
70 __

REPORT DOCUMENTATION PAGE

ADE-A2 14 795 D C II RF57RiZTV MARKN3"

3DIS1RiBj1ION1 AVAI.ABIUI'y OP REPOR_
ELECTE Approved for public release;

2t DEC,_ASSIATION IDOWNGRADING~~ EDNO 918 distribution is unlimited.

4 PE ORv!:N ORANIZTIO REP BE(S) t A5 MONITORING ORGANIZATION REPORT N'JME-R(S,

4. PE4R N OR ANZA IO REPOII1t .BER(S)c

NAVE 0; PERFORMiNO OROAN2ATION. 60 OFFICE SYMBO' 70 NAME OF MONITORING, ORGA-NZATION

S-.anford University (if aplicable) AFOSR/NA

AO E:Crr) State, anc ZI C00e: 70 ADDRESS (Crr), State, avo ZIP Cace)

St.anfIord, CA 94305 Building 410
Boiling AFB, DC 20332-6448

;'Dr~ S:0. D 8 OFFICE SYMBO. 9 PROCUREMENT INSTRUMENT IDENTIFICATI7ON N-IMSE;

AFOSR//NA JAFOSR 89-0067
: ADOZ: (C) Srarf anc Z'P CW 10 SOURCE Or FUNDING NUMBERS

BU i Idi no 410 PROGRAM PROJECT IASI, WORK JNIVT

BollirgAFB, DC 20332-D-448 ELEMENT NO NO NO ACCESSION NO

_________________________________ 61102F 2308 A3
T.-- nc'iaae Se'cujrr)Cas ,Tcn

Advanced Diagnostics for Reacting Flows

P0E.S%N ALTHOR S

P. K. Hanson
33 ~yr,: 0; RE'POPF 3 TIME COVERED 1.DATE OF REPORT (Year Month, D 15 ~ PAGE OJN-

Annual RO r'L/ /88 To 3 0/891 1989 October 12 7713
16 SUPP.E .'ENTARV NO7TA71:.

COSA' CD- t 18 SuBJECT7 TERMS (Continue on reverse if necessary and identify by block number)

FIEL GROL SUBOD~rLaser. Imaging, Combustion, Velocitv.
Temperature, Fluorescence, Reacting, Flow

19 ABSTRACT (Continue on reverse it necessary and identify by bloocx num~ber)

Progress is reported for the past year of an interdisciplinary program aimed at establishing advanced
optcaldianosic echiqus apliabe to combustion and plasma flows. The primary effort is on digital

flowfield imaging techniques. which offer significant potential for a wide range of spatially resolved 2-d
and ',-d measurements. The imaging is accomplished by recording light scattered from a planar laser-
i1laminated reaion usina a modern solid-state camera. The scattering process is generallv laser-induced
FIu~orescence, though 1\i e, Rayligh and Raman scattering may also be used. Actiite reotd herein
Include: (1) image processing of PL[F data: (2) PLIF imaging in nonequilibrium shock tube flows: (3)
icmperature and velocitv imaging in supersonic flows: (4) concept for simultaneous5 measurement of
muIFlt11il parameters: (5) digital camera for high-s peed imaging; (6) plasma diagnostics: .(7) laser photolysis
shli-k tube-- and (8) cw UV las er absorption diaocnostics. -*

- 91S' BT-01. 'AvAiLABKP' O ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
-~A ED'I:t SAME AS RP7 eDTIC usERC Un cl as si f ied

~.s 4M~ ~ PS~-T)NSIt ~U .:JA.22b TELEPHONE (include Area Code) 22c OFFICE SYMBO.

r) - n-r'y (202) 767-0465 1 A FOS R/ tA.

)D FORM 1-473, s'4 mAP 83 APR eaii,on may b~e usea until exhaustea SFCU,(ITY CLASSiFICATIONOF -HIS PAGE
All ortmer editons are obsoiete

Unclassi fied



Annual Scientific Report

on

ADVANCED DIAGNOSTICS FOR REACTING FLOWS

Grant AFOSR 89-0067

Prepared for

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH

For the Period

October 1, 1988 to September 30,1989

Submitted by

R. K. Hanson, Principal Investigator

H,.(V-'H TEMPERATURE Gi-A-)YNAMICS LABORATORY

Mechanical F nginee ring DepartLent.
St,antford Jniversity



Annual Scientific Report

on

ADVANCED DIAGNOSTICS FOR REACTING FLOWS

Grant AFOSR 89-0067

Prepared for

AIR FORCE OFFICE OF SC IENTIFIC RESEARCH

For the Period

October 1, 1988 to September 30, 1989

Submitted by

R. K. Hanson, Principal Investigator

p



TABLE OF CONTENTS

1.0 INTRO D UCTIO N........................................1

2.0 PROJECT SUMMARIES "...................................

2.1 Image Processing of PLIF Data ............. .......... .. 2

2.2 PLIF Imaging in Nonequilibrium Shock Tube Flows ............... 5

2. femperature and Velocity Imaging in Supersonic Flows .............. 8

2.4 Concept for Simultaneous Imaging of Multiple Parameters ............ 10

2.5 Digital Camera for High-Speed Imaging. ....................... 13

2.6 Plasm a D iagnostics .... ..... .... ......... ............ 17

2.7 Laser-Photolysis Shock Tube ............................ 20

2.8 CW UV Laser Absorption Diagnostics ....................... 20

3.0 PRESENTATIONS AND PUBLICATIONS ........................... 25

3.1 Presentations (10/88 - 10/89) .......................... ... 5..

3.2 Publications (10/88 - 10/89). ................................. 28

4.0 PER SO N N EL . .. . .. . . .. .. . .. . ... .. . . .. .. . .. . . .. .. . .. . . 31

5.0 SIGNIFICANT INTERACTIONS ............................. 32

AccessiOl For

NTIS VFA&I
DTIC TAH

Avt~i)8l1tv Codes

Dist spei3l

! I
\ / By



1.0 INTRODUCTION

Progress is reported for the past year of an interdisciplinary program aimed at

establishing advanced optical diagnostic techniLlues applicable to combustion and plasma

flows. The primary effort is on digital flowfield imaging techniCjues, which offer significant

potential for a wide range of spatially resolved 2-d and 3-d measurements. The imaging is

accomplished by recording light scattered from a planar laser-illuminated region using a

modern solid-state camera. The scattering prc'cess is generally laser-induced fluorescence.

though Mie, Rayleigh and Raman scattering may also be used. Activities reported herein

include: (1) image processing of PLIF data, (2) PLIF imaging in nonequilibrium shock tube

flows, (3) temperature and velocity imaging in supersonic flows; (4) concept for

simultaneous measurement of multiple parameters: (5) digital camera for high-speed

imaging, (6) plasma diagnostics: (7) laser photolysis shock tube: and (8) cw UV laser

absorption diagnostics.



2.0 PROJECT SUMMARIES

Included in this section are summaries of progress in each of eight project areas.
Additional descriptions of this work may be found in the publications listed in Section 3.2.
Reprints of t!:ese papers arc available on request. Personnel involved in these projects are
listed in Section 4.0.

2.1 Image Processing of PLIF Data

One of the primary motivating issues for the development of planar laser-induced
fluorescence (PLIF) is the need for improved understanding of turbulence, and in parti]'ilar
turbulent combustion. The hope is that multi-dimeisional data. of the type generated by
PLIF, will provide improved insights ino turbulence owing to the increased experimental

information available. Since the type of data obtained is quite different from that gathered
with traditional single-point observations, there are new, important questions as to which
quantities should be monitorcd and how the image data T.hould be processed. In our attempts
to answer these questions, we have begun to acquire image data sets for recognized
fundamental turbulent flowfields and we have dedicated 'i portion of our effort to computer

processing of such image data sets. We have found considerable interest in the fluid
mechanics community in this work, and the resulting interaction with several leading fluid
mechanists has been invaluable in clarifying our perspective on the proper quantities to be
imaged and the optimum quantities to be extracted with image processing. Our philosophy,

then, has been that an effort on image processing is a crucial adjunct to our overall program
on laser-based diagnostics.

In the present section, three examples are given of our work on image processing. The
first effort was carried out using OH image data acquired in a turbulent H2-air jet flame. A
schematic of the burner and representative single-shot OH data are shown in Fig. 1 for a
range of Reynolds numbers. In these images, the OH serves to mark the instantaneous tlame

front. The important points to note are: (1) the image data are of extremely high quality and
indicate considerable progress over the past few years in obtaining useful images of OH, and

(2) the influence of increasing Reynolds number (turbulence level) is to introduce
considerable structure into the flame and to cause lift-off of the flame from the burner

surface. Examples of current work to process these image data sets are shown in Fig. 2.
Details of this work will appear in the forthcoming paper by Seitzman et al. (see papers 26
and 30 in Section 3.1 of this report).
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Anlother exaimple ot' 111111-1k IrOCCessilie1 of, 11Llhdat: is siowil In 1-i-C_. Heo cctile

qtidmitit\ 1cinciriiCcd 15 thle instatlinliotis miole t'raction Of' lt Ilid oil thce central axis of' a
turtbulent. iiOnr1Caeinel~1 r-ound I Ih spce nacdi iacctvl wvhich hiis been seeded at

low levels into i trocen carrier ,as. The amibient -gas is also nlitrocgen. and a large Iln mbr ot-

sHidC- shot i mccs hav ecn acquired SO that \'af1OLIS StatistC11ica llatities Can be extracted

from the imaie data. F71i c 'S Illustrate,, two uiseful quantities, both 'shown in false-color.

namelv the RN IS ftatiton field and thc dissipation ficld. Thie RNIS fIluctuationl imagc 1 S

based onl an a\vcrae ocf, 25 sine Ic- shot inia ces. while thce dissipation field shown is tor a1

simc Ic laser shot. Thcse, reCslts rcprescl nil thc irst kniow n data of' this type, and both thce

11md 1patia I van atdiO ' thesc q uant i tics containl 1c w i nt orfation onl turhUlcn1cc.
F-or example. thc e c of the instan1tane1ouIs dissipation field clean v shows a stron e

ma1,ximII11 sic nal a1, loa c oesriented at 45 dc crees to thc flow ax is. wh ichI corncs .pmid\ to the:

exoected lines Of ma1,x i iiiu i strain *'n thle tiow

As a final example of inmage processinL,, Fi(-. 4 illustrates a new method for compactl\

di splaying c large nurtimer of sequLentil 2-d Images in a perspective plot, In thisca.

'bakerundlictingU' AopaqJuelness were set to emphasize thle external boundaryv of two

different nonreactimn, Jcts. In thle left- hand fi cure1-, a low Reynolds number. axially forced jlet

is imc~Using PLIF of biacetvl iii a seeded roL~ud jet. In the right-hand figure. a very! ich,

Rey'nolds nluniber flow is iliiaized. The important point is that the visualization mnethod

allows tile vie% er to focuIs On the external boundary' Of suIch tlows, arid thereby to suppress

the i nforrnationi con tai ned in the Internal re, cions of the flow. This approach allowvs importait

contnrrnation ot tne role ot larc-e-scale structures in su~ch flows. even at extremely hIim,-h

Reynolds lnmbers wkhere many11% fluid mechanists believe that the fiows are fully randomized.

2.') PI IF lmagnqn in Nonequilibrium Shock Tube Flows

NonCq ni lI ri un veroni ioWS, relevanIlt to cuirent research onl scranjets. 1ose new%

IIeaIS Lirenmeent problemis for experimentalists. F-or example, experiments are often c-onducted

in pulsed flow facilities, in which the available meastiretment time is quite limited. thereby
uLtting a rmLMon th ahiilinet complete data sets In very short times. In

addition, ma ii flow's ot interest ex hi bit a high degree of noneqJuilibrim. thereby requiring(

experimental mecthodssnstv to suIch nIonequIilibriumn effects, PLIF has hih potential for
(lea ii- n e ith h )t h Of these critical pro blemns, in that the data provide population deiisities in)

'spcCI (i1,1Ml ti a tiitates ( f' the sl~ocics, probed at a very lance numllber- Ot flowfleld locations.

DmUM1 - time past tw( ) years we avc initiatedl researc1 which addresses soiie of' the pirobleims

ii hernil inl cx te 1d1(1 c 1 Lf to [MH',Ii sent by person iC flow's, arid these experim11ents are now

heuinin~to yield Inmportant reCsults.
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Niost ot, thle cx pert nint>" hia~c eC encond uCtd InI It Standaird p1Crc r- riven shoe k tube

atn d have elli I tI) ed m11.a')Urenieits. ot' nIt ric ox I dc \( N). 'lt I,, Spec I s Is attract Ive owint, to

its, presence InI nun"I C ( n1hnkstn ind ti htemnperartire irl flows,, ot' interest. .An initial

problecm. now resoi\ed, conccrned ,\nich ronlliatiOn tf thle 1.,l aser I SC arid i ntnlSit ted cameira
cateC i th thie "hock wa i% c athion 1it snwCa11 he dlone wkith ill art ucertainty ot* less than one

Mnicr oscond. or eqi a lent I a te w r iitriieters ot' s-hock loc.atnon. In addition, a new, square
>ioC k tube. deSi enled to facilitate im gin e .x perine n is. has been assembtled and put int[o
routine operation. Re, earch in the past ftew months is Illustrated by l~.5 which shows P'LI f

irna,_cs obtained. at two instalts ot, time follow in t reflection of a Strong Shock w~aVe trot u a
>tc pped end wvall in the Shock tUb11. S neli shocks are curved and exhibit sign ificant
vibrational eCLIlilibriuini. SicitificanLt aspects, of current research involve selection ot' optimum1.11

laser %vavelen eths for exc itatI1 io )t' No :Itd delp ntOf' a Li itahle model descri hi ti the:
finite Npatial resoIlution Of the i mlact in' ,ytm. Details ()! ti is \ ork are availlable in paper 1
h", M c NIill in et al. listed in Section 3.2.

-10O ur kriowlecec this work represents, the first application ot 1P1IF to hvpersonlic
flowks, flows with vibrational norteqili I r ti. and to plsed [tiow facilities. The potential ot*

P11F for fundame ntal and applied ,UlidieS Oat suIch lows S SClear, and the res ilts have already
.cnerated con side rable interest in the hypersonic flow C0ommu1LnitV\

2.3 Temperature and Velocity Imaging in Supersonic Flows

In suLper-SO[Ilic, compressible flow s pat am)ters Of) particular inpotai e L t
tem1peratLIre and velitV, and tie w methods Ot' probimn i these Ci nan titieS noni ntrusivelv are

ur,_clttiv needed. 13P11-F schemes are especially attractive owinc_ to the relatively hich Sliznal
levls hch canl he acedand the potential ability to acqiLre 2-d (and eventually 3-d)

data et ct i a sin ce laser shot. Over abOut the Past two years We have Utilized a continuLous

ti~w. uprsoic ndrexancedjefaityo investigate PL IF contcepts in supersonic tlows.
Rcecrttlv. we have made paricular progress on imiaging temnperature and velocity, and these

resutlts' are summnarized hecre

WVith rcal-rd to tem perature. c( od resii Its have beetI Obtained wVith MO twometods.

e-terrd to iS the siceline'' and two-lilie' concepts. Ill both cases the ruCasLrred si(aat

e:Ji owfil poit ofI pixel) essenrtially reflects, the populationl dei~~tyIl it aSPeCIti1c quLantuirt

tate'4 te \peiesproed. With the ,itngle-linec approach. the PL II F sinal is gc trated by

vt in ttI a - it uc e bo I (n I tie. k- i sI ttc ~ l asft c sr. In the two-Ii tie approach, t%%(
Hrptio1"t li nes, are excited secltlen!:allv (wilth t%'.o laersi arid usecd to uenerate two seliarate

N' AHirtaes Itt an'% ealse, the ISgta ispr()p rtital to hotlt the mole fraction ot- the species

!fd")the tpearedepenuecnt bohtinitantit traction In the ab'orbirttz ,tate. Wheuti the tvuOle

8
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fraction is constant (i.e., i nonracactinc tlow), he PLIF signal variations across th tlow

essentially reflect temperature var:atiois, anld the sin gle-line concept can be used (together

with a simple calibration) to i1ae temperature. For reacting flows (i.e.. var'ing mole

fractions). the t\\,o-linc approach is necessary: in this case the ratio of the two signals is

utilized. since that remo\Cs the dependence on mole fraction.

Our research has been concerned with exploring these ideas in tows containing NO.

O and OH. A sample result for NO in a strongly underexpanded jet (M = 7 at the Mach

disk) is shown in Fig. 6. Althoueh0 work remains to optimize the measurement strategy and
to evaluate the absolute accuracy, the good sign, al levels obtained are a positive indication of

the progress being made to develop this new measurement concept. To our knowledge. these
are the first 2-d temper.ure images obtained by LIF in supersonic flows.

Efforts to imae velocity have been based on the Doppler effect, which has the effect

of shifting the relative freClueIcies of an illumlination laser and a molecular absorption line

when the uas is moving, relative to the direction of laser illumination. When the laser is
slichtlv nonresonant with the absorption line, changes in velocity (in the laser direction)

result in a modulation of the light absorbed and. hence, in the quantity of tluorescence

emitted. Of course other flowfield variations, such as density. can also affect the

fluorescence signal, and so much of our research has been aimed at finding strategies which

allow simple relationships between fluorescence signal and velocity. At present, our

preferred strategy involves use of forward and counterpropagating laser beamrs, so that two

PLIF images are generated with each laser pulse. This generates two PLIF signals at each

flowfield point, and processing of these signals to find the relative change in the signal with

laser direction. leads directly to tile velocity component. An example of this work, using NO

seeded at low levels in a supersonic underexpanded jet. is shown in Fig. 7. As shown in the
right-hand panel, agreement between the measured and calculated velocities is quite good.

Although this work is still in a preliminary stage, the results obtained are extremely.

promising if terms of developing a nonintrusive scheme for imaging velocity. Such a

method will be especially important in future hypersonic flow research where traditional

LI)V methods are not feasible. For details. see the papers by Paul et al. listed in Section 3.2.

2.4 Concept for Simultaneous Imaging of Multiple Parameters

F-vCntually. it xvill be necC's'sary to inage multiple flowfield parameters simultaneously.

lh i.' is particularIly true fo r c j)prcsihle flo s %k here large variations in pressure. density.

temperature, conl)(sition and velocity mav occur. In addition, instantaneous correlations

bet ween11 fIuctui in1 'Valuets (o vaio s fl-owfield parameters wil1 be needed to validate

coplputational mo(dels. Finallv. the interpretation of fluo0rCscencC signals to infer specie,

10
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composition may require knowledge of other parameters, such as temperature. Thus it is
appropriate to begin consideration of PLIF schemes capable of yielding simultaneous results
for multiple quantities.

During the past year, we have conceived one particularly promising scheme for
combined imaging of velocity and temperature which merits mention. A schematic of the
experimental arrangement required is shown in Fig. 8. A single pulse from an excimer laser
is used to excite two separate tunable dye lasers, with an appropriate time delay between the
two dye laser pulses. Each of the dye lasers is tuned to a separate absorption transition of the
same species, e.g., NO, 0, or OH. Furthermore, each of the dye lasers can be used to
measure the gas velocity along a particular direction using the velocity scheme discussed in
Section 2.3 above. The average of the forward and counterpropagating beam signals. tor
each laser, is essentially the signal for no Doppler shift: hence this is proportional to the
fractional population of the species in the state monitored. The ratio of these average signals
for the two waveleng.hs can be used to infer temperature from the ratio of Boltzmann
fractions. Thus, by recording four separate PLIF images, all initiated with a single excimer
laser pulse, information is available to infer two velocity components and temperature. The
status of this work is that a second dye laser has recently been acquired and is undergoing
installation to provide the laser portion of the schematic in Fig. 8. Assembly of a four-
camera recording system awaits further funds, but two cameras will be made available to test

the critical aspects of the measurement concept during the coming year.

2.5 Digital Camera for High-Speed Imaging

The advancements made with PLIF as a diagnostic technique are tightly coupled to
improvements in both laser sources and solid-state cameras, since the quality of the PLIF
signal is often proportional to the spectral intensity of the laser source and the sensitivity of
the camera. For this reason, a portion of our overall program is dedicated to advancing the
state-of-the-art in lasers and solid-state cameras. A major part of this effort in the past two
years has been aimed at building a new camera with the capability for light-efficient, high-
speed recording of PLIF images. The basic system, shown schematically in Fig. 9, is
comprised of three critical elements: (1) a commercial image converter camera (Imacon 790
from Hadland), (2) a large (4 inch dia) tapered fiber-optic bundle: and (3) a large, high-
resolution CCD array (400x 1200 pixels from Reticon).

The image converter camera provides the basic fast-framing capability, allowing
recording of up to 50 million frames per second (depending on the plug-in module) in a
flexible output format containing a variable number of imaes (16 is a typical choice. though
a larger number of lower-resolution images is possible). The output appears on a phosphor

13
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backplate and has traditionally been transferred to permanent storage with film. More

recently, Hadland and others (e.. a group from Yale and Sandia) have begun utilizing CCD
arrays for recording the phosphor images. This has been done with lens coupling, however,

which is much less e,,,cient than transferrine the ima,,es with a fiber bundle. Our approach

to this problem has been to util.e a tapered fiber-optic bundle which matches (at one end)

the output dimensions of the phosphor screen and ',a the other end) the dimensions of the

CCD array. This couplirvr cheme gives efficien transfer of light wli!e maintaining high

spatial resolution. The taper used is based on recently developed technology which allows

production of bfiidle' up to 4 inches in width. The last feature of the camera worth mention

is the high-resolution CCD array, which contains 480,000 pixels. This large format is nearly

ideal for transferring the Inacon output to a CCD array without degradation of spatial

resolution. Of course, once the images are stored on the array, the experimenter is free of the

problems inherent with film and has access to all the advantages of on-line data processing

and display. The status of our new camera is that it is in the final stages of assembly. In

particular, the direct coupling of a large fiber bundle to the large format CCD array has not

previoul'y been az-cm'npted and has required a special grinding piocedat, tj giuc t surace

shape to the bundle which matches that of the array.

Although the system has not vet been bench-tested, our calculations of expected

system performance suggest significant improvements over existing systems, as shown in

Fig. 9. For the light levels expected in a representative PLIF imaging experiment, we

estimate an improvement of over two orders of magnitude in signal-to-noise ratio relative to

the current commercial system.

We have defined two types of experiments which will utilize the new camera: (1) 3-d

PLIF imaging; and (2) 2-d time histories of PLIF images. In the first case, the goal is to be

able to record an "instantaneous' 3-d image of the quantity being monitored by PLIF. This

will be accomplished using a relatively long-pulse tunable dye laser (2 microsecond pulse

r,:h,-"'hich is formed into a light sheet and swept rapidly across the flow of interest. The

camera will record a sequence of snap-shot PLIF images during this brief period, which

taken together constitute a 3-d imae with multiple 2-d planes. Such 3-d recording is

important for several reasons, for example to allow examination of the directional

dependence of properties such as dissipation. The second camera application, namely fast

movies, is needed to allow stud',' of very fast transients in a sinle 2-d plane. As an example.

several plasma processes. such as laser ignition of combustion eases or electrical breakdowi,

in electric propulsion devices, occur on very short time scales. These short times preclude

use of current video cameras (whicn frame at up to a few hundred Hertz) and lasers (up to

aho ut I kilohertz) for timc-resolving fast phenomena.

16



In summary, we expect this new camera to allow important extensions of PLIF into

problems areas where, at present. laser diagnostics have not vet been developed. As

excitation and recording times become shorter and shorter, we also expect new issues oi

laser-matter interactions to come into play and influence the direction of our research.

2.6 Plasma Diagnostics

During the past year we have increased our activity in the area of plasma diagnostics.

Two diaeno,tit, concepts are Under study: laser wavelength mduIlaili spcctlosCOpy asinig

cw ring dye lasers: and PLIF naging employing either a tunable pulsed dye laser or a

tunable narrow-bandvidth cxii,ci-la-r. In this report we Will summarize progress with

PLIF imacine.

In order to investigate plasma diagnostics we have built two plasma facilities, a low-

pressure plasma chamber and a high-pressure (atmospheric) plasma torch. Work during the

past year has been conducted in the high-pressure RF-powered torch which offers continuous

operation and good optical access to a wide range of plasma mixtures. A schematic of the

experimental set-up used in given in Fig. 10. The arrangement is similar to that used with

PLIF imacine in small-scale combustors, although the temperature and luminosity of the
plasma gases are much higher. As an example of recent progress, Fig. 11 shows a single-
shot PLIF image of NO. The experiment was carried out with an argon plasma, but high

levels of NO are formed as the hot, ionized argon exits the torch and mixes with surrounding

air. The formation of NO is induced by the dissociation of molecular oxygen into atomic

oxygen and the subsequent reaction of 0 with molecular nitrogen in air. Thus the imaging of

NO serves to marK the hot interface between the plasma and the surrounding air, much as a

flame marks the interface between fuel and oxidizer in a diffusion flame. Aside from the

important insight such images provide regarding the mixing of very hot and cool gases. these

results represent a critical milestone in that they provide the first known PLIF images in a

plasma environment. Now that we've learned to deal with problems such as electrical

interference between the plasma and the recording camera and electronics, and the issue of

very high backgroiind luminosity, the research will begin to emphasize measurements i the

hot plasma core of the torch gases. This effort will involve new spectroscopy and physics
hevond that encountered with combustion gases owing particularly to the presence of

electrons and positive ions.
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2.7 Laser-Photolysis Shock Tube

The laser photolysi51s shock tube is ai ne" \concept tor generating C controlled lev"els of

Arce radical species in a h igh temnperature e nv irninent. In hri&1 a shock tnube. operated in the

reflcted shock mnode, is used to heat a ga s sample to desired higeh temperature conitions and

a pulsed exeimer laser is uIsed to illum1iinate portinms oA the gas "ith high intensity ultraviolet

radiation. TIhe t:% photons act to phoiolvli a traction ot the Initial mole1cuIC leand thereby

crease a controlled leve 4 otltee raECals Suchi A clean. instantaneouls so)iree of' radicals, is of

scientiti interest because it "Aill enabolev moretCt Studies Of speCtro0scopie and reaction

kinetic parameters ot these species than have been po~ssi ble inl the past. FUn1damtll 11 stud ics

ot free radicas are relevant to n hi >tuin and propn ~is n science. The co ncept of' a laser

photolysis shock oricinmated inl our liboraltorv. and the tacilit\ y built is the first of it,,

tv pc. Thc fa Iitis nux% per,:allna1 '11d 1N beInu .ill studies to di~le\ch ahsolrpti ,:1

Ldia,,Ilostic5s f'li radical 1"!, ies anid il k~c~ til(!c, in coliintiuTri i :aKiioiis.

A\ schCtiiati1C ot the sho)ck Mt 1 ~Clit% iiild I1 s rille result t'rothl rcenClt ,work are show a

itn 1i. 12. Note Ml~r thei 'iihutui iscsr ,ain poliinee bursts ()t photons at either lW)3 or I5

1n111. the latter allow% inzC- photodissociatiri ot' bonds 'k ith dissociatiot nrie of nearly e%

Another uniqueI elemenC~t of this facilit is the capability to detect low levels of sevra atomc

and mole1cular species. ()iir sustained e Itort over the past 1 5 years to develop (1l uanti tative

and sensitive dtcICt i(l )' cheml-es i and thle associated spectroscopic codes) for collibust ioll

species nomw enables us to detec mor than a doen radicals. .- lthugh only two or three iA

these can he detected in a 'in ,le eXperiment, s1ice ecJh me~asureme1nt requires a separate

,sonrce. the variety ot species aiCes.sihle nowA allow s stnd% ot- a 1,aree numrber ot- chenuil

reactions nlot prev-iously investigatcd.

The sample result shown is th r the teactiont N + NO -o N, + 0. one of the Zeldo\ ich

react iiis which control the- format ion arid remioval of' NO in combustion flows. The source

of' N wvas NO itselt, partially photolvzed with 193 urn light. The subsCCequet decay of' N w\as

tMoni itored tisin i g i, m! re s nuance absorption spectroscopy (A RAS) at I120 n. These

results represent the ti rwt direct mleasuremen t of this rate coefficient in this temiperatunrc

ranige.

2.8 OW UV Laser Absorption Diagnostics

Con tin w nils -xx ave (C%%,) laser sour-ces offer certain ad\'antages for laser diagnost ics. In

""Ir !aho rator\ . fo~r e xanmple, we'%ye devecloped sevecral digotc concepts based onl c,.%

siwri,' c mo de ri ng d ye lasers. S ne i lasers pro' dec a con tinunous. lowk power~ source of- nearly

iliiiroehtoitatic light well suited tor- probing, the (letails of spectal Rieshapes and niakine7
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crenel) ~LIit1ti\ TpCACs, mc1:Aisarellellt,, l)AseCd onl Ah:oiptioii 5)ectr05oIo\. Thesec

AilOACch Are \ ell luited to tlo\" M>witch Are onc-dfimnnional, so that conditions Are

nIfMI'171 Along I inA etuch As the Hlom in A shock [uhe. shock turnel or h1at flamec

h 1 utte- r- 1 nut nll the past. xear- there hav e heen Pa, tv.aspectl of our work in this. are!a of note.

)1'C t lt 0ar1 .!L~m ohltcnl t" to exteId thec% ', CIeCIn th 0Operatin ll UC of ouLr flue

.:sers ~ ~ A ut h ' ~i~t& ChemfatICAll\ in11e 1-" Tko approaches. ha\e hcar

Isen italv~i\n-M. e -omlpatihle . Il t L excitation And the ot1her-

1I0%1 'I Inc"CIi dc \oped titaterials \Vith Imiproved relee\duinCcap~abilit' InI the
Shas' :ar'. e c A eNCal to extendl Ohe spctral ranee' Oh our iaser Into the impor)Ctant

wa 22!) 23" np Am!~ it 3MK1405 nm hNh (i 'Ahich Are MciX n! n n to the preslence (1

a~~~ 1d b ofi abns0 Ittoo2lele ntest [or example)I. the uWe o! BB( doUhlne !1t

oa; th te Mstl appic"atlm of til techiolowy to mur kn{ \leilee) Jhld allon; the Olrt

en ue'.iutnn lase Ihl0p'.iOII stticiies of No )And 0'. !%\( of srcisAnlel-est InI sCraivitetc

co Itutstorres~iuct W hope to kileimonstrate tis 1co 1e'A tesretntcpaiit t

~inn~t~ti C.seit edeecinir of theepcie InI 'hock t1i11C Cxeinut irn this nt l

CAePr

A* seCcond pro~ct.: of ineetXa)a hsps ; rhsit le oil Allraoun A it1

necirh\ Amecs Resecareh (,enter to appjly ouLr c~laser ahsor-ption c.Aaiities t'(rI 011 al ther

h pesoicshock tiinnel. The -eneral approach is, shown 11In Fig. 141. I brief, A ",%o rim-, &\c

laer. operatine., near -',(5 urI on An absorption lie of (Ml 1,allos ',COMMtin'OW rcorilins I th;

le\l if (M 0 thrnmghout thle durlationl of a shock uniel test The beamI is spI)lt to allow%

obseux \ation At se\eri >tations Tilitueal hu, Car. '.e h een ale to demlonsltrate

dC[etcton dowo 10 to ' hew pp oh M)1 and tneuehv tO) Atdennrtte:it reseCaren aimedcl Al

cna-ateiinethe oe-Iilac A herl shoes\ tunnelC. To ourll kn0owledee.C this' is the1 lirlt

applicAtIiln oh A er ahsopt1in d iagnos( )tics"'I in ) hpersonic flow facility. SuIch tuleasUremeaCts

Are iikei\ to plax, an increasing and even enetttiil role& in t ext gwenratio hypeuso~cs

resarh i ok inc nttluilihiilow helds
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3.0 PRESENTATIONS AND PUBLICATIONS

3.1 Presentations (10/88 - 10/89)

1. R. K. Hanson, "Laser-Based Spectroscopic Measurements in High Temperature
Gases," invited paper presented at 1988 Annual Meeting of the Optical Society of
America, Santa Clara, CA, Oct. 31-Nov. 4, 1988.

2. R. K. Hanson, "Laser-Based Fluorescence Imaging of Gaseous Flows." invited paper
presented at ICALEO '88, Santa Clara, Oct. 31-Nov. 4, 1988.

3. I. van Cruyningen, A. Lozano and R. K. Hanson, "Planar Laser-Based Fluorescence
Imaging of Flowfield Scalars." presented at ICALEO '88, Santa Clara. CA, Oct. 31-
Nov. 4, 1988.

4. J. D. Mertens, A. Y. Chang, R. K. Hanson and C. T. Bowman. "Decomposition
Kinetics of HNCO at High Temperatures," paper 88-64 at Western States Section/The
Combustion Institute. Laguna Beach, CA, October 1988.

5. A. J. Dean, D. F. Davidson and R. K. Hanson, "Development and Application of CH
Laser Absorption Diagnostic for Shock Tube Kinetic Studies," paper 88-91 at Western
States Section/The Combustion Institute, Laguna Beach, CA, October 1988.

6. P. H. Paul. J. M. Seitzman. M. P. Lee, B. McMillin and R. K. Hanson, "PLIF Imaging
in Supersonic Flows Using Planar Laser-Induced Fluorescence," p:,per 'VC-8 at ILS-
IV. Atlanta, GA, October 2-6, 1988.

7. D. S. Baer, A. Y. Chang, P. H. Paul and R. K. Hanson, "Plasma Diagnostics Using
PLIF and Wavelength Modulation Spectroscopy," paper E-14 presented at 42st

Gaseous Electronics Conference, Minneapolis, October 17-21, 1988.

X. R. K. Hanson, "Applications of PLIF Imaging to Supersonic Flows," invited paper
presented at 54th National Aero-Space Plane Symposium, NASA Langley Res. Ctr.,
Hampton, VA, October 18-21, 1988.

9. P. H. Paul, J. NI. Seitzman, M. P. Lee, B. K. McMillin, and R. K. Hanson, "Planar
Laser-IndUced Fluorescence Imaging in Supersonic Flows," paper AIAA-89-0059 at
AIAA 27th Aerospace Sciences Meeting, Reno, January 9-12, 1989.
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10. A. J. Dean, D. F. Davidson and R. K. Hanson, "C-Atom ARAS Diagnostic for Shock

Tube Studies of C + N, -4- CN + N." presented at 17th International Symposium on

Shock Tubes and Waves, Lehigh, PA, Jul\' 1989; to appear in Shock Tubes and

Waves, ed. Y. Kim (Am Inst. Phys.).

11. D. F. Davidson, D. C. Snell and R. K. Hanson, "Shock Tube Excimer Photolysis and

the Measurement of N Atom Kinetic Rates," presented at 17th International

Symposium on Shock Tubes and Waves, Lehigh, PA, July 1989: to appear in Shock

Tubes and Waves, ed. Y. Kim (Am Inst. Phys.).

12. B. K. McMillin, )I. P. Lee. P. H. Paul and R. K. Hanson, "Planar Laser-Induced

Fluorescence Imaging in a Shock Tube," paper AIAA-89-2566 at 25th

AIAA/AS ME/ASCE/SAE Joint Propulsion Conference. Monterey. CA, July 10-12.

1989.

13. P. H. Paul. J. Seitzman and R. K. Hanson, "Planar Laser-Induced Fluorescence

Imaging in Supersonic Flows," paper AIAA-89-2912 at 25th

AIAA/ASME/ASCE/SAE Joint Propulsion Conference, Monterey, CA, July 10-12,

1989.

14. 1. van Cruyningen, A. Lozano and R. K. Hanson. "Quantitative Laser-Induced

Fluorescence Imamin,, of Flowfields," presented at Electronic Imaging West '89,

Pasadena, CA, April 10-13, 1989 published in conference proceedings.

15. D. F. Davidson, A. J. Dean, A. Y. Chang and R. K. Hanson, "Shock Tube Combustion

Studies Using Optical Dilagnostics and Excimer Photolysis," to be presented at 1989

AIChl Annual Meeting, San Francisco, CA, Nov. 5-10, 1989.

16. E. C. Rea, Jr., A. Y. Chang and R. K. Hanson, "Motional Narrowing in Spectral Lines

of OH," paper 89-45 at Fall WSS/CI Meeting, Livemiore, CA, October 23-24. 1989.

17. D. F. Davidson. K. Kohse-[lt6inghaus, A. Y. Chang and R. K. Hanson, "A Pyrolysis

Mechanism for Ammonia," paper 89-95 at Fall WSS/CI Meeting, Livermore, CA.

October 23-24, 1989: submitted to Int. J. of Chem. Kinetics, July 1989.

18. J. D. Mertens, A. Y. Chang, D A. Msten, R. K. Hanson and C. T. Bowman. "A Shock

Tube Study of the Reactions of NII with NO, 0 and 0,," paper 89-96 at Fall WVSS/CI

Meeting, Livermore, CA, October 23-24, 1989.
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19. D. A. Nasten, R. K. Hanson and C. T. Bowman, "Shock Tube Study of H + 0, OH
+ 0 Using OH Laser Absorption," paper 89-97 at Fall WSS/CI Meeting, Livermore,
CA, October 23-24, 1989.

20. P. H. Paul, M. A. Cappelli and R. K. Hanson. "Imaging of Laser Produced Plasmas
Using Planar Laser-Induced Fluorescence," presented at Int. Laser Science
Conference, ILS 4, Stanford, CA, Aug. 28-31, 1989

21. A. Gicquel, M. Cappelli, A. Y. Chang and R. K. Hanson, "Study of NH3

Plasma/Titanium Surface Interaction: Measurement of NH Radical Production and
Dissociation Kinetics by Laser Absorption Spectroscopy," presented and published in
Conference Proceedings of Int. Plasma Chemistry Conference (ILPC), Berl, Italy,
Sept. 1989.

22. M. P. Lee, P. H. Paul and R. K. Hanson, "2-D Velocity Measurements in Supersonic
Flow Using Pulsed Planar Laser-Induced Fluorescence," to be presented at 1989
ASME Winter Meeting, Syrp. of Flow Visualization, San Francisco, CA, December
10-15, 1989.

23. 1. van Cruyningen, A. Lozano and R. K. Hanson, "Interpretation of Planar Laser-
Induced Fluorescence Flowfield Images," to be presented at 1989 ASME Winter
Meeting, Symp. of Flow Visualization, San Francisco, CA, December 10-15, 1989.

24. B. K. McMillin, M. P. Lee, J. L. Palmer, P. H. Paul and R. K. Hanson, "Planar Laser-
Induced Fluorescence Imaging of Shock-Heated Flows in Vibrational
Nonequilibrium," to be presented at 1989 ASME Winter Meeting, Symp. of Flow
Visualization, San Francisco, CA, December 10-15, 1989.

25. R. K. Hanson, "Development of Planar Laser-Induced Fluorescence Imaging for
Supersonic Flows," invited paper to be presented at AIAA 28th Aerospace Sciences
Meeting, Reno, NV, Jan. 1990.

26. J. M. Seitzman, A. Ungut, P. H. Paul and R. K. Hanson, "PLIF Imaging and Analysis
of OH Structure in a Turbulent Nonpremixed H2-Air Flame," to be presented at AIAA
28th Aerospace Sciences Meeting, Reno, NV, Jan. 1990.

27. 1. J. van Cruvtingen, A. Lozano and R. K. Hanson, "Computer Rendering of Planar
Fluorescence Flowfield Images." to be presented at AIAA 28th Aerospace Sciences
Meeting, Reno, NV. Jan. 1990.

27



28. 1. J. van Cruyningen, A. Lozano and R. K. Hanson, "Interpretation of Planar Laser-
Induced Fluorescence Flowfield Imnages," paper W-6/TSF-7 at International Turbulent

Shear Flow Conference, Stanford, CA, Aug. 21-23, 1989.

29. 1. van Cruyninuen. A. Lozano and R. K. Hanson, "Quantitative Planar Laser-Induced

Fluorescence Imaging of Turbulent Jets," to be presented at 42nd annual meeting of

ie Fluid Dynarnis Section of APS, NASA Ames Res. Center, CA, Nov. 19-21, 1989.

30. P. H. Paul, J. M. Seitzman. A. Ungut and R. K. Hanson, "Structural OH lma-ing in a
Turbulent H,-Air Diffusion Flame," to be presented at 42nd annual meeting of the

Fluid Dynamics Section of APS, NASA Ames Res. Center, CA, Nov. 19-21, 1989.

3.2 Publications (10/88 - 10/89)

1. U. Vandsburger. J. M. Seitzman and R. K. Hanson, "Visualization Methods for the

Study of Unsteady Non-Premixed Flame Structure," Comb. Sci. and Technoiogy 56.

455-461 (1988).

2. E. C. Rea, Jr.. A. Y. Chang and R. K. Hanson, "Rapid Laser Wavelength Modulation

Spectroscopy Applied as a Fast Temperature Measurement Technique in Hydrocarbon

Combustion," Applied Optics 27, 4454-4464 (1988).

3. B. Hiller, P. H. Paul and R. K. Hanson, "Image-Intensified Photodiode Array as a

Fluorescence Detector in CW-Laser Experiments," Review of Scientific Inst., in press.

4. R. K. Hanson and J. M. Seitzman, "Planar Fluorescence Imaging in Gases," Chap. 15,

pp. 219-132, in Handbook of Flow Visualization, ed. W.-J. Yang, Hemisphere Pub.

Corp., 1989.

5. E. C. Rea, Jr., A. Y. Chang, and R. K. Hanson, "Collisional Broadening of the
A2y_--X2 H(0,0) Band of OH by H2O and CO, in Atmospheric-Pressure Flames." J.

Quant. Spectrosc. and Radiat. Trans. 41, 29-42 (1989).

6. D. F. Davidson, A. Y. Chang and R. K. Hanson, "Laser Photolysis Shock Tube for

Combustion Kinetics Studies." Twientv-,S'e'cond Combustion .S-vmposiumn (International)

on Combustion, The Combustion Institute. 1877-1885 (1988).

7. B. Hiller and R. K. lanson. "Properties of the Iodine Molecule Relevant to

Absorption/Fluorescence Experiments in Gas Flows" Experiments in Fluids, in press.
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8 K. Kohse-l loinehaus, D. F. Davidson and R. K. Hanson, "Quantitative NH2 Laser-
Absorption Diagnostic for Shock Tube Kinetics Studies," J. Quant. Spectrosc. and
Radiat. Trans. 42. 1-17 1989), also poster paper presented at 22nd Symposium

(International) on Combustion, Seattle. Aug. 15-19, 1988.

9. A. Y. Chang and R. K. Hanson, "Measurements of Absorption Lineshapes in the
A3[1,-X 3Z (0,0) Band of NH in the Presence of Ar Broadening, J. Quant. Sp-etrosc.

and Radiat. Trans. 42, 207-217 (1989).

10. P. H. Paul. M. P. Lee and R. K. Hanson, "Molecular Velocity Imaging Using a Pulsed

Laser Source," Optics Letters 14. 417-419 (1989).

11. P. H. Paul, J. M. Seitzman, NI. P. Lee, B. K. McMillin, and R. K. Hanson, "Planar
Laser-Induced Fluorescence Imaging in Supersonic Flows." reprint AIAA-89-0059 at
AIAA 27th Aerospace Sciences Meeting, Reno, January 9-12, 1989.

12. A. J. Dean and R. K. Hanson. "Development of a Laser Absorption Diagnostic for
Shock Tube Studies of CH,- J. Quant. Spectrosc. and Radiat. Trans., in press.

i3. A. J. Dean, D. F. Davidson and R. K. Hanson, "C-Atom ARAS Diagnostic for Shock
Tube Studies of C + N-, --+ CN + N," presented at 17th International Symposium on

Shock Tubes and Waves, Lehigh, PA, July 1989: to appear in Shock Tubes and
Waves, ed. Y. Kim (Am Inst. Phys.).

14. D. F. Davidson, D. C. Snell and R. K. Hanson, "Shock Tube Excimer Photolysis and
the Measurement of N Atom Kinetic Rates," presented at 17th International
Symposium on Shock Tubes and Waves, Lehigh, PA, July 1989: to appear in Shock

Tubes and Waves, ed. Y. Kim (Am Inst. Phys.).

15. D. F. Davidson. A. Y. Chan,. K. Kohse-Hbinghaus and R. K. Hanson, "High

Temperature Absorption Coefficients of O, NH, and HO for Broadband ArF Excimer
Laser Radiation," J. Quant. Spectrosc. and Radiat. Trans.42, 267-278 (1989).

16. B. K. McMillin, M. P. Lee, P. H. Paul and R. K. Hanson, "Planar Laser-Induced
Fluorescence Imaging in a Shock Tube," reprint AIAA-89-2566 at 25th
AIAA/ASME/ASCE/SAE Joint Propulsion Conference. Monterey, CA, July 10-12,

1989.
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17. P. H. Paul., .. Seitzman and R. K. Hanson, "Planar Laser-Induced Fluorescence

Imaging in Supersonic Flovs." reprint AIAA-89-2912 at 25th

AIAA/ASIE/ASCE/SAE Joint Propulsion Conference, Monterey, CA, July 10-12.

1989.

18. 1. van Cruyningen, A. Lozano and R. K. Hanson, "Quantitative Laser-Induced

Fluorescence Imaging of Flowfields," presented at Electronic Imaging West '89.

Pasadena, CA. April 10-13, 1989: published in conference proceedings.

19. J. t-. Ivicitcfs. A. Y. Chang, R. K. Hanson and C. T. Bowman, "Reaction Kinetics of

NH in the Shock Tube Pyrolysis of HNCO," Int. J. of Chem. Kinetics, in press.

20. P. H. Paul. I. van Cruvningen, R. K. Hanson and G. Kychakoff, "High Resolution

Digital Flowfield Imaging of Jets," submitted to Experiments in Fluids, April 1989.

21. J. Haumann, J. M. Seitzman and R. K. Hanson, "Quantitative Two-Dimensional

Imaging of CO in Combustion Gases Using LIF," in Instrumentation for Combustion

and Flow in Engines, D. F. G. Durao. J. H. Whitelaw and P. 0. Witze, eds.,

proceedings of meeting held in Vimeira, Portugal, September 1987, NATO Adv. Study

Inst. Ser 154E, 141-150(1989).
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5.0 SIGNIFICANT INTERACTIONS

In addition to the interactions associated with the presentations and publications listed
in Section 3, We ha e had numerous visitors to our laboratory during this past year. Foreign
visitors have come trom Gennanv, France, Holland, Great Britain, South Africa, Canada.
Spain and Japan- industrial and national laboratory visitors have included representatives

,, from Rocketdvne, Physical Sciences, Lockheed, Boeing, Metrolaser. AEDC, NASA Ames.
NASA Lewis. NIST, Sandia, Lawrence Livermore, General Motors and Ford. We have also
had visits from technical monitors from AFOSR and ONR. Professor Hanson has given
several invited presentations on our AFOSR-sponsored diagnostics research to industrial
laboratories and government groups.

Interest in the potential application of advanced laser diagnostics to various practi:al
problems. especially associated with hypersonic flow and the NASP program. is clearly
erovine, and the AFOSR-sponsored program t Stanford has achieved a high level of
recognition for its contributions to this field. I believe that the increased interest we are
witnessine is the leading edge of technologv transfer of laser diagnostics to industrial and
government labs. A sustained research effort, at Stanford and other university labs active in
diagnostics research, will be required. however, to ensure that this technology transfer is
successful. In particular. I believe that collaborative programs involving exchange visits
between Stanford and industrial/government lab personnel, should be promoted.
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