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LES PHENOMENES DE TRANSPORT TURBULENT

par Marcel BARR ERE

Rapport du “Working group 09”

Office National d ’Etudes et de Recherches Aérospatla/es (ONERA)
92320 Chdtillon (France)

- INTROVUCTION

Ce groupe de travail du PEP a ~~~ initié par le Professeur A. Fern et nous voudrions pour cadrer
l’activité de ce groupe donner lea commentaires du Profeaseur A. Fern sur ce problème de l’atude des
phenomenes de transport en milieu turbulent

“La relation entre lea propriétés de transport et le caractère instationnaire de l’écoulement n’est
pas très bien comprise et lea progrès enregistras dans ce domaine ne sont pas suffisants. En g~nëral lea
approches nouvellea comp liquent l’analyse sans pour autant accrottre la faculté de comprahension . Dc
nombreuaes facons d’aborder ce problème ont été suggeraes pour prédire lea propriétés de l’écoulement du
type viscoaitë tourbillonnaire de Prandtl , ~ savoir

a) l’emp loi en particulier de moyennes de quantités fluctuantes et de propriétas de transport en relation
avec l’ énergie cinétique ; quoiqu’il en soft 11 n’existe pas de relation rationnelle pour décrire ces
propri~ tés, bien que de nombreuses relations aient été proposêes ; de plus les relations ne tiennent pas
compte de l’importance des larges remous (large eddies) en comparaison avec lea remous de petites dimen-
sions , ce qui eat tres important et I is base du modèle de Prandtl

b) l’utilisation de propriétés qui dependent du temps (par exemple l’intermittence) est une approche p lus
physique ; cependant lea méthodes pour avaluer lea propriates de transport I partir des propniétés
physiques globalea de l’écoulement ne sont pas encore diaponibles . Ii eat bien connu que de nombreux
paramètres affectent lea proprietes de transport i’echelle d’intensite et 18 distribution de la
turbulence I la position initiale , la generation de la turbulence due aux variations du cisaillement et
de l’€nergie , l’ amortiasemnent de is turbulence et le changement de frequence et d’echelle de celle— ci ,
la génération de bruit due I is turbulence qui produit les fluctuations de pression et qui diffuse par
un mecanisme d’ondes et qui. de Ce fait constitue une source d’intermittence .

Peu d’informationa existent actueliement sur le p lan quantitatif sur l’effet de tels pa- mmètres et
aucune informat ion n’existe sur lea acoulements turbulents tridimensionnels. Le “panel” recommsnde qu’un
effort important soit fait pour obtenir une meilleure connaissance de telles quantitas ou de tels pars—
metres. Le manque de connaissancea en physique rend les résultats obtenus par lea mathodes nuinëriques
imprCcia at aouvent leur utilité et leur capacité sont dangeureuseinent surestimées. Le problIme eat encore
plus complexe pour les écoulements I deux phases”.

Ce groups de travail atait donc destine I accroitre notre comprehension de is structure de l’écoule—
ment pour arriver I une prediction des phénomInes de transport dana un écoulement turbulent . On eat arrive
I la conclusion que pour aboutir I ce stade de comprehension ii était très important de poss€der de
meilleurs instruments d’ analyse et da mesures et que , en particulier , devaient etre places en priorité lea
mesurea de grandeurs scalaires et lea mesures spatio—temporelles des fluctuations de ces scalaires.

On dispose par ailleurs de techniques plus sOres pour determiner las fluctuations du vecteur vitesse
principalement par des techniques lasers. Ce groupe de travail a sélectionné quatre grandeurs scalaires
concentrat ion, temperature , presaion et masse volurnique qui paraissaient significatives. Le souhait du
Professeur A. FERRI avait été de mettre l’accent sur Ia mesure des fluc tuations de pres sion, mais comine
11 s’avère que ce tte grandeur ea t diff icile 1 mesurer et qu’i l n ’existe pas, pour l’instant , de mesure
d irecte , le groupe de travail a preftré étendre cette suggestion I Is mesure des scalsires en général . Ces
mesurea , plus génerales , devaient assurer une meilleure comprehension des écoulements turbuients avec ou
sans reactions chimiques et dana un milieu oO la masse volumique 

~ pouvait fluctuer (écouleinent compres-
sible ou Incompressible).

La connaissanc e des phénomInes physiques at chimiques en milieu turbulent a des applications directea
rela t ives aux méthodes de calcul quantitatives des écoulements dane les foyers et lea réacteurs chimiques ,
c ’est le cas en particulier des chambres de combustion de foyers principaux at de rechguffe de turborCac—
teurs , des foyers de statorëacteurs , des chambr es de lasers chimiques , des reactions dana le sillage des
réac teurs et des fusées , dana lea rêac teurs homogInes ou tubulaires rencontrés en genie chimique , dana
l’évolution de la composition de l’atmoaphlre et de la stratosphere.

Avan t d’aborder le plan de ce rappor t nous voulons souligner deux difficultés qui ont impose l’orien—
tation choisie

a) — Lea reactions chimiques se font s ’il y a un mélange I toutes petites Cchelles des substances réagis—
santes , La turbulence n ’in tervient que par is facon done elle met les substances en presence, cUe
peut avoir un effet bénéfique si elle met rapidement en presence des gas brOl€s at chauds avec des
gas frais prémelang és , cet effet est double at porte ii Ia fois sur le parametre temperature et Ic
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parametre concentration. On comprend pourquoi, dana Ce cas, la turbulence aceroi t is taux de produc-
tion chimique. Mais cat effet de melange par turbulence paut dans certains cas diminuer le taux de
production c ’est is si tua t ion d’ une flamme de diffusion pour laquelle le couiburant et le combus-
tible sont injectés aéparément dana le foyer, is structure de la turbulence peut Ctre telle que
certaines molecules comburantes et combustibles ne se rencontrent pas, ce qui limite le taux de
production chimique. On peut donc concevoir par quel mécanisme la turbulence modifie le taux des
reactions chimiquas asia on concoit mom s bien comment la reaction chimique , par l’énergie qu ’elle
apporte localement , par l’accroissement tree rapide du volume (diminution de 

~ 
) et de la tempera-

ture peut modi f ie r  la turbulence , c ’est pourquoi des meaures dana le tampa et l’espace da la tempe-
rature at des concentrations sont nécessaires.

b) — Ii n ’en reate ~~55 mom s que le probllme de is mesure de la pression et de sea fluctuations en écoule—
ment turbulent demaure encore sans solution. Las mesures de pression moyanne dons un tel écoulement
sont souvent incertaines ; il eat en effet necessaire d’éviter , d’éliminer ou d’étalonner Ia sensibi—
lité de la sonde aux fluctuations de prassion sinai qua la sansibilité parasi te de la direction et de
l’intensité des fluctuations da pression at en particulier ii convient de determiner dans queUes
conditions l’écoulement autour de la sonde peut être considéré come quasi—stationnaire. En génCral
on admat comma utilisabla l’etalonnage effectué en écoulement stationnaire. Des verifications dans
plusieurs conditions axpérimentales doivent donner la precision de is mesure des fluctuations de
pression ~~ en par ticulier ces experiences de verification doivent comporter des mesures de
derriere une grille engendrant une turbulence isotropique , las mesures de 4~’ peuvent être déduites
des correlations de vitease . Cette mesure des fluctuations de pression comporte , comma nous le
verrons par Ia suite , de nombreuses difficultés.

Après ces remarquea preliminaires , l’exposé comprend quatra par ties

— une introduc tion générale concernant la struc ture de l’écoul ement turbulent,
— la mesure des temperatures an donnant principalement lea méthodas qui nous apparaissent lea mieux adap—

teas I l’étude de la turbulence ,

— la mesure des concentrations en insiatant plus particulierement sur las nouvelies techniques “laser”,

— la meaure de la masse vol umi que et les procédés de visualisation ,
— la mesure de la preasion pour terminer notre rapport. Nous précisons dana ia conclusion lea orientations

qua l’on paut donner sur le plan scient i f i que at las recomandations I proposer au PEP.

2 - STRUCTURE VE L ’EC OULEMEWT TUR8ULEMT

Pour mieux modéliser lea écoulaments turbulents il faut , I l’ aide des mesures vectorielles at scaiai—
res , être capable de mieux las décrira et de mieux les analyser. La premiere difficulté provient de re
qu ’ii n ’y a pas un écoulement turbulent mais une grande variété d’écouiements qui peuvent comporter des
structures cohérantas et des structures aléatoires. Un des premiers r6ies de l’analysa eat da distinguer
ces structures cohérentes at une grande partie de l’activité mesure repose sur cette recherche.

Pour souli gner le genre de solutions qua peuvent apporter lea méthodes de diagnostic , nous allons
prendre quel ques examples an souli gnant tout d’abord las difficultés qui découient de la mesure des para—
metres vectoriels ou scalaires

— la mesure se fait en un point fixe at ii eat souvent difficile de suivre des traceurs places dana
i’ ~~~~~~~~~

— Ia mesure , si ella eat faite par un procede optique , integre sur tout la trsjet du faisceau des phéno—
mInes et si l’on introduit use sonde cella—ci risque de perturbar l’écoulament ,

— ii faut égalernent qua le systlme de mesure dana son ensemble possIde un temps de mesure suffisanunent
court pour suivre la moindre fluctuation ,

— ii ea t souvent d i f f i c i l e  da placer , en un inéme poin t , p lusieurs di sposi ti fs  de mesure at de recons tituer
avec precision is structure de l’écoulement aussi bien dans l’aspace qua dana la temps car on ne dispose
paa de suffjsamment d’informations.

On se trouve donc davant un champ scalaire at vectorial complexe resultant da la superposition at da
l’interaction de champs élémentaires.

Considérons par example la structure d’une flame da diffusion , at ca sara le premier axemple , cons—
titué par un j e t da comburan t f ro id  qui eat de l’air at un jet parallIle da combustible (hydroglne) place
dana l’axe du precedent . A l’aida de méthodes optiques , de f i l  chaud , on se propose d’ëtudier

a) le champ de repartition spatiale de la vitesse de l’écoulement comburant

comprenant deux parties une valeur moyanna 41 at une valeur fluctuanta

b) le champ des masses volumiques qui fluctue par suite de la turbulence des deux Ccoulementa : gaz combu—
rant d’une part at gaz combustible inijecté dens le gas comburant d’autre part at qui Se mélangent, cc
dernier provoquant une variation de masse voluniique

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

c) le champ des masses volumiques variables dana l’espace par suite du mélange des produits de combustion
avec lea produits  f r a i s  comburant at combustible

~~~ ~~~~~~~~~~~~~~~



- - - -- 

3

d) enf in le champ des varia tions dan a l’ espace de la masse volumique dues aux reactions chimiques de
combustion qui liblrent de l’énergie

~~~~~~~ - ~~~~~~~~~~~~~~~
Cas champs élémantairas peuvant êtra étudiés séparément et leur structure peut Ctre détaillée I par

tir des fonctions da correlation et des spectres énargériques exprimCs en fonction du nombre d’onde fI].

Ces fonctions peuvent expliquer le mCcanisma de transport at de dissipation en considCrant la super—
position at l’interaction de ces champs élémentairea. Une facon d’operer consiste I étudier séparémen t la
structure da chaque champ élêmentaire at ensuite is structure complaxe du champ resultant. U eat tout
d’abord important de connaitre Ia champ ~~~ puisque lea quantités scalaires concentration—temperature
sont transportées par Ia turbulence due aux fluctuations de vitesae . Dons ca caa particulier cetta analyse
mont~~e que is turbulence eat isotrope at obéit I is Ioi da dissipation visqueuse de Kblmogorof. Le champ

de mélange I froid du jet d’hy drogIne dana un écoulement d’air peut Ctre étudi.é par un réauitat
important fourni~ par l’ anal yaa des spectres enargetiques , coma ceux représentés sur la figure I , ainsi
qua le champ 

~e dons la zone da combustion. On note en particulier sur cetta figure la difference des
spectres avec et sans combustion. J~emarquons tou t d’ abord que las patites structures corraspondant I des
grandes valeurs du nombre d’onde ~-‘k Ont des pentes diffCrentas da is loi de Kolniogorof (— 3) au lieu
de (— 5/3) , Ia dissipation visqueuae eat p lus a~J ruPte pour les scalaires qua celia correspondant I is
vitesse . La champ dO I la reaction chimiqua ~~~~, a une structure trIs différenta des sutrea champs

~~ ~~ T 
~~c )~ Le spectra présente un maximum autour de 1 nun pour k ’. Cela indiquerait des paquets

fonctionnant come des micro—foyers et une stabilité accrue de zones de reaction chimique de cette dimen-
sion. Catte conception axciut donc un mécanisme de combustion suivant un front de flame. L’analyae du
bi lan d’ énergie turbulente défini come i’intégrale par rapport I toutes lea frequences du spectre éner—
geti que fourni t des rens eignements complémentaires stir las mécanismes d’echange dons lea flames. La loi
de repartition de l’energ ia dana is f lame d’ aprla las nOmbres d’onde et la diminution de I’énarg ie totala
peut résulter de is diminution du poids des coefficients da Fourier pour des frequances lea plus basses

K < 0,3 m 1 ) et ca son t lea coef f i c ients de Fourier qui sont si tué s au tour de ‘<. 0,9 m ’ qui ont le
plus grand poids.

La figure 2 montre egalement qua le mélange hydrog Ine—air I froid 4.E
c
(l()) et la mélange gaz frais

gaz brOlés ont des spectres identiques sinai que le spectre global E C + ( ic) avac deux pen tes : l’une
relative I K —1 ,5 pour lea grandas structures et una autre pente relative I K 3 pour lea pa tites
structures montrant un mécanisme identique pour le melange hydrogIne—air et le mélange gaz fraia—produita
brOlés.

Nous pensons que des résultats de ce type sont trIs utiles pour étudier la structure de l’écoulement ,
las processus de mélange et les processus de combustion.

Notre deuxilme example choisi , montrant tout l’intdrét de ces mesures scalaires , concerne l’étude des
mécanismes de transport at de la structure du champ scalaire dana le cas d’una couche limite de melange
entre tin jet d’air  chaud a t le mil ieu  ambiant au repo a , étude effectuée par Fiedler I i ’Université de
Berlin (2]. Une analys e do champ da...ijtasse et da temperature permet d’évaluer dana i’equation du bilan
des fluctuations de temperature ( T’~ ) dana Ia champ de l’écoulement an faisant apparaitre lea termes
de convec tion, de prod uc tion , de diffusion at de dissipation commc l’indique ia figure 3 en donnant en

fonc~ ion du rapport I) 
‘“
~~~ 

(~~ sena da l’ écoulemen t , a~ perpendiculaire I l’écoulement) lea valeurs

des procesaus qui apportent un gain ou qui anreg istren t une per te : is produc tion ea t le coxnpoaan t la plus
important , ii poaslde daux maxima , la convection at Ia diffusion sont presque symetriques , Ia convection
eat nuile au centre de Is coucha de melange oil Ia diffusion atteint un maximum , Ia dissipation n’est pas
masurée at eat obtenue par difference. Cette étude permet d’apprecier la distribution , lea termas

v ’T’, -~-.- T’ correapondant I Ia diffusivité latérale at longitudinale at , Le proceasus de
mélange a egalemen t été anal yse en perturbant l’écoulement par des ondes periodiques issues d’un haut
par leur  place au bord de fui te de la tuylre . La conclusion des auteurs eat
— il existe tine forte influence des perturbations externes de foible amplitude aur Is structure de l’Ccou—

lemen t , et tout particuliIrement sur la structure scalaire , se traduisant par la formulation de cellule
I structure cohérente

— dans le caa de l’écoulement non perturbé , las structures cohérentas semblent plutôt peu importantas ;

— lea regions de production negatives sont préaentéea dana Ia cas de l’écoulement excite

— le modlie du gradien t de d i f f u s i o n  n ’est paa applicable ;

— l’ excitation , non seulement discipline lea gros tourbiliona (vortices), asia aussi influence is st ruc-
ture de la turbulence interne.

Ce travail illuatre bien ce que l’on peut déduire de l’étude d’un champ de scalaire couple avec
l’étude d’un champ de vi tease pour inodélisar la structure de l’Ccoulement at en déduire les proceasus de
transport.

La troisilme exemp ie que nous avons chciiai concerne is mise en evidence des structures cohérentes en
combus t ion par des techniques photographiques qui traduisent an fait le champ des masses volumiquea . Dana
ce domaine tin travail trls intéressant a Cté fait par Yule , Chig ier at Thompson (3]. Dana bien des cas Ia
role des structures cohérentes eat p lus fac i l eme nt ob tenu dana  lea zones de combus tion par auite du
carac tlre lumineux des flamme s, c ’eat en particulier une façon simp le de visualiser le mélange combus—
tibla/comburant. Lea flamine a de diffusion turbulentea offrent une grande vaniCté da structures at dane l~
pl upart des cas des anneaux tourbillonnairea apparaissent analogues I ceux mis en evidence dana lea
mélanges non réactifs , le confinemen t de la f l a me peu t chan ger ce tte struc ture , Ia longueur de la zone oil
se rencontrent lea anneaux tourbillonnaires est plus grande avec combustion qua sans combustion. On note
une coalescence de cea anneaux darts lea deux situations avec at sans combustion. Cea anrieaux apparaieaent
également dana 1~ combustion des jets de combustible pulvériaé at I’exia tence de ces remous cohérents

- - -~~
-

~
—
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depend de la distribution du mélange comburant—combustibia. La figure 4 donne tin schema da ramoua appa—
raiaaant darts une flame de diffusion at separant le combustible du comburant, La fi gure 4 représente par
exemple tine coupe d’un snneau tourbillonnaire ou dana un système bidimensionnel étroit une ligne de
tourbillons ou tine coupe d’un tourbiIlon hélicoidal . Cea tourbillons sont analogues et s’enrouient come
ceux observes dana un sillage mais u s  ne sont pas alternatifs mais symétniques (4]. Catte achématisation
correspond I tin tourbilion qui n ’an a pas rancontré d’autres , cc qui provoque des instabilites[5J. La zone
délimitant la combustible de l’ai r a la forme d’ une double spirale entourant un noyau tourbilionnaire. fine
flame sa situa I Ia liaiIre da cette double spirale séparant ie combus tible de l’air at la noyau tourbil—
lonnaire con tiant du combustible at de l’air entratné at paut conatituer tine zone de combustion volumiqua
B richasse variable fonctionnant come tine zone de racirculation at is flame en bordure des deux zones
petit Ctre conaidéréa comma tine flame de diffusion laminaire.

Cette structure peut donc être asasz bian décrite si i’on connai t l ’évoiution da la nichesse, le
volume de catta poche augmente avec l’accroissement du tempa de séjour dsna Ia tourbilion. Dana la Situa-
tion de ia f igure 4 une f l ame en toura complItement le tourbilion. Cas tourbilions peuvant rencontrar
d’ autres tourbillona , a’unir pour forme r des structures plus complexes I carac tlre tridi men sionn el , ou
aprI s coal escence da plusiaurs tourbillons as rastructurar.

Un autra type da structure cohérante observe dana is fiamma sat constitué par da grands tourbil ions
ailongés tridimensionnals dont is structure eat donnée sur la figure 5 qui met en évidenca una incompllte
coherence circonférantiajie autour de la flame at aussi l’exia tance d’une distribution de tourbilions
irréguliers avac la presence de tourbillons d’échella plus petite avec des poches da comburan t, de combos—
tibi a et da produits brillés. La combustible at i ’air s ’sngouffrent dana ca tourbilion et se melsngent pius
rapidement que dans Ia situation précédente. Cetta structure eat observes dana de nombrauses flames de
diffusion. Cea troia résultats ont été choisis pour montrar Ce gui peut étra déduit da l ’anai yae des
champs scalaires. Lea fluctuations da pression ont été négli geea car la mesure de ce-- paramItra eat beau—
coup plus difficile.

Decider de Ca qui est coherent da ce qui tie i’aat pan , comprandre lea mécanismes de transport , recon-
noitre lea modifications apportées I la structure de ia zone turbulante par la combustion , voir i’action
d’ondea de pression stir l’organisation des phénomInea et an particuliar stir is convection , comprendre lea
phenomInes de dissipation , an tin mot apporter des inforniationa pour inodéliser is turbulence, teis sont lea
résultats que i’on peut sttendre des méthodes de diagnostic en general et des méthodas da meaure des
scalairas en particulier.

3 - METH OVES VE M ESURE VE LA TEM PERATURE

II exiate da nombreuaaa méthodes pour determiner ia temperature dons un écoulemant turbulent sans oti
avec combustion , main ii exiate deux grandes classes : lea méthodes optiquen at las méthodes par sondes ,
c ’ast pourquoi noun décrivona une méthode dana chaque clasaa pour voir apparaitra len avantagea at lea
inconvénients de chacune d’ellas.

3. 1 - Më-thode.4 op t~gae~

Cea méthodes offrant l’intérêt de ne pas parturber i’écoulemant , ca qui sat tin gros avantage dana Ia
cas d’écoulemant turbulent , main eile intIgre stir tine psrtie de ia longusur du faiscaau lea phenomenas. On
petit capendant remédier en partie I cet inconvenient en introduisant localement dans Ia gaz des traceurs
qui ont la temperature main ausai la vitesaa locale du gas. La techniqLa que noun sh orts décnire eat celia
du ranvarsament de raias main an se plaçant dana le domains infra—rouge , ca qu i parmat de fa i re  des masurea
I partir da 600 IC

3. 1. 1 - Me4 u~e4 ~~~ anée4 d~~1a~~emp éitatwt de gaz de cornb us tLon de ea
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (6 ]

A) - P te~Lpe de &z mé t.hode de me6w~e

Le schema optiqua du dinpo sit if gui permet de di ncriminar le s aignaux provanant de Ia source at da Ia
flame eat présenté figure 6. L’imags da Ia source S eat formée dana is plan C par la lan ti l ia  L~~ . La
lantilie L~. en reforms una image dana le plan de la flamnie. L’op tique ~~~ gui auppor te Ia diaphragnna
d’ ouvartura , conj ugus las plans images précédents stir is diaphragms de champ ~t . La lentille L1, parmet le
transport da l’iinage monochromatique , iaoléa par is- monochromateur J~\.. , stir is miroir prinmatique P qui
ha divise an deux parties aensiblemant egalea. Créce aux lentillas L~ tine moitié de i’énergie arrive stir
un récepteur R~ , l’ autre moitié sun un récaptaur t~~ . tin coutaau place dana Is plan C petit étra déplacé
de facon I diviser l’imaga axactemant coma le miroir prismatique. L’tin des recapteurs , par examp le R~, ,
ne racoit alors plus aucuna energie provenan t de ia source , alors qua le signal délivré par R~ n ’a pan
cha nge.

En l ’absence defiamme at avant obturation par Is couteau lea détecteurs R .~ at délivrsnt raspecti—
vsmsnt lea aignaux j~~ at ~-~o proportionnela B la luminance energetiqus monochromatique de Ia source

L ().,T,.~) at 
~~~~~~ 

~~~~ I.. ,

oil ea t is temp erature de luminance de la source B is longuaur d’onds A . On petit aunsi faire appa—
rai tre son emisaivite E (~~~ i en écrivant

K~ E~ (A )  L ( A , T3) , i,l~~ 
K~ E~

(
~’) 

L (?% TS)
oil T eat alor s  sa temperature vraie. Compte tenu des differences de sanaibilité des détecteurn at des
éteridues géométrigues des faiscaaux incidents , lea coe f f i c i en ts de pro por t ionnali té %~~ at t< Zn s sont pea
identi ques mais 11 eat toujours possible de les égsler en jouant stir lee Ctages d’amp lifica tion.

- -~~~~ . -  — -j
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En presence da flamme et coutaau mis, ~~~~, donne un signal ~~ 
dO I is flaps seule alors qua

donna un signal ~ dO I ha flaimne at B la source *—J ~( ( A , c)  eL’c

L (
~ 1~~ + ~c~ J 

.~() ~, oc) L [A , 1~(~x)]~e ~
1 -J ~~( c ~ -n -{

n((A,~~) ~st le coefficient d’émiasion monochromatiqua local egal au coefficient d’absorp tion d’ aprls
is loi de Kirchhoff et L C~A~ 

T~(~)J eat is luminance monochromatique do corps noir B la temperature
locale de ha f lame

Darts cette formulation on a suppose l’homogenéité de ls flame dana une coups tranavarsale du
fa iaceau, ou ca gui reviant au stems , qua is faisceau eat infiniment étroit, La premier terms da ~~~corres—
pond B is transmission I travera ha flame de l’enarg ia provenant da la source salon is loi da Bear , loi
rigoursusa dana is cas strictemant monochromatiqua. La deuxilma terms correspond I l’émission da ha flame
dons uns tranche d’épaisaeur djx et I son absorption par lea tranches suivantas da ~ I +-~1 , ~4 étant1’ épalssaur da ha flame. Saul ce second terms apparalt dana ie signal iz, . Si Ia flame eat homogIne
i’integrala eat simple car L ( A , Tç ) sor t da l ’ intégrale at l’homogénéite du coefficient d’émission
n’ast méma pas nécessaira. On obtient len relations suivantea

K~ L ( T ,~~)(-~_ E ) + %<~ L(A ,T~)~

j L P ~~t~~ E .
oil E ea t is fac teur d’é miasion déf ini  par : E fl.’) —

On remarqusra qua E depend da l’épaisseur da ha flame . La connaissance da ha luminance monochro—
matiqus de la source L( ~~~~~~~~ permat alora de calculer I chaqua instant par Ia resolution de ce système
da deux equations , lea inconnuas L(A ,T ~ at ~ 

( )~)

Pour effactuar cetta resolution , dana ha esa oil = =
on pose
• ‘

~ A O  
~~~~ 

— ‘15
on ob t ient : 

~< € L ( ) ~ ~r~~)

at on en déduit L ( ~. , T~~ — ‘y1~, E(~~
— ~~

L (>s T~5) Y~
La loi da Pianck pour Ia longuaur d’ onda .X permet alors de ramo ntar I la temperature da la flame

Tç . La tempa de réponsa n ’ast limité gue par ha constanta da tampa des récepteurs at ceile de l’enre—
gistremant des signaux.

La calcul d’erreur montre que la precision de la manure eat d’autant p lus grands

— que l’on travailie so plus prls du point ds ranversamant défini par l’égah i té des temperatures de
is flame a t da is source ,

— at qua he facteur d’émission de la flame E eat proche da l’unité.

Il faut souhignar encor e una fois qua is mea ure n’a de signification chairs qua si Ia temperature da
is flame eat uniforma stir tout is volume gazaux traverse par lan faisceaux optiquen at que la manure
intérasas tout ca volume . En general la flamine presente tin profil de temperature avec tin maximum au milieu
du jet. Dana ce can ha manure conduit soit B una temperature procha da la temperature maximale si le
facteur d’émisaion eat faible , soit I una temperature voinina de celle en bordure du jet si le facteur
d’émisaion eat proche de 1. En fait iorsgue i’on s ’i ntérasae plus particuliIrament B la temperature au
cen tre du j et on mon tra qu ’ii exists un optimum pour Ia facteur d’éminsion , optimum qui eat trIs bien mis
en evidence par l’étude spsctrographique d’ une raia d’emi nsion—absorption qui presents dsux maximums
symetniqusa par rapport au centre de la raie .

Dana ha cas d’ une flame tranaparente l’addi tion d’atomas etrangars (du sodium par exemple) émettant
des radiations définiea , est nécassaira afin da Ia rendre monochromatiquament Iumineuaa ; l’hétérogenCité
des temperatures du gaz petit n’avoir alors aucune influence aur is réauitat de la mesura si l’on a soin
d’injec ter ha Sal de sodium localement. Ii faut par contra prendrs garde que celui—ci sit atteint h’Cqui—
libre thermique.

lien évidamment is methods suppose l’equuhmbre thermodynamique . Dana Ia caa contraira ia loi de
Kirchhoff doit etre modifiée de la facon suivante

ha luminance energetique spectrala L~ d’ un gaz quelconque eat egale au produit de son facteur d’absorp—
tion EA par ha luminance énergétigue apac trala ~ ~ 

du corps noir B la temperature définie par is
loi de Boltzmanr écrite pour lee populations M.f at W~ responsablas de l’émission et de l’absorption de
la raie de longueur d’ onde ~

~~ 
Si- ~~i±...
~A T 3 4 Wt

oil at aont lea poids atatlattquea reapectifa des niveaux- I at 2 de I atome ou de la molecule
émetteur. On effectue donc une assure de temperature de population. Dana is cas courant oil ii exists des
equili bres partieis correspondant aux transitions electroniquea , de vibrations ou de rotations , Ia mesure
condui t I Ia tempera ture d’équilibr e caractéristique du type de transition utilisé. Par exemple si l’on
travaille stir l’une des ral es du doublet du sodium on mesurers tine temperature électronique.

L. L~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ 
•1 ~~~~~~~~~~~~~~~~~~~~~ m—a,. ~~~~~~~~~~~~~~~~
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Enf~n Ia methods suppose qua lea phenomenes d’émission at absorption i’emportent devan t tous lee
phénomInes de diffusion gui sont anregistres come une parts de signal. En particulier , ii eat possible
de travailier stir lee particulea en suspension dana la gaz (fiamme a eclairantes) B condition que leur
dimension soit tree petite devant la longuaur d’onde utiiieCa.

8) - Tna.n~epo~Lt.~on de La mé~thode en

L’appareil est constituC de deux parties : un ématteur et un recepteur dont i’alignement optique doit
ètre aussi parfait qua possible. Cat appareil utihisa l’absorp tion at l ’émission propre des f lames due s
sasentiellament B is vapeur d’eau at au gaz carbonigue. L’intervalle spectral y set alors limitC , non pius
par un monochromateur , asia par un fiitra interferentiel gui intIgre our ha structure fine d’une bands de
vibration—rotation. On commat ainai une arreur systematiqua , le calcul monochromatique n’é tant plus rigou—
reuaement exact. Nous allons montrer qua c’es t une approximation generalement stiff isanta. L’homogeneite en
temperature de la fiaimns étant admise, l’intégration des relations donnant at y,~ stir i’intervahlespectral A )~ — )‘~~ donna A t

Kj L ( A T ) E ( A ~ 4A = Kj E~(~~ L~~~T5 ) E (A~ ~ A

Lea variations d’emiasivite du gaz € O~) an fonction de la iongueur d’ onda aon t genersiement
trIs fortes, par contra is luminance du corps noir pour has temperatures Tç et T5 et i ’émissivité de
is source E~ peuvent étra considereas com~e conatantas at sortir des intégrales si l’intervalIa spec-
tral est suffisaminant étroit. Dana cas conditions is resolution du système peut étre conduits comma dana
is cas monochromatique : -

~~~ _ LR~~, T
~~ --

~
.~L 

— 

&>~ J~
oil ?~~~ast tine longueur d’onde moyanna de l’intervaile 

.&>~ . L’émisaivité sinai obtentia est Cvidemmant -

uns CmissivitC ntoyenne , at ella na sera importante qua ai Ia densité des raiea spectrales eat assaz
forte.

Afin d’estimer l’importance da l’srraur syatematique due I cette integration , on considIre is cas oil
la Variation da luminance du corps noir stir eat iinéaire

L (X , -r) = L ~~~~~~~~ 2~_ (  X~~ T ~~A _ ) ~~ 3
On calcule alone

I ~~ F ( 
~~ ~. ~. / ~ .! f_ 

~~~_..�_ ‘,

~~~~~~~~~ 14 ~~~~~ I C t A) ( ~~~~~~~~~ )~
__ ) ( ‘)A 

_____

~/ 3 E ~~ [ ~~.X )
~ ~~ ~~~~ “ L’~’ t!’~ 

/

Puisqua E(A ) eat una fonction bornea par I , is terms correctif peu t êtra majoré par

_ _ _ _ _  - _ _ _ _  ___

E L7 4
soit an utilisant is loi de Planck

—1 -1 -1 -1

~~ ~~

• 
)‘ ~~ (.4 - axp C t )  

- T ’  (-1 - ~xp -�..k_ )
S

L’ arreur ss~a negligeable si l’intarvaiie spectral eat auffisament étroit at ai l’émiaaivitC moyenne
de la flamme n ’sst Poe trop faibie. Ella sera quasi—nulls ai is temperature vraie da is Source eat egala B
ceile de la flame.

L’étude epectrométrique prealabla des flames de combustion montre que l’émissivité , par silicone
faible , eat par contra tree forte I Ia longueur d’onde de 4 ,5,ain~ sun lea bandes chaudes d’€mission do gaz
carbonique. C’est Ce qua montra is spectre obtenu sur un réac1~aur homogIne (Fig. 7), i’épaissaur de gaz
traverséa étant de qusiques centimItres. A catte hongueur d’onde on utilise tin filtra interfCrentiel dont
la largeur relative sat de 4%. Dana ceo conditiona l’erreur syatématique sun Is luminance L ~~~~~~ )
eat infénieure au pour cant .

La tampa de rCponse de I’enaemble détecteur—présaplificateur eat de l’ordra de une micro—seconds,
asia ii tie passe pas he continu at ii set néceesaire d’interrompre periodiqu emen t la f l ux incident pour
recaler ie zero. On utilisa is rotation d’une rotie dentée qui occulte h’imaga obtenue dans Ic p lan d-
(Fig. 6) 1 une frequence da 2500 Hz. Las deux diaphragmes da champ gui délimitent len falaceaux I at 2
aont constituCs par lee surfaces sensibies des détecteurs , Ic diaphragms d’ouver ture étant common aux deux
faisceaux. Cette separation des deux diaphragme e de champ a pour avantaga da permettre par Is seui dépia—
cement axial du miroir eeparateur de diejoindre lea deux images , ce qui rend pius facile I’occultation de
i ’une d’elhes par le coutesu.

La photo de is figure 8 montre l’appareii stir un banc d’optique at au premier plan is calcula teur
anaiogique gui permet de caicuier en tampa reel la luminance at le facteur d’émieeion da is flanune. tine
difficul tC particuiière pour effectuar ca calcul set due I is modulation B 2500 Hz. Lee signaux se
trouvent hachCe B cette fréquence avec par ailleura tin leger déphasage entre lee deux dCtecteurs , cc gui
fait que is resuitat du calcul n ’est valsble qua pendant da courts intarvalles da tampa de 8O,~us espacCs
de 300,4g$ environ. On procIde donc par echantillonnage at la chains da traitement log ique B large bande
pseeants mise su point tie retient que lee meaures correctea et affiche zero pour lea autrea. Cepandant ,
pour lee phénomInee fugitife dont is dorée aet infénisure I quel ques cen tainas  de microsecondes is modu-
lation eat inutile.
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Nous avona vu que is mesurs n’s tie signification claire qua si la temperature de is flame eat uni—
fonma sun tout le volume gazaux traverse par las faiaceaux optiques. Cela aemble axciute la possibilitC
d’effactuer des masurea da turbulence therinique loraque toutsa lea caracteristiques du milieu (concen tra-
t ions , tempCrsture) variant en tout point at B tous instants de facon aiéatoire. Nous allons móntrer qu ’ii
eat pourtant possible de caractCniser Is turbulence dana is can oft ella eat statistiquament homogIna at
lorsque lea fluctuations d’émisaivité sont tie faible amplitude vis—B—vis ds Ia valeur moyenne .

Pour is démontrer reprenons la formula donnant i’énergia recue par tin détectaur en provenance d’une
source après absorption par is flame at en provanance da Ia flame ella—sterna at ceci pour un faisceau
optique monochromatiqoe trIa étroit + .~

- J O( CL~~
= ~ - t  + J ‘< L ~ 

-

-z
Si i’on sépare valeur moyenne et valeur fiuctuante

: ~ Lç~ 
L~ . L~(~~~~~)

ssuies len fonc tions 0(1 at L~ dependent de x at de t puisque ha milieu ant suppose atatistiquemant
homogIne.

On en dCduit is méme separation pour is factaur d’émiasion avec :
- .J’

~~
c
~.’c

et is partie fiuctuanta du signal ~I L t)  s’écni t :

-J 
(o - ~- 0(’)cLx.

~ E ( L ~~~L ) + J (~+~’) L ’~ ~
On remarqua qus,si is luminance tie is source sat égale I ha luminance moyanne da la flame, lea

fluctuations d’emiasivite disparaissent so premier ordre. Si can fluctuations sont tie faibie ampli tude ii
eat possible da negi igar  

~ < ‘ devant o( et ii na rests qua lea fluctuations h ess I is temperature.

— I
+
~ ,

~J (+) n ( J  L
-~z

L’interprétation da cette integrals nero encore facilités ni on fait en aorta qua Ia coefficient d’abaorp—
tion soit petit de facon I pouvoir neg liger ~~( L ~~) devan t I

~~
‘ (

~~~~: ~J L’~~~~

Pour cela on as place stir is bands d’éminsion B 2,5jim pour laqualis le facteur d’émission eat très faibia
come is montrs is spectre obtenu stir tin foyer homogBne du type Longwall (Fig. 7).

Enf i n, si lea fluctuations da temperature sont de auffinament faibla ampli tude 11 ea t possible de
hinéar i aar la hoi de luminan ce L (~~~T ) au voisinsge tie ha temperature moyenna , at obtenir
Sinai i’intégrale des fluctuations de temperature sun le trajet optique

- - 
~~

‘( t )  2O <~~ ~~~(A i Tc ).~~~~~
J 

T;(~ ,~~) ~~

avac 2— c o< E Ia facteur d’émisnion moyan.

Dans le cas oil le milieu n ’sst paa homogene , c ’eat—B—dire ioraque cc at ne sont pan indépandan ta
tie ~x- , Is découplage au premier ordre den fluctuations n’aat plus total mais lee fluctuations d’Cmissivité
sont fortement atténuéas. La terms ralatif B cas fluctuations s’écrit en effat

J o c ’(~~~t ) . (  ~ ç
(~~ -

st ant trIs inférieur I cslui gus l’on aurai t on absence de source b5 = 0), D’silleurs , m8me loreque le
milieu eat homogIne , is qualité do decoupisga eat fonction de la precision de l’ajustement tie is temperature
de la source B la t emperature moyenns de is flame qu ’ii eat nécessaire tie determiner par une manure ou un
caicul présiabie. 

‘
~~4

Si le decoupiage eat parfait , is signal pyrometrique eat proportionnel B I’inte grale stir le trajet
op t iqua des f l u c tua t ions de lumina nce ou de temperature . Quehe aont lee effeta da cette integration et
notamment goalie ralation exista—t—il entre Ia variance (ou I’ecart—type) du signal at is variance de la
grandeur meauréa ? On montra , an utilieant un fonmalisme dO I Uberot at Kovaazaay (7), que loraque is
longusur d’intégra t ion ea t grande davan t I ’échel le  in tégrale ellee aoflt proportionneiles. La rapport de
proportionnalite eat trouvé égai au rapport du double de i’échelie intégrsle de is turbulence ..A. B is
longusur d ’ in tégration ~t . C’ast—B—dira que ei fl..’ represents lee fluctuations ineaurCee et T’ lea flue—

-

~~ tustiona locales , laura var ian ces ~~ t et T’~~~sont h ess par Ia relation suivante 

-~
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~
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~~ j I~~ •T”~ ~~~
Catte relation petit étra i.nterprétéa de la façon auivante ; si on decoupa is trajet optique en

in tervahlas da longueur 2 J\...

‘

~~~ ~-T 7~on pau t conaidérer que Q. set la moyenns de m grandeurs indépendgntes TL attacb Cea ~ chacun de
can intervallea

.g. ( T~’ ~. T~
’ 

~~ - - - - - i. 1~
La variance tie ha some eat alors egale B ha some den variances at puiaqu ’il a’agit tie vanisbbas ~
moyanna nulls on ratrouva ha relation ci—densus.

3.1.2  -

Pour ramo n ter I ha variance locale T ’~ tie is grandeur assures ii eat nécessaire tie connaitrel’échslie integrals ..& . Pour i ’obtenir on petit penner utiliser , soi t h’ anaiy se apec trale , aoit is méthode
den faisceatix orthogonaux mine en oeuvre pour Ia premiere fois par Fischer at Krause (81 , main gui pre—
santa i’inconvénient tie nécessiter is mine en osuvre tie deux appareils tie manure.

a)  AviaL y.~~ 4p~c.tkaLa

Par anal yse apectrale on antend Ia spectre obtanu I partir du signal tie assure. Un tel spectre corres-
pond par transformée tie Fourier I la fonction tie correlation temporsile. Par contra is calcul tie l’écheile
integrals ne petit as faire qu ’I partir da is fonction de correlation spatiahe. Le passage tie l’une I
l’ autre n’aat possible qua ai l’on admet l’hypothBns de Taylor. Cette hypothBae consists I supposer qua
pour las grandea vitesass de convection is turbulence eat gales. Ii y a alors proportionnalite entre lea
daux variables, le tamps at Ia coordonnéa spatiale paraliBla I la vitasse. fin dephanags dan a is ramps
correspond done I une translation tie catte coordonnée. La spectre qua l’on ob tient alora ea t is spectra
dit “unidimensionnel” qui sat la transformés de Fourier da la correlation entre tieuz points progressive—
ment eioignes i’un tie i ’autre defininsant un vsctaur maintenu parallels I tine direction donnée, ici cells —

da la viteasa. Main lB encore he spectre menuré ant modifié par i’effat d’integration. Dana is caa oil Ia
iongueur d’integration eat grands davant -A-. , on dérnontre la relation suivante entre le spectre inte gre

at is spectre local E~ 
: 

—

E ( ~<) : - . L  ( K J ~’(I c) 
A~~~~~-~ V 

~~ [ ~ç~ /<~~Clsssiquement on calcuis l’échelle integrals I partir da is vahaur I i’origine du spectre unidiman—
sionnsl — ,

E ( °) : ~?_± T~~A

La csicui tie E (o) I partir do apsctrs pet-mat ti’écrire

E o )  : L j  f~( K ) S t~< .~~~ _ iR.’~
at on retrouve is relation reliant lea variances

J~~ T~ ~
, . .

L’anai yss spactrale , méme compte tano tie i’hypothIaa ds Taylor , ne parmet done pas d’obtanir tine rela-
tion supplémen taire qui aurait pet-mis tie caicuier l’échalie integrale at is variance locale. Réciproquement
Is spectre local tie peut étne détanminé gu’I on facteur prIs. Remarquons au passage l’effet de I’intégra—
tion nun is spectra : ni E~ petit être raprésenté par une loi an K~~~ sara aiora en
L’e f f et da l ’ intégration se fait sentir dana tout ie spectre par une tiécroisssnce plus rapids.

b) Fa.L~ceaux o-’r-thogonaw
Cetta technique consists B assurer he niveau de correlation entra deux assures optiques sun deux

trajets orthogonaux at progressivament eloignes l’un tie l’autra come is inontre is figure 9. Lea points ft.
et B délimitent ha plus cour ts dis tance c~. den deux droitea. Si h’on decoupe les deux trajets optiques
en intarvahles ,de longueor 2 )~.. (an prenant 1. at comma point milieu de i ’un des intervalles), chscune
des man ures 

~~~~~~ 
at .Q~ ast Ia moyenne ties grandeurs indépendantes attachées B chacun den Cléaents

conatituant l’un des trajats optiques. On conçoit gus eaula las deux inta,rvallee incluant he point -A. ou
~ donneront tine contribution notable B Is correlation antre j2.’-3 at .S?~ puisqua is distance entre tous

lee points des autrea intarvahlea sara eupérieure B i’écheiha integraie.A. . En fa i t , Fischer et Krause
stiniattent que Ia fonction da correlation f3 ( o t ’~ qua i’on obtient point par point en éloignant progressive—merit lea faisceaux i’un tie l’su tra , eat proportionnelia 1 is fonction tie correlation I~~(d.) antra lee
points It. at .6 . II euffit alore tie normaliser /~ (ct~ par is correlation an faisceaux croisés il(o)
pour ob tenir f~c~~) , puia par integration i’échaiie integrals. En fait i ’intarprétation tie Fischer at
Krause n ’as t psa correc ts ca r ella  suppose né gh i gasbla lea correlations entre has points voisina de A at

taln qua C at .1) par examp le. L’Ctude théorique de cette technique a done éte reprise en utili—
sant toujoura he formalisms dO B Ubaro i at Kovseznay vsiabla pour tin milieu statietiquement homogIne. Ce
calcul , pour deux faiecenux infiniment étroita de longusur ~~ —~~ --i et , ?— ~~,! d i r i ges l’un salon l’axa I at
l’ au tra salon i’ axe 2 conduit I ia relation intC grsla suivanta

~~~~~~ 
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En particuiier is corrClstion en faisceaux croisCs , pour OL~. 0, ea t donnée psr

/3 (o ) ~ W
‘~ “4 4_l~oft ~~ eat une échelie integrals diffCrente de celia utilieCe juequ’ici et definle par

-~~~~~

La normslisation tie par permet de définir la fonction sans dimension

2 

(~ ) = = 
~~~~~~~~~~~~~~ f°t~. (~ ) ‘~~ c’L ~

dont l’invarsion donna ....
R( =-

~~~~~
T’

~~

’
J’- ~~~~

On voit qu ’ ih  ant  n~ cssssire pour obtenir tie tracer ‘?) en fonc tion du paramè tra ~~~~~ lieu tie
at d’en prendre is derivee. La valeur de cette dérivée 1 l’origina pet-met tie calculer Js.

_ _ _ _ _  - -‘1

Enfin l’integration tie cette fonction derivee sur d permet ti’obtenir une relation entre .A. ct _ A-
ct done tie calcular ./~~ :

La methods des faisceaux orthogonaux penner done bian tie determiner l’échelle integrala ; ails
parma t , mieux encore , d’ obtenir is fonction tie correlation B tisux points , asia a pour inconvenient d’Ctra
longua (ii faut affactuer des manures point par point) at asaez peu prCciss (is fonction f~ a ’obtient par
derivation tie ha fonction . Aussi on a recherché at on propose tine meaure plus simple derives da
cella—ci. Ella consiata B masurar is correlation normaiiaée en fainceaux croiaés.

e)  Con téio..t~on ~o~i n L ~4~ e e n  ~a-~4ceaax c)LO~.4é~
II ant toujours difficile ti’affsctusr den manures absolues at ceci eat egslsment vrai pour lea corré—

hations. Ce qua donna is traitement numérique c ’est la correlation normahinéa par lea valaura quadratiques
moyennss des assures at Q ’~, . Or nous avona donnC une expression tie can valeurs quadratiques
moysnnea : 4 .4~

4(~~) _ ( 7~4J. L)~’ at (-a’: ) 
~

(j ’
~~~ )

La correlation en faisceaux croiaés donnee par

= T I’-
deviant après normalisation :

_ _ _ _  
- 

-rr
—j~5~ e , 

~~~~~ 
~~~~ -

Pour a l ler p lus loin on atimet qua las deux écheiles integrales ..A.. at JL sont voisines. C’est is cas
l~~ aque i’on admet pour is fonction tie correlation R tine loi exponentieiie ; on a shot-a rigoursuaemant
..A. = ft.. . Pour tins gaussienne on trouve :

j j ~~~ j~~~~ ,g j~
Or ca aont deux cas extremes correapondant I un nombre tie Reynolds tie turbulence soit trIs grand (csa

tie l ’ exponentialie), eoit trés faible (csa tie ha gaussienna) (9] . On admettra que pour lea Reynolds intar—
métiiaires cetta quasi egslite tient encore . Dana cas conditionn is correlation normaiisée en fsiaceaux
croisée joints B ha connaisaancs ties iongueura d’inte grst ion 2 ..( , at 2 ~ parme t tie calculer h’Cchella
integrale

- A. ~~~
Ii eat I remarquar que la méthode dee fsinceaux orthogonaux ne faissit ~~55 intervanir lea iongueurs

d’in tegration . Las deux méthodas sont done indépendantas. Dana has deux cas , lee correlations sont
d’ autant p lus f a i b i e n , done difficilea 1 assurer , gus ces hongueurs snnt grsndes davant i’écheile inté—
grale.

3 . 1 .3  - In ~Luep ic~ d e L ~~~a 4 4 e k d ~4~~qi4a~aax
ius qu ’ici on a suppose has feisceaux infinimant étroita , cc qui n ’aat ~~55 physiquement realisable .

En ce gui concerne Ia decoupiage dee fluctuations tie temperature et dee fluctuations d’émi ssivité , le on
epsisseur finie n ’en res tre in t psa is qual i té puisque dane le cadre tie l’approxima t ion geométrique on
faiscaau opti qoe eat is superposition de rayons. Par contra lee caiculs tie la variance et des correlations
peovent en étra affactés puisque i’on ajoote one inte gration supp ldman taira stir lee dimensions transver—
sales des fsiaceaux.

- - -  
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L’importancs tie cat affat a été évaluéa dana le can tie faisceaux parsilélepipediguan de section
4€ pour celui t in ge salon l’axa 1 , et 4 ~~ pour cei ui dirige selon l’axs 2.

On obtient : ~

Li - _ _ _ _ _ _

at i~ = ~T’~JS._ [.1 — 

~~~~~~~~~~~~~~ 
~~~~~

—‘ L X
oil J\_ eat tine troisilme échalls intégrale définie par -

-4 - 
--1 i~~~~~~~~ dL. tz

Dana l e can oil € 4 = = , on an déduit is correlation normaiisée en faisceaux
croiaéa :

~~~~~~~~ ~~ iT J\ 
I ~

j 
~ ~ I ~- 3 E  ~ j~~

-

~

-

~~~
-- [ ~ 

-

Si l ’ on ~dmet qua -i’- eat do sterna ordrs tie grandeur qua it. at .A. , lea termen correctifa
d’ordre (t/..~..) . Cela aignifie qua l’epaiaseur des faisceaux doit étre petite devant i’échehie integrals,
come on pouvai t s ’y attendre.

Pour ties fainceaux larges tie 2 m at tine échaiia integrals d’environ 1 cm, is precision den manures
eat encore tie 1%.

3.1 .4 - Ap~LLca.tLon dt ce te méthode l t’Mude dt £a t buLencr ~th a.’un~iqae
La technique de manure den fluctuations tie temperature et len méthodes ties faisceaux orthogonsux at

den faisceaux croinés ant été utiiiaéa stir la jet I la sortie d’un foyer d’étuds tie Ia dilution malgré
1’in convénient de l’heterog eneite da n temperatures moyennes. On procIde an deux tampa tout ti’abord
assure den f luc tua tions tie temperature inté gréss en emission at en absorption nimultanées , ensuits deter—
mination tie i’echsile intégrale. En etfet , si i’on adaet qua les caractériatiqoen tie Ia turbulence son t
indé pandantes tie ia grandeur manures (pourvu gus ce ao’it un acalaire) lea techniques ties faisceaux ortho—
gonaux 00 croinén psuvant étra titilisésa aussi bien an emission , ce gui presents l’avantags de simp l i f i e r
i’appareiiiaga at sa miss an oauvra en supprimant las émstteurn des daux appareila nécessaires. Cala
parmet égalemsnt d’ augxnenter connidérabiement is rapport signal stir bruit puisqu ’ii n’eat plus néceasaira
d’être monochromatiqua.

a) ~e4u.~e_ de ~Luctua-tLon ~~~~~~~~~~~~~~~~~~~~
La assure ties fluctuations tie temperature a été utiliséa B la suite de la mesure tie temperature

moyanne an a j u n t a n t  ha temperature tie ha source B ceh ie—ci , ii eat nécansaire auparavant tie remp iacer Ia
filtra interférentiel I 4,5pm par tin filtre I 2 ,5_pa pour iequal is facteur ti’éminaion est inférieur B
5%. Le principe de la manure na nécennite plus qu ’une seule vois de mesore at la voie occultée par le
coutaau petit être utiliséa pour Is determination du facteur d’émission moyan, lea pointes tie temperature
pouvan t alien jusqu ’I 100 K au—dassus tie la temperature moyanne . La valeur quadratique moyenne des
fluctuations integresa nor is chemin optique eat egaie B

— ~? 5 K
b) Teehn-Lqu~ de~.s ~aLe ceaux o/t ~thogonau~
On otiline done daux pyromBtraS gui intIgrent h ’émiasio n infrarouge do jet dana tout le domains

spec tral junqti ’B 4 ,25,tt,~. L’ un d ’ aux , maintanu fixa , est place verticalemant su—tisasus tie is veins
l’ autre eat horizontal at petit êtra translate sxiaismsnt grêce B un chariot mobile comaantié B distance.

La f igure  10 prenente lea coot-ban tie correlation spstiotamporelias obtenuen B partir den deux assures.
Chaque courbe correspond I tins position relative des daux faisceaux , ~t étant he paramètre de correlation
teapot-ella at ~~. ha plus courte distance entre las deux faisceaux. d.. eat modifié par pan tie 10 m sauf I
I’ approche tie l’intsraection oil is pan eat rasaerré B 2 mm. Pour ne ~~55 aurcharger is figure , len courbes
correspontiantes n ’y figurant pas. A tins léglre attenuation pt-Is lea courbee as détiuisent lea unas des
sutras par one translation. Ccci s’expiique si l’on admet l’hypothIne tie Taylor ; affectivament , si on
porte stir un diagrams l’abscieae ~~~~~~ relative au maximum den courbes tie correlation , en fonc tion tie
la distance on obtient tine droite at la vitasas définie par is pante tie cette droita (84 rn/a) eat proche
tie Is vitaaae attentius pour Ia jet.

Len points I depha sage temporal nul (‘t — 0) perme tten t ~e tracer is courbe €~(S~ gui presanta un
maxi mum pour d. = 0 (Fig. II). D’aprBn Fischer at Krause ai on normalise cetta fonction pan Is valeurPto ~ correspondan t nu maximum , on obtiant is fonction tie correlation Pi (ld. ’) antra len poin ts ..A. et B.
Son integration perniet tie csicoier tine échelle integrals. On trouve 2,5 cm. En fait, I’in terpretation tie
Fischer at Krause n’est pas correcte car aIls suppose negiigeabies las correlations entre las points
voisina tie A. et B , at ~n a vu gu ’ii eat nécassaire pour obtenir ~~(d..) da tracer is correlation en
fonction du paramItra d. au lieu tie o1.. at d’an prendra ia dérivée . Au voieinsge tie l’origina Ic calcul
de cette dérivés eat déhicat ; pour l’effectuer on represents is fbnction par tin dévaloppernent tie Lagrange
du 7Ima tiegre . Loin da I’origine is denivee eat déterminée grsphiguement. On obtient sinai is courbe de Is
f i gure 12 qui represents , B Un coefficient prIs, Is fonction da correlation charchCe. On voit qu,~elIe eatbesucoup plus etroits qua . La vsieur 1 I’onigine pet-met tie calculer l’échelle integrate ,..k at
l’integration stir d~. perme t de cslcul er l’- écheiie integrals A. . On lea trouve trIe proches l’une de
l’ au tra

f t .  — 0,74 cm a t ..A. — 0,72 cm

-
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ca qui set one justification suppiéaentsire de l’approxhmation qui consists B. lee supposer égales. II I sot
cependan t noter qua cea assures na sont qu’approximativen , En particulier , is caicul par integration eat
arrete arbitrajrsmsnt au premier zero tie la courbe tie correlation. On suppose qua is contribution du rsste
tie is courbe , altarnativement positive at negative , eat negligesbie.

c) Con &éLa.tion ~n
Une autra methods pour atteindra it. ant d’utiliaar Ia correlation normsiisée en faiscsaux croisés

donnée par 
(o~ ______ ~~~~

. 
~~~

JL, s’., 12
Cette determination fait intarvanir las longuaurs d’integrn tion ~

? -~e4 at . Dana Ic ens present
— 5 cm at — 30 cm. On en déduit tine êchelie intégrsleJi.. 0,94 cm sannibismen t pi us grands

qua la précCdants determination ; asia il faut noten que du fait de I’existence d’ tin profll da temperature
moyenne , is hau teur du je t 

~~~~~~~ 
tie coi:ncide P 55 avec i’épaisseur tie la zone d’emiasion at conduit B one

surastimation tie h ’échsiia integral e. Pour êgaier las deux determinations ii faudrait ~~~- -(-~ — 3 cm.
L’ordre tie grandeur tie can meauren est trois I quatre fois plus faibis que calls salon h’intarpretation de
Fischer at Krause .

d) ~ e uatLo, .6 d~ ~emp~-’uttu.nQ LocaLe
Connaissant l ’échalle integrals ii eat maintanant possible tie determiner la vsieur quatiratiqus

moyenne ties fluctuations tie temperature locals, en ut iiiaan t ha relation

~~~~~~~~~~~~~~

Pour effectuar ha calcul on retient pour i’écheiie integrals in valaur moyenna sntrs 0,94 cm at
0,72 cm noi t 0,83 cm. La facteur multiphica tif ea t sio rs égal I 1 ,74 at i ’intensi té dan f luc tuations pa sse
tie 25 K B 43 K. L’intensité tie la torbuienca thermique eat d’snviron 7%.

r)  Sp~c~tke
En principe on petit obtanir is spectre I partir de ha fonction de correlation par transformation tie

Fourier. Main cetts fonction tie correlation a ete obtenue point par point at na definition ant innuffi—
sante notamment pour Ian points proches de l’orig ina qoi fournissent is domaine hautes fré quences du
spectre . Ausai a’an t—on contenté tie i’anai yne spactrahe directs des menursa , lea spactres obtenus etant
shorn modifies par l’effet ti’intêgration. Par example , lea deux apactres corraspondant I is manure en
faiacesux croisés, traces en coordonnées semi—iogarithmigue a jusqu ’I 10 kHz ont one allure non ciansiqua
sansiblement exponentisila , tie fré quence caracter iat igt ie  env iron 1300 Hz.

~
)

Ca tte mé thoda a ete app liqués pour determiner ha fonction denaite tie distribution dana is can d ’une
flame turbulente premeiangea. Una tells flame eat reprenentés sur is figure 13 , tin écoulement tie gsz
brolea chauds eat parallels B tin écoulsmsnt tie gaz frain , tine flame bitiimsnnionnelle ne développe ,
l’ abscinsa ‘~~ an t dana is sans tie l’écouiamant at l’anal yse ties fluctuations tie temperature as fait B tine
abscissa ~Z déterainée at B phusisurs ordonnées aituean B la trnversée du front tie flsmme. On observe
come is mon tre ia f igure  13 deox dis tribu tions pour tiaux temperatures aemblant intiiquar des paqusts tie
gsz fnaia at tie gaz brillés.

Noun avons insisté sur lea techniques tie meaurea tie in temperature par des méthotisa optiques car
ellen prénantent un certain nombre d’avantagss main cetts assure ne va pan , dana l’intarpretation , sans un
certain nombre tie difficultés.

3.2 - Méth od ~~ pa ’t donde4
Ii exists de trIs noabreusss methodas tie manure des fluctuations tie temperature par thermocoup le ,

résistance ou thermistanca , come précedamment noun an decrivons tine gui montre lee avantages et lea
inconvCniente tie cette technique. C’eet celle deveic~,p~e par Yule , Taylor et Chigier [9] , il e ’ag it tie
mesure tie is temperature par thermocouple , ia pnoblema l~ p iu s important dans le cas d’ une manure  tie is
temperature dana un ecoulement turbulent etant le calcol at In assure do tampa tie réponse du thermocouple
perma ttan t d’ accédsr B la temperature tiu gaz T , B pat-tin tie is mesure donnée par is thermocoup le T4,
at is constants de tampa ?~

Tr Tt ÷ t
~~~

La schema d’ un tel thermocouple set rapressnte stir la figure 14 qui montre tie quails aaniIre on peut
concavoir Ia support pour tie pas trop perturber I’écoulsment, La temperature tie in jonction ou tie Is perle

eat reiiée B is temperature du gsz an conaidérant trois mécaniemes le transfert gaz—jonction ,
Is ~rsnafart tie chaleur B travsre is h i  resultant d’une tiepertiition par conduction at le transfert tie
chaleur entre Ia fil at is gaz. La conduction thermiqua dana Ia gaz petit êtra conaidéréa come négligesbie.
Une etude tie bilan ti’énergie eat tine bonnie approximation pour svoir tine idée de ha valeur tie Is constants
tie tampa at ties paramItree qui agisssnt stir celle—ci.

La disposi t ion da ca thermocouple conduit B admettra tine difference tie conetanta tie tempa pour he Ill
seul a t pour is perle piacée sutour tie ia jonction. En psrticuiier he tempe tie reponsa depend fortement da
la dimension tie ls perle par rapport au fil constituent Ia thermocouple. La reponse tiu thermocoup le ea t en
general calculée oti déterminée expCrimsntalament soit en réshisant dane Ic gaz tin écheloti de temperature ,
soit an modulant B une frequence cona tanta is temperature du gaz. Cette fscon de fsira eat generals pour
La détarmination d’une conatante da tampa : modulation ainusoi~tiaie, echelon , ou technique impulsionnelle.

On petit en affet produire tin echelon ou tins impulaion de temperature dane le thermocouple en appor—
tant tie is chaleur dana is fil par on echelon ou Uris impolaion tie courant electnique .

I
- 

--~-~~~~~~*- - - ~ ~~~ - -



—--—=.~---— --- - -.--~ -— - -

F 
- -

Comas nous i’avons signale cette constants tie tempe correspond en fait I ha constants tie tampa t ç
tiu fi l  plus cells de la perle t~ at dans son evaluation tout depend do rapport tie ha dimension du lu a
celie de is perle. Dana is can ti on fil support tie longoeur m I m ic ha constants da temps qui intervient
eat t tie aorta quac 

~~~~~~~~~~~~
tan s is can d’ un thermocouple da longueur finie on utihise la relation

oil intervient un coefficient d’échsnge .k entre la temperature du fjl au loin at in temperature
tie ha perle at tins constsnte tie tampa tie in paris . La méthode la plus exacts consists B rneaursr t~ç
par tine methods tie chauffage éhsctniqus impulnionnei at au moysn d ’un calculateur d’êvaluer t’1, at ft at
done d’obtenir lea elements correctifa néceaeairsn pour calcuier la temperature inntantanée to gaz B
partir tie ha temperature assures I in jonction

Dana is conception tie cat spparsii noun avons deox types de ca lcu la t eumn

a) i’ un , qui admet comma donnéss lea paraaltrea gêom€triquas du thermocouple (Ill st perle) at las pars—
mItres  mesurCa pendant i’ ut i i i s at ion , ii eat  possible de cet te  maniIrs tie determiner  is constants  tie
tampa tie is perle dana las aeil leurss  conditions , c ’es t—I — di re  p ra t i quemant hen condit ions tie l ’expé—
rienca et tie calcuisr sinai lea tam es correctifa dus aux pertes therm iquea

b) tin autre caicolateur gui , I partir tie ha constante tie tampa et tie ha temperature de Ia fonction , deter—
mine ha temp era ture  ins tan tanée  du gaz .

Las sources d’ erreura avec cette techniqos provisnnant de p iuai eors causes

a). tout d’aborti da l’iaprécinion tans Ia meaure tie Ia constante ,

b) tie is connainnance plus ou mom s variable pour chaqoe thermocouple ties geometries gui diffIrent d’un
thermocoup is I un autre  at  méme évoloent en coors d ’ensai ,

c) tie la méconnsissdnca den perturbations apportesa par he thermocouple ou is sonde B l’écoulemsnt ,
quoique , B l’heure actuelle , can inconvênients sient êté réduits par l’emp ioi tans ian fiammas tie f i l e
tie diamltre  infér isur  I 5 J im main gui cependant t ioivent t an i r  compte tie i ’ impact  ties partIculss , —

d) du manqua tie donnêen stir lea transfarts tie chalsur en tmansitoire , cat aspect eat en effet important at
pratiquemsnt inconno , d’ oil is manque tie precision qui en découla .

Le f a i t  d’ u t il i a e r  deux thermocouples voisina , l’un chauffé  electr i quemant par on courant a l t e rna t i f
B haute f r é quence at l ’ au t r e  pa n , l limins certainea causes d’ erraura ; en e f f e t  la d i f f e rence  de is force
êiec t romot r ica  des deux thermocouples perrnstt ra i t  t i ’ a t t e in t i re  lea coe f f i c ien t s  tie t ransfer t  in~ tantané s at
gui peuvent être utilisés par is suite pour determiner in compensation nécensaire B appiiquer so thermo-
couple non chauffé .

Par cetta methods tie in sonda on determine en princips lea fluctuations tie temperature en on point at
l ’on petit avoir ainsi  one sta t i s t iqoe  eulénienna.

3 . 3  - V-Locu~~-Lop n twL té~~ mUhode~e tic meAwre det 6~ucLua-tio~u de -tcmp&ra.tulre
Noun avons insisté sun Ia manure tie cs scalaira pour bien montrar lea limitea tie can techniques at

isa progrén gui res ten t B f a i r e .

Len méthodas tie assure de Ia temperature par vole opti que son t tres intérsasanten et d’une mi ss en
oauvre r e in t ivemant  f a c i l e , on obt ient  tin si gnal , main ii fau t  i ’i n t e r pr et e r  correctement , ce gui n ’ent
pan toujours aise , noun n ’avons t iéc r i t  gus in methods du renverasmant de raise dane l ’i n f r a rouga  car ella
noun pat-alt d’una relative facilitê main ii en exists d’autres basées par example

a) nun Ia assure abeolue tie l’intansité tie m ien ,

b) eon is rapport de I’intensité tie tieux rsies (emission tie rajen due I den mêtaux contents dana Ia
llamas) ,

ou encore ,

c) nor is rapport d ’intansite tie banden gui Cant liéea , dana is can tie molecule diatomique , no mouvement
interns tie Ia molecule ; an spectrographic  Raman par examp le , ia mesure t i ’ i n t e n sit é  tie m ien Raman ou
tiu rapport d’mntenaites des raise Stokes et Anti—Stoken sara etudies au paragraphs suivant lot-aqua Ia
assure des concentrations ssra sbordêe.

Len mêthodes tie manure B court temps de réponse tie la tempéma ttira par sonde offrent , come noun
i ’ avons souu igne , tic nombreusas d i f f i c u i té s .  Nous avons cho in i  tie t iécrir a  la méthode do thermocouple pat-ce
qu ’eii e eat ponctuelis. Len metLoties I variation tie résistance nont an général couplées nyse len techni—
quee dti fii chaud St ellen net-vent B caicuier is terms tis compensation nécensairs pour tins determination
corrects tie la vitsase , ellen prénentent i ’inconveniant tie tie pan êt rs  ponctuel lea  at d ’ mn t e grar lea
phenomenen tie transfert inetationnairen nut-one cemtaine longueor de in sontie. Ces sondes~~oupIéee sont trIs
utiiea car alien psrmsttsnt tic determiner dan correlations du type T’~, -~i T  ~~~~~ ~~~~~~~~ -i.r ’~~, -~~~Y’
qui , dann un problIma bidimennionnei , dCtarminent otitra les correlations ties fluctuations du scalsire is
diffusion tie ce scsiaira dans dsux directions orthogonalan correnpondant 1 des fluctuations tie vitesass tie
composantes.~~’ at ‘nj-i . La figure 15 ant tin examp le tie réalisation due B H. Fiedier at P. Mensing [10] qoi
coup le l’ effet de is viteaae et celui tie ia temperature .

L.
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4 - METHOPES PE MESURE IM STAN TANEE VES CQNCENTP.AT IONS ET VE LA MASS E VOLUM I OJJE

Lea techniques tie diagnostic portant sum is mesure dee concentrations ant etC considCmablement dCve—
loppées ces demniBrea anneen , quoique proaatteusas , ii faut cependant dietinguer dana cea méthodes, et as
n ’ e n t  pan toujours evident I la lecture ties rapports , celles qui tionnant den concentrations moyennes at
detectent tea espIcea ainoritaires coasts lee madicaux (OH ), celles gui contiuiaent I Is menure ties
concentrations instantanees et qui intérssaent done directemant hen écouismsntn turbulanta Sinai qua
cail es , toujourn instantanées , asia qui ne dintinguent pan Is nature ties molecules main sont plut6t aenni—
bias aux noabras tie molecules par unite tie volume , c ’est—I—tiire nux fluctuations tie is masse volumique .
Toutes can méthodes sont optiqoes at utihisent tea techniques lasers .

Noun distinguerons tians ce rapport train methodsa gui comencent B tanner qoelques rénultata intérsa—
n a n t s
— Is méthode tie In d i f f u s i o n  Raman spontanés
— in methods u t il i s a n t  ha f luorescence
— in méthode tie d i f f u s i o n  Raman antiatokes coherents (DRASC) ou (CARS) coherent antistokas Raman scatte-

ring qua noua ahlons brilvement decnira an donnant las performances actuehles , cette tiemniCre dCterini—
nant sot-toot ha masse volumiqua.

4 .1 - M~thodc de La d-~~~u~~on ~a,nan tipo nLanIe (VRs) [11]

Lorsqu ’un f a inceau  luminsux traverse on gaz, one faibls fraction do flux incident eat diffuse nyse tin
changement de fréquence tans L~ 7T steradians . C’est is Diffusion Raman Spontnnea dana inqushie lan photons
inc iden t s  echangent tie l ’energ ie par vaheurs discrètes nyse is systems molCculairs. La spectre do flux
d i f f u s e  se compose tie raise dont lea positions nont representatives den divers nivesux energeti ques tiu
système molécula i re . Génêra lement on s’intdresaa atix molecules dmntomiquan at aux transitions tie vibration—
ro ta t ion .  Ce type tie d i f f u s i o n  eat bien adapte I i’ anai yse tea mélanges tie gaz car lea spsctrsn tie DRS
vibra t ionne l le  n ’i n t e r flr e n t  qua ra rement .  Examinons is can d’états vibration—rotation tie is molecule
camnctérieée ,,pnr lea nombres quantiqusa v St ~ , un pmocsanua I7RS fait passer de i’état (V , J) I I’étst

-‘ J~~, ), in d i f f e r e n c e  de f r e quence sntre is flux excitatsur at is flux diffuse etant repre-
sentative da cette transition. La diffusion Stokes correspond , pour ha molecule , B on gain d’Cnamg ia at
cells Anti—Stokas I tine parts. Sojent 1.1 le noabra tie molecules par unite tie volume , T~ St TA lee tampe—

r a t o r es  de v i b r a t i o n  et tie r o t a t i o n , f~. is pu i s sance  i n c i t i e n t e, / (~~~
_‘)~~ 

len sections

e f f i c a c e a  d i f f é r e n t i el i e n  tie d i f f u s i o n  poor is branche Stokes et is branche Anti—Stokes , B0 In constanta
rotationneils , -52- i’ angie sohide  tie collect ion , wj, la frequence tie vibration , in pui ssanc e pour one
m i s  (Q. Stokes eat egala I — V~~. (4-’y

TA

F’ k~. —_~ ’+~~]= P(~ .~ \ ~~( v +  ~)J2 ~J ~S L 
~~~~~

at poor la bmancha (Q Anti—Stokes

~~~~~
r~ [~v+ )3 )  _, (v , J = F (v -~ 5)~ N ~ 4 T5

A 0 ~~ V I€  ~-~Rom
avec : - ~~~~~~~~~ ,4~~~~~, _ —i

(~ ~~~~~~~ ‘~c ~~~~~V J B  v L -

et : ‘3~~~~~~—i) !~~~~ 
TA B

Pour r éal i ae r  Ia fiRS on u t i h i n e  on montage repm Casnte par he schema tie is f i gure 16 comprensnt one
aource exc i t a t r i c s  at  B T i / ~~ i’ anal yns par on apectromItre  tie ha lumière t i i f f u aé e .

D ’aprls  lea re la t ions  precét ientes  donnant St 00 rsmarque qua he spectre tie DRS évolue en
fo n c t i o n  tie ~J

’ 
, tie T~ St tie T~ main  on peti t supposer i’equilibme themmotiynnmique realise at suppoaC

TR T~ 
- ‘

~~
“ . En f a i s a n t  is rapport d ’i n ten s i té  tie daux males on obtient  la temp erature , on petit , par

example , en prsnant  V = I f a i r e  is rapport du f l u x  Stokes émis dana ha branche C.2_. font inmantale  (due aux
molecules  in i t i s l am en t  tans l ’ d t n t  v ibra t ionnel  fondamantal )  no f lux  Stakes émie par Is branche CQ~ dueaux molecules  qui  sont in i t i a i snn en t  dana on etat vibrationnal excite donné , c~ gui cammes pond 1 is rela-
tion

~~~~~ 
F’5 ~(o ,~~

)_
~(-i . ’3~J 0< .~~~~ ~eF~) C(-i,3)-.---,(2~~1 ~ 

-

On paut C galement  e f f e c t o e r  le rapport du f l u x  in te gre stir i ’enaembia tie ha branche (~ Stokes B
c e l u i  i n t é g ré  nor i ’ enaembie tie la bm anche in tegmee An t i—Stokes , ce r~~ port correspond B is re l a t ion

~~~~~~~~ 1’~ 
iy,~

)_ __
~Nt 4,j~10< ~~

~~~~~~~

La selec tion apactrale petit êtrs réaiiséa tans las tieux ens par filtmes intarfémentiela .

- ~~~~ -~~~
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La temperature Ctant connus, l’intensité , i.ntegree tans une bsnde epactmale tie largeur et tie position
quelconques, eat proportionnelle B is concentration tans is gsz tie is molecule choisie. Soivant que is
temperature sat infériaume ou eupériaure B 1500 K on pmendms aoit is structure matntionnella , soi t is
structure vibrntionneiie. Donc l’intenaité intégrée 1’ dsna tine bands tie largeur apactraie A)~ ea t Cgale
B :

I
En prenant tine longueum )  -I mm, — O,6~ stemadian , pour l’azote -t~T — 2 1O9 molecules/ca3 at

ôk a- I ~~~~~~ )~~ — 5 ,4 IO~ (maie d’exci tst ion 4880 A) an coilacte 7 10 13 , salt 2 106 pho tons pour on joule
incident . Mais avec tins optique tie collection 1 10%, un dCtectaur tie 10%, on tiCtects 2 104 photoelectrons
nyse une ermeur relative d’environ 1%.

Las pemformancas encoaptéas sont tifficilen B atteintirs par suits ties flux parasites : luminosité du
milieu , f l uorescence , rnyonnemsnt des particulea...

La source axcitatrice petit étre continue ou puinee , maih eumsunemen t ii n ’ast pas possible t’obtenim
— lea fluctuations avec tins source I excitation continue (assure longus pour coliactar suffisamant tie

photons) main  avec tins exci tat ion par laser pulse 11 eat  possible ti ’étuti ier  isa f luctuat ions tie tempers—
ture at tie concentration.

Un tai montage ant représenté stir ia figure 17. Train conditions doivent étre réalisCes

— is domes da i’impulsion laser tioit êtme courts tievant lea temps camacteristiques de In turbulence ,

— l’enargie doit Ctre suffiaante pour permettre une manure precise ,

— lea manures  nécassairen B in determinat ion tie S”Y at da T toivent ëtme effactuéea aimultanément .

Ac tuellement avee un inner B rubia relaxé tie 30 Joulss at pour tine iapulnian laser de 700 jis, Ia
tempa de manure est tie l’ordma tie 10 ~is , is precision tie in meaure sum in concentration tie J~T2. meauréa
dan a dee condi tions nommales par ha manu re tie is maie Stokes eat tie l’omd me tie 2% at tie 4% B 1500 K. Le
volume tie manure  correspond B on cy lindre tie 1 mm tie diamètre et —~ — I mis pour is longusum.

L’ extanaion poenibie tie catte mlthotia consists I réaliser den impuisions plus langoes tie 10 1 20 ma
nyse ties tampa tie manors de 10 jin , mais cette extension as fait so detriment tie Ia precision.

4.2  - MIth od e ut LLtavtt La ~Luo ’tctacnee [ 1 2 ]  [13]

Cette methods eat analogos i in DRS mais au lieu tie considérer in fluorescence come on effet pars—
site qui vient perturber in assure en DRS , on is considére au contraire come le phenomena principal et
ails sert de tmaceur pour len autres molecules entrant dana las produits de combustion. Tnrnn , Péaiat St
Bai l iy [IIj ont aantré qua cette technique dtait valabie pour determiner in temperature at In concentration
tie cemtainaa molecules donnant is phénomène de fluorescence . La technique experimentale eat voisine de is
DRS. Le spectrographe paut êtrs ramp iacé par on fiitre gui dlimine ha compasante Ray leigh et Mie. La
photomuitiplicatsur collects slot-a touts is fluorescence sinai qua lea raiss Raman indivitiueilea male tiant
in contribution at signal total eat négli geabie. Ii faut cependant qua lea gaz contiannent ties molecules
fluorascantes , ccci a lieu dana lea zones tie pyrolyse ties hytirocarburen en particuuler dana lea flames
sir—kerosIns at tans is domains tie temperature compnis entre 600 et 1000 K, au— dell tie 1000 K ce phenomena
tie f l uore scence dia parai t car le s molecules fluo rescen tes  nont d é t r u i t a s .  L ’ avantage en faveur de in
fiuorsacence pmovient tie son signal important , cs qui f a c ili t e  iss manures , f a u t — i l  encore poovair inter—
pméter ces assures , car lea fluctuations tie concentration peovent être dues I pluaiaura causes gui inter—
yiennent dane Is biian tie i’snpèca : d ’ aborti on e f f e t physique dO so iransfart tie manna par diffusion
moiécu ia i re  at tu rbu ien t  at ensui te  on e f f e t  chimiqua tie product ion at ds destruction difficils I Cvaluer
an milieu turbulen t . Quoiqu ’il en noit las performances de cette methods aont actueiiement , avec on laser
I Argon jonisé tie 10 W continu , tie 50 ~ia en ce gui concerns le tampa tie rdpons e , c’aa t l dire que l’on
paut mesorer en continu des frequencen ailant tie 100 Hz 1 20 kHz , is resolution spatinie correspond B un
cy lindre tie 1 mm da diamétre at 1 cm tie iongueur. Cette méthode ne mamche qu ’ antme 600 at 1000 K et is gaz
doit cantanir ties hydrocarbomes gui as pyroiynent I cette tem perature . Ii exists tans in littérature tie
nombreunsa publications nor h ’utiiisation to phénomène tie f luorescence , an psmticul ia r  stir Is mesura ties
concentrations tie madicaux tels qua CN , CH , OH utilisant tea lasers pour provoquem one f luorescence na to —
rée , i’étuda as faisant par anal yse tie i’émission ou tie l’abaorp t ion , main ces méthodes ne aant pas instan—
tanCss ; Banczy k et Shirley [16] prdtendent qua leun methods ant  lnstantanée mnis h a  n ’ant publlé sucun
mésoltat en ca sans. La littérature eat abondanta main ne répond pan aux probilmee poses par I’étuds tie ha
turbulence.

4 . 3  - Métho de tic d4i~~ation Roman anU-Sto~zc.t cahI ’tcvi-te ( VRAS C) [ 1 4 ]  [15]

Ii sembis qua l’utilisatian tie is fiRs eat delicate pour ne pan dime impassible dana is ens tie fiamen
i n s t ab i en  chargées tie pa r t i cu lee  br0h ées ou imbrQiéea gui ant dana le champ one trap grants luminositC
c ’est pourquoi is diffusion Raman anti—Stokes cohérente (DRASC) prent tie I’importance en particulier he
rejat tie ha lumieme parasite eat beaucoop p ius f ac i l e qu ’en fiRS.

La pn inc i pe eat is euivant. On observe tin signal DRAS lomegue daux andes planes et calinCaimas tie
fi-équencew p at~~i~ soot anvayéss nor ties molecules syant den vibrations activas ~- ta ll e s que

~~~~~~~ “ — -a- s . Una ants B in frequence anti—Stakes ~~~~~~~~~ 2 ’~
Q

~. -i.’.~~, eat diffosCe dana la
di~ ect io~i tee ondes e x c i t a t r i c e s  St 500 intenaité eat proportionneile no cammC tie is concentration ties
mno éctiiea d i f f o s a n t s s .  Lorsgu ’on ba la ie  in f ré quence w~ par rapport I W1, is signal anti—Stokes Cmis
pri ssnta  done one augmenta t ion  r énonan te  chaque fois que Atu ,- ‘-~-~~~ eat Cgai B is frCquence ti’une
trsn,ition Raman du milieu. Le faisceau diffuse eat Ini—méme cohCren’t at presents tootes les caractCmin—
t i qu es d’ un faiscesu laser : gmantie intensitC , petit angie sohitie, et dana Ia méms direc tion qua lee ondea
excitatricee , ceci rent i’Climination tie Ia lumilre parasite beaucoup plus ais~ t- no ’en fiRS. La f luorescence
set Chiminée t’notant Pius facilement que le signal as trouve Cmie du cdté anti—Stokes tie is frCquence
exeitntric e ~-&),4~, niors que in fluorescence eat émise tu cété Stokes.

Li-  - - - - - 
_ _ _ _ _
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La puissance anti—Sotkes coliactéa F~ eat praportionnells so earmé t’une susceptibiilte ’X du
milieu qui traduit is repanee den molecules I l’axcitation cohérente ; )C. eat is some tie tieux contribu-
tions at )CWR : ,X 

R sat in partie résonants at meprésente in contribution ties vibrations activea
en Raman at tie f ré quence w,, prochea tie U

~p—’.-~s ; 
pout- ia transition Rsman (v , ”3 )  __

~(v. ’3’)

XR OC [P~ (v ,3~ .~~J ( v 3’)]

tone propartionnelle au nombre tie aolécuhea par unite tie volume tie h ’aspèce molécuisire gui paselde is
transi tion Raann anal yses ; X p~ç~ represents ha trIs faible contribution ties autree aouveaentn tie
vibration sinai qua de is non linénmitC tie tiiatoraion do nuage élsctroniqos ties molecules , c’eat un pars—
metre propartiannel so nombre tie molecules par unite tie volume tie touten lea eapècsn moleculaimen preasn—
ten au voiainsga tie ha assure. En f a i nan t  varier W.-~~. — ‘—~-‘~~ nu vaininaga den frequances tie vibration
on obtient tin spectre représentatif tie is variation (

~(~~ avec W1,— 
J~’5 . Un examp le de montage exp é—

rimsntai ant tionne nor is figure 18, on tintingus lee deux lasers tie fréqoence fixe at tie fméquence
variable w5 . Main ii exists den difficuités expérimentales inhérenten B la nature nan hinénime tie ha
DRASC
— L’intersction n’sat efficace so paint tie manure qua a’il y a superposition spatisle et tempomelie ties

tieux fa incesux exci tn tsums , ce qui demands un alignement soigné tie can daux faiscesux .
— Une spac trocop is Rnmsn I haute resolut ion exi ge one grands s tabl ii té  en fre guence ties deux lasers .
— Des manochromateura tie grand pouvoir tie rdj  cation deviennent nécennaires poor m olar is mayonnement
anti—Stakes B detecter den msyonnamenta excitateura.

— La puissance anti—Stokes variant rapidemant nyse Ian poissances des tieux lasers ii faut affranchir is
manure tie laura fluctuations en puissance.

Des assures tie gmantaumn inatnntanéss soot ponsiblen avac in technique DRASC asia pour l’inntant on
obtlent one manors den fluctuations tie is manse voitimigue nyse lea performances nuivsntea : dorée tie is
manure 10 na I In cadence tic 10 lIz avec one precision tans is assure tie is manes volumique P tie 3% ; on
obtient ainsi pour is manure tie e la valeur moyenne at i’écamt typs.

Toutes ass techniques progmasseront ni len techniques ties lanera progresssnt egaiement [16] [17].

4 .4 - VLeuaUsatLon ct cUa~noti~Uc de L’écouLemcnt p alt de4 tc chnLgueé da d-L~~u4-con,
é SSLB4-Lon e~t ab~o ’tpt~on

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ [ I S ]

Des mé thotias giabsian ant été u ti l i s éan  poor tiéterminem lea variations tie Is manse volumique B
partir tie is iumiBme diffuses ; on tel montage eat tonné sur is figure 19 : on fsisceau laser eat place
dana ce can pempendicolaimement I tin jet turbulent qui ae mélange avac l’air ambiant. La lumilme tilffusée
sat analyses par tin phatomulti plica teum qoe l ’ cnn mepème par tin angle ~ , h’ omig ine tie l’sngle étant is
faincesu laser. Dc cetta lumilre diffuses pam is mélange turbulent on en deduit in lai angulsmre tie
i’inteneité (indicatnice tie diffusion) at on analyse is apectre tie in lumiere diffuses, spectre no sens
propre do terms sinai qua lea spectrea ties fluctuations. Lea f luctuat ions  tie manna volumiqus rénultent
Sinai tie trais f luc tua t ions  (presnion , temperature et concentrat ion)

(~ ~~-~ (~-~~‘, T C~~~
Cetta  methods globsie paralt  in te resnante  mais l ’i n t e rpmeta t ion  r en t s  del icate  come en temoigne lee

traysux tie Leiièvre st Picard.

Pour mecons t i tus r  i ’ e f f e t  t r idimensionnel  do phénomène , R. Gouharti  [19] a propose one technique
generals en emission et absorption pour e f f e c t u er  tea menures tans tin eapace t r id imenn ionne l .  II s ’ag it
t’ une methods a balaynga muitiangulaire teile gus cells représentée sum Ia figure 20 ofi he profil en
fanction d’une variable spatisie petit êtme téduit de la variation tie i’angie ((~ at tie l’nng ha ~ . Cs
champ de recherche petit encore étra smélioré en mendant Is mseums instsntnnée.

Ca demnier aspect conduit vera tine solution tiu pmobllme gui consists B obtanir lee variations d’un
paramétra dana l’sspace at dana is temps.

4.5 - V-Lo uo.&-ia-t4on de La ua~~a,t,~on de e pa/t dea méthodeti photo9~~p h~gue~6
Noun avons indigue nu debut tie ce rapport h’importance gus revét ha connniananee ties structures at

i’intémé t que l’on attache I in topologie ties écoulements tumbulants. Las methotias utilieCes actuellement
pour mietix decrire lea structures poasnt ties pmobllmes tiifficiles B rénoutira car lea informatians enmagie—
trees daivent étre convanabiement interespteae. Lea techniques photographiques ou cinCma tographiquas
nont

— l’utihisntion tie traceurs (aolities oti fluitias),
— in strioscapia ,
— i’ombraecap ie ,
— l’hologmsphie.

La atriascopie at is méthode des ombres donnent lea fluctuations da manse volumlgue de Is turbulence ,
asi a a l i a s  in tIgmen t ces fluctuations nor tout Is trajst du rayon lumineux. Les techniques to tmaceom et
i’ holagraphia sant intCreseantea cam alias identifient is position tie is particule fluitie asia slice sont
d’intempmCtation campiexe lot-aqua i’on tiCaime identifier in structure tie is turbulence. La mCthade holo—
gmaphique cantient lea informations neceasaimes , main is tmidimensionnslité etochaatique du pmocede mend
i’in terprétstion tie eas infommations difficiles. Noua dCcrirans tine mCthotia gui noos psmatt intémeasante
poor l’Ctuda tie i’écoulement turbulent , ella consiate B utiiiaar pour ha visusliestion , In luminescence
tie substances organiques corns in 2—3 Butanedione [20]. Elle parmet sinai ti’introduime on gsz phosphores-
cent pour visualiesm i’écoolement . On petit de cette manième étudiem lee proceasun tie diffusion de is
turbulence sinai que lea phénomènss de mélange turbulent .

L L~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ : : : :~~~~~~~~— ~~~~~~~~~~~~~~~ -
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Cette technique canaista done B détecter le transfert , par vole optique , tie l’energie ti’une molecule
I one sutre pam collisions. Cae cohlis isons  cai:ncitient nyse is mélange des espécea I l ’échalls molecula ime.

La molecule set excites par tin mayonnement nyant one certaine distribution spectmale , la lumière
incidents ant absorbés at méémiss sous forms tie fluorescence pour un état singulet excite at noun form tie
phosphorescence ni i’émisaion pravient d’un triplet excite . Stir is plan pmntigue each ee tratuit par un
mécanisme meprénenté sum in figure 21 : in luailre incidents ant composde tie piunisums iongueurs ti’onde
ella ea t fii trée pour n ’émettra qua dana is bisu, Is rsyonnsment eat absorbé par Ia butanedhone excites at
la molecul e east dana is vert , C ’est in phosphorescence . tans he bleu c’est tie is fluorescence qui a ’ajau te
nu bisu de is lomilre incidente. On peut par is suite enregintrer stir one plaque sensible is rayonnement
vent tie Ia phosphorescence aui eat très intense .

Las svnntagas tie catte technique sont lea suivants

— Ii eat possible tie diatinguer le melange dO aux memos crees par in turbulence du melange
dti I in diffusion moléculairs.

— On petit faire  one manors threats  tie concentration to trsceur.
— On petit iaolsr tins psrtia tie i’écouiemant at l’snal yaar .
— On possétie egsleaent tine vue d’ ensambie ties phenomenen.
— On enmegin tre ha structure du mélange f igés B tin instant donné.

Ii exists cepentiant den inconvénienta I cat ts  technique , an psm ticuii er sile n ’en t vaisbie qu ’I
bn sn e temperature car ii fsut tmouver ties subetancas pour ienqueiies i’dminsion tie phosphorescence ou tie
fluorsncencs demurs valable tans is game den temperatures étudieas

— Si l’an desire abtenir ties phatogrsphiea instantsnéea in vitease ne petit êtrs trap rapids at ds as fai t
on msaure t i i f f i c il em ant le champ den v i t ensea .

— L’ examen an t bid imansionnel et is phenomene sat t r id inensionnel .

— L’snsi yse qualitative ties films eat reistivement facile mais trés difficile iomaqu ’on vsut obtani r tea
résultats quantitatifa.

5 - MES URE VES FLUCTUATIONS VE PRE SSI ON
La masons tans on écoulemsnt ti’une preashon moyanne d’arrét 00 ntathqus eat encore do tiomaina du

possible , main  manurer  nyse precision tins preasion fiuctuants tans on écoulsment rests encore tiu domains
du futum.

D’ un paint tie vus theorique is presnion appamsit tout d’abord dana i’ equntion d’etat , tie Is farms,
pour on mil ieu I composi t ion variable :

A~o -  ( ‘ R T 2 ~~~~—

~~~~‘ étant la f rac t ion  manaiqos tie l’sspèce j
Rile appnraIt egaisman t tans l’equation do mouvement et tans l’équntian do bilan ti’énergis. Lea

problems tie fermeture font apparsitre ties tat-ass tie correlation nyse Is prassion at ii eat nouvant trés
t i f f i c i h a  t ’npprecier l ’impartnnce tie can tat -me n gui sont tie in forms

-~ 
_7__,

at —i~ ~~~~~

gui apparaissent dana lie bilan d’energhe cinttique tie turbulence. II faut comparer par sxempla is tarme

aux tammea 2 (~~~) 
~~ 

2) -i ~~,t  ~~

~t

oIl raprésente lea fluctuations tie l’energie tie dissipation , ~~~ las fluctuations do flux msasiqua
tie diffusion dana is direction (3 t&i ’

~ las fluctuations do Isux mansique tie production chimiqus 
~is chalaur  tie forma tion tie l ’ espBce 

~~~
, ~\

‘
~ 

lee fluctuations to flux tie ehsleur dana in directian4.- ~~

Sur he plan théorique St nun is plan de in modellaation ties phénoalnes tumbulents , Is manure de n
fluctuations tie p rean ion  revét dane tine trés grands importance.

II n’sxiete actualiamant gus den inéthodea tie manure pam sontia at ties assures intiireetea.

On dispose bian tie nandas tie presnian tie petitas dimensions (tie i’ordra du mmmi tie diamétre) tie temps
tie rCponaa de 10 kHz asia gui pet-tot-bent i’éeoulement , c ’eat loin ti’étre l’itiéal pour faire tine manure tie
praaaion carreete tans tin écoulament turbulent. Elies soot an general coupiéee B dee manures tie vitsese

inatantsnées at ties corre la t ions  do type (-t ~~~~ 
) ont ~té ob tenuen .  Ceci a l ieu  dana ties écouiemen ts

isathermes cam can sonties Cant encore trés aenslbles aux gradients tie temperature . Lea acausticiena utiii
sent tic tehien sondsa pour analyser ie champ aeoustique du bruit engantiré par lea écoulements.

~~ i -~~~~ - -~~~~~- -~~-—-- -~~~~— — -~~~~~~~-~~~~~ ~~ - -~~~— —~~ 
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Elies  sont tie detix aor tas

a) Lea fluctuations tie preanion locales determineen I partim tan manures tie pressiona instsntanées B Is
parai , one anal yse theorigue plus ou m o m s  comp hexe permet tie passer ties assures den fluctuations B In
psroi aux valeurs de la pransion locale instantanee .

b ) Des manures  tie masse volu m ique a t tie temperature en on mBme paint d’oil i’on tidtiuit hen f l uctuations tie
pression en ca paint.

Came on petit s’en rentire campte lea manures tie preasian dana las dcouiementa turbulanta soot encore
trés imprCcises. C’ast tin problems difficile qui sat loin ti’avoir rscu den solutions astisfaisantee.

6 - CONCLUSION SUR LA MESU RE VES SCALA IRES EN ECOULEMEN T TUR8ULEWT

Ce rapport comprend einq parties

a) La premiere partie eat conaacrée nux objectifa tie ca groups tie travail gui ont largement évolud su
coors tu tampa . On est parti d’uns itida snnez vague du Profanneur A. Fern qoi pom tsit nor le a manures
dan fluctuations tie preasion at nor l’interpretation tie ees manures tans tin écouhemsnt tie gaz chaud at
dana lea fiammea.

Ce theme as rapportant I on problems trés comp li qué n ’a pan recu l’spprobatian tie tots isa mambres
tiu groups de travail , on a done change d’objec tif et defini on nouveau theme reistif B is manure ties
sealaimes dana on écouiemant turbulent ehsod ou tans un écouiement en combustion at partnnt sum ha
manure des temperatures , des concentrations ou tie in masse volumique at tie is prassian.

b) La deuxilme partia détailia comment , a psrtje tie ess manures , ii sara possible tie mieux connaitre Is
structure turbuiente den zones da melange et den flames at tie discerner an particulier In coherence tie
ass structures.

On montre i’intérBt qu ’il y a I utili ner des techniques pho togma phiqosa capabies tie visualisar can
structures et is rtiha qua petit jauer tans is description tie l’écouiamsnt hen spectres de turbulence
ab tenus I partir des assures fluetoantes tie temperatures et tie concentrations puisqu ’il n’ast pan , pour
l’instant , possible d’axp ioi tar lea manures den fluctuations da pressian. Cami renuitats nont impartanta
puiaqu ’iin seront I is base de tout progren dana ha madélisation ties écoulsmentn turbulents at ties
fisame n turbuientes nuivant qu ’il a ’sgit tie fismins a pmémélangéea ou tie t i i f f usion , tie flamas a auvertes
00 eonfinées.

c) La troisiéms psrtia eat eanaserea B is meaure instsntanée tie is temperature. Deux techniques soot
décri ten : hen méthotisa optiquen at lea mdthodes par nondea. Noon avona inainté stir lea diffieultéa
d’intarpretation tea mnéthodea optiqoss ear ellen intlgrent lea phénoménan stir one portion do faincenu ,
ass interpretations as font avec tie nombreusan hypotheses. Len méthodea par nontis néceasitent ha
c000aissance tie donnéen permattant d’évsiuam B par tir tie ha assume par sands , las fluctuations mesh es
da in temperature tu gsz. Can méthodan soot intéressantes si ellen sont couplees nyse den sonden tie
manure tia is vitansa .

ti) La qoatniéme partie traits den manures instnntnnées ties concentrations. Cea techniques utilisant isa
performances den lasers soot en pisine evolution. Trois méthodas soot pius particuhierement tiéemites
is diffusion Raman apontante (DRS), lea méthotea utilinant is phénomIne partumbateur tie is fluorescence
at in methods tie diffusion Rsman anti—Stokes cohémante (DRASC) . Dc trés nombreux tmavaux ont montré gus
ces trais méthodea soot intérannanten pour determiner is concentration moyenna , main  peu tie can
méthodes soot adaptésa I ha manure instsntsnee tie is concentration . Sauls in fiRS donna tans ha version
impulnionneils lee concentrations inntantsnéaa at is fluorescence , msis tans tin domains tie temperature
étroi t, la DRA SC poor l’instant ne determine que lea fiuetuations tie masse volumique. Dana ce méma
paragraphs noun avonn tiscuté den methods5 giobaies tie diffusion et ties techniques npprapriésn pour - 

-

tmaiter is pmobilme tridimansionnel. Noon svions prévu initialament tin paragraphe sum he coup iage tie
ces acahai r es avee is assure tie la vi tsass ina tan tnnéa , noos l’avons supprime car eelui—ci an t  t i iscuté
dana chaque partia at noos avons m elon len techniques tie vinuahisations gui reposent en fait stir ties
manures tie masse volumique . Noun avona donné qusi qoes indications stir in technique tan gsz tmneeurs
phosphorescents et stir las avantagen at lea ineonvénients tie cette technique.

a) La cioguiéme partie eat consacrés B ha mesure instantanée tie in preanion. Cette manors eat trés tiiffi—
c u e  “in nitu ”. Ii faut passer , pour i’stteindrs , B one motielisation a priori tie in zone tie manure . 
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TURBULENT TRANSPO RT PHENO MENA

by Marcel BARRERE

Working group 09 report

Office Notional d ’Etudes et de Recherches Aérospotlales (ONERA)
92320 Qmdtillon (France)

— INTRODUCTION

This PEP Working Group has been initiated by Professor A. Fermi anti we would like, to put into
si tua tion the activi ty of thin Group, to recall Prof. Fern ’s comments on this probl em of transpor t
phenomena in a turbulen t medi um

“The relation between transport properties and unsteadiness of the flown is not understood ; the progress
performed is not suf f i cien t — usually the new approaches complica te the analysis without improving capability.
Several approaches have been suggested in substitution f or predicting flow properties of the Prsntitl type
eddy viscosity

a) Use of average fluctuation quantities and transport ~ropertien related to kinetic energy. No
rational in available for the relation. Several independent relations have bean sugganteti. In addition, the
relation toes not take into account the importance of large eddies with respect to small size eddies which is
very important and is the basis of the Pmandtl eddy viscosity model.

b) Use of time—dependent properties. (Intermittency) . Such an approach in more physical ; however,
the methods to determine transport properties from the gross physical properties of the flow are not yet
available. It in known that neversi parameters affect the transport properties the scale intensity anti
distribution of the turbulence at the initial station ; the generation of turbulence due co shear and
energy changes ; the decay of turbulence, and the change of frequency anti scale of the turbulence ; the
generation of noise due to turbulence that produce prescore fluctuations anti diffuses by a wave
mechanism and is a source of intermittency.

Little quantitative information presently exists on such paramatara anti no information exists on
turbulence in three—dimensional flow. The panel racoimneotia that a substantial effort be organizeti to develop
better knowledge on such qusntitea. The shortcomings in physical knowledge make the results of numerical
methods inaccurate nnti often their usefulness and capability are dangerously overstated. The problem is still
more complex for two phsse flow.”

So the Working Group ’s purpose was to improve our untiaratsntiing of the flaw structure, with a view
to arrive at a prediction of transport phenomena in a turbulent flow. We brought to light the conclusion
that to reach thin stags of undematanding it wan very important to possess be tter analytical anti
measuring tools anti t’tat , in par ticular , we place in priority the measurement of scalar parameters
and of their spstio—temporai fluctuations. We already have at our disposal safer techniques for
measuring fluctuations of the velocity vector , mainly laser techniques.

This Working Group selec ted four ncalnr parameters : concentmn tion , temparsture , pressure and
density, which seem the most significant. Prof. Fermi’n wish had been to emphasize pressure fluctuation
measuremen ts, but as it appears that this parameter is difficult to measure and that theme does not exist ,
for the moment, any direc t means for measuring it, the Working Group preferred to extend this suggestion
to the measurement of scalars in general. These measurements , of a more general nature , should allow a
better understanding of turbulent flows with or without chemical reactions anti in a medium whose density

~‘ might fluctuate (compressible or incompressible flow).

The knowledge of physical and chemical phenomena in a turbulent medium has direct applica t ions on
methods of quantitative calculation of flows in combuetors and chemical reactors ; it is the case in
psrticulsr of the combustion chambers of main and reheat combustore, of ramj et combustors , of li quid anti
solid propellant rocket combuetore , of chemical laser chambers, of reactions in the wake of turbojets
and rocke ts, of plain or tubular reactors encountered in chemical engineering, of the evolution
of the atmospheric and stratosphere composition .

Before dealing wi th the conten ts of thin repor t, vs would like to emphasize two difficulties that
imposed the orientat ion chos en

a — Chemical reac t ions tak e place if reacting species arc mixing at a very small scale turbulence
intervenes only by the way in which it brings the species close to each other, anti may have a benef ic ia l
effect if it brings rap idly hot burnt gases into contact with premixeti fresh gases ; this effect is
double , and concerns both the temperature and the concentration parameters. We thus understand why, in
this  canes , turbulence increases the chemical production rate. But this mixing affect by turbulence may,
in some eases , reduce the production rate ; it is the situation of a diffusion flame far which oxidizer
sod fuel ama injected separately into the combustor ; the turbulence structure may then be such that some
oxidizer sod fuel molecules to not meet , which limits the chemical production rate. We may thus understand 

—

by which mechanism turbulence modifies the chemical reaction rate , but we untiaretanti lens well how the
cha nical reaction , by the energy i t provides local ly through very rap id increase of volume and temperature 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — --
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(decrease of density), can modif y turbulence ; that is why temperature and concentrations measurements in
time and space are necessary.

b — However , there remains that the problem of measuring pressure and its fluctuations in turbulent
flow is still without a solution. Mean pressure measurements in such a flow are often uncertain, as it is
necessary to avoid , eliminate or calibrate the probe sensitivity to pressure fluctuations as well an its
parasitic sensitivity to pressure fluctuation direction and intensity ; in particular we shouid determine
in which conditions the f low around the probe may be considered as quasi steady. Usually we assume that a
calibration performed in steady flow can be used. Verifications in different experimental conditions
should give an idea of the accuracy of the pressure fluctuation measurement p ’ ; in particular, these
checking experiments should inciuaa measurement of p ’ behind a grid generating an isotrop ic turbulence
measuremen ts of p ’ can be deduced from velocity ’s correlations. This measure of pressure fluctuations meets ,
as will be seen Inter , with many difficulties.

After these preliminary remarks , the repor t comprises four par ts

i — a general introduction concerning the turbulent flow structure ;

ii — temperature measurements, mainly methods that seam bent adapted to turbulence studies ;

iii — concentration measurements , with particular emphasis on new laser techniques ; density
measurements and visualization processes

iv — lastly pressure measurements .

We mention in the conclusion the orientations that could be given on the scientifie view point , and
the recommenda tions to be proposed to PEP .

2 — TURBULENT FLOW STRUCTURE

To batter motel turbulent flows we must be capable, from vectorial and scalar measurements , to better
dencribe and analyze them. The first difficulty arises from the fact that there is nat one turbulent flaw
but a great variety of flows that may comprise coherent structures and random structures. One of the first
tasks of the analysis is to bring to light these coherent structures , and a major part of the measuring
activity concerns thin research.

To emphasize the kind of solutions that can be offered by diagnostic methods , we shall take a f ew
examples underscoring first the difficulties pertaining to the measurement of vectorial or scalar
parameters

— the measurement is made at a fixed point , and it is of ten  d i f f i c u l t  to fol low tracers placed within
the flow

— the measurement, if made by an opt ical process , integrates aver the whole beam path ; but if we
in trod uce a probe , this may perturb the flow

— it is also mandatory that the measuring system as a whole allows a sufficiently short measuring time
in order to follow the leas t f l uctua tion

— it in often difficult to place at the same point several measuring devices so as to precisely
reconstitute the flow ntructura in both time and space, as there is not enough information available.

So we find ourselves faced with a complex scalar and vectorial f i e ld , resulting from the superposition
and interaction of elementary fields.

Let us consider for instance, and this will be the first example, the structure of a diffusion flame ,
made by a jet of cold oxidizer (sir) and a parallel jet of fuel (hydrogen) concentric with the former. By
means of opt ical , or hot wire, me thods , we intend to study

a) the spatial distribution field of the oxidizer flow velocity

comprising two parts  a mean value IT and a f l uc tua t i ng  value u ’

b) the density fie ld , which fluctuates because of the turbulence of the two mixing flows, oxidizing
gas on the one hand , injec ted fuel gas on the other , the lnttsr provoking a density variation

e~~~~~~~~~,t~) + e  ~~~~~~~~
c) the space—dependent density field due to the mixing of combustion products with fresh oxidizer

and fuel species 
T

~~~~~~~~~~ 
+C~(nc ,~~~~~~)

ti) l a s t l y ,  the space—dependent density field th.e to chemical reactions of combustion , which
l ibera te  energy :

These elementary field s can be studied separately, anti their structure can be described in detail from
the correlation functions and energy spectra, expressed as a function of wave number El].

_ _  _ _ _ _ _ _  — - — —~~~~~~~~~~~~~~~~~~ ---
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These functions can express the mechanism of transport and dissipation if we consider the superposition
and interaction of these elementary fields. - One operating procedure consists in studying separately the
structure of each elementary field and after the complex structure of the resulting field. It is important
first to know the field ~~~ , as the concentra tion and temperature ecalar quantities are transported by

the turbulence due to velocity fluctuations. In this particular case, the analysis shows that turbulence is
isotropic and follows the Kolmogorof law of viscous dissipation.

The field of cold mixing of the hydrogen jet in an sir flow can be studied thanks to an important
result provided by the analysis of energy spec tra , such as those represented on f igure I , an well an the

field in the combustion zone. We note in particular, in this f igure , the di f ference of spectra with sad
without combustion. Let us remark first that the small structures corresponding to large values of the wave
number k have slopes different from those of Kalmogorof : —3 instead of —5/3 ; the slope f or viscous
dissipation in steeper for scalars than that corresponding to velocity.

The field due to chemical reaction has a structure very di f fe rent from tha t of the other f ields
~T c(!~ ~ . The spectrum presents a maximum around I mm for K 1 . This may indicate cells

functioning an micro—combustare , and an increased s tabi l i ty  fo chemical reaction zones of this size. Thu s,
this concept excludes a mechanism of combustion along a flame front.The analysis of turbulent energy budget ,
defined as the integral relative to all the frequencies of the energy spectrum, provides a complement of
information on the exchange mechanism in flames. The law of energy d is t r ibut ion  in the f lame according to
wave number and the decrease of total energy may result from the decrease of the weight of the Fourier

coefficients for the lowest frequencies (K < 0.3 mm ’) ,  and it is the Fourier coefficients situated around
K 0.9 mm~~ that have the greatest weight.

Figure 2 (ref. 1) also shows that the cold hydrogen—air mixing ( E~ ( K ) )  anti the fresh gas — burnt

gas mixing have identical spectra , as well as the global spectrum t (~< ) , with two slopes : one
corresponding to K 1

~~
5 for large structures and one corresponding to IC3 for  small structure, showing an

identical mechanism for the hydrogen — air mixing and the fresh gss — bumntgss mixing.
We think that results of thin type are very useful for studying flow structure, mixing processes anti

combustion processes.

The second example we chose , tha t shows particular interest of these scalar measurements , concerns the
study of transport mechanisms anti of the scalar f ie ld  structure in the case of the boundary layer of the
mixing between a je t  of hot air and the surrounding medium at rest , a study carried out by Fiedler at the
Berlin University (21. An analysis of tj~ velocity and tempera tures f i eld makes it possible to evaluate the
equation of temperature f luc tua t ions  ( T ’2 ) in the flow f ield , by making apparent the terms of convection ,
production , d i f fus ion  and dissipation , as shown on f igure 3 which g iven , as a function of the rat io 9~ 

‘ ‘~~

(x in the flow direction, y perpendicular), the values of the process that brings a gain or a loss the
values of the production is the most important component and posses two maximums , convection of the mixing
layer where diffusion reaches a maximum, dissipation is not measured anti in obtained by difference. This
study makes it possible to appreciate the distribution , the terms ~5•’ and u ’T ’ corresponding to lateral
and longitudinal diffusivity anti v’T’2.

The mixing process has also bean analyzed by perturbing the flow with periodic waves issued from a
loudspeaker placed at the nozzle trailing edge. The author’s conclusion in

— Here exists a strong influence of external perturbations of small amplitude on the f low structure,
especially on the scalar etructure,.~expreeeati by the formation of cell s of coherent structure

— in the cane of unper turbed flow , coherent structures seem to be rather unimportant

— regions with negative produc tion are pr esent in the case of exciteti flow

— the di f fus ion gradient model is not applicable

— the excitation not only disciplines the large vor t ices bu t also inf luences the structure of intemnal~
turbulence.

This work illustrates well what can be deduced from the study of a scalar field coupled with that of a
veloci ty field with a view to modelling the flow structure and deducing the transport processes.

The third example we chose concerns the observation of coherent structures in combustion by photographic
techniques, which in fact reveal the density field. In this respect , a very interes ting work has been
carried out by Yule , Chigiem ant Thompson (3J. In many cases, the rol e of coherent struc tures is more
easily obtained in combustion zones in view of the luminous character of flames ; it is in particular a
simp le way fo r  v isual iz ing fuel—oxidizer  mixing . Turbulent d i f fus ion flames present a great structural
variety, anti in most cases there appear vortex rings similar to those observed in non—reactive mixings
the flame confinement may change thin structure , and the length of the vortex ring zone is greater with
combustion than without. We note a coalescence of these rings in both situations , with anti without
combustion. These rings also appear in the combustion of jets of pulverized fue l , and the existence of these
coherent eddies depends on the distribution of the oxidizer—fuel mixing. Figure 4 gives the schematics of an
eddy vortex appearing in a diffusion flame and separating fuel from oxidizer ; it may represent the cross—
section of a vortex ring or , in a narrow two—dimensional system , a vor tex line , or again the cross—section
of a helical vortex. These vortices nra similar and roll up as those observed in a wake ; but they are not
alternative , but symmetrical [43. This schemrtizstiao corresponds to a vortex that has not encountered
others, as such an encounter provokes instabilities ES] . The zone separating fuel  from air has the shape of
a double spiral surrounding a vortex core. A flame takes place at the boundary of this double spiral
separa ting f uel from a i r , and the vortex care contains some fule and entrained air , and may cons titu te a zone
of volume combustion with variable equivalence ratio functioning as a recirculation zone, anti the flame at
the boundary between the two zones can be considered as a laminar diffusion flame.

_ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _
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This structure cnn be rather well described if we know the evolution of equivalence ratio while this
pocket expands with the increase of residence time within the vortex. In the situation of figure 4, a flame
surrounds completely the vortex. These vortices can meet other vortices, unite to form more complex
structures with a three—dimensional character, or form a new structure after coalescence of several
vortices.

Another type of coherent structure observed in a flame is made of large three—dimensional elongated
vortices , whose s t ructure  is shown on f igure 5 which describes an incomplete circumferential coherence
around the flame , and also the existence of a distr ibution of irregular vortices , wi th  the presence of
smaller vortices with cells of oxidizer , fuel and burnt products. Fuel and air are swallowed by this vortex,
and mix more rapidly them in the previous situation. This structure is observed in many different flames.

These three examples have been chosen with a view to show what can be deduced from the analysis of
scalar field. Pressure fluctuations have been neglected, as the measurement of this parameter is much more
difficult than that of others.

To decide what is coherent and what is not, to understand transport mechanism, to recognize the
modifications brought to the turbulent zone structure by combustion, to discover the action of pressure
waves on the organization of various phenomena and particularly an combustion, to understand dissipation
phenomena , in short bring forth information far modeling turbulence, such the results can be expected from
diagnos tic methods in general , and from methods for measuring scalar parameters in particular.

3 — TEMPERATURE MEASURING METHODS

There exist a number of methods for measuring temperature in a turbulent flaw with or without combustion,
and these can be divided into two major classes, optical methods and probing methods ; we shall describe one
method of each clans so an to bring to light the ativnntsges sod drawbacks of each.

3.1 — 
~p~jçsl methods

These methods present the interest of not perturbing the flow , which is a great advantage in case of
turbulent flow, but they integrate the phenomena over part of the beam length. We can however partly remedy
this drawback by introducing locally into the gas some tracers which have the same temperature, anti also local
velocity, as the gas itself. The technique we shall describe is that of line revatnal , but in the infrared
range which makes measurements possible from 600 K upwards.

3.1 .1 — Instantaneous measurement of combustion gas temperature and of thermal turbulence by infrared
pyrometry (6]

A — Princi~1e of the measurement

The optical diagram of the device permitting the discrimination of signals issued from the source
and the flame in presented on figure 6. The image of the source S is formed in the plane C by the lens L

1 .

The lens L
2 
forms another image in the flame plane. The optical system L3, which carries the aperture di a-

phragm , conjugates the above image planes on the field diaphragm d. The lens L
4 

ensures the transport of

the monochromatic image , isolated by the monochromator M, on the prismatic mirror P, which divides it into
two almost equal parts. Thanks to lenses L5, half of the energy reaches the receiver R1, the other half

the receiver R
2
. A knife placed in plane C can be displaced no as to divide the image exactly at the

pr ismat ic mirro r. So one of the receivers , e.g. R2 ,  doe s not receive any energy from the source, while the
signal delivered by R

1 
in unchanged.

In the absence of a flame and before shutting off by the knife , the detectors R 1 ant R2 deliver signals

and Y 20, respectively proportional to the monochromatic energy lumin~nca from the source L C ~~~~~~~

~~ L~~~~~ T,~5)  ant y
20

r K~ L ()~ TL$~~

where T,~ is the temperature luminance of the source at wavelength A . We can also bring abou t its
amisnivity f~( 

~ ) by writing

Y
10~~ ~~4 E

5
(X)L(,~,1)  , Y

20 . ~~~~~~~~ L ( ~~T~)
where (5 in then its true temperature. In view of the differences between detector sensitivities and
geome tric ex tend of incident beams , the proportionality coefficients K

1 
nod K

2 
are not identical , bu t it is

always possible to make them equal by acting in the amplifying stages.

In the presence of the f l ame and wi th the kn i fe  in place , R2 given a signal Y2 due to the f l ame  alone ,

while R
1 
gives a signal Y

1 
due to the flame sod the source

y L(~~~~~~~ + ~~~~~~~~~~~~~~~~~~~~

Y
2 K,~ j o~ (A , ~) L [A ,1~~.x~ ~

4
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‘) is the local coefficient of monochromatic emission, equal to the absorption coefficient according
to the kirchhof law, and L (A ,T~(-’~) is the monochromatic luminance of the black body at the flame local

temperature

In this formulation we assume the flame homogeneous within a crass—section of the beani or, which i s -
equivalent, the beam infinitely narrow. The first term of Y

1 
correspond s to the transmission through the

flame of the energy issued from the source according to the Beer law, an exact law in the strictly mono-
chromatic case. The second term corresponds to the flame emission within a thickness slice O(oc and to its
absorption by the following slices from ~~ to .~f , 2 .L being the flame thickness. Only this second term
appears in the Y

2 signal . if the flame is homogeneous as regards tempera ture , integration-is simple, as

comes out of the integral an~ the homogeneity of relation

K~ L ( A ,1 ) ( 1 _ E ) 4 .  K4 L ( A , TF) . E

I<~ L ( > ~~Tç ) E

~.)ç a ( (A i~t )  €,ti~e.

where E is the emission factor , defined by : a>. ) ~~~ —

We shall remark that E depends on the flame thickness. Knowing the source monochromatic luminance
L ( T15 ) makes it then possible to calculate at any time, by resolution of thin twa—equation system,
the unknownd L(.?~~T~ ) and EU~) .

To perform this resolution, in the case where 
~~ 

= l(~ = K, we sa t

=~ 3~~~ i ~j~~-14
we obtain

~~

and we deduce —

LU’, l:) _~~~~~ 
~~O~) —  

‘

~~~~LV~~T~ ) y3 “ — —
~~~~~~~

The planck law for wavelength A then makes it possible to go back to the flame temperature
The response time is only limited by those of the receivers and of the signal recorders.

An error calculation shows that the measuring precision is all the higher as

— we work closer to the reversal point, defined by the equality of the flame anti source temperatures,

— the flame emission factor E is closer to unity.

We must emphasize once more that the measurement has only a clear manning if the flame temperature is
uniform over the whole gas volume crossed by the optical beams, and that thin measurement concerns the whale
volume. Usually the flame presents a temperature profile , with a maximum on the jet axis. In this case, the
measurement yields either a temperature close to the maximum temperature if the emission factor is small, or
a temperature close to that on the jet edge if the emission factor is close to unity. In fact, when we are
interested more particularly with the jet centre temperature, we show that there exists an optimum for the
emission factor, an optimum which in very well brought to light by the spectrographic study of an emission—
absorption line which presents two maximums, symmetrical about the line centre.

In case of a transparent flame, the addition of foreign atoms (e.g. sodium) emitting on well defined
lines is necessary in order to make it monochromatically luminous the gas temperature heterogeneity has
then no mare influence on the measurement result if we took care in inject ing the sodium salt locally. But
we have to make sure that  it has reached its thermal equi l ibr ium.

Obviously the method assumes thermodynamic equilibrium . If it is not the case , the Kirchhoff law must be
modified as follows the spectral energy luminance L ~. of any gas is equal to the product of its absorpt ion

fac tor  E ,, by the spectral energy luminance of the black body, defined by the Boltzmann law writ ten
for  the populat ions N 1 and N 2 responsible for the emission anti absorption of the line of wavelength )h~

- ~~ t I).,

where ~~ and are the respective statistic weights of levels I and 2 of the emitting atom or
molecule. Thus, we perform a measuremen t of population temperature. In the normal case where there exist
par tial equi l ibr ia  corres pond ing to electronic, vi’ration an’! rotation transitions , the measurement provides
the equi l ibr ium temperature  charsc ta r i s t ic  of the type of t rans i t ion  used. If , for instance , we work on one
of the lines of the sodium double t , we shall  measure an electronic temperature .

Las t ly, the method assumes that the emission anti absorption phenomena take over all diffusion phenomena,
which are recorded as a signal loss. In particular it is possible to work on particles in suspension within
the gss (bright flames) on condition their seize is very email besides the wavelength used.

B —

The instrument is made of two parts , an emitter and a receiver , whose optical alignment should be as
perfect as possible. This instrument uses the own absorption anti emission of the flame, essentially due to
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water vapor and carbon dioxide. The spectral interval is then no more limited by a monochromator, bu t by an
interferential filter which integrates over the fine structure of a vibration—rotntio~ band. We thus make a
systematic error , the monochromatic calculation being no longer strictly valid. We shal l show that this
approximation is usually-sufficient. The temperature homogeneity of the flame being assumed, the integration
of the relations giving Y

1 and on the spectral interval ~~A A Z — ~~~~~ gives -~

Y
2 K J L (~.T~ E (~~\A A

Y
3
_ 

~j ~E~( X )  L(~~~ )E(~) ~ A

The variations of the gas eminsivity ~ ( A )  with wavelength are usually very large ; on the other
hand , the black body luminance for the temperature T~ and T~ , anti the source emiseivity ~~ can be
considered as constant so that they can be taken out of the integrals if the spectral interval is narrow
enough. In these conditions , the resolution of the system can be perfommet an in the monochromatic case

~~~~~ _ L (-~’.~~, ~~~~ / — 
A ( ~~~~— 

ç (.~)L(.L ~ c) 
— 

~~~~~ I
where ~~ in the mean wavelength of the interval. The emisnivity obtained this way is obviously a
mean value ~ , and it will be important only if the spectral line density is high enough.

In order to estimate the importance of the systematic error due to this integration, we consider the
case where the varia tion of the black body luminance over ?~ is linear

We then calculate : A t
/ ~-

~~
-
~

- [-
~ 

~.i I E (
~Xi (A )~.) ( ~~~~ ~~~~~~~~~~

~~~~~ ~ L 5 ~~ £ \, L~ L 5 /

As E L>.’) is a function bounded by 1 , the corrective term has the absolute maximum value
I— ~~~~ -

A~~~ ~~~~~ ‘~-~c;-- 

-

_ _

L~’ J I~
or , using the Planck law

4 ~~~~ ~ r~ _ _ _ _ _ _  ___ - _____

~~~~~~~ ~ L ~~~~~~~~~ - - 

~~~ (~i - 
~~~~~~

The error will  be negligible if the spectral interval is narrow enough ant if the mean emissivity of
the flame is not too low. It will be almost zero if the true temperature of the source is equal to that of
the flame.

The preliminary spec trometri c study if combustion flames shown that the emiseivity, vary weak otherwise,
is very strong at the 4.5 m wavelength on the hot emission bands of carbon dioxide. That is what we can see
on the spectrum obtained on a stirred reactor (fig. 7), the thickness of the gas crossed being a few cen ti-
metres. At thin wavelength we use an interfamential filter of 4% relative width. In these conditions , the
systematic error on the luminance L ( ).,.~ T~ ) is lower than 1%.

The response time of the detector—preamp l i f i e r  uni t is of the order of one microsecond , bu t it does not
work on a continuous signal and it is necessary to periodically interrupt the incident flux to reset the
zero. We use the rotation of a cog wheel occulting the image obtained on plane CI.. (fig.6) at a frequency
of 2500 Hz. The two f ield diaphragms limiting beams I and 2 are made of the detectors sensitive surfaces ,
the aperture diaphragm being common to both beams. This separation of the two fields diaphragms presen ts the
advantage of allowing , by only the axial disp lacement of the beam spli tter , the disjunction of the two
images , which makes it easier to occult one of them with the knife.

The photograph of figure 8 shows the instrument on an optical bench with , on the foreground , the
analogue computer which calculates on—line the flame luminance and emission factor. A particular difficulty
in this calculation arisen from the 2500 Hz modulation. The signals are chopped at this frequency, wi th a
slight ou tphasing be tween the two de tectors , so that the calculation result is only valid during short time
intervals of 80 us , separated by about 300 us. So we operate by sampling , and the broad—band logic proces—
sing unit developed for the instrument retains only the correct measurements and displays zero for the others.
Howeve r , modulation is unnecessary for transient phenomena lasting less than a few hundred microseconds .

C — I 2 ~~~~~~~~r~~~~~t

i — Uncoupling of temperature and emiseivity fluctuations

We have seen that the measurement has a clear meaning only if the flame temperature is uniform over the
whole gas volume crossed by the optical beams. This seems to preclude the possibility of performing thermal
turbulence measurements when all the characteristics of the medium (concentration, tempera ture) vary a t all
points sod at all times in a random fashion. We shall show that it is possible to characterize turbulence in
case it is statistically homogeneous and when the amiesivity fluctuations are of low amplitude besides their
mean value.

- ~~~ . 
—~~~~~~~~~~~~--- - -—~~~~~~~. -
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To prove this , let us take again the formula giving the energy received by a detector from a source
after absorption by the flame nod from tI~ f l ame itself , this fo~ a very narrow monochromatic optical beam

~~~~
~~ L5 ~~ * J 0 < Lc e

If we separate mean and f l uc tua t i ng  values

0< ( + °( ‘(
~~~ -‘~~)  

/ Lç - L~~. L~~(’e , t)

only the functions 0<
’ ant L depend on -,c anti i€ as the medium is assumed s ta t i s t ica l ly

homogeneous.
+4

We deduce the same neparation for tJ~a mission fac tor , wi th

— -J Lz~ /
— —1 — .~ 

-
~~ , € (t)

and fluctuating part of the signal , ~J C t
’) writes —J (~~~ +~~~ )i~x-

We remark that if the source luminance is equal to the flame mean luminance, the emiesivity f luctuations
disappear at the first order. If these fluctuations are of low amp li tude , it is possible to neglect .e
compared with e~ , and there onl y re in the f luc tuat ions  related to temperature

—

Y’ (t )= o (J  L
ç ~e

The interpretation of this integral will be made still easier if we arrange it so that the absorption
coefficient be small ; we are than able to neglect ~~ 

( 2J .. .~~ ~ besides unity

Y ’ ( t)~~ ~~ J L ç o~~
To this end , we place ourselves on the 2.5 ~m emission band for which the emission factor is vary small,

an shown by the spectrum obtained on a stirred cambustor of Longwell type (fig.7).

Lastly ,  if the temperature fluctuations are of sufficiently low amplitude it is possible to linearize the
luminance law 1. ( A , T ) around the mean temperature T , anti thus to obtain the integral of temperature
f luc tua t ions  over the optical  path :

Y’ (t) ~~ 
(
~ , T

ç ) _~~~~~~ J T ~ (-~r , k) ~~
with ~~ -‘~~‘~ E , the mean emission factor. — —

In case the medium is not homogeneous , i.e. when °~ and are not independent of x, the
f l uc tua t ion  uncoup ling at the f i r s t  order is no more total , but the emisnivity fluctuations are much
attenuated. The term relative to then~ fluctuations writes

J
~~~~~~

’
~~~~~~~~ t )(~~

(
~ ) -

as is much lower than that we would have had without a source — 0). Anyway, even when the medium is
homogeneous the quali ty of the coupling is a function of the adjustment of the source temperature to the
flame mean temperature , the latter having to be determined experimentally or by a preliminary calculation.

ii — Effects of fluctuation integration

If the uncoupling is perfect , the pyrometric signal is proportional to the integral , along the optical
pa th , of the luminance or temperature fluctuations. What are the effects of this integration, and in
particular which relation is there between the signal variance (or standard deviation) and that of the
measured parameter 7 We show that they are proportional using a formalism due to Ubero~ and Kovasznay t7)
when the integration length is large compared with the integral scale. The proportionality ratio is found to
be equal to the ratio of twice the turbulence integral scale A. to the integration length ~e ,  i.e. that
if _L1’ represen ts the mes~umad fluctuations and T’ the local fluctuations, their variances .Q.’-~ and •-‘r’~are related in the folllwing way

=

This relation can be interpreted as fallowa if we divide -the optical path into n intervals of length
2 -A. n — tL/ ,M., we can conside r that —~~~~ is the average of n independent values T’. attached to each of
these in tervals

~~~~~~~~~~~~~ T~’~~ - - - - - + L ~~”~
The var iance of t h i s  sum is then equal to the sum of the variances and , as then are variable with zero

average , we fin again the above relation. 

—~~ -- - - --  --— - —~- —----



3.1.2 — Determination of the turbulence integral scale

To obtain the local variance T ~ of the measured parameter , it is necessary to know the integral
scale _A. . To this end we may use either the spectral analysis or the orthogonal beam method developed for
the first time by Fisher and Krause t8J , but which presents the tiissvativantage of requiring the imp lemen—
tation of two measuring units.

a) S2eetra ana1~ sis

By spectral analysis we mean that of the spectrum obtained from the measured signal. Such a spectrum
corresponds, by Fourier transform, to the temporal correlation function. But the integral scale calculation
can only be performed from the spatial correlation function. The passage from one to the other is only
possible if we admit the Taylor assumption. This assumption consists in supposing that, for high convection
veloci ties , turbulence is frozen. There is than proportionality between the two variables, time and a
spatial coordinate parallel to velocity. The chance of phasing in time then correspontis to a translation of
this coordinate. The spectrum that we obtain this way is the so—called “one—dimensional” spectrum, which is
the Fourier transform of the correlation be tween two paints gradually separated from each other , defining
a vector maintained parallel to a given direction, here that of velocity. But there again the measured
spectrum is modified by the integration effect. In case the integration length is great besides j

~- 
, we

demonstrate the following relation between the integrated spectrum f~ and the local spectrum E.~

~ (~~) =  
~~ I K~~ (K~~ ~~~-1 ~~ 

-

Classically we calculate the integral scale from the value at origin of the one—dimensional spectrum

E~~o) 
~~~~~~~~~~

The calculation of E4 (o f rom the spectrum j~ allows writing

~~ ~~~~~~~~~~~~~~~~~~~~~~~~

ant we find again the relation linking the variances

~~~~~~~~ 
,
~~~~~ , t ~A

= 1

Thu s spectral analysis, even with the Taylor ~
‘ssumpt ion , does not yield a complementary relation for

calculating integral scale and local variance. Reciprocally, the local spectrum can onl y be determined but
for a factor. Let us remark in passing the effect of integration on the spectrum if ~~ can be
represented by a law in K~

’ , ~ is then in ~~~~~~~~~~~~ The integration effect  results in a faster
decrease over the whale spectrum

b) Orthogonal beams

This technique consists in measuring the correlation level between two optical measurements on two
orthogonal paths gradually sat apart from each other , as shown on f igure  9. Points A and B l imit the
shortest distance d of the two straight lines. If we divide the two optical paths into intervals of length
2 k. (taking A anti B as median points of one of these intervals), each of the measurements SZ~, ant SC,
is the average of the independent parameters attached to each element making up one of the optical paths. We
understand that only the two intervals including points A or B will bring a notable contribution to
correlation between -R~ and ~~~ , as the distance between all pints of the other intervals will  be
grea ter than the integral scale .1’s. . In fact , Fischer and Krause U8) admit that the correlation function
13(a) that we obtain by discrete values by gradually increasing d is yraportional to the correlation

function P. (eL’) between points A anti B. It then suf f ices  to normalize f’~(’otj by the crossed beam
correlation /3(o) to obtain t~ , then , by integration, the integral scale. The Fischer—Krause interpretation
is not actually correct , as it assumes as negligible any correlation between points close to A ant B such
as C and D. That is why the theoretical study of this technique has been started again, still using the
IJbero~ — Kovasznay formalism, valid for a homogeneous medium. This calculation , for twa infinitely thin beams
of length 2 1.i and 2 — t~, along axes I and 2 respectively, leads to the following integral relation

=0

- ~~~~~~~ f ~~( f lZ o~ t— j 1,
~4J~ -14.

In particular the crossed beam correlation, for ti — 0 , is g iven by

,~ir ~~ A t

where A is an integral scale d i f f e ren t  f rom that used up to now , and defined by

~~~~~

The normalizat ion of ~~ by (ace) allows one to define the dimensionless funct ion

9(ak )

whose inversion gives 
R(~) — — ~ ~~~~~~ ~~‘~‘1L

- --

~
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We see tha t it is necessary , to ob tain B , to trace .?7 as a function of parameter ~ in~tead of
and to take its derivetiw’. The value of this derivative at the origin permits one to calculate A.

— —

L~~J -

Las tly, the integration ovar&L of this derived function yields a relation be tween .A. and .1. , thus
the value of f. :

J~~= 7 J P \(?)OLZ ~~~~~~~~~~~~~~~~~~~

Thus , the or thogonal beam method actually yields the integral scale ; batter still, it yields the two—
poin t correlation func tion , but it has the disadvantage of being long (measurements have to be made point)
and not very precise (function ~ ob tained by derivation of function )~2 ) ; so we look for, anti now
propose , a simpler measurement derived from the former : it consists in measuring the crossed beam normalized
correlation.

a) Crossed beam normalized correlation

It is always difficult to perform absolute measurements, anti this still holds for correlations. What is
given by numerical processing is the correlation normalized by the r.m.s. values of the .5�’~ anti
measurements ; and we already gave an expression of these r.mS. values

(-
~~ Y = (~~‘~ -)

~ 
and ( JZi e 

)
~ (~~~u J\~~~~

The crossed beam correlation, given by

=

becomes , after normalization

— ______ - 
-~-- -7

To go further , we assume that the two integral scales it. and -IL are close to each other ; it is the
cane when we admit an exponential law for the correlation function R we then have strictly .A. = . For
a Gaussian, we f ind

~~~~ 

~~~~~

These are two extreme cases corresponding to a turbulence Reynolds number either very great (case of
exponential) or very small (case of Gsussian) ~9] . We shall admit that , far intermediary Reynolds numbers,
thin quasi equality still holds. In these conditions , the crossed beam normalized correlation , joined to the
knowledge of integration lengths 2 A., and 2 ~ • permits the calculation of the integral scale

It should be remarked that the orthogonal beam method did not involve integration lengths. The two
methods are thus independent. In both canes the correlations are all the weaker , the more d i f f i c u l t to
measure, as these lengths are greater compared with regard to the integral scale.

3.1.3 — Influence of beam width

Up to now we assumed the beams to be infinitely thin , which is not physically realistic. As regards
uncoup l ing of tempera ture and emissivity fluctuations, a f i n i te wid th does not res trict its equality as ,
within the framework of geometric approximation , an optical beam is a superposition of rays. On the other
hand , variance and correla tion calcula tions can be a f f e cted , as we then add a complementary integration over
the bean crosswise dimensions .

The importance of this effect has been evaluated in the cane of parallelep iped beams , of cross sec t ion
j.~ ~~ fo r  tha t along axis I and 1~ ~e , e~ for that along axis 2.

We obta in

- _ _ _  ~ R(~~)~~~~ Z R(
~~~1— Li -~,

1l Jo ~~~~~ j
and - - ~ T ’  ~ I - ~~~~~~~ L— I
where ft.. is the third  in tegral scale, defined by : L

x _ 
T& 0 ~

Lb 
_ _ _ _ _
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In case ~~ - = ~ 
, we deduce the crossed beam normalized correlation

f
~
(o’) fl A ~f - 

-
~

J~ ~Z’ 
- 

A~~~4 ~ 
- L + 

T -x ~
If we assume that .Ji.. is of the same order of magnitude as A. anti A. , the corrective terms are

of order(~s /-A-~~ . Thin means that the beam width must be small besides the integral scale, as could be
expected. -

For 2—mm—wide beams and an integral scale of about I cm , the measuring precision is still Il.

3.14 — Application of the method to the study of thermal turbulence

The temperature fluctuation measuring technique and the orthogonal beam and crossed beam mathotis have
been applied on the jet at the exhaust of a combustor for dilution studies, in spite of the disadvantage
of an heterogeneity of mean temperature in this set—up . We processed in two stages : first, measurement
of temperature f l uctuations integrated on simultaneous emission anti absor ption , then determination of the
integral scale. The reason is that if we assume that the turbulence characteristics are independent of the
measured parameter (an long as it in a scalar), the technique of orthogonal or crossed beams can also be
used in emission, which presents the advantage of simplif ying tha instrumentation and its implementation
by doing away with the emitters of the two necessary devices. This also yields a considerable increase of
the signal/noise ra t io , as it is no more necessary to be monochromatic.

a) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The temperature fluctuation measurement has been made after that of the mean temperature by adjusting
the source temperature ; it is then necessary to replace beforehand the 4.5 um interference filter by a
2.5 um filter, for which the emission factor is lower than 5%. The principle of the measurement does not
require then any more than a single measuring channel , anti the channel , interrupted by the knife edge, can
be used for the determination of the mean emission factor ; the temperature peaks being able to go up to
100 K above the mean temperature. The r.m.s. value of the fluctuations integrated over the optical path is
equal to

J3~ =~~~~ K

b) 
~~~~~~~~~~~~~~~~~~~~~~~~

So we use two pyrometers that integrate the jet infrared emission over the whole spectral range up to
4.25 um. One of them, maintained fixed , is placed vertically on tap of the test section ; the other is
horizon tal , and can be translated axially thanks to a remotely controlled trolley.

Figure 10 represents the spatia—temporal correlation curves obtained from these two measurements. Each
curve corresponds to a relative position of the two beams, ~~ being the parameter of temporal correlat ion,
and c1.. the shortest distance between the two beams. This distance ôL is modified by 10—aim—steps , apart from
the neighbourhood of intersection where the pitch is reduced to 2 mis. In order not to clutter the figure,
the corresponding curves were not traced. Apart from a slight attenuation, the curves can be deduced from
one another by translation. This can be explained if we admi t the Taylor assumption ; actually, if we have
on a diagram the abscissa ~~~~~~~~~~~ relative to the maximums of the correlation curves as a function of
distance , we obtain a straight line anti the velocity defined by the slope of the line (84 m/s) is close to
the expected jet velocity.

The points with zero temporal outphasing (t 0) permit the tracing of the curve e (cL), which presents
a maximum for ti 0 (fig. II). According to Fischer and Krause 8 , if we normalize this function by the
value P 0 ’~ corresponding to the maximum, we obtain the correlation function ~~~~~ between points A and B.
Its integration allows one to calculate an integral scale ; we find 2.5 cm. In fact, the Fischer—Krause
interpre tat ion is not correc t, as it supposes negligible the correlations between paints close to A and B,
and we saw that it is necessary, to ob tain R(t\, to trace the correlat ion as a function of parameter d~ins tead of CI., and to take its derivative. Around the orig in , this derivation is delicate ; to perform it,
we represent the function by a Lagrange expansion of the 7th degree. Far from the origin, the derivative is
de termined graphically. Thus, we obtain the curve of figure 12 which represents, bu t for a constant, the
required correlation function. We see thaLit is much narrower than e(~d). The value at the origin makes it
possible to calculate the integral scaj~ 

_A.. , and integration over d.. yields the integral scale .J~... ; we
find them very close to each other : .A.. = 0.74 cm anti f.— = 0.72 cm, which is a new justification of the
approximation that consists in assuming them equal.

It should however be noted that these measurements are only approximate. In particular, the calculation
by in tegra t ion is arbi tr a r i l y  interrupted at the first zero of the correlation curve ; we suppose that the
contribution of the rest of the curve, al ternately posi tive and negative, is negligible.

c) Cross ed beam correla tion

Another method to find ft.. is to use the crossed beam normalized correlation , g iven by

17~

1~ I
T!~is de termination involves the integration lengths ~~

-
~~ -i anti . I’~ th e present case :‘~~‘~~ 5 cm

and 
~~~~~ 30 cm, we deduce an integral length : .A. — 0.94 cm , gmea~er that’ the previous determinationbu t we should note tha t , because of the existence of a profile of mea i teinpert-tume , the jet height

does not coincide with the width of the emission zone, and leads to ai overestimation of integral scale. To
equalize the two determinations we should have : — 3 cm. The orde~ of magnitude of these measurements is
three to four times smaller than that according to the Fischer—Krause in’empre ta~.ion .

- -  ~~~- . —-- - --- ~~~ -—--~~~~~~~~ -- —-~~~~— - -
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ti) Fluctuation of local te~~erature

Knowing the integral scale, it is now posSible to determine the r.m.s. value of the local temperature
fluctuations, using the relation :

(=~J4)~ = 

~~~ 
i~~ )~

To perform this calculation, we retain for the integral scale the mean value between 0.94 cm and 0.72 cm,
i.e. 0.83 cm. The multiplying factor is then equal to 1.74 and the fluctuation amplitude passes from 25 K to
43 K. The thermal turbulence intensity is about 7Z.

a) S2ectrum

In princip le , we can obtain the spectrum from the Fourier transform of the correlation function. But
this correlation function has been obtained point by point and its definition is insuficient, especially
for the paints near the origin which provide the high frequency range of the spectrum. That is why we were
satisfied with the direct spectral analysis of the measurements, the spectra obtained being then modified
by integration effect. The two spectra corresponding for example to the crossed beam measurement, traced in
semi—logarithmic coordinates up to 10 KHz have a non—classical shape, almost exponential, with a
characteristic frequency of about 1300 Hz.

f )  
~~~~~~~~~~~~~

This me thod has been applied to de termine the 2~_~~~~~~~~~~~j 2~ in the case of a premixeti
turbulent flame. Such a flame is represented on figure 13 : a flow of hot burnt gases is parallel to a flow
of fresh gases, ant a two—dimensional flame develops abscissa x is in the flaw direction, and the -
tempera ture f l uctua t ion analysis is carried out at a given abscissa x anti at several oridinates y across the
flame front. We observe, as shown on figure 13 , two distribu t ions for two temperatures , apparently due to
cells of fresh and burnt gases j2I~

We insisted on temperature measuring techniques by optical methods an they present a number of
advantages , but this measurement in not devoid of some difficulties as regards its interpretation.

3.2 — Methods using probes

There exists a large number of methods for measuring temperature fluctuations by thermocouples ,
resistors or thermistors ; as before we shall describe one, showing the advantages and drawbacks of this
technique. It is that developed by Yule, Taylor and Chig ier 

~~ 
, based on the use of thermocouples , for

which the most important problem, in the case of turbulent flow, is to calcula te the thermocouple response
time, an the gas temperature l~ has to be determined from the temperature T..e~ measured by the thermo-
couple, and the time cons tant 

~~

T T  v ’
~
lT p

The schematic of such a thermocoup l e is represented on f igure 14 , which shows how we can design the
support to minimize the support perturbation. The junction temperature Tp,, is related to the gas
temperature T~ by considering three mechanisms the gas—junction transler , the heat transfer through
the wire resulting from a loss by conduction, and the convective and radiative heat transfer from the wire.
A study of the energy budget is a goad approximation to give an idea of the values of the time constant anti
of the important parameters.

The arrangemen t of this thermocouple induces one to account for a dif ference of time cons tant for  the
wire alone sod for the bead surrounding the junction. In particular the response time depends much on the
size of the bead relative to the tarmocouple wire. The thermocouple response is usually calculated or
determined experimentally, either by realizing in the gas a temperature step or by modulating at a constant
frequency the gas temperature. This operating mode in general for the determination of a time constant
sine modula tion, step or pulae technique.

We can create a temperature step or pulse on the thermocouple by producing heat in the wire by a step
or pulse of electric current.

As already men tioned , this time constant cormeepoode in fact to the time constant 
~
‘ç of the wire plus

that of the bead t~~, and in its evaluation everything depends on the wire size relative to that of the bend.
In the case of a supporting wire of infinite length , the time constant that is involved is t .  , so that

In the case of a thermocoup le of f in i te length , we use the rela tion

-i - T ~ 2L~. - - I
~~~~~ 

-
~~ ~~~~~

where A is an exchange coefficient between the wire temperature at a great distance T~ ~ and the bead
temperature , anti the bead time constant. The most exact method consists in measuring ‘ç by a method
of electric pulse heating and , by means of a computer , evaluating i~, and A, and thus obtaining the
corrective elements necessary for calculating the instantaneous temperature of the gas from the temperature
T
? 

measured at the junction.

In the design of this device there are two types of computations 

~~~.
_ _ _ _ _ _
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a) one, admitting as data the geometric parameters of the thermocouple (wire and bead) and the pars—
meters measured during use ; it then can determine the bead time constant in the best conditions , practically
those of the experiment , and the corrective terms due to thermal lasses ;

b) the other which , from the time constant anti the measured temperature, yields the gas instantaneous
temperature.

The sources of error with this technique arise from several causes

a) f i r s t, the inaccuracy in the time constant measurement

b) the variability of the knowledge of the geometry of the thermocoupl es, that vary from one to another
and even during the test ;

c) the uncertainty of the perturbations brought by the thermocouple Or the probe to the flow, al though
this drawback has now been reduced through the use, in flames , of wires with a diameter of less than 5 m
par ticle impacts though have to be accounted for

ti) the lack of data on heat transfer in transient regime ; thin important aspect is practically unknown,
whence the limited overall accuracy.

The fact  of using two nei ghbouring thermocoup les , one electrically heated by a high frequency current
and the other not , eliminates noise causes of errors , as the d i f ferences  of e .m . f.  of the two thermocouples
could be measured anti be used later to determine the compensation to be applied to the unheated thermocouple.

By this probing method we determine, in principle, the temperature f luc tua tions of one poin t, anti we can
thus obtain a Eulerisn statistic.

3.3 — Discussions of the temperature fluctuation measuring methods

We insisted on the measurement of this scalar parameter to emphasize the limits of these techniques and
the progress that remains to be made.

The temperature measuring methods by optical means are very interesting anti relatively easy to
implement : we indeed obtain a signal but we have to interpret it, which is not always easy ; we described
the line reversal method in infrared , as it seems to be relatively easy, but there exist other methods ,
based for instance

i — on the absolute measurement of line intensities ,

ii — on the ratio between two line intensities (emission of lines due to metals contained in the flame),

iii — on the ratio of band intensities which one related , in the case of a diatomic molecule, to the
internal motion of the molecule ; in Raman spectroncopy, for instance , the measurement of the Raman line
intensity of the ratio of intensity of the Stokes and anti—Stokes lines will be examined in the next section,
when concentration measurement will be studied.

The short response time methods for  measuring temperature with a probe present , as already mentioned ,
many d i f f i cu l t i e s .  We chose to de3cribe the thermocouple method because it is a point measurement. The
resistance variation methods are usually coupled with hot wire techniques , and are used to éalculate the
compensation term necessary for a correct determination of velocity ; they present the disitivantage of not
being paint measurements and of integrating the unsteady transfer phenomena over the probe length. These
coupled probes are very useful, as they make it possible to determine correlations of the type T’~ ,

.~~~
‘

, which, in a two—dimensional problem, determine, apart from the correlations of
the scalar fluctuations , the diffusion of this ecalar in two orthogonal directions corresponding to velocity
f luc tuations of the components u ’ and v ’. Figure 15 is an example of realization due to H. Fiedler and
P. Meneing r io] , which relates the velocity effect to that of temperature.

4 — METHODS OF INSTANTANEOU S CONCENTRATION AND DENSITY MEASUREMENT

The diagnostic methods concerning combustion measurements ware considerably developed these last few
years though they are promising , we should discriminate among these methods, and this is no t always obvious
in the repor ts, those that provide mean concentrations and detect minor constituents such as radicals (OH),
those leading to ins tantaneous concen tra t ion measurements, hence of direct interest f or turbulent flow
studies , sr i those, still ins tan taneous , which do not discriminate the nature of the molecules bu t ra ther are
sensitiv- ~~ the number of molecules per unit volume, i.e. to density fluctuations. They all are optical
methods, and made use of laser techniques.

We shall d is tinguish in this repor t three methods that beg in to y ield some interes ting resul ts

— the spontaneous Raman scattering method ,

— the method making use of fluorescence,

— the coherent Anti—Stokes Raman Scattering (CARS) method , which we shall briefly describe ant of
which we shall give the present performance ; it specially determines density.

4.1 — Spontaneous Raman Scattering methods (SRS) (II]

When a l igh t beam crosses a gas , a small fraction of the incident flux is scattered , at a different
freqyency, over 4~r steradians. It is the spontaneous Rsmnn Scattering, in which the incident photons
exchange energy by discrete values with the rtolecular system. The scattered flux spectrum comprises lines
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whose positions are representative of the various energy levels of the molecular system. Usually we are
interested with tiatomic molecules and with vibration—rotation transitions. This type of scattering is well
adapted to the analysis of gas mixtures, as the SRS vibration spectra interfere only rarely. Let us examine
the case of vibration—rotation states of the molecule, chamac terize~~by the quantum numbers V and 

~ ; an SRS
process entails the passage from a state (v,-~) to the state (v~~i, 3.~, ), the frequency difference between
the exciting flux anti the scattered flux being representative of this transition. The Stokes scattering
corresponds , for the molecule, to an energy gain, and the anti—Stokes one to a loss. Let N be the number of
molecules per uni t volume, T., and TA the vibration and rotation temperatures, F~ the incident power ,
(~~

‘), ~~~~~~~ the differential scattering apparent cross sections for the Stokes and anti—Stokes
branches , B,, the ro tational constan t, J?.. the collect ion solid angle , W v the vibration frequency
the power for a (

~~ 
Stokes line is 
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and

B
To implement SRS , we use an optical device , schematically represented on figure 16 , comprising an

exciting source and, at a right angle , spectrometer analyzing the scattered light .

From the above relations giving ?~ anti ~~ we remark that the SRS spectrum varies as a function ofN , TA and T~ ; but we can assume that the thermodynamic equilibrium is reached , and wri te T~:T~ 
T~

By taking the ra tio between the in tensities of the two lines , we obtain the temperature ; we may, for
instance , taking V = ! , calculate the rat io between Stokes f lux emitted by the fundamental (2. branch
(due to the molecules ini tially in the fundamental vibration state) and the Stokes flux emitted by the
branch which are initially in a given excited vibration stage , which corresponds to the rela tion
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We may also calculate the ratio between the flux integrated aver the whole Stokes branch and that
integrated over the integrated ant i—Stokes branch ; this ratio corresponds to the relat ion

-~~~~~~~~

~~~ f~{cv, ’3) — v4- (, T )] ~
Z~~ { v t 4 ,’~)—~~ v~~ )]

Spectral selection can, in both cases , be realized by interference filters.

Tempera ture being known, the in tensi ty,  integra ted over a spectral bs~d of arbi trary wid th and positinn,
is proportional to the concentration in the gas of the molecule chosen. Whether the temperature is under or
above 1 500 K, we shall take either the rotational or vibrational structure.  Thus , the intensity I integrated
over a band of spectral width ~ >~ is :

I ~~rr (A ~,r )
If we take a length —~ = I mm, S~ 0.66 stemadian , far  nitrogen with N = 2.I9~ molecules/cm3, and

5 . 4 . l O ~ (excitat ion line 4880 A ) ,  we collect a proportion of 7 . 10 13 , i .e. 2 . 106 photons per
incident joule. For a 10% collecting optics , a 10% detector , we detect 2.10” photoelec trons with a relative
error of 1%.

The expected performance is d i f f i c u l t  to reach because of spurious fluxes : surrounding luminosity,
f l uorescence , particle radiations, etc.

The exciting source can be continuous or pulsed ; unfortunately it is not possible to obtain the
fluctuations with a continuous exciting source (the measuring operation must be long if we are to collect
enough photons) : but it is possible to study temperature and concentration fluctuations with an excitation
with pulsed laser.

The corresponding diagram is presented on figure 17. These conditions must be fulfilled

— the laser pulses should be short besides the turbulence characteristic times,

— the energy must be su f f i c i en t  to allow a precise measurement ,

— the measuremen ts necessary for the de termination of N and T must be performed simultaneously.

At the present time , with a 30—joule free—running ruby laser anti for a 700—us laser pulse, the measuring
time is of the order of 10 us, the measuring accuracy on N2 concentration by measurement of the Stokes line
is of the artier of 2% in normal conditions , anti of 4% at 1500 K. The measuring volume corresponds to a
cylinder I tan long and I ian in diameter. 
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The possible extension if this method consists in realizing longer pulses , of 10 to 20 me , with
measuring times of 10 pe , but this extension is detrimental to accuracy.

4.2 — Methods based on fluorescence [1]~~ [133

This method is similar to SRS, but instead of considering fluorescence as a parasitic effect perturbing
the SRS measurement , we consider it , on the contrary ,  as the principal phenomenon anti use it as a tracer for
the other molecules of the combustion products. Taran, Pdals t and Bailly II I] showed that this technique in
valid for  determining the temperature and concentration of some molecules generating the fluorescence
phenomenon. The experimental technique is similar to that of SRS. The spectrograph can be rep laced by a
f i l ter eliminating the Rayleigh—Mie component. The photo multiplier then collects all the fluorescence , as
well as the individual Raman lines , but the contr ibut ion of the la t ter  on the total signal is negligible.
However it in mandatory that the gas contains fluorescent molecules ; it is the case in pyrolysis zones of
hydrocarbons , in particular in air—kerosene flames anti in the 600—1000 K temperature range ; above 1000 K
thin fluorescence phenomenon disappears , as the fluorescent molecules are destroyed.

The advantage of fluorescence is due to its intense signal , which makes measurements easier , at least
as long as we can interpret  them , as concentration f luc tua t ions  can be due to several causes intervening in
the species budge t : f i r s t , a physical e f fect of mans  transfer by molecular and turbulent dif f usico, and also
a chemical e f fec t of produc t ion ant des truc tion , difficult to evaluate in a turbulent environment. All
things considered, the performance of this method is, with a IO—W continuous ionized argon laser, a 50 pa
response time, meaning that we can measure continuously frequencies between 100 Hz and 20 kHz, the spatial
revolving power corresponding to a I —nmi—dia—cy linder 1 cm long.

This method works only between 600 and 1000 K, and the gas must con tain hydrocarbons that pyrolyze in
this temperature range. There exist in the literature many publications on the use of the fluorescence
phenomenon , in par ticular on the concen tra tion of radicals such as CN , CH , OH using lasers to create a
sa tura ted f l uorescence , the study being performed by emission or absorption analysis ; but these methods are
not instantaneous Bonczyk anti Shirley E16] claim that their method is instantaneous, but published no
result on this point. The literature is abundant, but does not app ly to the problems rained by the study of
turbulence.

4.3 — Coherent Anti—Stokes Scattering methos (CARS) 1141, [15)

It seems that the use of SRS is delicate , not to say impossible, in the case of unstable flames loaded
with burnt or unburnt particles, which have in the field too great a luminosity ; that is why CARS is
impor tant : in par ticular, rejection of parasitic light in much easier than with SRS.

The princip le is as follows : we observe a CARS signal when two plane and colinear waves, of frequencies
and W5 , ar e direc ted towards molecules having ac tive vibrations ~j such that t.L) v C_~

_) 4p —

A wave at the anti—Stokes frequency w,,~~ ~~~~~~~~ ~~~~ is scattered in the direction of the exciting waves,
and its in tensi ty is proportional to the square of the concentration of the scattering molecules. When we
scan the frequency w c~, relative to cU~~a , the anti—Stokes signal emitted presents a resonant increase
whenever ~~~ (AJ ,~~~. w~, is equal to the frequency of a Raman transition of the medium. The collected
anti—Stokes light constitutes the CARS spectrum of the medium . The scattered beam is itself coherent, anti
presents all the characteristics of a laser beam great intensity, small solid angle, and this in the same
direction as the exciting waves this makes the elimination of parasitic light much easier than with SRS.
Fluorescence is eliminated all the mare easily as the signal happens to be emitted on the anti—Stokes side of
the exciting frequency , while fluorescence is emitted on the Stokes side.

The collected anti—Stokes power P5. is proportional to the square of a susceptibility Y of the
medium, which expresses the response of the molecule to the coherent excitation ;X- is the sum of two
con tributions, 

~~~~ 
and )‘WR : 

) ( 
~ is the resonant par t, and represents the contribution of the active

Raman vibrations , of frequency u..’,~ close to ~~~~~ - w~ ; for the Raman transition (~v,
’3)__._~~(v~ ‘3’) : —

~~~ - ~~(v ’,~~~)]

thus proportional to the number of molecules per unit volume of the molecular species possessing the Raman
transi tion analyzed ; (.pJ~ represen ts the very small contribu tion of the other vibration motions , as well
as the distomsion non—linearity of the molecule electronic cloud ; it is a parameter proportional to the
number of molecules per unit volume of all the molecular species present around the measuring point. By
vary ing W .,,~ t.AJ~~~ near the vibra tion frequ enci es , we ob tain s spectrum representative of the varia tion of

~~~ with

An example of experimental mounting is given on figure 18 ; we can see the two lasers, one with a fixed
frequency t.A)4 , the other with a variable frequency c-t.’~~ . Bu t there are experimental d i f f i culties
inherent to the nonlinear nature of CARS

— In terac tion is e f f ic ient at the measuring poin t only if there is a spatial anti temporal superposition
of the two axcinting beams , which requires a careful alignment of the two beams.

— High resolution Raman spectroscopy requires a great frequency stability of both lasers.
— High rejec tion powe~ manochromatome are necessary to isolate the anti—Stokes radiation to be

discrimina ted from exciting radiations.

— Anti—Stokes power vary ing ra p idly wi th the two lasers powers , the measurement has to be made free of
their power fluctuations.

Measurements of instantaneous parameters are possible with the CARS technique , but for the moment we
ob tain densi ty fluctuation measurements with only the following performance measurement duration 10 Os
at a 10—Hz ra te , wi th  a 3% accuracy of the density measurement we thu s obtain for ~ the mean value and
the standard deviation.
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All these techn iques will progress according to progress on lasers [16], [17].

4.4  — Flow visualization and diagnostic by scatt,~~~~~ emission and absorption techniques

Global study of the scattered radiation Q~J~
Global methods have been used to determine density variations from scattered light. Such a set—up

is represented on figure 19 : a laser beam is placed , in this case, perpendicular to a turbulent jet mixing
with the surrounding air. The scattered light is analyzed by a photomultip lier oriented at an angle 0 wi th
the laser beam. From the light scattered by the turbulent mixture we deduce the angular law of intensity
(scattering indicator) and we analyze the scattered light by is wavelength spectrum anti its fluctuation
spectra. Density fluctuations results from three fluctuations, of pressure, temperature and concentration

~~ 
( i
~c i-; c~ ~

This method seems interesting but its interpretation remains difficult , as witnessed by the work of
Lelj Evre and Picard (18].

To recover the three—dimensional effect of the phenomenon, R. Goulard O~J proposed a general emissionand absorption technique to perform measurements in a three—dimensional space. It is a multi—angular scanning
technique such as that represented on figure 20, where the profile as a function of a spatial variable can
be deduced from the variations of angles Cf and 9 . This field of research can still be improved by
making the measurement instantaneous.

This last aspect leads towards the solution of the problem , which Consists IO obtaining the time and
space variations of a parameter.

4.5 — Density variation visualization by photographic me thods

We noted at the beginnning of thin report the importance of the knowledge of structures and the interest
of turbulent flow topology. The methods used at present for better describing the structures raise difficult
problems, as the recorded information has to be appropria tely interpreted . Still or motion picture techniques
are

— use of tracers (solid or fluid),

— Schlieren method ,
— shadowgrsphy ,

— holography.

Schlieren and shadowgraphy methods provide the density fluctuations of turbulence , but they integrate
these fluctuations over the whole beam paths. Tracing techniques and holography are in teres ting, as they
identi fy  the f l u id  par ticle posi tion, but their interpretation is complex if we expect to identify the
turbulence structure. The holographic method collects the required information, but the stochastic three—
dimensionality of the process makes difficult the interpretation of this information. We shall describe a
me thod tha t seems in terest ing for studying turbulen t flow it consists in using, for the visualization,
the luminescence of organic compounds such an 2—3 butanedione [203. It also makes it possible to introduce a
phosphorescent gas to visualize the flow. In this way, one may study turbulence diffusion processes as well
as turbulent mixing phenomena.

This technique consists in detecting the energy transfer , by optical means , from one molecule to another
by collisions. These collisions coincide with the mixing of species at molecular scale.

The molecule is excited by a radiation with a known spectral distribution ; the incident light is
absorbed and re—emitted in the form of fluorescence for an excited singlet state, and in the form of
phosphorescence if the emission is provided by an excited t r ip le t .  Practically, this is expressed by a
mechanism reprenented on f igure  2 1 : the incident light , mate of several wavelength, is f i l t e r ed  so as to
emi t only in blue ; the radiation is absorbed by the exci ted butanedione, and the molecule emits in the green
range as phosphorescence, ant in the blue range as fluorescence, which combines with the blue of the incident
light ; we then record on a sensitive plate only the green radiation of phosphorescence which is very intense.

The advan tages of thi s technique are the following

— it is possible to discriminate mixing due to eddies created by turbulence from mixing due to
molecular d i f fus ion

— we can take a direc t measuremen t of the tracer concentra t ion

— we can isolate part of the flow, anti analyze it

— we record the mixture structure, as fruzen at a given time.

There are however drawbacks in this technique ; in particular :

— it is only valid at modera te tempera tures , as we have to find compou~,ds for which the phosphor-
escence of fluorescence emission remains visible in the temperature range under study

-. if we wish to obtain instantaneous photographs the flow velocity should not be too high, so we
have difficulty in measuring velocity fields ;

— the information in two—dimensional while the phenomena are three—dimensional

— the qualitative analysis of the photographs is relatively easy, but quantitative results are very
difficul t to obtain.

LL~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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5 — PRESSURE FLUCTUATION MEASUREMENTS

Measuring in a flow a mean stagnation or static pressure is within our possibility, but measuring
precisely a fluctuating pressure wi-thin a flow remains a futuristic wish.

Theoretically, pressure appears first in the equation of state, of the form , for a medium of variable
composition : 

R T ~
being the mass fraction of species 3
It also appears in the motion equation and in the energy budget equation. Closure problems involve

terms of correlation with pressure, and it is often very difficult to appreciate the importance if these
terms , which are of the form

~~ 
and

which appear in the turbulence kinetic energy budget. We have, for instance, to compare the

with the terms ~t 2. 
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where represents the fluctuations of dissipation energy, ~~~ the f luc tuations of mans  d i f fus ion f lux
in the 1?) direc tion , V~J

’
,~ the fluctuations of mass chemical production rate, . the formation heat

of species ~ , 
~~~ 

the fluctuations of heat flux in the (~a direction.

On the theoretical viewpoint and as regards turbulent phenomena modelling, pressure fluctuation
measuremen ts are thus of prime importance. But at present there only exist measurements by probe and indirect
measurements.

— Measurements by probe

We possess pressure probes of small size (of the order of I mm in diameter), with a 10 kHz bandwidth ,
bu t they still perturb the flow ; it is far from ideal for taking correct pressure measurements in a turbulent
flow. They are usually coupled with instantaneous velocity measurements and correlations of the type
(A~

’(~~Vi,(?~~~)hsve been obtained. This happens in isothermal flows, as these probes are still very sensitive
to temperature gradients. Acousticiana use such probes to analyze the acoustic field generated by flows.

— Indirect methods

They are of two kinds

a) Local pressure f luc tuations , determined from instantaneous pressure measurements at the wall ; a more
am lees complex analysis makes it possible to pass from the wall fluctuation measurements to the values of
ins tantaneous local pressure

b) density anti temperature measurements at the same point , from which we deduce pressure fluctuations
at that point.

As we can see, pressure measurements in turbulent flows are still very inaccurate. It is a difficult
problem , still far from having received satisfactor.y solutions,

6 - CONCLUSION ON MEASUREMENTS IN TURBULENT MEDIUM

This repor t comprises five par ts

a) The first part is devoted to the objectives of this Working Group, which have widely changed in time.
We started from a rather vague idea of Prof . A. Fern , which concerned pressure fluctuation measurements and
their interpretation in a flow of hot gases and in flames.

This theme , concerning a very complicated problem, has not received the approval of all W.G. Members
so we changes our objective and defined a new theme , concerning scalar measurements in a hot turbulent flow
anti in combustion flow , as regards measurements of temperatures, concentrations or densities and pressures.

b) The second par t describes in detail how, from these measuremen ts, it wil l  be possible to better
understand the turbulent structure of mixing zones and flames , and in par t icular to detec t coherence in
these structures. We show the interest of using photographic techniques capable of visualizing these
s t ruc tures .  We have also indicated the roles that  turbu lent spectral measurements can play in the description
of the flow, It is not possible , for the momen t , to exploit pressure fluctuation measurements. These results
are important , as they will be the basis of any progress in the modelling of turbulent flows anti turbulent
flames , whether premixed or diffusion , or open or confined flames.

_ _ _ _ _ _ __ _ _ _ _ _ _ _  _ _ _
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c) The third pert is devoted to the instantaneous measurement of temperature. Two techniques are
described optical methods and probing methods. We insisted on the difficulty of interpreting optical
methods , as they integrate phenomena over part of the beam ; these interpretations require many assumptions.
The probing methods require the knowledge of data allowing the evaluation , from probe measurements, of the
real fluctuations of the gas temperature. These methods are interesting if they are coupled with velocity
measuring probes.

d) The fourth part deals with instantaneous measurements of concentration. These techniques, which
take advantage of the laser performance, are at present in full evolution. Three methods are particularly
described : Spontaneous Raman Scattering (SRS), methods making use of the fluorescence perturbatimg phemomemon,
and Coherent Anti—Stokes Raman Scattering (CARS). A large number of studies showed that these three methods
are interesting, but few of these methods are itiapted to the instantaneous concentration measurement. Only
SRS yields, in its pulse version, instantaneous concentrations ; fluorescence also, but within a narrow
temperature range ; CARS, for the moment, determines only density fluctuations. In this same section, we
discussed global scattering methods , and appropriate techniques for treating the three—dimensional problem.

We had initially planned a section on the coupling of these scalars wi th the measurements of
instantaneous velocity ; we suppressed it, as it has been discussed in each part, anti we included
visualization techniques , which in fact rest on density measurements. We gave a few indications on the
technique of phosphorescent tracing gases , and on the advantages and drawbacks of this technique.

a) The fifth part is devoted to the instantaneous measurement of pressure. This measurement is
difficult in situ. We must pass, to reach it , through an a priori modelling of the measuring zone.

BIBLIOGRAPHY: See page 18
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Fig. 13 — Determination tie la densité tie probabilité par une manure  tie t emperature [21]

— Determination of probability density by temperature measurement {21]
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Fig. 14 — Scheme tie is sonde a thermocouple a fil fin
— Schematics of thin wire thermocouple probe [9)

LL~



-T 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

sonde

Sonde do vitesse 
Thermo~probe

u Veloc,t y probe
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temperature [10]

— Velocity and temperature measuring probe [10]
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— Simplified diagram of SRS [15]
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Fig. 20 — Absorption par faiscesux en éventsil (Acts—Scanner) [19]

— Fan—shaped beams in absorption (Acts—Scanner) [19)
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Fig. 21 — Excitation directe du butanedione [20] -

— Direct excitation of budanedione molecule
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