-uniform spatial distribution. A complementary assessment of

fuel injector performance is to visually observe the fuel injection or the combustion event.

For example, once fuel nozzles are manufactured, their Sprays are examined at ambient

conditions both visually and with spray pattemators [Lee 1994; Sun 1994]. Spray

pattemators are instruments that collect the spray in bins and are used to determine the

distribution of the spray. One would also like to observe the fuel Spray distribution or the

resultant combustion characteristics with some degree of spatial resolution. It is in the

latter sense that PLIF ofOH is used to assess fuel injector performance.
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This chapter describes a unique, optically-accessible combustor operating on JP-5

fuel at realistic flight operating conditions for future supersonic aircraft and presents

qualitative PLIF images of hydroxyl that reveal the flame structure resulting from different

fuel injector configurations. Some PLIF results are compared with computational fluid

dynamics (CFD) predictions.

W

The test rig hardware consisted of the flame tube described in Chapter 3 and

sketched in figure 3.2. The fuel injection system was Lean Direct Injection (LDI) with

either nine or sixteen discrete fuel injection points. In LDI concepts, the firel is injected

directly into the reaction zone. Swirl is imparted to the air (and in some cases also to the

fuel) to generate a recirculation zone that is used to stabilize the flame. Two difierent air

swirl schemes using axial swirlers were examined. One configuration used 45° swirl. The

other had a combination of 60° and 45° air swirlers in an alternating pattern, abbreviated

to 60°/45°. Table 4.1 lists the different fuel injector configurations used in this study.

Table 4.1 Fuel Injector Configurations.

 

 

 

 

 

Number of injection points Air swirler angle

16 45°

9 45°

9 60°/45° 
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4.. er eamTran‘ rt sem

As mentioned in Chapter 3, the laser systems must be operated remotely. This

necessitates a complex scheme, using a series of mirrors and traversing stages, to direct the

beam into the flame tube at the desired location. Figure 4.1 illustrates the laser diagnostics

facility beam transport system and the path the laser beam must take. With the aid of Figure

4.1, the following text describes how laser beam delivery is achieved.

Upon leaving the table the laser beam is positioned using three high damage

threshold, highly reflective, wavelength specific mirrors with DC motorized micrometers

and a three-axis positioning system, all mounted to the ceiling. The mirror mounts have

horizontal and vertical tilt control. Mirror 1 is positioned directly above the laser room and

transmits the beam from the table into the test cell through a shuttered hole in the wall.

Upon entering the test cell, the beam projects over the inlet region, approximately 110 cm

upstream of the window location. At this point, mirror 2 receives the beam and directs it

downstream, parallel to the test rig axis, to mirror 3. This final mirror, positioned directly

over the top window of the flame tube, steers the beam through sheet forming optics and

into the test rig. The total path length is approximately 18 meters.

A table installed on the ceiling of the test cell is used to position the second and

third mirrors. The table consists of three motorized stages. Two of the stages control the

axial positioning of the beam. They in turn are mounted on the third stage, which

controls the lateral positioning of the beam. The first of the axial stages controls the axial

position of the second mirror. The second stage moves the third mirror.
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traversal ,F Test cell wall
system a.“
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Figure 4.1 Beam transport system for the flame tube test rig.
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Fi ure 4.2 Hardware setup for PLIF imaging.
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The beam path fiom the laser table optics until the beam enters the test cell area is

enclosed. This enclosure can be purged with nitrogen in order to minimize absorption (loss)

of laser energy at wavelengths that are strongly absorbed by diatomic oxygen.

122—Marina

The fluorescence is imaged at 90° from the incident laser sheet with a Princeton

Instruments ICCD camera (described in Chapter 3) focused through a side window. As

with the input beam, the position of the camera is remotely controlled. The camera is

typically mounted on a three-axis system of translating stages situated next to the

combustor. Figure 4.2 shows the orientation of the hardware for a test. Flow is from

right to left.

mm

The laser system used for acquiring the OH PLIF images consisted Of a

Continuum Nd:YAG-pumped (NY-81C) dye laser (ND60), whose output was doubled to

provide the desired UV radiation. The Nd:YAG laser 2nd harmonics provided

approximately 750 mJ/pulse at 10 Hz. The dye laser, using Rhodamine 590 dye,

produced pulses of 180 mJ at 564 nm. The dye laser output was frequency doubled to

283 nm by a BBQ crystal in a Continuum UVX frequency doubler/mixer in a UVT-1

configuration. The doubled dye output was typically 16 mJ/pulse with a bandwidth (at

the wavelengths used in this study) of 1.0 cm", as measured by a Burleigh UV pulsed

wavemeter. The UV light was separated from the residual dye output by a pellin-broca
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prism. The dye laser was tuned to one of three specific rovibronic transitions of the OH

Ae—X (1,0) band, R,(1)@28l.458 nm, R,(10)@281.591 nm, and Ql(1)@281.970 nm. The

desired transition was verified by directing the laser beam through the flame of a Bunsen

burner at atmospheric pressure and observing the fluorescence with a photomultiplier

tube/boxcar averager system. The doubled dye output was expanded and collirnated to

approximately 2 cm in diameter and directed through the beam transport system.

Sheet forming Optics consisted of a spherical lens combination for beam sizing

coupled with a cylindrical lens with a 3000 mm focal length. The resultant focused laser

sheet had dimensions of approximately 33 mm x 0.3 mm. Laser energy prior to entering

the test section was approximately 10 mJ distributed over the sheet and approximated a

Gaussian distribution. Laser energy at the laser focal volume within the test section

depended upon the cleanliness of the windows and upon refractive effects of the turbulent

combustion process. The laser sheet was positioned to pass through the centers Of the

entrance and exit windows.

The fluorescence from OH was collected at 90° from the laser sheet by a 105 mm,

f/4.5 UV Nikkor lens. The field of view of the camera was large enough to view the

entire collection window. The camera intensifier was synchronously triggered with the

laser pulse and was gated for 50 ns. A combination of a WG-305 Schott glass filter (2

mm) and a narrow band interference filter from Andover Corp. #313F810-50 (2 mm),

with a peak wavelength of 315 nm and a FWHM of 10.6 nm, was used to collect OH

fluorescence while efficiently eliminating scattered laser light. Princeton Instrument's

WinView software was used to acquire the ICCD images.
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The combustion rig was tested under the following range of parameters. The inlet

temperature was varied from 81 l K to 866 K, with combustor pressures from 1034 kPa to

1413 kPa. These were supported by air flow rates of 0.59 to 0.83 kg/S. JP-5 fuel was

matched to the appropriate air flow rates at a given temperature and pressure to achieve

equivalence ratios, 4), of 0.41, 0.47, 0.50, and 0.53. Table 4.2 summarizes the key

parameters.

Table 4.2 Typical Flame Tube Test Rig Operating Conditions for PLIF Measurements.

 

 

 

   
 

Nominal Inlet Inlet Pressure, kPa Equivalence Ratio Range, 4)

Temperature, K

811 1034, 1380 0.41 - 0.53

866 1034, 1380 0.41 - 0.53

am

The images were processed on a Silicon Graphics Indigo workstation using PV-

WAVE data visualization software from Visual Numerics, Inc. Subroutines have been

developed to read the WinView image format and convert each image into an array

usable by PV-WAVE. For displays using a 256-color palette, the images are scaled so

that the minimum pixel value is 0 and the maximum is 255. For the results presented

herein, image processing includes background subtraction and removal of noise spikes.

Background subtraction effectively reduces the minimum pixel value for an image

to near zero by subtracting from each image pixel value a background image’s

corresponding pixel value. When a background image is not available, the image

minimum value is subtracted from all pixels. Removal of image noise spikes is necessary
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in these experiments due to their adverse effect upon any scaling routine. The cause of the

spikes is currently unknown, but particulate emission and electrical noise on long cables

from camera to acquisition electronics are possible causes. The noise spikes appear as an

island of 1 or 2 pixels with a value much higher than that of surrounding pixels. The

spike noise removal routine works by changing the value of all pixels which satisfy the

removal condition to the image minimum value. The removal condition depends on the

image histogram. For an image represented by an integer array, each pixel value on the

scale from image minimum to image maximum has its own histogram bin. A pixel is

marked for removal if its value puts it into a histogram bin above that group of bins

containing 99% of all pixel values.

I 5 B l 111' .

For Figures 4.3, 4.4, and 4.5, each image within a Figure has been normalized to

that image within the Figure with the highest pixel value. In all cases, the laser sheet

passes vertically, from top to bottom. The flow passes from left to right. Unless otherwise

stated, the images are composed often shot averages. The images obtained in this study are

qualitative in nature. Therefore, the OH images portray relative fluorescent yields only.

The PLIF images were obtained with the camera positioned so that the collection

window was centered in its field of view with the illuminated flowfield at its focus. The

upstream edge of the windows corresponds to a position approximately 13 cm

downstream of the firel injector exit plane. Adiabatic equilibrium code calculations



  
 
 

R
.
(
1
)
2
8
1
.
4
5
8
n
m

1
2
.
0
0
)
2
8
1
.
5
9
1
n
m

0
.
4
M
W

0
.

O
2
0
0

4
0
0

O
2
0
0

4
0
0

0
2
0
0

4
0
0

P
i
x
e
l
s

(
t
o
p

t
o
b
o
t
t
o
m
)

P
i
x
e
l
s

(
t
o
p

t
o
b
o
t
t
o
m
)

P
i
x
e
l
s

(
t
o
p

t
o
b
o
t
t
o
m
)

F
i
g
u
r
e
4
.
3
C
o
m
p
a
r
i
s
o
n

o
f
0
H

P
L
I
F
i
m
a
g
e
s

w
i
t
h

d
i
f
f
e
r
e
n
t

r
e
s
o
n
a
n
t

e
x
c
i
t
a
t
i
o
n

f
o
r

9
p
t

L
D
I

w
i
t
h
6
0
°
/
4
5
°

s
w
i
r
l

a
t

P.
..
=

1
0
3
4

k
P
a
.
T
h
=
8
6
6
K
.

a
n
d

¢
=
O
.
5
3
.

Q
.
(
1
)
2
8
1
.
9
7
0
n
m

46

°.

c!

“Q
o

‘9
o

‘9.
o

‘9.
o

‘t
o

‘2
o

“i
o

“i

N.
o

M
1

Kigsueruj woeq—ssorov DAV

Kusueruj woeq—ssorav DAV

Kigsueruj woeq—ssorav DAV

 
 

 
 

 
 

0.
o

c!
o

0.
o

 
 
 



47

[Gordon and McBride 1971] for the range of test conditions used in this study have

predicted OH number densities, NO”, on the order of 3.0 x 10“5 cm"3 in the flame zone.

Figure 4 . 3 shows a comparison among the three resonant excitation lines used,

R,(l)@28l.458 nm, R1(10)@281.59l nm, and Q1(1)@281.970 nm. The three lines were

chosen as candidate excitations for two reasons. First, they are all strong lines in the

atmospheric flame and provide a good basis for looking at the higher pressure flame

confined within the combustor. Second, they lie within 0.5 nm of one another. The small

separation is important because as the laser is scanned to select an appropriate

wavelength, a small angular deviation in output direction results. When the distance to

the experiment is short, the angular variation may be unimportant. The beam in this

experiment must travel approximately 18 meters to reach the test rig, and such a long

lever arm magnifies what appear to be minute or even nonevident shifts in beam position.

Each image in Figure 4.3 was Obtained with an inlet temperature of 866 K,

combustor pressure of 1034 kPa, 60°/45° air swirl, and 4) of 0.53. The plots immediately

below each image give that image’s average pixel intensity from top to bottom (which

corresponds to the direction of laser beam travel). Except for the degree of laser beam

absorption, each image displays a uniform flowfield. The R,(1) and R,( 10) lines Show

little or no indication of laser sheet attenuation. The Q,(1) line, however, displays strong

evidence of laser beam attenuation, on the order of 40%. Facility operating procedures

preclude the possibility of calibrating the camera CCD with a known intensity gradient in

situ prior to a test run. Therefore, to determine an accurate OH distribution, a transition

that displays minimal laser absorption should be selected. Although the R,(1) and Rl(10)
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excitation lines display little or no attenuation, the R1(1) line has a low fluorescence yield

compared to the R1(10) line. Based upon the representative candidate images of Figure

4.3, R1(10) was selected for subsequent imaging of OH.

Although in general, one uses excitation lines that absorb weakly; the discovery of

a relatively uniform OH distribution allows us to use a strongly absorbent line to make a

rough calculation of the OH concentration. Performing a Beer’s Law calculation for a 38

mm thick sample, using the Q,(1) Einstein B coefficient for stimulated absorption

[Chidsey and Crosley 1980] and the OH molecular cross section reported by McGee and

McIlrath [1984], results in an OH concentration ofNon z 1.2 x 1016 cm’3_

Figure 4.4 shows a comparison between resonant and Off-resonant excitation with

60°/45° swirl. The resonant excitation line is R1(10) at 281.591. The off-resonant

excitation is at 281.01 nm. Each image is composed of a ten laser pulse average. The

combustor pressure was 1034 kPa and 4) was 0.53. The off-resonant image shows no

evidence of either elastically scattered laser light or contributions attributable to complex

firel chemistries and/or polycyclic aromatic hydrocarbons. Therefore, the resonant PLIF

signal is attributable only to fluorescence from OH.

Figure 4.5 is a comparison ofOH PLIF images acquired at the same flow conditions

but at different equivalence ratios. The combustor used the 60°/45° air swirl configuration.

The inlet temperature was 866 K, the mass flow rate of air was 0.83 kg/s, and the

combustor pressure was 1398 kPa. The equivalence ratios are 0.53, 0.50, 0.47, and 0.41,

respectively. The images consist of an average of ten laser pulses. Each image was
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normalized for WinView autoscaling routine differences, thus presenting an accurate

representation of the relative fluorescence intensity. As expected, the OH fluorescence

intensity dramatically diminishes with decreasing equivalence ratio. One can also see that

the amount of hydroxyl formed is relatively uniform across the flowfield for this injector

configuration. The OH concentration is not necessarily uniform if a different swirler

configuration is used.

Figure 4.6 Shows a comparison of 60°/45° and 45° swirl. The images are composed

of ten shot averages. More OH is formed (i.e., more fuel is distributed) toward the walls of

the combustor for the 45° swirl, with relatively low amounts formed at the centerline. This

corresponds with higher temperatures along the walls of the combustor rather than in the

center and indicates potential problems in keeping the liner cool. Further examination of

that configuration using a series of single laser pulses, shown in Figure 4 . 7, reveals that

“lobes” ofhigh OH are formed asymmetrically. Sometimes, a single lobe appears at the top

ofthe combustor; sometimes at the bottom; and other instances, it occurs at both the top and

bottom of the flame tube. These data Show that the nature of the combustion is not

necessarily uniform and that, on the microscale, the flow is random. Figure 4.8 shows the

CED-predicted OH and temperature distributions [Deur 1995] of the nine point, 45° swirl

fuel injector configuration, which agree with experimental results.

Gas sampling of the combustor emissions had earlier revealed that (in terms Of

combustion efficiency) the 60°/45° air swirl configuration performed better than did the 45°

swirl configuration. However, it could provide no explanation of why. More direct

comparisons were not obtainable because of facility problems when the 45° system was run,
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a. Centerline OH contours.

  
500 K

b. Centerline temperature contours.

Figure 4.8 Predicted distributions of OH and combustion temperature using 9 point LDI

with 45° swirl.
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which prevented acquisition of a complete data set via gas sampling. These PLIF images

vividly illustrate that the 45° air swirl configuration does a comparatively poor job of

mixing fuel and air. This information can only be directly obtained by optical means, and it

enhances the ability to understand combustion processes in a realistic system.

Figures 4.9 and 4.10 compare sixteen point 45° injection and nine point 60°/45°

injection at 4) = 0.44 and 0.53, respectively. The images consist of averages of ten laser

shots. The two dark horizontal marks on the right side of the image in Figure 4.9a are due

to fuel deposits on the window. In comparing the two fuel injection schemes, one observes

that each system produces a relatively uniform distribution of OH. Gas sample results also

show that the sixteen point fuel injector produces less NO than does the nine point injector,

which is expected because the same total amount of fuel is injected among a greater number

of injection points per unit area. These results help designers in refining their designs. One

factor in selecting fuel injectors is simplicity of their manufacture and maintenance. It is

obviously simpler and more economical to build and maintain hardware with fewer parts,

given that the injectors in question have the same basic design structure. Thus, based on the

OH images, combined with the gas analysis information and CFD results, the nine point

60°/45° injector was shown to perform well, and with refinement may match the sixteen

point injector in performance.

The results of the OH fluorescence work highlight the importance of having two-

dimensional species profiles that have high spatial resolution, even when they are not

quantitative. These data resulted in design changes for the nine point injection system [Lee

1995], in order to provide a more uniform fuel/air distribution and better overall fuel
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injector performance. The changes included a modification to reduce the injector Spray

angle (the PLIF data revealed that an excess of fuel penetrated to the combustor walls) and a

change in air swirler angle to about 55°.

iiQQflQlusiQns

The results demonstrate the viability of the planar laser-induced fluorescence

diagnostic technique applied to an actual high pressure, high temperature combustion

facility. This is the only facility of its kind, capable of providing advanced diagnostics for

design and optimization ofgas turbine combustors. PLIF images ofOH were obtained at a

range of test conditions duplicating those to be experienced in future high performance

combustors. The PLIF results ofOH using different lean direct injection configurations has

shown that the fluid mechanics within the combustor are highly turbulent and that there are

large fluctuations in hydroxyl and consequently temperature, on the microscale. This

information is important for combustor design and kinetics modeling, and provides details

that are impossible to determine with traditional physical probes. The results of the PLIF

study led directly to a modification ofthe injector to improve its performance.
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CHAPTER 5

MEASUREMENT OF HYDROXYL IN A SECTOR COMBUSTOR

5.1 Introduction

Sector combustors are used to assess the performance of a system Of adjacent fuel

injectors, such as one finds in an annular combustor. Although sector tests are in no way

equivalent to full annular tests, they add complexity and more realism to that of single

cup tests, such as those reported in Chapter 4.

This chapter presents the results of an experimental effort which examined a lean-

buming sector combustor operating on JP-5 fuel. Two fuel-lean concepts are used: lean

premixed prevaporized (LPP) and lean direct injection (LDI). LPP injection systems

introduce the fuel upstream of the combustion zone, allowing it to vaporize and fully mix

with the air. The flame is stabilized by means of a flameholder. This particular system

employs the dome face as the flameholder. One potential drawback to LPP systems is

that there may be insufficient distance for firll vaporization and mixing of the fuel and air.

Other drawbacks are the susceptibility to lean blowout, upstream burning, and flashback.

LDI systems, such as the pilot atomizers used in this study, inject the fuel directly

into the combustion zone. The flame is stabilized by means of gas recirculation zones

created through the introduction of swirl by elements of the fuel injection system. LDI

systems are typically more stable than LPP systems. The challenges to designing good

LDI systems are fire] atomization and application of appropriate swirl.

59
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OH PLIF is used qualitatively in this study to observe the flame structure resultant

from different fuel injector dome configurations within the test section. The fluorescence

images are compared with some computational fluid dynamics (CFD) results.

Interferences in obtaining OH fluorescence signals due to the emission of other species is

assessed. Additionally, flow visualization of the species C2 is presented.

W

W

The test rig used in this study comprised the sector rig described in Chapter 3 and

sketched in Figure 3.4. Four different fuel injection configurations were tested: two with

a center lean premixed prevaporized dome, one in the upstream and one in the

downstream position, and two with a pilot dome, one in the upstream and one in the

downstream position. The top and bottom domes were always in the downstream

position with their exit plane projecting into the field of view of the window through

which light is collected. The side windows are situated so that the interface region

between the upper and middle domes is visible (the bottom dome is not in the field of

view). The exit plane of the center dome in its upstream position was approximately 4.6

cm ahead of the exit plane of the outer domes; in its downstream position, the center

dome exit plane was approximately 1.7 cm ahead of that of the outer domes. The four

configurations are listed in Table 5.1.
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The area of the LPP center dome is larger than that of the pilot by a factor of 1.15.

This effectively reduces the amount of air that passes through the outer domes, thus

requiring less fuel to these domes in order to maintain the same overall equivalence ratio.

Table 5.1 Fuel Injector Dome Configurations Used in the Sector Tests.

 

 

 

 

 

  
 

Combustor Configuration Center Dome/Position

A Pilot/Upstream a]

B Pilot/Downstream E1

C LPP/Upstream E]

D LPP/Downstream g]

2 L ia tic ac' i

The laser system used for the work consisted of the Nd:YAG-pumped dye laser

with frequency doubling of the dye laser output, as described in Chapter 4.

W

The fluorescence signal from the excited species in the laser focal volume was

imaged with a gated Princeton Instruments intensified CCD camera described in Chapter

3. The light was collected through a Nikon 105 mm 1745 UV Nikkor telephoto lens.

A laser beam profiler was used to determine the relative energy distribution in the

laser sheet. The profiler was composed of a Merchantek Wincam 0.5 inch video format

CCD camera with an array size of 782 x 582 pixels (512 x 256 pixels maximum 70 Hz

video readout). A Star Tech Instruments BIP-5100 f/ 1.3 fluorescent imaging plate and

lens was used to produce an image of the laser sheet cross section on the beam profiler
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array. The fluorescent plate absorbs within a spectral band in the ultraviolet from 180 nm

to 350 nm, with a linear response from 0 mJ/pulse to 10 mJ/pulse, and emits fluorescence

in the green. Its effective aperture is 30 mm x 40 mm and the magnification is

approximately 8:1. This system was used both for determining the laser sheet energy

distribution and for monitoring the position of the laser beam.

5211 E El lEi"S

The coordinates are defined as follows and obey the right-hand rule. x is the axial

direction with higher numbers farther downstream. y is the radial horizontal direction

with positive y to the left when looking downstream. z is the radial vertical coordinate

with positive numbers above the zero position.

The beam path illustrated in Figure 5.1 incorporates mirrors 1 - 3 from the flame

tube system described in Chapter 4 and uses up to three additional mirrors. The windows

on the sector rig are located roughly two meters upstream of the window location on the

flame tube rig, so that mirror 3, instead of directing the beam down to the flame tube rig,

redirects the beam upstream mast mirror 2) along the ceiling to mirror 4. Mirror 4 sends

the beam through a f = 3000 mm cylindrical lens down to mirror 5, which is the final

mirror when the laser sheet passes horizontally through the test rig. When employing a

vertical laser sheet, mirror 5 is positioned higher and directs the beam to mirror 6, which

is placed directly above the test rig. Mirror 6 directs the beam down through the

combustor. Figure 5.2 sketches the layout of the beam input
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Figure 5.1 Laser beam path to sector test rig.
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systems and camera orientation for both horizontal and vertical laser beam insertion. The

total laser beam path length is 25.5 meters.

Mirror 4 is placed on a traversing stage which moves in the streamwise (axial)

direction. Mirror 5 traverses streamwise when using the vertically applied laser sheet,

and traverses radially vertically (z-) for the horizontally applied sheet. Mirror 6 traverses

horizontally in the radial direction (y-). Each camera is mounted on a set Of stages to

allow movement in two or three dimensions. When the laser sheet passes through the

combustor horizontally, the camera is mounted above the rig (top view). When the laser

sheet is vertical, the camera is mounted on the side (side view). Motion controllers

control the movement of all stages. Just after the final mirror, a quartz plate is used to

split off approximately 5% of the incident laser sheet, which is directed into the beam

profiler, located at the focus of the laser Sheet. The beam profiler and imaging cameras

have their movement coordinated with laser beam positioning in order to maintain

alignment.

5 2 5 E . . :2 1

All mirrors in the test cell can be moved remotely with translation stages. Mirrors

2 and 3 are on stages which are designed to translate axially, and radially in the y

direction. These stages are controlled by a Parker-Hannifin Compumotor 3000 four-axis

controller. The y-z translation stages used for mirror 6 or the PLIF imaging camera are

controlled by a Compumotor 4000 four-axis controller. All other translating stages are

used with the remaining mirrors, the laser beam profiler, and the PLIF imaging cameras.
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Two Aerotech Unidex-ll four-axis controllers are used to control those stages. All

controllers are stand-alone devices, and up to twelve stages have thus far been used on

any given experimental run.

To reduce the complexity of positioning the laser beam and detectors, all stages

are controlled with a computer through a program written to coordinate their movement.

The program was written using LabWindows/CVI, a software development tool produced

by National Instruments. The program allows the user to select which laser beam and

detector configuration are used in the test run. The user can specify the type and

orientation of each stage mounted in the test cell and how the stages are connected to the

motion controllers. Based on these selections, the program correctly controls the distance

and direction the stages move. The user can position the laser beam in terms of

rectangular coordinates using fractions of millimeters. Movement of the detectors is

coordinated with laser beam positioning so the images remain in focus. The program

records the coordinates the user enters, as well as any test conditions the user wants to

document, in a file specified by the user. The user can also define an origin, so the

coordinates entered correspond to the position of the laser beam in the test region. The

origin is also recorded, so that it can be reproduced for the next test run or in case a power

failure occurs that results in the loss of the current position of a stage.

t r ur

The dye laser, using rhodamine 590, was tuned to one of five rovibronic

transitions in the OH A<—X (1,0) band: R,(10) @ 281.607 nm, R,(11) @ 281.824 nm,
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R,(12) @ 282.055 nm, P,(8) @ 285.67 nm, and Q,(9) @ 284.01 nm. The desired

transition was verified by directing a small portion Of the laser beam through the flame of

a propane/air Bunsen burner at atmospheric pressure and Observing the fluorescence with

a photomultiplier tube/boxcar averager system.

The laser beam was allowed to freely expand through the beam transport system

(divergence z 5 mrad). The beam was formed into a sheet by passing it through a 50.8

mm square cylindrical lens with focal length 3000 mm, resulting in a sheet with

approximate dimensions of 25 mm x 0.3 mm.

The fluorescence from OH was collected using the Princeton Instruments

intensified camera system described above. The camera intensifier was synchronously

triggered with the laser pulse, and was gated for 75 ns to 150 ns. The filters used were a

2 mm thick WG-305 Schott glass filter and a 1 mm thick Schott UG-ll bandpass filter.

The interference filter passes a peak wavelength of 340 nm with a bandpass from 250 nm

to 400 nm. The pair transmits approximately 56% of the incident radiation in the band

between 310 nm and 320 nm. The bandpass filter also passes light above 650 nm. In the

range above 650 nm, a peak transmittance of 0.27 occurs at 720 nm.

The acquired data consisted primarily of sets of five single-shot images. Some

on-chip averages were also collected at selected points. An on-chip average is the

integration Of the gated fluorescence signal on the CCD array over two or more laser

pulses. On-chip averages were of 4 shot, 5 shot, 100 shot, 300 shot, or 600 laser Shot

duration. The laser sheet was traversed across the combustor typically at nine positions

in y or z: 0, i 5 mm, i 10 mm, i 15 mm, and i 20 mm. The zero position for horizontal
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laser sheets (z-traversal) is at the interface between the upper and center domes. The zero

position for the vertically applied laser sheet (y-traversal) is the plane made by the center

of the window and the test rig centerline. The error in positioning the horizontal beam is

i 1 mm; for the vertically applied beam the error in positioning is i 2 mm.

Table 5.2 lists the typical rig operating conditions. The inlet temperature ranged

from 739 K to 844 K, the inlet pressure from 813 kPa to 1450 kPa, and the equivalence

ratio, 4), from 0.44 to 0.57, to produce flame temperatures from 1700 K to 2040 K. The

air flow rates ranged from 1.86 kg/s up to 4.10 kg/s.

Table 5.2 Typical Test Rig Operating Conditions.

 

 

 

 

 

Nominal Inlet Temperature, K Inlet Pressure, kPa Equivalence Ratio (4))

844 810, 910, 1030 0.44, 0.50, 0.54, 0.57

783 810, 910, 1030 0.44, 0.50, 0.54, 0.57

739 910, 1034, 1200 1450 0.44, 0.49, 0.51, 0.57  
 

A complete experimental run in which all data points were taken included five

hours of actual burning. Some tests were incomplete because of technical facility delays

in getting started, shutdowns triggered by high temperature readings on the windows, or

other systems failures. One test run was aborted shortly after lightoff because of a

building-wide power failure.

Beam alignment was monitored through the use of video cameras to observe the

beam location on key mirrors. By covering each mirror mount with white paper, which

visibly fluoresces when the laser beam strikes it, we were able to judge if the laser beam
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moved Off the mirror surface. The beam profiler was also used to monitor the laser sheet

location.

5,4 Image Analysis

Standard procedures for handling images include subtracting the background,

removing noise Spikes, scaling, and standardization of image display. Two procedures

currently under development are correction for individual pixel response and correction

for laser sheet energy nonuniforrnity. The procedures being developed will assist in the

drive to provide quantitative fluorescence images, and are necessary for accurate

temperature measurements. Figure 5.3 shows some typical examples of the tools that

were applied and the results of image processing used in this study.

The image magnification and the format for display are determined by the use of a

calibration card, placed at the zero position inside the combustor. The card, called

“flowgo”, has known units with which to determine the magnification and describes the

direction of travel of both the bulk combustor flow and of light travel. These directions

are then used to display images according to the defined coordinate system. Among the

rules for display is that flow travels from left to right. Figure 5.3a.1 shows a typical

“flowgo” image and abides by the rules for display. The size of the printed characters is

known, and is used to determine the actual image magnification. Written on the card are

the word “FLOW”, along with arrows above and below which describe the air flow

direction. Also written on the card is “ihv”, which indicates the direction of laser beam

travel through the combustor. Both sets of written descriptions in this example appear
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upside-down and backwards in the image, demonstrating that the camera orientation is

not necessarily consistent with the prescribed rules, and that the image has to be

manipulated to get it displayed correctly. The “flowgo” card is also important because a

camera is not limited to one perspective but can be positioned to look through any of the

four windows. Also, different types of camera may read their arrays differently; so that

even if two cameras are positioned identically, the image orientation may appear to be

different.

Correction of images for laser beam nonuniforrnity requires knowledge of the

beam intensity profile and knowledge of the location of the beam in each image. For

these experiments, the intensity profile was obtained using the image captured with the

Wincam camera system described previously. An example of a typical beam profile is

displayed in Figure 5.3a.2. Two distinct lines can be seen. These lines correspond to the

thin laser sheet that enters the combustor. Both lines provide energy profiles; however,

the top line is a secondary reflection from the back surface of the quartz plate. The

secondary reflection imposes one of the problems associated with using the beam profiler

to correct an image for laser beam energy non-uniformity. Among the other problems are

handling the different camera magnifications, determining accurately the axial alignment

of the PLIF image with the profiler image, and triggering and timing issues. There is also

uncertainty in the actual laser energy distribution that is associated with the cleanliness Of

the input window as a test progresses. Another problem that we have encountered is that

we have not yet determined a method that appropriately deals with abrupt changes in
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intensity, which typically occur at the boundary of the beam. For these reasons, the

images presented in this report are not corrected for laser beam nonuniforrnities.

Background subtraction is straightforward. A background image is subtracted

pixel-for—pixel from a PLIF image. There are several types of background image. First is

the baseline, which is simply the minimum pixel value of the selected PLIF image. It is

used typically for procedures involving normalization. Second is an image taken without

a flame, which provides information about laser scattering. Third is an image taken at

flame condition, but without laser excitation. The third type of background image

provides information about the natural chemical emitters in the flame (including the

target PLIF species) and the quality of the optical filters.

The procedure for removing noise spikes (high signal) employs the use of a user-

defmed threshold for the difference, A, between the high pixel value and the next highest

in the image. Then, for any pixel having A above the threshold, its value is assigned the

value of the next highest pixel in its histogram neighborhood, and A is recalculated. The

process is repeated until the difference is below the threshold.

Intra-image scaling is used to highlight the low-level features within an image.

The user defines a sub-region within the overall image. The small region is then scaled

based on its maximum and minimum values (self-scaled). The outside region is then

scaled so that its maximum value is the same as the maximum value of the sub-region.

Figure 5.3b shows an example of this process. The image on the left is the unprocessed

image. The only discernible aspect to the image is the predominantly orange-colored

structure at the top of the image. NO other structure is visible. The image on the right is
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the same image after it has been processed through intra-image scaling. Distinct structure

is now observable in the lower part of the image.

Some images are displayed so that they all have the same scale. They are scaled

based on the lowest and highest values found among all of the images to be displayed.

An example of this scaling is shown in Figure 5.33.

5.5_Results_and_fliscussicn

In all images, the direction of flow is left to right. The images are not corrected

for laser energy distribution for the reasons cited in the previous section. For figures

which show a sequence of traversed positions, the images are laid out so that the position

-20 is at the upper left, 0 is in the center, and +20 is at the bottom right. Figure 5.4 is a

template displaying the layout of laser Sheet positions for both horizontal and vertical

laser sheet implementation; the direction the laser travels; and the coordinates x, y, and 2.

All images are compared qualitatively for several reasons. First, there is no

simple way to calibrate signal strength without a precisely known reference. Second, it is

not always possible to generate the same inlet conditions from day to day, particularly at

the highest inlet temperature. Initial air temperature, heat losses in the facility, and the

operations of other facilities all affect the maximum inlet temperature on a given run day,

as measured immediately upstream of the domes. Third, the center pilot and premixer

domes have different areas, thus different air and fuel flow rates are required of the outer

domes to achieve the same equivalence ratio. Finally, the quality of the laser sheet varies

on a day-to-day basis, especially in terms of streamwise positioning of the beam.
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Figure 5.4 Image layout for traversal of sector combustor.
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The limited space and access within the facility means that the Optics cannot be

set up permanently in the test cell. Any change in test rig hardware (such as a dome

change or replacement of a broken window) or a change in laser beam input orientation

requires a teardown and rebuildup of the optics. Therefore, the systems are never set up

exactly the same way twice. We found during the course Of the work that the combustor

grows axially about 5 mm between the onset of test rig warm-up through lightoff of the

combustor. Thus, traversing stages to position mirrors 4 and 5 are a necessity.

Temperature changes within the cell during the warm-up procedure also tended to change

the mirror alignment, so that minor adjustments were needed to maintain alignment

within the combustor.

The windows survived the test runs in good shape, often acquiring a thin coating

of fuel or other deposits but generally acceptable to run again after minor cleaning. Some

windows did crack; but the cracks occurred after a test, presumably during rig cool-down.

After the first occasion, the cooling water supply to the window assemblies was left on

overnight. However, that had no apparent effect. At present, there is no explanation for

window cracking upon cool-down. This situation never occurred on the flame tube rig.

The best hypothesis for the failures is that the rig does not cool down as uniformly as it

warms up, so that tensile stresses are applied to the windows beyond their fracture point.
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if f . m ustion Environment n lu r ‘ i nal

The fluorescence excitation spectra shown in Figure 5.5 Show the typical effect of

the combustion environment on OH excitation lines. The two scans were taken

simultaneously. Figure 5.5a is a fluorescence excitation scan from A = 281.5 nm to A =

281.92 nm performed in a propane/air Bunsen burner flame at atmospheric pressure, and

has strong narrow lines with high fluorescent peak intensities (high signal/noise). Figure

5.5b is a scan from the JP-5/air flame at 1450 kPa. For each scan, the signal was

collected through a lens focused onto a photomultiplier and filtered using the

combination UG-ll and WG-305 filters. Both the signal level and the signal-to-noise

ratio are much lower, by approximately 1 - 2 orders of magnitude, in the high-pressure

flame compared to the atmospheric flame. Resolution of spectroscopic features such as

the peaks of the R28/R25 doublet are not as distinguishable in the high-pressure flame as

those at atmospheric pressure. This broadening is due to the increased number of

molecular collisions that occur as pressure increases, and results in an absorption

linewidth that equals or exceeds the laser bandwidth. This leads potentially to a coupling

of the overlap integral with temperature, pressure, and compositional variations within

the flame zone, as discussed in Chapter 2. These factors result in a decreasing

fluorescence signal, Sf, and an overall increase in the optical depth of the flame zone.

With this in mind, we selected weaker excitation lines in order to reduce the attenuation

of the laser beam. There is also some (unquantified) contribution due to the presence of

broadband absorbers and emitters.
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Figure 5.5 Effect of the combustion environment on the OH laser-induced fluorescence

signal. Top: Propane/air Bunsen burner flame at standard temperature and pressure.

Bottom: Nonpremixed JP-S/air flame at 1450 kPa and 880 K inlet temperature.
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Figure 5.7 Signal strength as a function of position in dome configuation A.
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Figure 5.6 shows three images at different horizontal positions (and various inlet

conditions) in the combustor, z = 0, z = -15, and z = -20. Resonant excitation is R1(10).

Below each image is its averaged cross-section from beam input side (bottom) to beam

exit (top). These images Show no evidence of attenuation of the incident beam as it

traverses the flow.

Figure 5.7 plots image peak intensity as a function of laser sheet position for a

vertical laser sheet. The PLIF imaging camera is located on the +y side. The plots Show

that there is no loss in image intensity as the fluorescence signal travels through a greater

bulk of fluid to reach the camera. For example, the signal that emerges from position y =

-20 must travel through 40 mm additional fluid than does the signal from y = +20.

Although the signal from the lower sheet positions (-z) are on the order of four to five

times less than the uppermost positions, there is no indication of a loss in signal strength

as the fluorescence passes upwards through the premixing jets. Therefore, it is unlikely

that self-absorption via fluorescence trapping occurs for the excitation wavelengths

employed in this study.

LiLInterfeLenees

The single cup study described in Chapter 4 was relatively free from interferences

to the OH fluorescence signal, primarily because the interrogated area was well

downstream of the primary reaction zone. There was little off-line signal; therefore, we

were assured that the observed signal was due to fluorescence from OH. The sector rig,

however, focuses on the area immediately downstream of the fuel injector exit plane. The
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flame is highly luminous, which is indicative Of soot and its precursors, polycyclic or

polynuclear aromatic hydrocarbons (PAH). Allen et al [1994] found PAH to be a major

source of interference to the OH fluorescence signal in the sooting zones of high pressure

heptane-air spray flames. That study found the PAH signal to be as much as an order Of

magnitude over the OH signal.

Soot is formed in fuel-rich flames, or in locally fuel-rich regions of an overall

fuel-lean flame, typically above an equivalence ratio of approximately 1.3 [Lefebvre

1983, 477]. The tendency of formation increases with carbon-tO-hydrogen ratio. Presser

et al [1991] compared atmospheric spray flames using four different fuels. Their flow

visualization of these flames showed a high degree of luminosity in n-heptane and

kerosine. The luminosity of the kerosine-air flame introduced problems in their

measurement of velocity by laser Doppler velocimetry. Focused Schlieren photography

measurements in the sector test rig were also hindered by interferences due to flame

luminosity. The rate of soot formation also increases with pressure. Premixed kerosine-

air flames are not likely to soot below 600 kPa, but do soot near 1000 kPa.

PAH agglomeration generally requires times that are too slow to account for the

interferences encountered in the present study, given that the data is taken immediately

downstream of the injection point. However, aviation kerosines can contain up to 25%

aromatics on a volumetric basis [Coordinating Research Council 1983]. They span a

large range in molecular Size and structure; but the aromatics are composed primarily of

Single, double, and triple ring compounds. Hence, the aromatic constituents of aviation

kerosines are predominantly PAH. Aromatic compounds are broadband absorbers and
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emitters. Naphthalene, with the molecular formula Clng, is a major constituent that

absorbs strongly in the region of laser excitation, about 283 nm [Berlman 1971].

Figure 5.8 is a graph showing the relative strength of the peak OH signal on

resonance and Off resonance at different horizontal laser sheet positions for dome

configurations A and B. The laser sheet is directly in line with the effluent from the LPP

injectors at positions 2 = +20 and z = +15. The curves clearly show that there is

interference at those positions but that the signal at other positions does result from OH.

The geometry of the system is such that when the laser sheet is inserted vertically, it

intersects the effluent from the LPP injectors. The region below the jets has signal an

order of magnitude less than that of the area near the injectors. To determine if that low-

level signal results from OH, we compared the signal of an off-line image with an on-

resonance image. The results of that comparison are displayed in Figure 5.9. The on-line

and off-line images have been self-scaled in the subregion below the jets based on their

maximum and minimum values, independent of the entire image. Figure 5.9 also graphs

the average on-line and off-line signals over the entire image (left) and in the subregion

(right) at different laser sheet positions. These data show that the signal in the subregion

below the jets is due to fluorescence from OH. In systems using dome configurations C

and D, we found no region which was free of laser-induced interferences resultant from

aromatics.

As previously stated, in regions not aligned with the premixed injectors, the

fluorescence signal is roughly an order of magnitude lower than the off-line signal. This

restricted the overall dynamic range of the images for the OH fluorescence signal because
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the intensifier gain was set low enough to avoid saturation of the detector and was

consequently not Optimized for the OH signal.

WW

On the time scale of a single-shot exposure (laser pulse width = 7 ns, FWHM,

within a gate time of typically 75 ns), the flow is not steady. Figure 5.10 shows two

series of five single-shot exposures at different laser sheet positions within the combustor

for configuration C. The sheet positions are 2 = +20 and z = -20. The time between

consecutive exposures is 100 milliseconds, which is the time between laser firings. As

can be seen, images can vary widely from shot to shot.

An important consideration is to determine the number of single shots that should

be averaged together to produce a representative time-averaged sample. The simple way

to ascertain this figure is to average successive shots until there is no change in image

structure. Figure 5.11 shows images at z = 0 averaged over 5, 10, 20, 25, and 600 shots,

respectively. Figure 5.12 is a graph showing the average cross section in the x direction

for each image in Figure 5.11. A 600 shot average results from data collection over a one

minute time window and can be considered an average sample. The graph in Figure 5.12

illustrates that a twenty-five shot average is enough to provide a representative sample.

While twenty-five shots is adequate for a representative average throughout the

span of locations sampled, the number of shots required can depend on the beam position.

For example, when the laser sheet is positioned so that it intersects the effluent of an LPP

injector, fewer Shots are required to interpret the flow structure. Figure 5.13 shows that
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only five shots are needed. Although the magnitude of the peaks is different between 5

shots and 300 shots, the trends are identical. This effect is primarily attributable to a lack

of mixing of the jet effluent with its surroundings immediately downstream of the LPP

injectors.

i n ' r i

Figures 5.14 through 5.29 Show images Obtained from the four combustor

configurations. Common to all configurations are the combusting jets that arise from the

fuel/air mixture that emerges from the premixing (LPP) upper dome. As noted earlier,

the predominant signal immediately downstream Of the LPP injectors is due to laser-

induced interference arising from PAH. Nonetheless, these images Show that the jets do

not interact with one another over the distance within the field of view (approximately 25

mm). That observation is important because one undesirable feature of LPP systems is

their greater susceptibility to lean blowout. As can be seen in the succeeding images at

position 2 = +20, the jets are not always stable, but the fact that the individual fuel

injectors do not interact improves the overall combustion stability.

Each image is scaled individually rather than relative to the other images within a

Figure. Scaling in this manner emphasizes the structure at each location at the expense of

seeing clearly the magnitude of variation in fluorescence signal with position in the

combustor.

Figures 5.14 through 5.17 display sets of images obtained using dome

configuration A (pilot upstream), with 4 = 0.44, 0.50, 0.54, and 0.57. The inlet
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temperature and pressure are 833 K and 910 kPa, and the laser sheet is inserted

horizontally. Resonant excitation is R,(10). The 2 = +20 and z = +15 positions Show the

structure Of the LPP jets as they emerge from the dome. As the laser sheet is moved

down to z = +10, a more uniform distribution of OH is observable, indicating that the

laser sheet is no longer directly in line with the LPP injectors. All positions at z = +5 and

below display a fairly uniform distribution of OH, with increasing uniformity as the

equivalence ratio is increased. Figure 5.18 Shows data obtained using a vertical sheet and

R1(10) resonant excitation. Tin = 844 K, Pin = 910 kPa, and 4) = 0.44. In the interface

region between the top LPP and center pilot domes, the OH concentration increases with

height in the combustor. This trend may be the result of buoyancy within the combustor,

inefficient mechanical distribution of the fuel and air, or may occur from expansion into

the larger volume just beyond the top and bottom domes. Because the field of view is

limited, further experiments are required. Analytical work suggests that buoyancy is

minimal, because the axial velocities are higher than any gravitational effect could

overcome. Experimentally, the thermocouple readings fi'om the instrumented window

plugs (see Chapter 3), show higher temperatures on the top plug than on the bottom plug.

The interface region between the middle and bottom domes becomes optically accessible

by rotating the combustor housing 180 degrees. This access would then allow a study to

be performed which can help to determine the factors important in trends we see.

Figures 5.19 through 5.22 Show images obtained with dome configuration B (pilot

downstream) at Tin = 824 K and Pin = 910 kPa, using a horizontal laser sheet with

resonant excitation of R1(12). The equivalence ratios are 4) = 0.44, 0.50, 0.54, and 0.57.
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Distinct jets can be seen at the z = +20 and z = +15 positions. While there remains strong

evidence of the jets at the z = +10 position, additional signal is present on the -y side of

the images, probably due to pilot interaction at this point. At 2 = +5, the strongest OH

signal is on the -y side of the images for all equivalence ratios above 4) = 0.44; at 4) =

0.44, presence of the premixing jets is still evident. The 2 = 0 plane is similar to the z =

+5 position, but appears more uniform overall. At the z = -5 position, with 4) = 0.44,

distinct structure can be seen, which may be an indicator of the direction of air swirl from

the pilot. The other equivalence ratio cases in this plane indicate a more uniform

distribution of OH. The z = -10 and z = -15 planes are very similar overall to the

preceding sheet location.

For all of the images that show structure and a relatively high fluorescence signal

compared to its surroundings, there is a diagonal region that appears to move from the -y

side of the image to the +y side in a streamwise sense, possibly indicating

counterclockwise swirl in the streamwise direction. This observation was confirmed by

test facility operations personnel [Morgan 1996].

Figure 5.23 is typical of all sets in dome configuration B taken at Tin = 771 K and

Pin = 813 kPa. The equivalence ratio is 0.50. Again, resonant excitation is R1(12). The 2

= +10 position shows clearly two distinct jets. Note that at the higher inlet temperature

just described, the LPP jets could be seen at z = +10, but there was interaction with the

pilot. The lowest inlet temperature (Tin = 729 K) also produced images similar to those

seen in Figure 5.23.
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In comparing dome configurations A and B, the effect of the pilot injectors on the

LPP injectors is apparent. Configuration B with the pilot in the downstream position

does not interact with the LPP injectors until farther downstream, out of the field of view

of the windows. Hence, jet breakup is absent at z = -5. Configuration B allows us some

detail of pilot behavior. The effect of swirl on the flame structure is apparent when the

dome is downstream, but not at all obvious when it is upstream. These results emphasize

the importance of having the ability to shift the domes with respect to the windows,

which allows the flame structure farther downstream of the fuel injectors to be observed.

The ability to traverse the laser beam to different areas in the combustor has similar

value, as demonstrated by the images obtained.

Configurations C and D utilize the lean premixed prevaporized center dome, thus

rendering the entire combustor LPP. In all images, the predominant signal is due to

aromatics rather than to OH. The images in Figures 5.24 through 5.27 are from the

combustor operating with the center dome in its upstream position, configuration C, using

a horizontal laser sheet and R](12) excitation. The inlet temperature and pressure are 821

K and 910 kPa. The equivalence ratios are 0.44, 0.50, 0.54, and 0.57. In all cases, the

fluorescence signal becomes more uniform with increasing equivalence ratio. As

expected, there is strong signal in the region in front of the jets, including the region

below 2 = 0. In those planes below 2 = 0, considerable jet cohesiveness, structure, and

off-line interference signal remain. These images provide further evidence of little

interaction between the individual LPP flames. They also suggest that because such

structures are seen approximately 5 cm downstream of the injector exit, this system does
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not truly premix the fuel and air very well. The images at 2 positions +5, 0, and -5

correspond to the interface region between the upper and center domes and have

generally appeared uniform with this combustor configuration. Although the images are

uniform, the signal strength is Six to seven times lower when compared to images at other

2 positions. Recall that each image within a figure is self-scaled, so the apparent strength

of Signal in the interface region is an artifact of scaling and image display. The artifact

becomes clear when a vertical laser sheet is used (see Figure 5.28).

The images obtained with a vertical laser sheet display a characteristic not seen in

the combustor configurations that used a pilot. Figure 5.28 is representative. The inlet

temperature is 821 K, the pressure is 910 kPa, and 4) = 0.53. Laser excitation is R,(12).

A small area of moderately high intensity appears in the center region between the LPP

domes, around the z = 0 to z = -10 positions. It is possibly a secondary combustion zone

resulting from air that leaks in between the top and center domes Again, regions of high

intensity are seen downstream of the center LPP injectors.

Those images obtained from configuration D (center LPP dome upstream) with a

vertical laser sheet (Figure 5.29, with Tin = 822 K, Pin = 910 kPa, 4) = 0.44, and QI(9)

resonant excitation) Show that the signal resultant from the positions that lie in front of

the center dome LPP injectors (z = -20 and z = -15) is greater than at positions directly in

line with the top dome LPP injectors (z = +20 and z = +15). Recall that the area of the

center dome is larger than the area of the outer domes. The increased Signal fiom the

center reflects the larger absolute number of aromatics because proportionately more fuel

is injected in that location.
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6 i' na . n i r ion

Plots of peak signal vs. equivalence ratio (Figure 5.30) Show some interesting

trends. For 4) < 1, one expects to see the fluorescence signal increase with increasing

equivalence ratio. The mole fraction of fuel increases, ergo intermediate Species

concentration increases. In general, the data adheres to that rule, although the percentage

increase is low when compared to the increase based on calculation of the adiabatic

equilibrium concentrations. The increase between 4) = 0.44 and 4) = 0.57 is typically on

the order of 150% to 200%, versus a 360% to 410% theoretical increase. Most of the

discrepancy can probably be attributed to pressure affects on the OH fluorescence Signal,

as demonstrated by the excitation scans presented earlier. The expected trend is not

necessarily followed, however, when the laser sheet intersects an LPP injector. (As seen

in Section 5.5.2, the Signal from the LPP injector is due mostly to PAH.) At those

positions, there is no general trend. In some cases, the signal increases with 4), and in

other cases, the signal decreases as 4) increases. In still other cases, the tendency is

oscillatory. These effects may be a firnction of chemistry, kinetics, flow phenomena, or

some combination of factors. Preliminary comparison of image appearance as a function

only of pressure or temperature does not provide an answer. More detailed analysis is

required to explain the observed results. It may also be useful, when conditions are

acceptable for the windows, to extend the range of equivalence ratio and observe the

fluorescence response.
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Figure 5.30 Representative plots of fluorescence signal as a function

of equivalence ratio and position for dome configurations A, B, andC.

The laser sheet is horizontal in each case.



113

7000—

 

 
 

 

6000 — + z=-10

—I - z=-5

A— 2:0

5000 “ —v—- z=+5

E --6-- z=+10

ED 40m __ -‘.— z=+15

'a
—e-— z=+20

“if
Q) 3000 -

2000 —

1000 -

l T l l l

0.44 0.48 0.52 0.56 0.60

equivalence ratio

7000 -

6000 -

5000 -

'n')‘

.5
"J 4000 -

t5

8.

3000 —

2000 —

1000 T l l l l
 
 

0.44 0.48 0.52 0.56 0.60

equivalence ratio

Figure 5.31 Fluorescence signal vs. equivalence ratio in Dome configuration D

using a horizontal laser sheet. Tin = 775 K and Pin = 814 kPa.
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An observation that cannot presently be explained is demonstrated in Figure 5.31,

which plots fluorescence signal versus equivalence ratio for two excitation lines, P,(8) (A

= 285.67) and Ql(9) (A = 284.01). These data were taken under the same inlet conditions

during the same test run and were composed of 100 shot averages. The inlet temperature

was 775 K and the inlet pressure was 814 kPa. Both graphs show a drop in signal from 4)

= 0.44 to 4 = 0.50, but from that point they differ. Q1(9) continues on its downward

trend, but the PI(8) curve reverses and the fluorescence signal begins increasing with 4.

One possible explanation is that one of the excitation lines is sensitive to temperature, and

this sensitivity becomes apparent around the combustion temperature corresponding to 4

= 0.5 (flame temperatures are 1860 K to 1900 K for the range of inlet temperature and

pressure). Another explanation could be that the Pl(8) line is near the edge of or removed

from the absorption region of any of the aromatics in the fuel, whereas the Q,(9) line is

being absorbed by PAH. A third possibility considers chemistry and kinetics in

conjunction with temperature and spectral sensitivity. A reaction may have achieved

sufficient activation energy at an equivalence ratio of 0.5 to pyrolize more of the fuel and

to promote formation of OH. (This hypothesis would be reflected by the P1(8) curves.)

Another reason may be due to flow phenomena, although this reason seems unlikely,

because the data were taken under the same combustion environment with a sufficiently

large sample. Further study is needed to explain the differences.
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5,7 Cemparisen with Analytieal Results

Analytical data under similar inlet conditions yield results similar to the

experimental. Figure 5.32a is an image taken at Tm = 834 K, Pin = 910 kPa, 4 = 0.44 and

y = -10 in dome configuration A. Figures 5.32b and 5.320 are the predicted OH and

temperature distributions for configuration A at Tin = 867 K, Pin = 1034 kPa, and 4 =

0.58. The CFD results are displayed to match the field of view of the fluorescence data.

The computational data [Deur 1995] confirm that the fluorescence signal that arises from

the LPP injector does not emanate from OH. CFD also verifies that little interaction

occurs between the LPP jet with its immediate surroundings. In fact, the temperature

contour suggests that the fuel is being vaporized rather than consumed. Another

similarity is that the area of highest OH concentration lies in the region just downstream

of the pilot dome. One difference of note is that although the CFD results Show the LPP

jet rising as it travels downstream, the experimental data do not. Rather, the jet appears

to maintain a parallel course, a pattern that is generally repeated in the experimental data

for all configurations and all inlet conditions.
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5,8 cher Elew Visiializetien Methods

Advantage was taken of spectra emitted by other species in the flame and used to

say more about the system than can be explained by OH fluorescence spectroscopy alone.

The constituent species examined was that of C2. Most of the visible emission is from

C2, which has bands from 400 nm to 600 nm [Gaydon 1948]. Figure 5.33 shows images

taken at Tin = 833 K and Pin = 910 kPa for equivalence ratios 4) = 0.44, 0.49, and 0.54

using dome configuration A. Light was collected through the f/4.5 UV Nikkor lens used

for the PLIF images. These images were acquired using the Princeton Instruments ICCD

camera without gating. An Andover 488FS03-50 narrowband filter was used, centered at

488.3 nm with a bandwidth of 2.7 nm FWHM. The shutter speed was 5 ms. The camera

was oriented to observe the flow near the interface region between the top and center pilot

domes, as with vertical PLIF. The images Show an expanding jet emerging from the LPP

dome. While the Signal strength increased with 4, the relative visibility of the jet

decreased. Recall that the PLIF results do not Show dispersion of the fuel/air mixture as

it emerges from the injectors. OH images should look similar to the C2 images in the

region near the jet, but the strong signal from PAH probably overcomes the smaller OH

signal. Observation of the naturally occuning OH fluorescence in the flame, using a

narrowband filter centered around 313 nm, may provide confirmation.

The image shown in Figure 5.34 was taken at Tin z 730 K, Pin z 950 kPa, and 4) z

0.43. The camera was the Photometrics Star 1 CCD camera described in Chapter 3.

Again, the lens was the UV Nikkor lens, which was filtered with an Andover 532FS03

narrowband filter centered at A = 532.4 nm having a bandwidth of 2.9 nm FWHM. The
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shutter speed was 100 ms. The image was taken just after lightoff of the combustor. The

long exposure allowed observation of the flow from the pilot region as it curled upward

in front of the top dome. The C3 image agrees with the OH PLIF images and the CFD

calculations in the region downstream of the pilot dome, reflecting a temperature rise near

the bottom edge of the top dome.

Another molecular system that may be useful and that is reasonably accessible

includes direct excitation of the C-H bond in the fuel. PLIF of CH would provide

images of the fuel-rich side of the flame zone, and can help assess the quality of the

premixing within the LPP dome. CH can be excited in its (0,0) band, at about it = 428

nm, with detection around it = 431 nm. Alternatively, the naturally occurring

fluorescence can be observed, again at around k = 431 nm.

W

This study provides the first images of OH via Planar Laser-Induced Fluorescence

in the primary combustion zone of a gas turbine combustor burning high flash point

kerosine, JP-S. These images were taken under conditions of high pressure and high inlet

temperatures, simulating a variety of engine operating points (e.g. cruise, idle) expected

in a future combustor for flight applications.

We have seen that discerning the OH signal from PAH in a “premixed” high

pressure flame system is problematic, depending both on the orientation of the laser sheet

and on the orientation of the fuel injector domes. When probed close to the premixer

exit, the PAH signal exceeded that of OH. While this finding is troublesome, it does
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provide valuable information about the strengths and limitations of the technique in this

and similar applications.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

5,! Conclusions

An optical diagnostics facility was built to assist in the design and analysis of fuel

injection systems for aviation gas turbine combustors.

PLIF ofOH was used to observe the flame structure within the post flame zone of

a flame tube combustor and within the flame zone of a sector combustor. OH was

selected for measurement because it is a major combustion intermediate, playing a key

role in the chemistry of combustion, and because its presence within the flame zone can

serve as a qualitative marker of flame temperature. All images were taken in the

environment of actual engines during flight using actual jet fuel: idle, take-off, landing,

and cruise. These are conditions at which laser-induced fluorescence has previously been

untried.

The flame tube combustor used a variety of lean direct injection multipoint fuel

injectors and air swirl angles. PLIF of OH revealed the flame structure within the

combustor for different fuel injector configurations and showed nonuniforrnities that had

not previously been known to exist. The images from these experiments resulted both in

the selection of an optimum number of injection points and in modifications to the design

of a fuel injector to improve its resultant combustion characteristics.
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PLIF images were taken in the primary zone of the sector combustor for a variety

of fuel injector dome types and positions. The two dome types were lean premixed

prevaporized and lean pilot cyclone injectors. Interferences to the desired OH

fluorescence signal were encountered and have been attributed to polycyclic aromatic

hydrocarbons, which make up 25% of the jet fuel. These interferences were observed

primarily in the effluent from the LPP injectors. We saw that the flame from each fuel

injector was generally self-contained, that is, there was little or no observable interaction

between individual LPP injectors, and limited interaction between the pilot spray-swirl

injectors and the LPP injectors. These results confirmed the goal of the combustor

designers. We also observed as yet unexplained trends in fluorescence signal as functions

of equivalence ratio, temperature, and pressure.

Comparisons were made between the PLIF data and the results of computational

fluid dynamics for selected configurations of both combustor test rigs. In each case, the

results were qualitatively similar.

In addition to using PLIF in a true diagnostic sense for hardware designers, the

data obtained in the sector rig may be usefiil to chemical kineticists and combustion

modelers. For example, the dependence of the fluorescence signal an equivalence ratio,

pressure, and temperature might provide insight on chemical reaction rates.

WWW};

The following suggestions are presented for PLIF applied to this and similar

combustion environments. First, fluorescence emission and flame emission scans using a
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spectrometer would be useful, though not always practical to implement because of cost,

logistics, scheduling, et cetera. Spectra would help to identify areas of potential

interferences and potential opportunities in the selection of excitation and, particularly, of

detection schemes. The scans can aid in the choice of the filters used and the detection

timing (gate). Results of the scans may dictate the use of a second camera to detect other

species.

The previous recommendation may not be possible, so one alternative is to

examine other filter options. For example, a narrowband interference filter may eliminate

many of the interferences encountered in the sector studies. Because designers use

average characteristics, time-integrated PLIF images are reasonable, and the limited light

collection efficiency for narrowband detection compared with broadband detection

becomes less important.

A second recommendation is to run with windows farther downstream of the

primary flame zone to get a larger picture of the overall flame structure. It is also

important for information concerning mixing and for eliminating effects of aromatic

interferences. If the interferences can be avoided or eliminated, then temperature

measurements via PLIF may be possible. Optical probes provide the only mechanism for

in situ temperature measurement because physical probes will not survive at the

temperatures encountered within the primary flame zone. We saw in the flame tube

studies (in which the windows were downstream of the primary combustion zone) that

the environment was fairly clean. Such an environment will also allow the possibility of

temperature imaging.
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Direct fluorescence of the fuel (C-H bond) in addition to OH natural and laser-

induced fluorescence data can help to assess the quality of premixing in the LPP dome.

CH provides images of the fuel-rich side of the flame zone. It can be excited in its (0,0)

band, km z 428 nm, with detection around it = 431 nm. In addition, the possibility of

making concerted use of the aromatics as fuel markers, which would then fill a similar

role to that of CH, should be investigated.

We found potentially useful kinetics information in the sector combustor. Further

work to determine the unknown factors affecting the fluorescence signal strength includes

investigating higher equivalence ratios if the windows can survive the environment to see

whether the observed trends continue.

For spray flames, Mie scattering may be used to assess whether or not the fuel is

fully vaporized. Mie scattering may also address some of the uncertainty in the fuel/air

mixture in the LPP dome. Use of excitation and detection near it = 283 nm will not

require a change in laser beam path hardware from that used for PLIF of OH.
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DETERMINATION OF THE APPROPRIATE NUMBER OF SHOTS FOR AVERAGE

CHARACTERISTICS

We desire the smallest number of integrated shots to represent the time-averaged

distribution of OH. The minimum is required so we most efficiently use the time

available for testing. A limited number of test runs is available, and the total time to

collect data during each test run is finite. As an example, 600 shots, which is considered

a representative average, requires approximately one minute to obtain (600 shots + 10

shots/sec). If one performs a full traverse of nine positions, then about 10 minutes is

required. To then collect data at five equivalence ratios for a given set of inlet conditions

(T, P) will take 50 minutes, not including the time required to reach the appropriate inlet

conditions, to record non-resonant images, or to compensate for any technical problem

that may occur.

A sum of squares analysis was performed on images at one test point that

included 5, 10, 20, and 25 integrated laser shots, using a 600 shot image as the “true”

integrated average. Each image was first normalized by removing the baseline

(background) from each pixel value, then dividing the resultant values by the span

(maximum - minimum) of the respective image. The sum of squares, SS, is then

computed by
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$5 = 2(1600 — 1)2

(Irrdl

where I is the normalized pixel value that is compared with the “actual” 600 shot value,

1600. The criterion for acceptability was 5% total error (from the maximum normalized

value of 1.00) at each pixel. Given the 384 x 576 array used, the corresponding sum of

variances is 2(005)2 = 553. The results are displayed in the following table. As can be

array

seen, the 25 shot image is the only approximation that meets the criterion.

Table A.1 Results of Sum of Squares Analysis.

 

 

 

 

 

 

number of averaged shots sum of squares % error

5 4473 14.2

10 1495 8.2

20 742 5.8

25 302 3.7  
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APPENDIX B

LASER BEAM TRAVERSE SYSTEM

This appendix describes the laser positioning system and beam traversing

program. Figures 8.1 through 8.3 are included for reference.

B t'v ' n

From an operational viewpoint, in addition to the requirement to operate the lasers

and detection equipment in a location removed from the test rig hardware, the combustor

test facility has limited physical access. As one progresses away from the wall separating

the control room from the test cell, the distance between that wall and the centerline of

the flame tube rig is 1.4 m, the distance between centerlines of each test rig is 2.3 m, and

the distance between the sector rig centerline and the outer test cell wall is 2.7 m. The air

preheater, piping, valves, and other supporting equipment also require a substantial

amount of space. The apparatus used for laser and other optical diagnostics is bulky, and

the detectors necessarily are positioned as close to the appropriate test rig as possible.

With the aforementioned in mind, and the impossibility of permanently mounting the

hardware out of the way, diagnostics equipment must be mobile in order to provide

mechanical access to the test hardware itself.
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In addition to the overall mobility requirements, because we insert the laser sheet

both vertically and horizontally and because we plan for the use of single point and linear

measurements in addition to the two-dimensional work, the mounting equipment should

be adaptable.

For those reasons, we designed a positioning system that incorporates the

versatility that will allow us to adapt to future needs. With the exception of three stages

affixed permanently to the test cell ceiling, all stages are removable and can be mounted

together (in tinker-toy fashion) to provide any desired motion.

The core of the traversing system is composed of the traversing stages and their

controllers. Presently, four 4-axis controllers are used, providing for a maximum of

sixteen stages. Two of the motion controllers are Aerotech’s Unidex 11. The other two

motion controllers are Parker Hannifin’s Compumotor 3000 and 4000. Capabilities vary

for each model, and each set ofprogramming and operating rules is unique.

The stages are produced by several manufacturers, and each stage has different

characteristics. A stage’s motor moves the platen in pre-defined increments called steps,

and the ratio of steps to millimeters varies for each stage. The platen can move either

towards or away from the motor, and the direction is specified by using a positive or

negative number for the distance to travel. However, the orientation is different for each

stage. Each stage also has its own (typically unique) pre-defined home position. The

home position is a factory-set position to which the stage will always return when the

“move home” command is issued.
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In order to reduce the complexity of the diagnostics hardware setup and data

collection, a computer program was written to control all aspects of stage use. These uses

include the ability to align precisely the laser beam and detectors, both before and during

a test run, and to traverse the beam to several positions within the flowfield while

collecting data.

E 2 l .1 E l l l . 2 l E

The program was designed to accommodate all potential diagnostic applications.

It can be used for experiments performed on either the flame tube or the sector rig

(referred to as stands 1 and 2 in the program to allow flexibility for future use of each test

stand). The program allows any stage to be used with any controller, provided that the

driver and motor are electrically compatible. Newly acquired stages can be added to the

system at any time.

The program also provides a coordinate system within the test cell. The

coordinate system provides a uniform standard, which simplifies orienting and describing

the motions of the stages, and makes the data reduction processes easier. Up is

designated by positive 2. x follows the direction of bulk flow through the test rig, and

increases in value as one travels downstream. Following the right-hand rule, positive y is

to the left as one looks downstream.

The program incorporates a graphical user interface, designed to simplify setup

and alignment by grouping stages according to their experimental application. The user

indicates which test stand, laser beam orientation, and beam shape (point, line, or plane)
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to use. The program then determines the appropriate stage groups to meet the user-

defined requirements.

3,3 Program Eonotions

Once the user selects a laser beam configuration and a stand, three main functions

are available. The first function is Stage Setup, which allows the user to specify where

the stages are mounted in the test cell and how they are connected to the motion

controllers. The second and third functions are Alignment and Traversal, which allow the

user to position the stages. In Alignment, the user has control of each individual stage,

which allows the laser beam and detectors to be aligned. Traversal coordinates the

movement of several stages simultaneously and is used to position the laser beam and

detectors while collecting data.

W

The Stage Setup function provides to the program the necessary information for

correctly controlling the stages. The program needs to know which stages are used,

where and how they are mounted, and how they are connected to the motion controllers.

The user refers to a particular stage by a predetermined name. The program associates

this name with a conversion factor specific for that stage. The conversion factor

incorporates the number of steps per millimeter and whether positive numbers move the

platen towards or away from the motor. For example, two of the stages are named

Godzilla and Monster X. For both stages, 3500 steps equals one millimeter and positive
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numbers move the platen towards the motor. Therefore, the conversion factor for each

stage is -3500. The conversion factor for three other stages (Larry, Curly, and Moe) is

5000 because for these stages 5000 steps equals one millimeter and positive numbers

move the platen away from the motor.

For a given laser beam configuration and test rig, the program lists all the possible

locations where stages could be used. Each location represents a set of stages. For

example, up to three stages can be used to position the CCD camera that acquires the OH

fluorescence images. One stage could move the camera in the x direction; another stage

could move the camera in the y direction; and a third stage could move the camera in the

z direction. Collectively, these stages are called the “Camera Stages”, and the program

asks for information about all three of them. For each possible stage in a particular

location the user selects the name of the stage used, the motion controller and axis to

which it is connected, and its relative positive or negative orientation. The orientation of

a stage is derived from the position of the motor relative to the platen. If travel fi'om the

motor to the platen is in the direction of increasing coordinate value, then the stage is

positively oriented. Otherwise, the stage is negatively oriented. If no stage is used, then

the user selects UNUSED as the stage name. Continuing the example above, if Monster

X and Godzilla are used to position the camera, Godzilla in the y direction and Monster X

in the z direction, then Godzilla and Monster X are selected for y and z. UNUSED is

selected for x because a stage in the x direction is not used.
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Once all selections are made, the program knows how to control the movement of

every stage used in the test cell. This information is saved to a file and recalled the next

time the program is used.

W

The Alignment function enables the user to control individually the positioning of

each stage, so the mirrors and detectors are aligned properly. Additionally, Alignment

allows the user to define an origin within the test region. First, all stages are returned to

their home positions. The stages are then moved, one at a time, until the beam passes

through the zero position and all detectors are in focus. Finally, the user indicates that

this position is the origin.

The stages are grouped by location. To move a particular stage, the user enters

the desired position, then the program sends the “move” command to the appropriate

motion controller. The position is an offset from the home position and is specified in

fractions of millimeters. To set the origin, the program commands the motion controllers

to reset the current positions as zero for each axis used. The origin is recorded by saving

to file the offset fi'om the home position for every stage. The origin is saved so it can be

reproduced for the next test run or in case the position ofthe stages becomes unknown.

T v r

The Traversal function enables the user to position the laser beam within the test

region so images can be acquired at various locations. The program moves the proper
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stages so that the laser beam moves to the specified position and the detectors remain

focused on the designated focal volume. Planar laser beams can be moved in one

dimension, and linear beams can be moved in two dimensions. Laser beams focused to a

point can be positioned in three dimensions. Positions are specified in rectangular

coordinates using fractions of millimeters. Each position is recorded in a file specified by

the user. The user can also save to this file any information that may be important or

useful.

B.4 Program Workgrgg

All of the motion controllers were designed so that they may be operated directly

from their control panels or operated remotely from a computer. The computer and the

motion controllers communicate via the IEEE-488 interface bus, also known as the

General Purpose Interface Bus (GPIB). This interface bus is a widely used method for

communicating between scientific instruments. Eight bits of data are transmitted in

parallel by one instrument, and those eight bits are received in parallel by another

instrument using the protocol defined in the IEEE Standard 488. All of the instruments

are connected using GPIB cable into one network, and each instrument is assigned an

address. An instrument communicates with another by attaching the proper address to its

message, and an instrument only accepts messages with its own address attached.

A GPIB board and software, manufactured by National Instruments, installed in

the computer allow the computer to communicate with the motion controllers using the

GPIB protocol. Both of the Compumotor motion controllers are equipped with GPIB
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capability. The Unidex motion controllers, however, use the RS-232 interface bus, which

is another common interface bus. Data are sent and received one bit at a time using the

RS-232 protocol. National Instruments manufactures a device that converts from the

GPIB protocol to the RS-232 protocol and vice-versa. Two converters are used to

connect the Unidex controllers to the GPIB network, one for each Unidex.

The program was written using LabWindows/CV1, a software development tool

produced by National Instruments. LabWindows/CV1 provides an editor, compiler, and

debugger for writing and testing C programs. Also provided are functions to create a

graphical, Microsoft Windows—based interface for the program and functions to

communicate with other instruments using the GPIB protocol.

The program consists of three major elements. The set of all the functions that

directly control the motion controllers (device drivers) is one element. The second

element is the graphical user interface, which includes the control panels operated by the

user. LabWindows automatically handles control panel management (sizing, positioning

within the display, opening, closing, etc.). The third element consists of the functions

executed when the user operates the control panels. Among these functions are sending

the commands to move the stages and processing the setup information.
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